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 Cardiology consultation occupies an expanding role in clinical medicine. Cardiologists are 
increasingly being asked to be involved in the care of complex general medical patients with 
concurrent cardiac problems, pregnancy, cancers and their treatment, noncardiac surgery, and 
systemic diseases, among others. Although cardiology consultation is the most commonly 
performed task by the cardiology clinician in practice, few books address the issues specifi c 
and relevant to a cardiology consultation in one place. We have, therefore, created a new 
 textbook,  Evidence - Based Cardiology Consult , that addresses these new and increasing 
demands for clinicians to adequately take care of their patients. It provides an up-to-date, 
detailed, evidence- based approach to key issues facing the consultant including practical 
 clinical advice on the prevention, diagnosis, and treatment of heart disease. 

 Part   I     focuses on cardiac issues in the general medical patient such as the evaluation of chest 
pain, acute coronary syndromes, acute decompensated heart failure, infective endocarditis, 
sudden cardiac death, primary prevention of cardiovascular disease, and the role of imaging in 
cardiology in cardiology consultation. Video clips and high-quality images accompany the 
chapters on imaging. 

 Part      II     addresses cardiac problems in specifi c populations and includes topics such as 
 cardiac problems in women, the elderly, and the athlete; thoracic aortic disease; cardiovascular 
disease in patients with chronic kidney disease; and right heart failure. 

 Cardio-oncology has recently emerged as a new discipline at the intersection of cardiology 
and oncology. Therefore, we have devoted a section to this rapidly evolving subject. Part   III     
addresses cardiac disease resulting from chemotherapy and radiation in oncology patients. 

 Part   IV     addresses cardiac diseases in patients with concurrent pregnancy including 
 hypertensive disorders, cardiomyopathies, valvular heart disease, and congenital heart disease. 
This part addresses specifi c issues as they relate to both mother and fetus. Assistance with 
perioperative management of patients with concurrent cardiovascular disease may be the most 
common reason for cardiology consultation. Part   V     addresses these topics as well as 
 cardiovascular risk assessment prior to noncardiac surgery and the management of patients of 
antiplatelet or anticoagulant therapy who require surgery. 

 Part   VI     includes topics on the evaluation and management of patients with cardiac disease 
as a source of neurologic sequelae, such as cardiovascular source of embolism and syncope. 

 The editors gratefully acknowledge the work of each of the contributors to this textbook for 
their superb chapters. 

 Stony Brook, NY, USA   Kathleen Stergiopoulos, MD, PhD, FASE, FACC, FAHA 
 Stony Brook, NY, USA   David L. Brown, MD, FACC  
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 Video 14.1 Mitral valve in 3D (see Fig.   14.1    ). Three-dimensional transesophageal 
 echocardiographic images of the mitral valve from the “surgeon’s view”—the 
left atrial perspective. The anterior leafl et is on  top  and the posterior leafl et is on 
the  bottom . This technique provides a unique perspective from which to evalu-
ate all scallops of the mitral valve leafl ets—from left (lateral) to right (medial) 
aspects of the posterior leafl et, P1, P2, and P3, and the corresponding scallops 
of the anterior leafl et, A1, A2, and A3. In this patient there is also a medial 
 commissural leafl et (CL) which is located at the intersection of the anterior and 
posterior leafl ets. The video demonstrates prolapse of the P2 segment (middle 
portion of the posterior leafl et) and P3 (medial or rightward portion of the 
 posterior leafl et) 

 Video 14.2a Stress-induced cardiomyopathy (see Fig.   14.2    ). Apical four-chamber view 
demonstrates akinesis of the mid chamber to the apex, consistent with either 
multivessel coronary ischemia or stress-induced cardiomyopathy (Takotsubo) 

 Video 14.2b Stress-induced cardiomyopathy (see Fig.   14.2    ). Several weeks later, repeat 
echocardiography demonstrates complete resolution of the wall motion 
 abnormalities, consistent with a diagnosis of stress-induced cardiomyopathy 

 Video 14.3a Echodensity fi lling the left ventricle (see Fig.   14.3    ). The left ventricle is 
fi lled from the mid wall to the apex with a large echodensity. The differential 
diagnosis included thrombus and endocardial fi broelastosis 

 Video 14.3b Echodensity fi lling the left ventricle (see Fig.   14.3    ). Color Doppler demon-
strated fl ow within the echodensity ( small arrows ) and highlighted deep crypts 
( large arrow ). These morphological fi ndings are consistent with non- 
compaction cardiomyopathy 

 Video 14.4 Apical mass (see Fig.   14.5    ). Zoomed view of the apex in the apical two- chamber 
view, demonstrating a large mass ( arrow ). It is well circumscribed with smooth 
borders and has an echotexture similar to that of the adjacent myocardium. 
As seen in the video, there is anterior apical and inferior hypokinesis. These 
fi ndings suggest the mass is a thrombus 

 Video 14.5a Right atrial mass (see Fig.   14.6    ). Apical four-chamber view demonstrating a 
large, well-circumscribed mass in the right atrium prolapsing across the 
 tricuspid valve 

 Video 14.5b Right atrial mass (see Fig.   14.6    ). Subcostal imaging demonstrated origin of the 
mass in the inferior vena cava ( arrow ). Pathology was consistent with carcinoid 
tumor 

 Video 14.6 Stress echocardiogram demonstrating ischemia (see Fig.   14.7    ). Comparison 
rest ( upper left ), stress ( upper right ), and recovery ( lower left ) two-chamber 
views during exercise stress echocardiography. The stress images demonstrate 
reduced ejection fraction with a mid to distal inferior wall motion abnormality, 
consistent with a signifi cant right coronary artery stenosis. Recovery images 
demonstrate resolution of the wall motion abnormality 

  List of Videos 
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 Video 14.7 Left ventricular assist device imaging (see Fig.   14.8    ). Parasternal long-axis 
view of a patient with a left ventricular assist device (LVAD) set at 9,400 rpm. 
The video demonstrates that the left ventricular (LV) ejection fraction is 
severely decreased (~10 %) and that there is no aortic valve opening. The infl ow 
cannula of the LVAD is seen near the LV apex ( arrow ). It is normally positioned 
and is unlikely to be subject to any suction events, in which portions of the 
ventricle or the mitral apparatus are drawn into the opening of the cannula, 
obstructing fl ow. The septum is neutral between the LV and right ventricle 
(RV), indicating adequate LV decompression from LVAD function and 
 suggesting that there is no RV volume or pressure overload 

 Video 14.8 Endocarditis (see Fig.   14.9    ). Parasternal long-axis zoomed view of the mitral 
valve demonstrating a very large, multilobulated and highly mobile echoden-
sity on both sides and both leafl ets of the mitral valve, consistent with 
 endocarditis lesion 

 Video 25.1a Myxoma apical four-chamber (see Fig.   25.2    ). Apical four-chamber view shows 
tethering of the myxoma to the interatrial septum and prolapse through the 
mitral valve into the left ventricle. This was associated with the characteristic 
tumor “plop” on auscultation 

 Video 25.1b Myxoma parasternal short axis (see Fig.   25.2    ). Parasternal short axis view 
shows tethering of the myxoma to the interatrial septum and prolapse through 
the mitral valve into the left ventricle. This was associated with the characteris-
tic tumor “plop” on auscultation 

 Video 25.2 Papillary fi broelastoma (see Fig.   25.3    ). This 48-year old female presented with 
palpitations. Stress echocardiography incidentally revealed a 1.1 cm mobile 
mass on the aortic aspect of the right coronary cusp. Although otherwise 
asymptomatic, resection was advised due to embolic risk. She underwent a 
minimally invasive surgery in which the tumor and its thin stalk was resected, 
with no further valve repair required 

 Video 25.3 Lipoma and tamponade (see Fig.   25.4    ). Patient developed complications from 
lung    cancer including partial superior vena cava (SVC) syndrome and  pericar-
dial tamponade, requiring pericardiocentesis and, ultimately, a  pericardial win-
dow for palliation 

 Video 25.4 Renal cell cancer RA infl ow (see Fig.   25.5    ). Thrombus and renal cell cancer. 
Apical four-chamber echocardiographic view of a mobile mass in the right 
atrium which is not anchored to the interatrial septum and is seen in right atrial 
infl ow views 

 Video 25.5 Caseous mitral annular calcifi cation (see Fig.   25.6    ). TEE apical fi ve-chamber 
view zoomed in on a spherical 3.5 cm heterogeneously echogenic mass which 
appears within the mitral annulus and protrudes into the left ventricular cavity, 
in an 80-year old female presenting with fever and retinal artery occlusion. 
Note the acoustic shadowing (black ray cast by calcifi cation on the atrial sur-
face of the mass, which prevents the ultrasound beams from passing through 
and obscures a narrow wedge of the left ventricle) 

 Video 25.6a A discrete mobile mass was noted near the apical portion within the left 
 ventricular cavity, associated with the mitral subvalvular apparatus. Apical 
two-chamber echo view, in which intravenous echo contrast demonstrates that 
the mass is not vascular (is not perfused by contrast) 

 Video 25.6b Cardiac MRI of the same mass as in Video 25.6a demonstrating it to be a 
bilobed papillary muscle 
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        Introduction 

 The evaluation of chest pain is a critical skill in current med-
ical practice as chest pain remains one of most common 
chief complaints for patients presenting to the emergency 
department, as well as one of the top medicine admission 
diagnoses. A correct diagnosis of the cause of chest pain, 
particularly to ensure the absence of an acute coronary syn-
drome (ACS), is especially important as the missed diagno-
sis of this condition is a signifi cant source of malpractice 
litigation for the emergency department/acute care physi-
cian. Not only must the evaluation of chest pain establish an 
accurate diagnosis, but the testing strategy must be timely, 
effi cient, and cost- effective. A concept key to this evaluation 
is the necessity of not only making the correct diagnosis but 
also understanding the implication of this diagnosis for the 
patient’s risk of having a major adverse cardiac event. While 

it is important to provide diagnostic certainty, it is equally 
important to  understand how this evaluation allows for risk 
stratifi cation of a future cardiac problem. 

 This chapter provides a framework for the understanding 
of the biology of various causes of chest pain, focusing on 
angina. Specifi cally, this chapter emphasizes the role of 
ancillary testing and chest pain units, either in the emergency 
department or inpatient hospital settings, in an expedient, 
effi cient, and evidence-based approach to the evaluation and 
risk stratifi cation of patients with chest pain.  

    Pathophysiology of Cardiac Chest Pain 

 Chest pain can occur from many cardiac and noncardiac 
 conditions. Chest pain of cardiac origin is most commonly a 
nociceptive response originating from stimulation of afferent 
innervation of the heart, with the prototypical example being 
chest pain occurring as a consequence of myocardial isch-
emia in the presence of coronary artery disease (CAD). 
During myocardial ischemia, myocardial oxygen demand 
outpaces oxygen delivery, either during acute stress in the 
setting of a fi xed coronary stenosis, due to acute plaque rup-
ture leading to coronary occlusion in the setting of an acute 
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myocardial infarction, coronary vasospasm, or coronary dis-
section. This leads to the release and accumulation of local 
metabolites such as adenosine, lactate, histamine, and brady-
kinin. These metabolites lead to stimulation of lower cervical 
and thoracic sympathetic afferent dorsal root ganglia. The 
diffuse location of these sensory afferents is likely the cause 
of the variable localization of chest pain among patients. 

    Ischemic Cascade 

 The clinical presentation of myocardial ischemia depends on 
both the severity and duration of the ischemic stimulus. 
Classically, this continuum of events begins with the mis-
match of perfusion in relation to myocardial work, progress-
ing to electrical repolarization abnormalities visualized on 
the surface electrocardiogram, then to mechanical cardio-
myocyte contractile dysfunction, and fi nally to onset of chest 
pain symptoms. This process is termed the “ischemic cas-
cade,” shown graphically in Fig.  1.1 . While this provides a 
general framework for understanding the pathophysiology of 
the ischemic process, it is not uncommon for variation in the 
time or severity of various aspects of the ischemic cascade to 
occur. For example, some patients may not recognize their 
symptoms or have atypical symptoms that precede other evi-
dence of myocardial ischemia, such as electrocardiographic, 
perfusion, or contractile abnormalities. In others, myocardial 
ischemia can be clinically silent, without manifest angina. 
Therefore, it is imperative that the evaluating physician be 
familiar with both classic and atypical presentations of car-
diac chest pain, realizing a patient’s anginal symptoms can 
be quite individualized.

        Diagnosis 

 A comprehensive evaluation of chest pain requires attention 
to all phases of the medical encounter: history and symp-
toms, physical exam, and ancillary testing. This includes an 
evaluation and attention of potential noncardiac causes of 
chest pain. Each of these aspects will be described below, 
focusing particularly on testing and imaging strategies that 
allow for rapid risk stratifi cation of patients presenting with 
presumed cardiac chest pain. 

    Causes of Noncardiac Chest Pain 

 In addition to cardiac causes, symptoms of chest discomfort 
can arise from a plethora of noncardiac causes. It is impera-
tive that the evaluating physician be familiar with this dif-
ferential diagnosis and pay attention to whether the patient 
has a history of conditions in Table  1.1  that may cause non-
cardiac chest pain. A list of commonly encountered causes 
of noncardiac chest pain is listed in Table  1.1 .

       History and Symptoms 

 When interviewing a patient regarding their chest pain symp-
toms, it is important to pay attention to a patient’s history of 
medical conditions putting them at risk for the development 
of coronary artery disease. Chief among these are a history 
of smoking, diabetes mellitus, hyperlipidemia, hyperten-
sion, and family history of premature CAD. In addition to 
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prior coronary revascularizations or surgery, conditions that 
serve as “coronary artery disease equivalents” based on the 
ACC/AHA 2007 Guidelines for the Management of Patients 
With Unstable Angina/Non–ST-Elevation Myocardial 
Infarction (ACC/AHA UA/NSTEMI) include peripheral 
vascular disease, a history of diabetes mellitus in patients 
over the age of 40, and a multiplicity of risk factors that pre-
dict a 20 % likelihood of developing CAD estimated by the 
Framingham Risk Score [ 1 ]. 

 A complete history of chest pain symptoms should include 
details regarding the quality, duration (minutes to hours), time 
of onset and/or resolution, associated symptoms such as dys-
pnea or diaphoresis, and aggravating or alleviating factors. 
The time of onset and/or resolution can be particularly impor-
tant when deciding whether additional acute imaging (partic-
ularly echocardiography and/or nuclear perfusion imaging) 
can assist with the diagnostic evaluation. Also, aggravating 
factors such as chest pain that occurs with exertion or exercise 
and is alleviated with rest may point towards a cardiac cause. 
Unfortunately, resolution of chest pain with nitroglycerin is a 
relatively nonspecifi c discriminator of cardiac versus noncar-
diac chest pain, in that nitroglycerin has been shown to relieve 
chest pain in approximately 40 % of patients who do not have 
CAD as the cause of their discomfort [ 2 ]. 

 The character of chest pain symptoms can either be 
described as “defi nite angina,” “probable angina,” or 
 “nonspecifi c chest pain,” based on classic defi nitions pro-
posed by the Coronary Artery Surgery Study (CASS) study 
investigators in 1981 [ 3 ]. Angina is defi ned as a clinical syn-
drome characterized by discomfort in the chest, jaw, shoul-
der, back, or arm; is typically aggravated by exertions or 
emotional stress, with adjectives such as squeezing, grip-
like, pressure- like, suffocating, and heavy; and is rarely 
sharp or stabbing [ 4 ]. This defi nition is important not only 
because it assists with establishing a differential diagnosis 
but also because many risk stratifi cation schemes that use 
symptoms in their schemes depend on an accurate character-
ization of anginal symptoms. For example, in the CASS 

study, patients with defi nite angina had a CAD prevalence of 
72–93 %, while those with probable angina had a CAD prev-
alence of 36–66 %, and nonspecifi c chest pain had a 6–14 % 
risk of CAD [ 3 ]. Defi nite angina is defi ned as substernal 
chest discomfort precipitated by exertion and relieved by rest 
or nitroglycerin in <10 min. Probable angina is similar to 
defi nite angina but has some atypical features, while nonspe-
cifi c chest pain has features that are distinct from either defi -
nite or probable angina. Common characteristics associated 
with defi nite angina, probable angina, and nonspecifi c chest 
pain are listed in Table  1.2 . It is important to realize that cer-
tain patient groups (women and elderly) may present less 
frequently with defi nite anginal symptoms.

   The history and symptom characterization described 
above can provide an initial assessment of the patient’s risk 
of having either coronary disease or an acute ischemic event. 
This can be used to further develop a diagnostic strategy 
based on a patient’s pretest risk [ 5 ]. Pretest risk can be esti-
mated using the age, gender, and quality of symptoms for 
defi ne risk. This approach was combined with CASS study 
data in the ACC/AHA/ACP-ASIM Guidelines for the 
Management of Patients with Chronic Stable Angina (ACC/
AHA Chronic Stable Angina guidelines) in 1999 (updated in 
2002) to provide a pretest likelihood of CAD in symptomatic 
patients (Table  1.3 ) [ 4 ,  6 ]. In general, older patients with 
more classic symptoms have a higher pretest likelihood of 
CAD, and men are more likely to have CAD at any age than 
women with similar symptoms.

       Physical Exam 

 After obtaining a focused history and a thorough understand-
ing of the patient’s chest pain symptoms, the physical exam 
should focus on establishing whether features are present 
that suggest a cardiac or noncardiac cause of the chest pain. 
A general inspection of the patient can provide clues such as 
cool, pale extremities (acute CHF), diaphoresis (nonspecifi c 

    Table 1.1    Differential diagnosis of chest pain   

 Cardiac  Noncardiac 

 Angina  Pulmonary embolism 
 Acute coronary 
syndrome (ACS) 

 Costochondritis 

 Pericarditis  Pulmonary contusion or infarction 
 Aortic dissection  Pneumonia 

 Pneumothorax 
 Pleurisy 
 Rib fracture 
 Gastroesophageal refl ux disease or 
peptic ulcer disease 
 Herpes zoster 

     List includes common causes of chest pain and is not exhaustive. ACS 
includes unstable angina, NSTEMI (non-ST elevation myocardial 
infarction), and STEMI (ST elevation myocardial infarction)  

   Table 1.2    Characteristics of various types of chest pain   

 Defi nite (typical) 
angina 

 Probable (atypical) 
angina 

 Nonspecifi c (noncardiac) 
chest pain 

 Substernal 
discomfort of 
characteristic 
quality 

 Meets two features 
of defi nite angina, 
plus 

 Meets one or no 
characteristics of 
defi nite or probable 
angina 

 Precipitated by 
exertion or 
emotional stress 

 Radiation to neck, 
jaw, or arm 

 Can be positional, 
fl eeting, non-exertional, 
or reproduced on 
palpation 

 Relieved by rest or 
nitroglycerin 
in < 10 min. 

 Unpredictable 
relief with 
nitroglycerin 
 Variable duration 

  Modifi ed from Chaitman et al. [ 3 ,  4 ]  
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fi nding in acute myocardial infarction), and/or respiratory 
distress. Basic vital signs should be evaluated for features 
such as an unstable pulse rate, hypotension or hypertension, 
and hypoxemia. 

 A focused cardiovascular exam should include precordial 
auscultation to examine for features of cardiac pump failure 
(i.e., S3), stiff ventricle (S4), ischemia-mediated murmurs 
(i.e., the holosystolic murmur of acute mitral regurgitation 
from ischemic papillary muscle dysfunction), acute aortic 
regurgitation (acute aortic dissection), distant heart sounds/
pericardial friction rub (suggestive of a pericardial effusion), 
pulmonary rales (acute CHF), egophony (pneumonic con-
solidation), or dullness (pleural effusion). Further, a focused 
vascular exam can provide insight into processes such as 
acute aortic dissection (differential blood pressures in the 
upper extremities), acute aortic regurgitation (“water ham-
mer” carotid pulsations), or obstructive peripheral vascular 
disease (bruits and/or diminished carotid, femoral, popliteal, 
dorsalis pedis, posterior tibial arterial pulses). A focused 
chest and upper abdominal palpation can provide clues about 
reproducible chest/rib/cartilage pain with palpation (costo-
chondritis) or upper abdominal pathology such as cholecys-
titis or pancreatitis. 

 Lastly, while not directly part of the physical examina-
tion, a chest radiograph (preferably with posterior-anterior 
and lateral views) should be obtained in all patients with 
chest pain. This is recommended by the ACC/AHA Chronic 
Stable Angina guidelines (Class IB) [ 4 ] and can provide 
information such as an enlarged cardiac silhouette (left ven-
tricular hypertrophy and/or pericardial effusion), enlarged 
mediastinal silhouette (aortic aneurysm and/or dissection), 
pulmonary vascular congestion, pleural effusion, pneumo-
nia, lung masses, or rib fractures.   

    Management: Ancillary Testing 
in the Evaluation of Acute Chest Pain 

 While a patient’s history, symptoms, and physical exam are 
useful, the crucial task in the evaluation of chest pain of pre-
sumed cardiac origin is the appropriate use of ancillary testing. 

The additional information gained by the use of ancillary test-
ing assists the clinician to determine both the diagnosis and the 
level of aggressiveness needed for further therapeutic interven-
tions. It is crucial that a patient presenting with chest pain not 
only receive a timely diagnosis but also not be subjected to 
over-testing strategies that may impart some additional risk 
(e.g., contrast dye, radiation, invasive procedures). Therefore, 
the appropriate testing strategy will not be the same in all 
patients. Instead, the best testing strategies will be tailored to 
take into account a patient’s pretest risk of CAD, institutional 
capabilities and expertise, cost, safety, and patient satisfaction 
in order to provide the best information to the clinician in a 
timely manner. This section reviews many commonly employed 
testing modalities endorsed by ACC/AHA guidelines. 

    Electrocardiogram (ECG) 

 The standard 12-lead ECG can be rapidly and serially per-
formed, is noninvasive, poses no risk to the patient, and is 
nearly universally available. Electrocardiography plays a 
central and critical role in the initial evaluation of chest 
pain because it can rapidly and with reasonable sensitivity 
help to differentiate patients who are experiencing active 
myocardial ischemia. A resting ECG, preferably during 
symptoms, receives a Class 1B recommendation from both 
the ACC/AHA Chronic Stable Angina [ 4 ] and UA/
NSTEMI guidelines [ 1 ]. In addition, in the setting of 
ST-segment elevation myocardial infarction (STEMI), the 
ECG is the singular triage modality for determining which 
patients require acute reperfusion therapy. The standard 
defi nition of ST-segment elevation on ECG is the presence 
of greater than 1 mm of ST-segment elevation in two or 
more contiguous ECG leads [ 1 ]. It has been well validated 
that patients presenting with STEMI should receive either 
prompt pharmacological thrombolysis or percutaneous 
coronary intervention (PCI) in order to restore target vessel 
patency and salvage at-risk ischemic myocardium (see 
ACC/AHA UA/NSTEMI guidelines [ 1 ]). 

 However, only a small minority of patients presenting 
with acute chest pain have ST-segment elevation present on 
their 12-lead ECG. Therefore, the task of the interpreting 
physician is to evaluate the ECG for evidence of current 
myocardial ischemia and/or previous myocardial infarction. 
Dynamic ST-segment changes of ≥0.5 mm are strongly asso-
ciated with the presence of underlying CAD [ 1 ]. However, 
other ECG fi ndings are suggestive of a cardiac cause of chest 
pain. These include the presence of pathological Q waves 
(≥0.04 s) suggestive of prior myocardial infarction, T-wave 
inversions ≥2 mm, QT interval prolongation due to altered 
myocardial repolarization during myocardial ischemia, and 
the development of a new left bundle branch block (LBBB) 
suggestive of diffuse myocardial ischemia. 

   Table 1.3    Pretest likelihood of CAD in symptomatic patients accord-
ing to age and sex, combined Diamond/Forrester, and CASS data   

 Nonanginal 
chest pain  Atypical angina  Typical angina 

 Age (years)  Men  Women  Men  Women  Men  Women 

 30–39  4  2  34  12  76  26 
 40–49  13  3  51  22  87  55 
 50–59  20  7  65  31  93  73 
 60–69  27  14  72  51  94  86 

  (Reproduced with permission from Gibbons et al. [ 6 ]) 
 Values are percent with signifi cant CAD on angiography  
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 It is especially important to obtain a 12-lead ECG while 
the patient is symptomatic, if possible, as 50 % of patients 
with normal resting ECGs have abnormal ECGs during 
angina [ 4 ]. If dynamic ECG changes are present during 
symptoms, this strongly suggests myocardial ischemia. 
However, a normal ECG during symptoms can place the 
patient into a lower-risk category. Indeed, in patients present-
ing with angina, the probability of acute MI can be as low as 
approximately 3 % but is highly dependent on the patient’s 
age and symptoms (classic angina vs. nonspecifi c chest pain) 
[ 7 ]. Another exception is patients presenting with left cir-
cumfl ex coronary artery distribution ischemia which can be 
missed on the standard 12-lead ECG. 

    Stress Electrocardiography 
 Because many patients present for evaluation after cessation 
of symptoms and without ongoing ECG abnormalities, fur-
ther provocative testing may be needed in order to evaluate 
for underlying obstructive coronary artery disease. 
Guidelines for the use of exercise testing are available from 
the ACC/AHA [ 8 ]. Stress electrocardiography (ECG) is a 
central component of many initial diagnostic and risk strati-
fi cation strategies because it is simple and easy to perform, 
has reasonable diagnostic yield, exposes the patient to mini-
mal risk (rate of death or MI ~ 1:2500), and provides vali-
dated prognostic information about future CAD outcomes. 
Contraindications to stress ECG testing include acute MI 
within 2 days, unstable cardiac arrhythmias, symptomatic 
and severe aortic stenosis, symptomatic heart failure, acute 
pulmonary embolus, pericarditis, aortic dissection, Wolff-
Parkinson- White (WPW) syndrome, paced rhythm, >1 mm 
resting ST depression, or LBBB on ECG [ 4 ,  8 ,  9 ]. 

 Stress ECG is most commonly performed using treadmill 
exercise, although bicycle ergometers can also be employed. 
In brief, a patient is attached to a 12-lead ECG, and graded 
exercise is performed until an appropriate workload target is 
obtained. Stress ECG testing should be symptom limited, 
with the goal to reach an appropriate level of metabolic stress 
(typically >85 % of age-predicted maximal heart rate, 
6–12 min of exercise, and/or ≥7 METs) to improve test sen-
sitivity. Indications for cessation of a stress ECG test include 
≥2 mm ST-segment depression, ≥1 mm ST elevation, moder-
ate/severe angina, patient’s inability to continue exercise due 
to severe fatigue or dyspnea, development of LBBB, fall in 
systolic blood pressure >10 mmHg, severe hypertension 
(>250/>115 mmHg), or sustained cardiac arrhythmia [ 8 ,  9 ]. 

 A positive stress ECG test is refl ected by either the devel-
opment of anginal symptoms or ischemic changes on ECG. 
The most common defi nition of ischemic ECG changes is 
1 mm of horizontal or downsloping ST depression ≥60–
80 ms after the end of the QRS [ 4 ], realizing the interpreta-
tion of a stress ECG test includes not only symptoms and 
ECG changes but also exercise duration and hemodynamic 

response. One common method of integrating exercise 
 duration, symptoms, and ECG changes seen on exercise 
ECG testing to give a quantitative estimate of CAD prognos-
tic risk is the Duke Treadmill Score (DTS) [ 10 ]. The DTS is 
calculated by:

  

Exercise time ST-segment deviation mm
angina score

− ×
− ×

5
4

( ( )
*    

*angina score = 0 for no angina, 1 for any angina, 2 if angina 
was reason for cessation of exercise 

 The    DTS is able to reasonably risk stratify patients under-
going stress ECG, showing those with a DTS score of ≥+5 
have an average annual CV mortality of 0.5 % while those in 
the highest risk group (DTS ≤ −11) have an annual CV mor-
tality of >5 %. Stress ECG has a reasonable overall sensitiv-
ity (68 %) and specifi city (77 %) for the detection of CAD 
[ 4 ]. However, other analyses suggest the sensitivity of stress 
ECG is below 50 % [ 11 ], and there are particular patient 
groups in whom the test performs less optimally for risk 
stratifi cation. For example, patients with signifi cant baseline 
ECG abnormalities (LVH, digoxin effect, LBBB, resting 
ST-segment depression) should not undergo stress ECG test-
ing for the diagnosis of CAD due to the lack of specifi city of 
the test in these groups [ 11 ]. Test sensitivity is also reduced 
in patients receiving beta-blockers for treatment of hyperten-
sion. In addition, stress ECG testing is less sensitive in 
women for complex, multifactorial reasons including the 
lower prevalence of CAD and the tendency to develop non-
specifi c ECG changes. Nonetheless, stress ECG testing has a 
Class IB recommendation for the diagnosis of CAD in 
patients with an intermediated pretest risk, including patients 
with RBBB and <1 mm of resting ST depression [ 4 ].   

    Biomarkers of Myocardial Injury 

 While a normal ECG during symptoms can help distinguish 
patients having active myocardial ischemia and/or infarction, 
many patients present for evaluation after their symptoms 
have abated. Determination of the presence of myocardial 
necrosis is critical to risk stratifi cation and acute therapeu-
tic interventions. Therefore, patients require testing with a 
method that can help to determine whether or not an acute 
coronary syndrome has occurred in the past several hours to 
days. This can be accomplished using circulating biomark-
ers, such as myoglobin, creatine kinase isoforms (CK-MB), 
and troponin. Each of these biomarkers has different speci-
fi cities, kinetics of appearance in the blood stream, and clear-
ance (Fig.  1.2 ), so an understanding of the use of biomarkers 
relative to time of symptom onset is critical. Myoglobin 
is present in both heart and skeletal muscle and is rapidly 
released from damaged tissue (<2 h). Therefore, early myo-
globin release into the blood is suggestive of myocardial 
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damage, but this should be confi rmed using a more cardiac-
specifi c marker such as troponin. CK-MB is present in both 
heart and skeletal muscle and is normally present in small 
quantities in normal blood, making it less specifi c for myo-
cardial injury. However, because CK-MB rises quickly in the 
blood, it can be used as a rapid assay for reinfarction and/or 
periprocedural MI [ 1 ].

   Troponin has many attributes that make it the preferred 
biomarker for determination of de novo myocardial necrosis. 
Of the three subunits of troponin (TnC, TnT, and TnI), the 
expression of troponin I and T subunits is restricted to the 
cardiomyocyte, and these are not measureable in blood from 
normal persons. This makes them both sensitive and specifi c 
markers of myocardial injury when released into the blood-
stream. This has led to a recent update on the defi nition of 
myocardial necrosis by the European Society of Cardiology, 
American College of Cardiology, American Heart 
Association, and World Heart Federation [ 12 ] as “an eleva-
tion of troponin above the 99th percentile of normal.” 
Myocardial infarction is defi ned as myocardial necrosis that 
occurs within a clinical context of myocardial ischemia [ 12 ]. 

 Troponin detection in the bloodstream usually occurs 
within 2–4 h of the ischemic event and persists for up to 
2 weeks. An elevation of troponin is not just a diagnostic aid, 
but it also serves as a marker of increased clinical risk. In 
general, a positive troponin level in the context of a presenta-
tion consistent with myocardial ischemia increases the rela-
tive risk of death three to fi ve-fold. In addition, patients with 
a positive troponin level benefi t from an invasive angio-
graphic coronary evaluation, based on data from the FRISC 

[ 13 ] and TIMI-18 [ 14 ] studies and others. Therefore, the 
ACC/AHA UA/NSTEMI guidelines give measurement of 
troponin a Class IC recommendation for initial assessment, 
risk stratifi cation, and repeat assessment [ 1 ].  

    Echocardiography 

 Assessment of left ventricular systolic function and regional 
wall motion abnormalities provide very useful data when 
evaluating a patient with chest pain. While not specifi c for 
coronary artery disease, abnormal LV function and regional 
contractile dysfunction place the patient into an elevated risk 
category and can increase the likelihood of requiring an inva-
sive assessment to rule out obstructive CAD. In patients with 
acute chest pain, echocardiography performed during symp-
toms or with adjunctive stress following cessation of symp-
toms can be used for the diagnosis of obstructive CAD. 

    Resting Echocardiography 
 Regional left ventricular systolic dysfunction is one of the 
markers of recent or ongoing myocardial ischemia and is 
visualized on the echocardiogram as hypokinesis, akinesis, 
or dyskinesis. These regional wall motion abnormalities 
(RWMAs) are quite transient, usually subsiding within min-
utes of resolution of the ischemic event. Nonetheless, if a 
patient is having ongoing chest pain symptoms, the presence 
of regional LV dysfunction has a 50 % positive predictive 
value for obstructive CAD. However, the best use of resting 
echocardiography during symptoms is to rule out obstructive 

50

20

10

CKMB

Troponin
(small MI)

10 % CV/99˚ Percentile

5

2

1

0

0 0 2 3

Days after onset of AMI

4 5 6 7 8 9

M
ul

tip
le

s 
of

 th
e 

up
pe

r 
lim

it 
of

 n
or

m
al

Myogiobin
and CX isoforms

Troponin
(large MI)

  Fig. 1.2    Blood stream kinetics 
of commonly used cardiac 
biomarkers. Myoglobin rises 
rapidly in acute MI (AMI), while 
troponin rises slightly later but 
remains detectable for days 
following AMI (Reproduced 
with permission from Anderson 
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CAD in the setting of normal regional LV function. If no 
RWMAs are present during symptoms, the negative predic-
tive value of echocardiography is 95 % [ 4 ,  15 ,  16 ]. The use 
of resting echocardiography for the detection of regional 
ischemia receives a Class IC recommendation from the 
ACC/AHA Chronic Stable Angina guidelines if it can be 
performed during chest pain or within 30 min of cessation of 
symptoms [ 4 ].  

    Stress Echocardiography 
 The addition of imaging techniques, such as echocardiogra-
phy or nuclear imaging, is particularly important and useful 
in patients who cannot exercise and/or have ECGs that are 
uninterpretable for ischemia (LBBB, pacemakers, WPW, 
etc.). In addition, imaging also improves the diagnostic char-
acteristics of stress testing, improving both sensitivity and 
specifi city when compared to stress ECG alone. Multi- 
society appropriate use criteria for stress echocardiography 
are published and provide detailed guidance for the use of 
this technique [ 17 ]. 

 Stress echocardiography is performed following either 
exercise or dobutamine stress (5, 10, 20, 40 mcg/kg/
min ± atropine). Images are obtained from standard views: 
short axis, parasternal long axis, apical four-chamber, and 
apical two-chamber. The rest and stress views are visually 
compared side by side using computer-assisted displays to 
evaluate for induction of abnormal regional wall motion at 
peak stress. 

 The strengths of stress echocardiography are that it is eas-
ily available at most centers and provides additional useful 
information to the referring physician. Namely, it can give 
information on global left ventricular function, cardiac valve 
structure and function, and the presence of a pericardial effu-
sion. In addition, stress echocardiography does not expose 
the patient to ionizing radiation and has lower up-front costs. 
The weakness of stress echocardiography includes diffi culty 
in acquiring images in patients with poor acoustic windows 
(obese, large breasts, obstructive lung disease), the qualita-
tive nature of its interpretation, and diffi culty in differentiat-
ing infarct from ischemia in patients with previous myocardial 
infarction. 

 Overall, the sensitivity and specifi city of stress echocar-
diography are reported to be 75 and 88 %, respectively [ 18 ], 
with exercise echo performing better (sensitivity 83 %, spec-
ifi city 91 %) than dobutamine echo (sensitivity 75 %, speci-
fi city 85 %) [ 4 ].   

    Computed Tomography Coronary 
Angiography 

 Computed tomography coronary angiography (CTA) is a 
noninvasive, ECG-gated, contrast-utilizing method for 

visualizing coronary anatomy and the presence of major 
epicardial coronary artery disease. CTA is most commonly 
employed using 64-slice (or greater) CT cameras, enabling 
faster acquisitions. To compensate for cardiac motion, a 
regular heart rate (preferably <70 beats per minute) is 
required, usually necessitating premedication with beta-
blockers. Commonly employed CTA techniques use 
between 60 and 100 ml of iodinated contrast to opacify the 
coronary arteries, which limits the use of this technique in 
patients with impaired renal reserve. 

 CTA offers an accurate, noninvasive method to effectively 
and accurately rule out the presence of major epicardial cor-
onary artery disease. The    overall sensitivity and specifi city 
of 64-slice CTA for >70 % diameter stenosis are 94 and 
83 %, respectively, with corresponding negative predictive 
value of 99 % [ 19 ]. The positive predictive value of CTA in 
unselected patients is only 48 % and is signifi cantly worse in 
patients with coronary calcium scores >400 [ 19 ]. These data 
support the use of CTA for effectively “ruling out” signifi -
cant CAD in patients presenting with chest pain. Other recent 
data validate the concept that an increase in CAD disease 
burden on CTA increases the likelihood of CAD-related 
events [ 20 ], providing emerging data that CTA may assist in 
prognostication. 

 With further advances in CTA techniques, including 
reductions in radiation exposure through tube current modu-
lation and prospective gating, increasing multi-detector tech-
nologies, recently updated appropriate use criteria (AUC) 
[ 21 ], and improving outcomes data, it is likely CTA will 
become more frequently utilized in the future. Recent appro-
priateness criteria give an appropriate indication for the use 
of CTA in patients who have either an interpretable or unin-
terpretable ECG, including those who are able to exercise in 
the setting of chest pain syndromes, as long as biomarkers 
are not elevated [ 21 ]. This recommendation builds on the 
most recent ACC/AHA UA/NSTEMI guidelines to give a 
Class IIa recommendation for CTA in patients with a low/
intermediate probability of CAD and normal ECG/biomark-
ers as an alternative to stress testing [ 1 ]. It is likely the appro-
priate indications for CTA will expand as further data become 
available. This increased use of CTA will likely be tempered 
by the continued need for iodinated contrast, as well as a 
necessity to show improved outcomes and decreased resource 
utilization when using CTA-based testing strategies.  

    Nuclear Myocardial Perfusion Imaging 

 Myocardial perfusion imaging (MPI) assesses myocardial 
blood fl ow using either planar, single-photon computed 
tomography (SPECT), or positron emission tomography 
(PET)techniques and radiopharmaceuticals such as thallium-
 201, Tc-99m sestamibi, Tc-99m tetrofosmin, rubidium-82, 
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and N-13 ammonia. Since the acquisition of emitted photons 
is inherently quantitative, this enables comparison of perfu-
sion data to standard normal databases as well as ECG-gated 
functional assessment, which enhance the sensitivity and 
specifi city of the technique. 

    Resting Perfusion During Symptoms 
 Since abnormal myocardial perfusion is the sine qua non of 
myocardial ischemia, the ability to evaluate perfusion during 
symptoms consistent with an acute coronary syndrome can 
assist in diagnosis. Multiple studies have evaluated the utility 
of injection of Tc-99m-based perfusion tracers to patients 
during (or within 30 min of) an episode of acute chest pain 
and found the absence of perfusion places these patients into 
a low-risk category (0–1 % 30-day event rate) [ 22 – 25 ]. 
These studies are particularly helpful in patients who have 
nondiagnostic or non-interpretable ECGs. While the injec-
tion of radiotracer occurs during symptoms, the actual imag-
ing can occur 1–2 h later, after the patient has been clinically 
stabilized. While this technique is quite helpful, decreases 
resource utilization, and provides a wealth of information, it 
requires close coordination with nuclear cardiology imaging 
staff to ensure timely delivery and injection of the tracer, fol-
lowed by rapid imaging and reporting.  

    Stress Myocardial Perfusion Imaging 
 Stress MPI is an extremely well-validated method for evalu-
ating patients with chest pain, with over 10,000 published 
articles describing its use. As with stress echocardiography 
and CTA, appropriate use criteria provide recommendations 
for use of this technique [ 17 ]. The majority of the data on 
stress MPI describes the use of SPECT imaging tracers such 

as Tc-99m and thallium-201, although outcomes and prog-
nostic data are also published for the PET tracers, rubidium-
 82 and N-12 ammonia [ 26 ]. Stress modalities that can be 
used for stress MPI include exercise or pharmacologic stress 
with either vasodilators (dipyridamole, adenosine, and 
regadenoson) or inotropes (dobutamine). However, due to 
decreased diagnostic sensitivity with MPI and inotropic 
stress, dobutamine should be reserved for patients in whom 
vasodilator stress is contraindicated (active severe asthma, 
severe obstructive lung disease, and/or advanced AV nodal 
conduction system disease). 

 MPI relies on the principle of imaging myocardial blood 
fl ow heterogeneity in response to stress, where blood fl ow 
increases disparately in territories perfused by arteries with 
functionally signifi cant stenoses compared to normal arteries 
(Fig.  1.3 ). In general, exercise is the preferred stress modal-
ity, except for rubidium-82 PET which requires pharmaco-
logic stress due to the short half-life of the isotope. For 
pharmacologic stress, vasodilator stress is preferred due to 
an increased maximal myocardial blood fl ow with these 
agents and fewer side effects (particularly arrhythmias) com-
pared with dobutamine [ 9 ].

   The strengths of MPI are that it can accurately and repro-
ducibly defi ne the ischemic burden, largely due to its inherently 
quantitative methodology that allows for comparison to normal 
patients. Quantitative analysis provides greater confi dence in 
interpretation, decreases intra-/interobserver variability, and 
provides a reproducible measure of the ischemic burden that 
can be tracked over time. However, MPI has a number of weak-
nesses. Paramount among them is a concern about radiation 
exposure, as MPI has been cited as primary driver for an 
increase in exposure of patients to medical ionizing radiation. 
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  Fig. 1.3    Principle of perfusion 
imaging: induction of fl ow 
heterogeneity. In this schematic 
model, two arteries perfuse the 
heart. One artery has a stenosis 
that is fl ow limiting at stress 
( left side ), while the other artery 
is normal. At rest, blood fl ow 
through both arteries is normal, 
but at peak stress blood fl ow 
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In addition, reimbursement for MPI is currently higher than for 
stress echocardiography in the United States, which increases 
overall medical costs to society. Lastly, MPI can be adversely 
affected by differential photon attenuation from larger breasts, 
subdiaphragmatic activity, and obesity. 

 While traditional MPI has evolved dramatically from its 
initial development in the 1970s, recent advances in new 
methods, tracers, and technology continue to improve the 
technique. Chief among the methodological improvements 
has been growth in the use of cardiac PET. This has been 
driven by an increase in the number of PET scanners in US 
hospitals for use in oncologic imaging and by the availability 
of the PET perfusion tracer, rubidium-82 (Rb-82), which 
does not require an on-site cyclotron. Rb-82 PET has advan-
tages over traditional SPECT imaging in that its higher 
energy (511 KeV) photons lead to improved spatial and con-
trast resolution. Its use of robust attenuation correction, rapid 
imaging protocols (approximately 45 min for complete rest/
stress Rb-82 study), lower radiation exposure (~3–4 mSv for 
a 40 mCI × 2 rest/stress Rb-82 study), and the ability to mea-
sure a peak-stress ejection fraction (as opposed to a post- 
stress ejection fraction traditionally measured with SPECT) 
are other potential advantages over SPECT imaging. 

 The overall diagnostic accuracy of PET is superior to 
SPECT, with reported sensitivity and specifi city of 92 and 
85 % [ 27 ]. In addition, Rb-82 PET has superior diagnostic 
accuracy in women, obese subjects (BMI >30), and those 
with multivessel CAD [ 28 ]. Furthermore, the ability to mea-
sure peak-stress ejection fraction adds signifi cant prognostic 
accuracy [ 26 ]. Lastly, recently validated and FDA-approved 
software for dynamic PET-acquired estimates of myocardial 
blood fl ow will likely add further utility to noninvasively 
identifying CAD severity, improving diagnostic certainty in 
multivessel CAD and allowing routine measures of vascular 
response to medical interventions [ 29 ].   

    Comparison of Stress Modalities 
and Imaging Techniques 

 Given the multiple options for stress and imaging modalities, 
the evaluating physician should tailor their testing strategy to 
best evaluate the individual patient and answer the clinical 
question. This approach recognizes that factors such as cost, 
safety, availability, diagnostic characteristics, and institutional 
expertise all play a role in test selection. The American Society 
of Nuclear Cardiology has recently attempted to address how 
to best use various nuclear stress testing imaging methods and 
protocols, focusing on “patient-centered imaging” [ 30 ]. 

 This concept is also addressed in the ACC/AHA UA/
NSTEMI guidelines which provide a Class IC recommenda-
tion that the: 

 “Choice of stress test is based on the resting ECG, ability 
to perform exercise, local expertise, and technologies 

 available. Treadmill exercise is useful in patients able to 
exercise in whom the ECG is free of baseline ST-segment 
abnormalities, bundle-branch block, LV hypertrophy, intra-
ventricular conduction delay, paced rhythm, pre-excitation, 
and digoxin effect” [ 1 ]. 

 In addition, the ACC/AHA Chronic Stable Angina guide-
lines provide specifi c recommendations regarding which 
patients should also receive imaging as part of their exercise 
stress ECG. These include a Class IB recommendation for 
imaging in patients with pre-excitation, >1mm resting 
ST-segment depression, and prior revascularization (PCI or 
CABG) [ 4 ]. In these patients, imaging improves sensitivity 
in the setting of resting ECG abnormalities and assists in the 
localization of ischemia in patients with prior 
revascularization. 

 In patients who are unable to exercise, pharmacologic 
stress imaging (adenosine, regadenoson, or dipyridamole 
nuclear imaging; or dobutamine stress echocardiography) 
receives a Class IB recommendation in intermediate risk 
patients, a Class IC recommendation in patients with a paced 
ventricular rhythm, and a Class IB recommendation in 
patients with LBBB [ 4 ]. 

 In the evaluation of acute chest pain, particularly in a 
CPU setting, the trade-off between sensitivity and specifi city 
should be weighted towards improved sensitivity so as to not 
miss. This is especially true when considering the choice 
between MPI and exercise echo for localization of disease 
(esp. left circumfl ex territory ischemia). For example, the 
lower sensitivity of stress echocardiography versus MPI for 
the diagnosis of CAD has been suggested to decrease the 
level of confi dence that a normal stress echocardiogram 
imparts the same low-risk event rate as a normal MPI. Some 
have reported event rates as high as 5 % per year for patients 
following a normal stress echo compared to <1 % per year 
for a normal MPI [ 31 ]. This low event rate following a nor-
mal MPI has been reproduced in multiple studies [ 32 ], 
including in patients with known CAD [ 33 ]. Further, it is 
likely that the use of PET-based MPI imaging strategies will 
further advance the evaluation of acute chest pain due to its 
greater sensitivity for overall CAD, multivessel CAD, and 
the ability of PET/CT-based cameras to provide quantitative 
assessments of coronary calcium which can further defi ne 
low-risk patients when coronary calcium is absent.  

   The Role of Chest Pain Observation Units 

 Chest Pain Units (CPUs) are specialized units and/or patient 
care clinical pathways that serve to rapidly assess whether a 
patient presenting with chest pain is undergoing an acute coro-
nary syndrome. A majority of the over 600 accredited CPUs in 
the US are located in the hospital Emergency Department, but 
CPUs can also be located in a telemetry ward of a inpatient 
hospital. CPUs offer the advantage of systematic, 
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 protocol-driven patient evaluations, and randomized con-
trolled trial data support their utility in reducing costs, use of 
resources, and lengths of stay [ 34 ]. To accomplish these 
advantages, CPUs generally attempt to evaluate patients 
within 6–24 hours of presentation using serial observations of 
ECGs and biomarkers (troponin). If the initial evaluation 
period is completed without recurrence of classical anginal 
symptoms and the ECG and biomarkers remain negative for 
fi ndings consistent with ACS, patients are then risk stratifi ed 
by either stress ECG, stress imaging (nuclear or echo), or 
CTA. The choice of the stress and/or imaging modality should 
be based on the strengths and weaknesses of that particular test 
for a given a patient and clinical scenario, realizing institu-
tional expertise and test availability play a signifi cant role in 
choosing a particular testing strategy. 

 Patients with recurrent chest pain consistent with ACS, 
positive biomarkers, ECG changes, or stress test should be 
admitted and undergo further evaluation [ 1 ]. Alternatively, 
patients who symptoms do not recur, have negative biomark-
ers and ECGs, and low-risk fi ndings on stress testing can be 
discharged with recommended close follow-up with their 
primary care physician. The current ACC/AHA UA/
NSTEMI Guidelines detail a Class IB recommendation for 
patients with probable or possible ACS to undergo observa-
tion and repeat ECG and biomarker monitoring in a CPU 
telemetry ward, and a Class IC recommendation for stress 
testing in a CPU (or outpatient within 72 hours) in patients 
with suspected ACS as an alternative to admission [ 1 ].  

    Cardiac Catheterization 

 While cardiac catheterization remains the gold standard for 
the diagnosis of epicardial coronary artery disease, only 
a small minority of patients who present with chest pain 
undergo this test. Current recommendations for the appropri-
ate use of coronary angiography in patients with suspected 
angina include patients with high-risk criteria on noninvasive 
testing for risk stratifi cation (Class I, B), patients with an 
uncertain diagnosis after noninvasive testing for risk stratifi -
cation (I, B) or with increasing symptoms (IIa, C), patients 
with LV dysfunction (EF < 45 %) (IIa, C), patients who can-
not undergo noninvasive testing (IIA, C) or who have inad-
equate prognostic information after noninvasive testing (IIa, 
C), patients with an occupational requirement for defi nitive 
diagnosis (IIa, C), and patients with a high pretest probabil-
ity of left main or 3-vessel CAD (IIa, C) [ 4 ]. More specifi -
cally, an early invasive angiographic assessment for CAD is 
recommended in patients with recurrent angina at rest/low- 
level exercise while on medical therapy, elevated biomarkers, 
worsening CHF and/or reduced LV function, hemodynamic 
instability, prior PCI within 6 months, prior CABG, and an 
elevated TIMI risk score.   
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        Introduction 

    Defi nition and Classifi cation 

 ACS encompasses a group of three related clinical entities: 
unstable angina (UA), non-ST-elevation myocardial infarction 
(NSTEMI), and ST-elevation myocardial infarction (STEMI). 

They represent different manifestations of a common underly-
ing disorder, acute myocardial ischemia. The UA/NSTEMI 
and STEMI classifi cations of ACS have replaced the older 
terms “Q wave” and “non-Q wave” myocardial infarction (MI). 

 The clinical presentation of UA/NSTEMI is  characterized 
by new onset or a worsening pattern of prior angina, origi-
nating from a mismatch between myocardial oxygen require-
ments and a limited supply due to an acute impediment to 
coronary blood fl ow, usually from nonocclusive intracoronary 
thrombosis. The two syndromes are differentiated based on 
the presence or absence of myocardial necrosis. In UA there is 
no evidence of myocardial necrosis, whereas in NSTEMI the 
degree of ischemia is suffi ciently severe to cause circulatory 
release of cardiac biomarkers. Patients with UA/NSTEMI can 
be further classifi ed according to Braunwald’s classifi cation 
as having primary angina, secondary angina occurring in the 
setting of an extracardiac condition that intensifi es ischemia, 
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or angina within 2 weeks of a myocardial infarction known 
as post-infarct angina [ 1 ]. All UA/NSTEMI patients require 
aggressive therapy, but the classifi cation provides prognostic 
information with secondary angina associated with a higher 
risk of 1-year death or MI than primary angina [ 2 ]. STEMI 
arises from a complete occlusion of the infarct-related artery 
and it is differentiated form NSTEMI on the basis of the elec-
trocardiogram (ECG) fi nding of ST-segment elevation.  

    Prevalence and Mortality 

 Approximately every 25 s an American will have a coronary 
event, and every minute, someone will die of one. There are 
1.4 million ACS-related hospitalizations every year in the 
USA. Approximately 40 % of which are for UA and the 
remainder are for MI. Of the latter, nearly two-thirds are 
NSTEMI and one third STEMI [ 3 ,  4 ].   

    Pathophysiology 

    Role of Infl ammation and Endothelial 
Dysfunction 

 An ACS is the fi nal manifestation of a process of progressive 
atherosclerotic plaque formation within the intima of medium 
and large-sized arteries that develops over decades. Risk factors 
such as hyperlipidemia, smoking, hypertension, diabetes, and 
genetic susceptibilities facilitate endothelial damage with sub-
endothelial migration of infl ammatory cells, predominantly 
monocytes, which differentiate into macrophages. This infl am-
matory process results in increased production of adhesion mol-
ecules, endothelin-1, and decreased production of nitric oxide 
further disrupting endothelial homeostasis. Low-density lipo-
protein (LDL) penetrates the arterial wall and is digested by 
macrophages which then become highly atherogenic foam cells 
that release cytokines (TNF-alpha, interleukins, among others) 
that recruit more macrophages and smooth muscle cells [ 5 ,  6 ].  

    Vulnerable Plaque and Plaque Rupture 

 Smooth muscle cells synthesize the extracellular matrix 
which provides stability to the atherosclerotic plaque and 
fi brous cap. Macrophages do the opposite, by elaborating 
matrix metalloproteinases such as collagenase and gelatinase 
that digest the collagen foundation of the interstitial matrix. A 
preponderance of macrophages over smooth muscle cells, 
along with a thin fi brous cap and a rich lipid core, make the 
plaque vulnerable to rupture. These plaque characteristics 
along with physiologic parameters such as coronary vasomo-
tor tone and the hemodynamic, hemostatic, and hormonal 
milieu contribute to the risk of plaque disruption. If the plaque 
ruptures or fi ssures, exposure of the highly thrombogenic 

subendothelium to circulating leukocytes and platelets acti-
vates the coagulation cascade and promotes platelet adhesion 
and aggregation resulting in thrombus formation. A thrombus 
that only partially occludes the artery (usually a platelet-rich 
or “white clot”) causes UA or NSTEMI, while a completely 
occlusive clot (usually a fi brin-rich or “red clot”) causes 
STEMI [ 7 ,  8 ] (Fig.  2.1 ). The preexisting degree of coronary 
stenosis by the atherosclerotic plaque is not a predictor of its 
vulnerability, in fact, most ACS cases are caused by athero-
sclerotic lesions with only mild-moderate stenosis [ 9 ,  10 ]. 
Furthermore, patients with ACS may have multiple areas of 
plaque rupture distinct from the culprit lesion [ 11 ].

        Diagnosis 

 In general, UA is diagnosed by history on the basis of symp-
toms of an unstable pattern of angina as detailed below, and 
NSTEMI is a laboratory diagnosis provided by detectable 
levels of cardiac biomarkers (troponin, CK-MB, myosin). 
Only about 50 % of patients with UA/NSTEMI have ECG 
changes. Conversely, the diagnosis of STEMI requires the 
presence of ST elevations or new left bundle branch block 
(LBBB) on an ECG in association with symptoms (Fig.  2.2 ). 

  Fig. 2.1    Gross appearance of intracoronary “ red ” thrombus extracted 
from a patient with an acute STEMI by manual thrombectomy       

History Laboratory EKG

Anginal symptoms

Unstable angina NSTEMI STEMI

Elevated biomarkers STE, LBBB

Basis of diagnosis

  Fig. 2.2    The acute coronary syndrome continuum of unstable angina, 
non-ST-elevation myocardial infarction ( NSTEMI ), and ST-elevation 
myocardial infarction ( STEMI )       

 

 

G.A. Delgado and J.D. Abbott



17

Prompt diagnosis is essential for the initiation of adequate 
therapy, to limit or save the myocardium at risk, and to pre-
vent the complications of ACS.

   The information gathered from the following three 
main diagnostic elements: history and physical examina-
tion, ECG, and laboratory evaluation should be used 
to assign patients to one of four diagnostic categories 
 suggested by the ACC/AHA: 1. noncardiac diagnosis, 
2. chronic stable angina, 3. possible ACS, or 4. defi nite 
ACS [ 12 ] (Fig.  2.3 ).

      History and Physical Examination 

 The most common manifestation of myocardial ischemia is 
chest discomfort or angina. Typically it is substernal in loca-
tion with radiation to the jaw, neck, left arm, or shoulder. 
However, atypical presentations and even silent ischemia are 
not infrequent, particularly in women, diabetics, and the 
elderly [ 13 ]. Some patients present with epigastric discom-
fort or with “anginal equivalents” such as fatigue, back pain, 
or shortness of breath. Associated symptoms are often 

Symptoms suggestive of ACS

Definite ACS

St-segment
elevation

No ST-segment
elevation

ST and/or T-wave changes
Ongoing pain
Positive cardiac biomarkers
Hemodynamic abnormalities

Evaluate for
reperfusion therapy

See ACC/ANA
guidelines for

ST-segment evaluation
myocardial infarction

Recurrent ischemic pain
 or positive fings on
 follow-up studies

Nondianostic findins
on ECG
Normal initial serum
 cardiac biomarkers

Observe
≥ 12 h from symptom onset

NO recurrent pain:
negative findings on

follow up studies

Stress study provide ischema
Consider evaluation of LV function if
 ischema is present (teste may be
 performed either before dischange
 or as outpatient)

Negative findings

Arrangements for outpatient follow-up

Positive findings

Admit to hospital
Manage via acute ischema pathway

Potential diagnoses:
 nonischemic discomfort;
 low-risk ACS

Diagnosis of ACS
confirmed or highly likely

Diagnosis of ACS confirmed

Noncardiac diagnosis

Treatment as indicated
by alternative diagnosis

See ACC/ANA
guidelines for

chronic stable angina

Chronis stable angina Possible ACS

  Fig. 2.3    Algorithm for evaluation and management of patients with suspected acute coronary syndrome (From Little et al. [ 10 ] with permission 
from Elsevier)       
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reported, the most common being dyspnea, but anxiety, dia-
phoresis, nausea, and vomiting are also common, with gas-
trointestinal type complaints more prominent in patients 
with MI involving the inferior wall [ 14 ]. The history and 
physical examination should also aim to elucidate the diag-
nosis of ACS from nonischemic causes of chest pain, par-
ticularly those that also pose a life-threatening risk such as 
aortic dissection or pulmonary embolism (Table  2.1 ).

   Stable angina is defi ned by a level of angina (or its equiva-
lent) that is triggered by a relatively reproducible degree of 
physical activity or emotional stress and is relieved by rest or 
sublingual nitroglycerin. In contrast, UA is characterized by 
the presence of one or more of the following features: rest 
angina (generally lasting more than 20 min), new onset 
(within the preceding 2 months), or crescendo (increasing 
frequency, duration, intensity, or triggered by a lower activ-
ity level) [ 1 ]. NSTEMI and STEMI patients can present with 
variable symptoms but when angina is present, pain at rest 
lasting more than 20 min is characteristic. It may be intermit-
tent or “stuttering” in NSTEMI but it is commonly unrelent-
ing in STEMI. 

 Syncope by itself, pleuritic pain, or pain that can be local-
ized with the tip of one fi nger, reproducible with movement 
or by palpation, is seldom ischemic [ 15 ]. Relief of chest 
pain by sublingual nitroglycerin in the emergency depart-
ment is an unreliable predictor of ACS [ 16 ]. Although tradi-
tional cardiovascular risk factors increase the likelihood that 
underlying atherosclerotic disease exists, they have been 
found to be weak predictors of acute ischemia. However, 
their presence in a patient with an established diagnosis of 
ACS is related to poor outcomes [ 17 ,  18 ]. 

 The physical exam in a patient with ACS can be normal 
and should be aimed at risk stratifi cation and recognizing the 
potential complications of myocardial ischemia, especially 
in patients with STEMI, and those presenting late after the 
onset of the ischemic event. High-risk fi ndings suggestive of 
a large area of myocardial ischemia include sinus tachycar-
dia, signs of hypoperfusion (oliguria, clammy skin, confu-
sion), jugular venous distention, third or fourth heart sounds, 
pulmonary congestion, and hypotension. A loud systolic 
murmur, often associated with a palpable thrill, signals ven-
tricular septal rupture. Although it may be audible as a soft 
systolic murmur radiating to the back or left axilla, acute 
ischemic mitral regurgitation is often silent.  

    Electrocardiogram 

 An ECG should be done and read by an experienced emer-
gency physician within 10 min of presentation with symp-
toms suggestive of ACS [ 19 ]. ECG changes are present in 
approximately 40 % of ACS patients including T-wave 
inversions (21 %), ST-segment deviation ≥1 mm (14 %), 
and new LBBB (7 %) [ 20 ]. These changes may occur in 
combination, be transient, or dynamic. ST-segment devia-
tions are particularly specifi c for acute ischemia and their 
presence is related to adverse outcomes [ 21 ,  22 ]. T-wave 
inversions, unless pronounced (≥3 mm), are less specifi c 
[ 23 ]. Complete occlusion of a coronary artery creates a 
current of epicardial injury that manifests as ST-segment 
elevations (Fig.  2.4 ). ST elevations of ≥1 mm in two or 
more anatomically contiguous leads or new LBBB estab-
lish the diagnosis of STEMI. The anatomic grouping of 
leads includes inferior (II, III, aVF), lateral (I, aVL), and 
anterior (V1-V6). The diagnosis of UA or NSTEMI does 
not require ECG changes but their presence support the 
diagnosis. If the initial ECG is unremarkable or nondiag-
nostic and there is a high clinical suspicion for ACS, an 
ECG should be repeated every 5–10 min [ 19 ]. Patients 
with confi rmed absence of ECG changes have a better 
prognosis and are at signifi cantly lower risk of major 
adverse cardiac events (MACE) during their index hospi-
talization and follow-up [ 24 – 26 ].

       Laboratory Evaluation 

 Cardiac biomarkers are released into the circulation fol-
lowing cardiomyocyte death, and their presence defi nes 
NSTEMI, distinguishing the diagnosis from UA [ 27 ]. 
Elevation of cardiac biomarkers is not a requirement for 
the diagnosis of STEMI as these patients often present 
before their levels become detectable. The two most com-
monly used biomarkers are the cardiac isoform of creatine 
kinase (CK-MB) and troponins T and I. Troponins are 

   Table 2.1    Differential diagnosis of chest pain   

  Cardiac nonischemic  
 Aortic dissection 
 Pericarditis, myocarditis 
 Cardiomyopathies, e.g., hypertrophic, Takotsubo 
  Pulmonary  
 Pneumothorax 
 Pulmonary embolism 
 Pneumonia, pleuritis 
  Musculoskeletal  
 Disc disease 
 Costochondritis 
 Trauma, rib fracture 
  Gastrointestinal  
 Pancreatitis 
 Cholecystitis 
 Peptic ulcer disease 
 Gastroesophageal refl ux 
 Esophageal spasm, perforation 
  Others  
 Zoster and other neuropathic disorders 
 Psychiatric (anxiety, panic attack, somatization disorders) 
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highly sensitive and cardiac-specifi c, providing an accurate 
measure of the degree of myocardial necrosis. However, 
they typically do not become detectable until approxi-
mately 6 h after the onset of the ischemic event. Because of 
this, they need to be rechecked at 4–8 h intervals, typically 
three times, to detect deviations from normal. If the bio-
marker level continues to increase, daily measurements 
can be made to determine the peak level. Measuring more 
than one biomarker is probably not necessary or cost-effec-
tive and therefore measurement of troponin only is a rea-
sonable approach. Troponins peak at 12–48 h after 

symptom onset and remain elevated for 7–14 days. CK-MB 
is less specifi c than troponins with elevated levels follow-
ing skeletal muscle injury. However, their short half-life 
(24–48 h) allows laboratory assessment of recurrent, 
extending, or periprocedural MI. Reinfarction can also be 
determined with troponin and is defi ned by a 20 % increase 
in troponin level within 3–6 h from the onset of clinical 
signs or symptoms of recurrent ischemia [ 28 ]. The degree 
of elevation of cardiac biomarkers, and of troponin in par-
ticular, is independently related to short- and long-term 
outcomes including the risk of death within the fi rst 42 days 

  Fig. 2.4    STE    or STD EKG with matching angiogram. ( a ) 12 lead EKG 
demonstrates ST segment elevation in leads II, III, aVF, and V6 indicat-
ing an acute inferior wall ST elevation myocardial infarction ( b1 ) right 
coronary artery angiography confi rms coronary occlusion with throm-
bolysis in myocardial infarction (TIMI) grade 0 fl ow ( b2 ) after percuta-

neous coronary intervention with a stent TIMI grade 3 fl ow is restored 
( c ) 12 lead EKG demonstrates ST segment depressions in multiple limb 
and precordial leads suggestive of diffuse subendocardial ischemia ( d ) 
left coronary angiography identifi ed a ciritical stenosis in the distal left 
main coronary artery with TIMI grade III fl ow         

a

b1 b2

 

2 Acute Coronary Syndromes



20

after an MI [ 29 ,  30 ] (Fig.  2.5 ). Myoglobin is a highly sensi-
tive cardiac biomarker with a very early rise and short half- 
life following myocardial necrosis. This makes it useful as 
a screening test with the limitation of its very low specifi c-
ity in the setting of skeletal muscle damage (Fig.  2.6 ).

         Treatment 

    Risk Stratifi cation 

 Early risk stratifi cation is essential to identify UA/NSTEMI 
patients at a high acute and long-term risk of recurrent MI 
and death in which prompt initiation of more aggressive ther-
apies has been shown to improve outcomes. Conversely, 
identifi cation of low-risk patients allows not only adequate 
prioritization of therapy but also prevents these patients from 

receiving more costly and potentially harmful interventions 
from which no or limited benefi t may be obtained. 

 Several risk stratifi cation tools have been developed. The 
Thrombolysis in Myocardial Infarction (TIMI) [ 32 ] and the 
Global Registry of Acute Coronary Events (GRACE) risk 
scores have been extensively validated [ 33 ]. The TIMI risk 
score for UA/NSTEMI uses seven variables to assess the risk 
of death, MI, or recurrent ischemia within 14 days after hospi-
talization. Those with ≥3 variables present are considered to be 
at high risk. The GRACE score uses eight independent vari-
ables to assess the likelihood of death and MI in-hospital or on 
the following 6 months. A GRACE score of >140 is consid-
ered high risk. The GRACE score has the advantages of assign-
ing an individualized value to each variable and the inclusion 
of a variable for renal dysfunction. However, it requires a 
nomogram or a computer to calculate it as opposed to the sim-
pler TIMI risk score (Table  2.2 ). Both scores have been shown 

c

d

Fig. 2.4 (continued)
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to be helpful management guides with patients classifi ed as 
high-risk deriving the most benefi t from more aggressive treat-
ment strategies including percutaneous coronary intervention 
(PCI) [ 34 ,  35 ]. Online calculators are available at   www.TIMI.
org     and at   www. outcomes-umassmed.org/grace    .

   Therapy in UA/NSTEMI is primarily pharmacological 
aimed at angina relief, decreasing myocardial oxygen 
demand, stabilization of the thrombus, and facilitation of the 
endogenous fi brinolytic mechanisms which prevents further 
growth of the nonocclusive coronary thrombus. This initial 
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  Fig. 2.5    Mortality rates 
according to cardiac troponin 
level. Mortality rates at 42 days 
are shown for ranges of cardiac 
troponin I levels. The numbers 
at the bottom of each bar are the 
numbers of patients with cardiac 
troponin I levels in each range, 
and the numbers above the bars 
are percentages.  P  = 0.001 for 
the increase in the mortality 
rate with increasing levels of 
cardiac troponin I (From 
Antman et al. [ 30 ])       
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  Fig. 2.6    Timing of biomarkers release following an acute myocardial 
infarction (AMI). The biomarkers are plotted with the multiples of the 
cutoff for AMI over time. The dashed horizontal line shows the upper 
limit of normal (ULN, defi ned as the 99th percentile from a normal 
reference population; the coeffi cient of variation [CV] of the assay 
should be 10 % or less). The earliest rising biomarkers are myoglobin 
and creatine kinase (CK) isoforms. The muscle/brain fraction of CK 

(CK-MB, dashed curve) rises to a peak of 2–5 times the ULN and 
returns to the normal range within 2–3 days. Troponin exhibit small 
elevations in small infarctions but may rise to 20–50 times the ULN in 
the setting of larger infarctions and remain elevated above the ULN for 
7 days or more (Adapted from Mayo Clinic Cardiology: Concise 
Textbook, 3rd ed. [ 31 ])       
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period of pharmacological stabilization is followed by two 
distinct management pathways: early invasive or initial con-
servative therapy (described below). In STEMI, the infarct- 
related artery is already completely occluded and therefore 
emergent revascularization with thrombolytic therapy (fi bri-
nolysis) or PCI is mandatory. Unless stated otherwise, the 
recommendations given below follow the latest available set 
of guidelines by the American College of Cardiology/
American Heart Association (ACC/AHA) for patients in 
whom the diagnosis of ACS (UA/NSTEMI and STEMI) is 
likely or defi nite [ 12 ,  36 ,  37 ].  

    Anticoagulants 

 Also referred to in the literature as “antithrombins,” these 
agents often inhibit other proteins proximal to thrombin in 
the coagulation cascade. Anticoagulants constitute one of 
the two pillars of antithrombotic therapy in ACS (the other 
being antiplatelets) and should be given to all patients 
without contraindications as soon as possible after presen-
tation (Class I recommendation) [ 12 ]. There are three main 
types of anticoagulants approved for ACS: heparin based 
(unfractionated and low molecular weight), fondaparinux 
(a factor Xa inhibitor), and bivalirudin (a direct thrombin 
inhibitor). Despite the similarities between these agents, 
they are pharmacologically different and appropriate selec-
tion varies depending on the clinical risk and the manage-
ment pathway chosen, i.e., early invasive versus initial 
conservative (for UA/NSTEMI).  

    Unfractionated Heparin 

 The two heparin-based anticoagulants: unfractionated hepa-
rin (UFH) and low-molecular-weight heparins (LMWH) 
exert their effect by coupling with antithrombin (AT, for-
merly ATIII) and accelerating the inhibitory effect of AT on 
thrombin (factor IIa). UFH also has inhibitory effects on fac-
tor Xa and to a lesser extent on factors XIIa, XIa, and IXa. 

The effect achieved is largely prevention of thrombus propa-
gation, rather than degradation. When tested in earlier ACS 
trials, UFH decreased the rates of refractory angina, death, 
and MI compared to ASA alone [ 38 – 40 ]. Its benefi ts include 
a long record of effective anticoagulation in ACS and its 
reversibility with protamine (1–1.5 mg protamine per 100 
units heparin). The intrinsic limitations to UFH include the 
inability to inactivate clot-bound thrombin and its variable 
pharmacodynamics requiring frequent monitoring and titra-
tion. In addition, UFH activates platelets and carries an over-
all risk of heparin-induced thrombocytopenia (HIT) of 
approximately 2.6 % [ 41 ]. The incidence of HIT decreases to 
only 0.2 % for those treated for less than 4 days but is higher 
in individuals with previous exposure to heparin [ 42 ]. For 
UA/NSTEMI the ACC/AHA guidelines recommend a 
weight-adjusted intravenous (IV) bolus of 60 U/kg (max 
4,000 U) followed by an infusion of 12 U/kg/h (max 
1,000 U/h) adjusted to a goal for the activated partial 
 thrombin time (aPTT) of 1.5–2 times control or approxi-
mately 50–70 s, and continued for 48 h or until the end of 
PCI for uncomplicated cases [ 12 ].  

    Low-Molecular-Weight Heparin 

 The LMWH are smaller, depolymerized fragments of UFH 
that retain anticoagulant properties. LMWH have enhanced 
anti-factor Xa activity and a more predictable pharmacody-
namic profi le negating the need for routine monitoring. In 
addition, LMWH carries a lower risk of HIT and even full 
therapeutic doses can be administered subcutaneously [ 43 ]. 
Although other LMWH (e.g., dalteparin) [ 44 ] have been stud-
ied, the existing body of literature supports the ACC/AHA 
guidelines recommendation for enoxaparin as the only LMWH 
to be used in ACS. In a meta-analysis of six randomized trials 
comparing enoxaparin to UFH in UA/NSTEMI, enoxaparin 
lowered the risk of death or MI without a signifi cant difference 
in major bleed using an initial conservative strategy [ 45 ]. The 
evidence for its use if an early invasive strategy is employed is 
not as compelling. Despite initial promising results from trials 
such as ESSENCE (Effi cacy and Safety of Subcutaneous 
Enoxaparin in Unstable Angina and Non-Q-wave MI) [ 46 ] and 
TIMI 11B (Enoxaparin vs. Unfractionated Heparin for 
Unstable Angina or Non-Q-wave Myocardial Infarction) [ 47 ], 
more recent studies such as SYNERGY (Superior Yield of the 
New Strategy of Enoxaparin, Revascularization and Glyco-
protein IIb/IIIa Inhibitors) [ 48 ] and A to Z (Aggrastat to Zocor) 
[ 49 ] revealed a lack of signifi cant benefi t and an increase in 
bleeding rates on patients treated with enoxaparin and an early 
invasive approach. A caveat with the latter two trials, however, 
was their unblinded design, the coadministration of other anti-
thrombotics before allocation to the enoxaparin arm, and the 

   Table 2.2    Scoring models to identify level of risk in acute coronary 
syndrome   

 TIMI variables  GRACE variables 

 Age >65 years  Age 
 Three or more cardiac risk factors  Killip class 
 Known coronary artery disease  Systolic arterial blood pressure 
 ST-segment deviation ≥0.5 mm  Cardiac arrest during 

presentation 
 Elevated cardiac biomarkers  Serum creatinine level 
 Two or more anginal episodes 
in the preceding 24 h 

 Elevated cardiac biomarkers 
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high rates of crossover [ 50 ]. The benefi ts of enoxaparin seem 
to be greater for higher-risk patients such as those with elevated 
troponin levels [ 51 ], ST-segment deviation [ 47 ], and high TIMI 
risk scores [ 35 ]. The incidence of HIT with enoxaparin is sig-
nifi cantly lower than with UFH (0.2 %) but it increases with 
prior exposure to any form of heparin [ 43 ]. 

 The ACC/AHA guidelines give enoxaparin a Class I rec-
ommendation for the treatment of UA/NSTEMI employing 
either an early invasive or an initial conservative approach 
[ 36 ]. For STEMI, the optimal anticoagulant depends on 
whether reperfusion is achieved by fi brinolysis or primary 
PCI. With fi brinolysis, the ExTRACT-TIMI 25 (Enoxaparin 
and Thrombolysis Reperfusion for Acute Myocardial 
Infarction Treatment—Thrombolysis in Myocardial 
Infarction 25) trial [ 52 ] and a large meta-analysis of trials 
comparing UFH to enoxaparin [ 53 ] showed a benefi t of 
enoxaparin with a 16 % lower risk than UFH for the primary 
end point of death, MI, or major bleed at 30 days, despite 
more major bleeding with enoxaparin (2.6 % vs. 1.8 %). In 
the setting of primary PCI the data is less clear. The largest 
randomized trial, ATOLL (STEMI Treated with Primary 
Angioplasty and Intravenous Lovenox or UFH) [ 54 ], was 
open labeled and included 910 patients. Enoxaparin was 
administered IV at a dose of 0.5 mg/kg and UFH bolus IV 
with a variable dose range of 50–00 IU, depending on 
planned use of a glycoprotein IIb/IIIa inhibitor (GPI). 
Particulars of this trial included a high use of radial access 
and GPIs. At 30 days there was a lower risk of the combined 
end point of death, recurrent MI or ACS, or urgent revascu-
larization with enoxaparin (relative risk [RR] 0.59, 95 % CI 
0.38–0.91) without a difference in bleeding. A subsequent 
meta-analysis that included ATOLL similarly found enoxa-
parin had better outcomes compared to UFH in primary PCI 
[ 55 ]. Enoxaparin has not been adopted over UFH for primary 
PCI in the USA, and this is probably the result of concerns 
about the limited data available, limitations of published 
studies, use of bivalirudin, and common use of femoral 
access. 

 The dosing schedule of anticoagulants varies according to 
the clinical situation (Table  2.4 ). For UA/NSTEMI enoxapa-
rin is given as 1 mg/kg subcutaneous every 12 h for the dura-
tion of hospitalization (max 8 days) or until the end of an 
uncomplicated PCI. If the creatinine clearance (CrCl) is 
<30 ml/min, dosing should be decreased to once a day. With 
fi brinolysis, a 30 mg IV bolus should be given with the sub-
cutaneous dose in patients less than 75 years of age. 
Enoxaparin is used less often in the setting of primary PCI 
due to concerns about inadequate anticoagulation and bleed-
ing risk. Enoxaparin can be reversed with 1 mg protamine for 
each mg of enoxaparin (1 mg of enoxaparin is equal to 
100 IU of anti-Xa activity); however, the reliability of its 
reversal with protamine is less than for UFH.  

    Fondaparinux 

 Fondaparinux is a synthetic pentasaccharide with specifi c, 
direct factor Xa inhibitor effects. It has high specifi city and 
bioavailability that allows for once-daily administration with-
out the need for monitoring or titration. In the OASIS-5 trial 
(the Fifth Organization to Assess Strategies in Acute Ischemic 
Syndromes) [ 56 ], over 20,000 patients with high- risk UA/
NSTEMI were randomized to fondaparinux or standard dose 
enoxaparin. Although fondaparinux was found to be similar to 
enoxaparin with regard to the primary composite end point of 
death, MI, refractory ischemia, or major bleed at 9 days, the 
rate of major bleeding was nearly 50 % lower in the 
fondaparinux arm (2.2 % vs. 4.1 %,  p  < 0.001). 
Revascularization was common in the trial, with 40 % under-
going PCI and 15 % coronary artery bypass grafting (CABG). 
In the subset of patients who underwent PCI, the incidence of 
catheter-related thrombosis was more than three times higher 
in the fondaparinux arm (0.9 % vs. 0.3 %, OR = 3.59), requir-
ing an in-study amendment to supplement fondaparinux with 
UFH during PCI cases [ 57 ]. Based predominantly on the 
OASIS-5 trial, fondaparinux was given a Class I recommenda-
tion by the ACC/AHA for the management of UA/NSTEMI 
with either an early invasive or an initial conservative approach. 
In a cautionary note the guidelines mention that patients 
treated with fondaparinux should receive an additional antico-
agulant if undergoing PCI, that UFH is the only anticoagulant 
evaluated for that purpose to date, and that this recommenda-
tion is not fully evidence-based, originating from the inconsis-
tent and uncontrolled use of UFH in OASIS-5 [ 36 ]. The dose 
of UFH in the setting of fondaparinux is 50–60 U per kg IV 
bolus. The effi cacy of fondaparinux in STEMI patients was 
evaluated in the OASIS-6 (The Sixth Organization to Assess 
Strategies in Acute Ischemic Syndromes) trial, which included 
over 12,000 patients. This complex trial included patients 
treated with fi brinolysis, primary PCI, or without reperfusion. 
There was a trend towards harm with fondaparinux in primary 
PCI patients, while the other patients had a lower risk of isch-
emic events with a non- signifi cantly lower rate of bleeding 
[ 58 ]. Fondaparinux is given as a once-daily dose of 2.5 mg 
subcutaneously. It has a long half-life and is not reversible 
with protamine. It may be used with caution in mild-moderate 
renal dysfunction (CrCl 30–50 ml/min) without dose adjust-
ment but it is contraindicated in severe renal disease (CrCl 
<30 ml/min). Since it is not a heparin-based anticoagulant, 
fondaparinux is not associated with HIT.  

    Direct Thrombin Inhibitors 

 The direct thrombin inhibitors (DTI) offer several advan-
tages over heparin-based anticoagulants including more 
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predictable pharmacodynamics, lack of interaction with 
other plasma proteins, no need for a cofactor for their effect 
(i.e., antithrombin), activity on clot-bound thrombin, and no 
incidence of HIT. In fact, DTIs are used for the treatment of 
HIT. The initial studies of DTI in ACS were done with hiru-
din (lepirudin) with mixed results [ 59 – 61 ]. Subsequent 
studies done with bivalirudin demonstrated signifi cant 
reductions in bleeding rates without an increase in ischemic 
end points leading to its approval for the treatment of both 
UA/NSTEMI and STEMI ACS [ 62 ]. The landmark study 
for bivalirudin in UA/NSTEMI was the ACUITY (the Acute 
Catheterization and Urgent Intervention Triage Strategy) 
trial. ACUITY was a randomized but open-label study 
assigning ACS patients managed with an early invasive 
strategy to one of three antithrombotic regimens: UFH or 
enoxaparin plus a glycoprotein IIb/IIIa inhibitor (GPI), 
bivalirudin plus a GPI, or bivalirudin alone. At 30 days, 
bivalirudin alone compared to UFH (or enoxaparin) plus 
GPI resulted in markedly reduced rates of major bleeding 
(3 % vs. 5.7 %,  p  < 0.001) with non- inferior rates of a com-
posite ischemic end point. The net clinical outcome inclu-
sive of death, MI, unplanned revascularization for ischemia, 
and major bleeding at 30 days favored bivalirudin (10.1 % 
vs. 11.7 %,  p  = 0.015) driven primarily by a reduction in 
bleeding rates. Of note, these benefi ts disappeared (but 
without harm) in the bivalirudin plus GPI arm compared to 
UFH [ 63 ]. As with heparin-based anticoagulants, patients 
who undergo PCI treated with bivalirudin should receive an 
antiplatelet agent as early as possible, preferably prior to 
arrival to the cath lab. This was underscored by results from 
the ACUITY PCI substudy that showed that patients who 
did not receive a thienopyridine pre-PCI had higher rates of 
the composite ischemic end point compared to the UFH plus 
GPI group [ 64 ]. Based on these fi ndings, the ACC/AHA 
guidelines give bivalirudin a Class I recommendation for the 
treatment of UA/NSTEMI patients assigned to an early 
invasive management strategy and state that it is reasonable 
(Class IIa recommendation) to omit the administration of a 
GPI if a thienopyridine is given prior to catheterization [ 36 ]. 

 Data supporting the use of bivalirudin in STEMI patients 
treated with primary PCI comes from the HORIZONS (the 
Harmonizing Outcomes with Revascularization and Stents in 
Acute Myocardial Infarction) [ 65 ] and ISAR-REACT 4 
(Randomized Comparison of Abciximab Plus Heparin with 
Bivalirudin in Acute Coronary Syndrome) [ 66 ] trials. 
Patients in the HORIZONS trial were randomized, with 
open-labeled methodology, to bivalirudin plus provisional 
GPI or UFH plus planned GPI. Approximately 65 % of 
patients received UFH prior to randomization and the major-
ity of patients were treated with dual antiplatelet therapy 
prior to catheterization. Bailout GPI use was uncommon in 
the bivalirudin group (7.5 %). At 30 days, the composite end 
point of MACE (death, reinfarction, target vessel revascular-

ization, or stroke) was similar in the two groups, but major 
bleeding was signifi cantly lower with bivalirudin [ 65 ]. In 
addition, mortality was signifi cantly lower at 30 days and 
this persisted out to 3 years (5.9 % vs. 7.7 %, hazard ratio 
(HR) 0.75 [0.58–0.97];  p  = 0.03) [ 67 ]. While these results 
provide strong evidence for the selection of bivalirudin over 
UFH plus GPI, an increase in stent thrombosis within 24 h 
was noted in the bivalirudin group leading some to recom-
mend a more prolonged infusion of bivalirudin, but this has 
not been tested. In ISAR-REACT 4, a double-blind study of 
bivalirudin versus UFH/GPI, similar fi ndings were observed 
with a reduction in bleeding with bivalirudin without a dif-
ference in ischemic events [ 66 ]. Bivalirudin has a class I rec-
ommendation in STEMI patients treated with primary PCI. 

 Hirudin and other DTI such as argatroban remain options 
for deep venous thrombosis prophylaxis and for the manage-
ment of HIT, but compared to UFH they are ineffective anti-
thrombotics for the treatment of ACS and their use is not 
recommended [ 68 ]. 

 Bivalirudin is given as a 0.75 mg/kg IV bolus followed by 
an infusion at 1.75 mg/kg/h up to 4 h, then 0.2 mg/kg/h up to 
24 h total. However, as with other antithrombotics discussed 
above, it should be stopped at the completion of an uncom-
plicated PCI. Bivalirudin is metabolized in plasma through 
the CYP450 pathway but its excretion is renal and the infu-
sion rate should be reduced if the CrCl is <30 to 1 mg/kg/h 
up to 4 h. The initial bolus dose does not have to be adjusted. 
There is no reversal agent for bivalirudin.  

    Antiplatelet Agents 

 Antiplatelet agents, together with anticoagulants, form the 
basis of pharmacologic therapy in ACS. The antiplatelet 
agents used in ACS can be divided into two broad groups: 
aspirin and the adenosine diphosphate (ADP) P2Y12 recep-
tor blockers. The thienopyridines (clopidogrel and prasugrel) 
and the non-thienopyridine ticagrelor belong to this latter 
category. Unless contraindicated, both aspirin and a P2Y12 
receptor blocker are used concomitantly in the management 
of ACS due to their synergistic effects. This combination is 
referred to as dual antiplatelet therapy.  

    Aspirin 

 Aspirin irreversibly acetylates cyclooxygenase I, irreversibly 
blocking the synthesis of thromboxane A2 resulting in 
decreased platelet aggregation. Its critical role on inhibition 
of acute thrombosis across the spectrum of ACS is refl ected 
in studies demonstrating a reduction in the rates of death or 
MI of 30 % to greater than 50 % [ 38 ,  39 ,  69 – 71 ]. In fact, the 
occurrence of an ACS on a patient already taking aspirin is a 
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marker of adverse outcomes (as included in the TIMI score). 
This “breakthrough” thrombosis may be due to a degree of 
resistance to the antithrombotic effects of aspirin, a large 
thrombotic stimulus that overcomes the effects of aspirin, or 
a combination of both [ 72 – 74 ]. With regard to dosing, stud-
ies have demonstrated no difference in effi cacy with a wide 
range of doses, from 75 mg to more than 1,500 mg daily 
[ 75 ]. A wide geographic variation in the pattern of aspirin 
dosing has been noted with the common use of higher daily 
doses of aspirin after PCI in the USA (162–325 mg) com-
pared to outside the USA (<100 mg). In patients with ACS 
treated with an early invasive strategy standard versus lower- 
dose aspirin was compared in the CURRENT-OASIS-7 
(Clopidogrel and Aspirin Optimal Dose Usage to Reduce 
Recurrent Events—Seventh Organization to Assess 
Strategies in Ischemic Syndromes) [ 76 ] trial. In over 25, 000 
patients, with concomitant standard or double-dose clopido-
grel, no signifi cant difference between higher-dose and 
lower-dose aspirin was observed for the primary outcome of 
cardiovascular death, myocardial infarction, or stroke at 
30 days (4.2 % vs. 4.4 %; HR, 0.97; 95 % CI, 0.86–1.09; 
 p  = 0.61) with a major bleeding rate of 2.3 % that did not dif-
fer according to dose. An analysis from the CURE 
(Clopidogrel in Unstable Angina to Prevent Recurrent 
Events) trial found no difference in the rate of thrombotic 
events according to aspirin dose, but in patients on aspirin 
monotherapy there was a dose-dependent increase in major 
bleeding [ 77 ]. The ACC/AHA guidelines recommend an ini-
tial dose of 325 mg to be given as early as possible in ACS. 
After the index hospitalization, patients treated medically 
(without PCI) should continue aspirin 75–162 mg daily 
indefi nitely. Among those treated with PCI, the initial dose is 
162–325 mg daily for 1 month if a bare-metal stent (BMS) 
was used, and 3 months if a drug-eluting stent (DES) was 
used. Thereafter, it can be lowered to 75–162 mg. Of note, 
the European Society of Cardiology guidelines recommend 
low doses of aspirin (≤100 mg daily) after PCI and this is 
reasonable for patients at high risk of bleeding on dual anti-
platelet therapy or with the use of more potent ADP receptor 
blockers than clopidogrel [ 78 ].  

    Ticlopidine 

 Ticlopidine is a fi rst generation thienopyridine seldom used 
currently due to its multiple side effects including rash, nau-
sea, vomiting, diarrhea, thrombocytopenia, and neutropenia 
(in 2.4 % of patients, severe in 0.8 %) as well as fatal cases 
of thrombotic thrombocytopenic purpura [ 79 ]. In combina-
tion with aspirin, it reduced rates of MI and vascular death by 
46 % in NSTEMI patients and was proven of benefi t in the 
secondary prevention of stent thrombosis and graft occlusion 
when compared to warfarin [ 80 ,  81 ]. Its current use may be 

limited to patients allergic or with contraindications to the 
other more contemporary antiplatelet agents described 
below.  

    Clopidogrel 

 Clopidogrel is the most studied thienopyridine to date. Initial 
evidence of its benefi ts was obtained from the CURE trial 
[ 82 ]. CURE studied patients with UA/NSTEMI and random-
ized within 24 h of presentation to placebo or clopidogrel 
(loading dose of 300 mg followed by 75 mg/day) in addition 
to aspirin. The primary end point, a composite of cardiovas-
cular death, MI, or stroke at 3–12 months, was decreased by 
20 % (9.3 % vs. 11.5 %,  p  < 0.001) with clopidogrel. With 
dual antiplatelet therapy, there was an increase in the rates of 
minor and major bleeding (2.7 % in the placebo group vs 
3.7 % in the clopidogrel group,  p  = 0.003) but without an 
increment in life-threatening bleeding. There were also 
higher bleeding rates if CABG was performed less than 
5 days after stopping clopidogrel. Most patients in CURE 
were managed conservatively (77 %), providing strong evi-
dence for the addition of clopidogrel to aspirin in this group. 
In the PCI-CURE substudy, patients that underwent revascu-
larization with PCI had an even greater benefi t, with a 31 % 
reduction in the rate of cardiovascular death, MI, or target 
vessel revascularization within 30 days. This study also dem-
onstrated the benefi ts of clopidogrel pretreatment and post- 
PCI dual antiplatelet therapy for up to 1 year [ 83 ]. When 
treatment with thienopyridines is used in ACS, a loading 
dose is required to shorten the delay in attainment of the 
maximal antiplatelet effect. Most studies have examined a 
300 mg loading dose, but in patients undergoing PCI, more 
favorable outcomes were observed with a 600mg loading 
dose [ 84 ]. The clopidogrel maintenance dose is 75 mg/day. 

 Clopidogrel is also benefi cial in patients with STEMI. The 
CLARITY-TIMI 28 (Clopidogrel as Adjunctive Reperfusion 
Therapy—Thrombolysis in Myocardial Infarction 28) trial 
randomized patients 18–75 years of age, who presented 
within 12 h after the onset of a STEMI to clopidogrel (300-
mg loading dose, followed by 75 mg once daily) or placebo 
[ 85 ]. The addition of clopidogrel improved the patency rate of 
the infarct-related artery and reduced ischemic complications. 
In the PCI substudy of the trial, there was a 46 % reduction in 
the composite end point of cardiovascular death, MI, or stroke 
after PCI at 30 days in the clopidogrel pretreatment arm [ 86 ].  

    Clopidogrel Resistance 

 Clopidogrel is a prodrug that requires metabolism into its active 
metabolite through a 2-step process involving the cytochrome 
P450 system. Only 15 % of the original amount administered is 
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metabolized into its active compound while the rest undergoes 
ester hydrolization in plasma into an inactive subproduct. 
Genetic polymorphisms of the involved liver enzymes, particu-
larly the CYP2C19 subclass, and differences in gastric absorp-
tion produce signifi cant variability in the antiplatelet response 
to clopidogrel [ 87 ]. Studies on the prevalence of clopidogrel 
resistance vary depending on the laboratory test and threshold 
employed, loading and maintenance doses received, and eth-
nicity of the population studied, ranging between 5 and 31 % 
[ 88 – 90 ]. Observational studies have demonstrated that the 
inadequate clopidogrel response associated with the presence 
of one or more of the loss-of-function alleles coding for the 
CYP2C19 isoenzyme is associated with an increased risk of 
adverse cardiac events [ 91 – 93 ]. However, these studies have 
been limited by the heterogeneity of the assessment method, 
nonuniform clopidogrel dosing, wide interindividual variation 
in platelet response, and lack of an identifi ed optimal level of 
clopidogrel- induced platelet inhibition [ 94 – 96 ]. In 2010, the 
FDA announced a “boxed warning” regarding the decreased 
effect of clopidogrel in patients with metabolic defi ciencies for 
conversion into its active form, generating a great deal of inter-
est regarding testing for the involved mutations or laboratory 
confi rmation of platelet inhibition by clopidogrel. In the latest 
2011 ACC/AHA guideline update however, routine testing for 
CYP2C19 mutations or clopidogrel-induced antiplatelet effect 
was not recommend, stating that it may be considered on a 
case-by-case basis, particularly for patients with recurrent 
thrombotic events despite adequate clopidogrel therapy [ 36 ]. 
There is also uncertainty about what is the best therapeutic 
option if clopidogrel resistance is identifi ed. The GRAVITAS 
(Gauging Responsiveness with a VerifyNow Assay—Impact 
on Thrombosis and Safety) study randomized patients with a 
poor response to clopidogrel (as measured by the VerifyNow 
P2Y12 test) to low (no loading and 75 mg/day maintenance) 
versus high (600 mg load and 150 mg/day) clopidogrel dose 
after PCI with a DES. The primary end point of death from 
cardiovascular causes, nonfatal myocardial infarction, or stent 
thrombosis at 6 months was the same (2.3 %) regardless of 
treatment arm [ 96 ]. Using one of the newer, more potent thi-
enopyridines listed below with a more reliable bioavailability 
profi le, although attractive in concept, has not been tested as 
part of a tailored approach in patients with antiplatelet resis-
tance in any clinical trial to date.  

    Clopidogrel and Proton Pump Inhibitors 

 Proton pump inhibitors (PPI) interfere with the metabolism 
of clopidogrel with retrospective studies reporting adverse 
cardiac outcomes if used simultaneously. However, subse-
quent studies such as PRINCIPLE [ 97 ] and the randomized 
COGENT [ 98 ] trial demonstrated that even though there is 
pharmacodynamic attenuation of the effects of clopidogrel 

(and prasugrel but to a lesser extent) when used with a PPI, it 
does not translate into adverse clinical outcomes. These 
results held true regardless of PPI studied, including omepra-
zole and pantoprazole. The ACC/AHA released a statement 
clarifying that the use of a PPI in combination with clopido-
grel is not prohibitive and mentions the benefi ts of such com-
bination in appropriate clinical settings to reduce 
gastrointestinal bleeding [ 99 ].  

    Prasugrel 

 Prasugrel is a newer oral thienopyridine with a more rapid, 
potent, and consistent antiplatelet effect than clopidogrel. 
The TRITON-TIMI 38 (Trial to Assess Improvement in 
Therapeutic Outcomes by Optimizing Platelet Inhibition 
with Prasugrel—Thrombolysis in Myocardial Infarction) 
studied moderate- to high-risk ACS patients (UA/NSTEMI 
and STEMI) with planned PCI randomized to prasugrel or 
clopidogrel. At a median follow-up of 15 months, prasugrel 
treatment resulted in a 19 % reduction in the composite end 
point of cardiac death, nonfatal MI, or nonfatal ( p  < 0.001). 
Prasugrel also decreased the individual risks of MI by 24 %, 
need for urgent target vessel revascularization by 34 %, and 
stent thrombosis by 52 %. The trade-off is an increase in the 
absolute risk of non-CABG related TIMI major bleeding of 
0.5 and a 0.3 % increase in the absolute risk of fatal bleeding 
[ 100 ]. Importantly, a post-hoc analysis of this study demon-
strated that patients with a history of transient ischemic 
attacks (TIA) or stroke of any kind had an even higher risk of 
bleeding, and a net harm from prasugrel compared to clopi-
dogrel. In addition, patients older than 74 years of age and 
those weighting less than 60 kg failed to obtain a favorable 
net clinical benefi t due to higher bleeding rates [ 101 ,  102 ]. 
This led the FDA to cite a contraindication to prasugrel for 
patients with a history of TIA or stroke and a general warn-
ing against its use in patients older than 74 years of age. For 
patients weighing less than 60 kg or over age 74, a reduced 
dose of 5 mg daily (following a standard loading dose of 
60 mg) has been recommended; however, this dose has not 
been tested in clinical trials. In the 2011 ACC/AHA guide-
lines update, prasugrel was given a Class I recommendation 
for UA/NSTEMI patients treated with an invasive approach 
or for whom PCI is planned (Class I) [ 36 ]. 

 Even though prasugrel is also a prodrug that requires con-
version into its active metabolite, it is a single CYP-mediated 
step independent of the CYP2C19 isoenzyme and the genetic 
polymorphisms responsible for clopidogrel resistance. 
Observational studies have demonstrated no signifi cant 
decrease on the platelet-inhibiting effects of prasugrel in car-
riers of the loss-of-function allele that affects clopidogrel 
[ 103 ,  104 ]. As a consequence, prasugrel has been proposed 
as a therapeutic alternative for clopidogrel nonresponders or 
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those experiencing a thrombotic event while on clopidogrel 
therapy. Prasugrel has not been tested on ACS patients 
treated with an initial conservative approach and in the set-
ting of elective PCI for stable angina. Currently, prasugrel is 
only approved for ACS patients intended to be managed with 
PCI. Prasugrel is given as a 60-mg loading dose followed by 
10-mg daily maintenance. It does not require adjustment in 
mild-moderate renal insuffi ciency. Doses for severe renal 
failure or hemodialysis are not defi ned.  

    Ticagrelor 

 Ticagrelor is a non-thienopyridine P2Y12 receptor blocker 
and the latest antiplatelet agent approved for the treatment of 
ACS. As opposed to clopidogrel and prasugrel, it does not 
require enzymatic activation and its binding to the P2Y12 
receptor is reversible. Similar to prasugrel, the degree of plate-
let inhibition is greater and the onset of action more rapid than 
clopidogrel. The use of ticagrelor in ACS was evaluated in the 
PLATO (PLATelet inhibition and patient Outcomes) trial, 
which randomized patients with UA/NSTEMI and STEMI to 
ticagrelor or clopidogrel, in addition to aspirin. All patients 
with STEMI were intended to be managed by PCI, but a con-
servative approach was permitted for UA/NSTEMI. At 
12 months the primary end point of cardiovascular death, MI, 
or stroke occurred in 9.8 % of ticagrelor patients versus 11.7 % 
of patients on clopidogrel (HR 0.84,  p  < 0.001). Mortality from 
any cause was also decreased with ticagrelor (4.5 % vs. 5.9 %, 
 p  < 0.001). Compared to clopidogrel there was no increase in 
the rates of TIMI major or fatal bleeding (11.6 % vs. 11.2 %) 
[ 105 ]. Interestingly, a pre- specifi ed subgroup analysis showed 
a greater incidence of the primary end point in patients taking 
aspirin at doses greater than 100 mg (12.6 % vs. 10.1 %, HR: 
1.27, 95 % CI: 0.93–1.75). This led to the FDA recommenda-
tion that after the initial loading dose of 325 mg, aspirin should 
be decreased to 81 mg daily [ 106 ]. Ticagrelor is given as a 
single 180 mg loading dose, followed by a 90 mg twice a day 
as maintenance. Ticagrelor has no specifi c restrictions in 
patients with low body weight, or age over 74. Use in patients 
with prior stroke or TIA is cautioned due to the results of the 
randomized MATCH (Management of Atherothrombosis with 
Clopidogrel in High-Risk Patients with TIA or Stroke) trial 
which showed no benefi t of dual antiplatelet therapy over 
clopidogrel alone, but a 1.3 % absolute increase in life- 
threatening bleeding in this patient population [ 107 ]. Ticagrelor 
can also be administered to patients with renal dysfunction 
but, given its metabolism, it should be used with caution in 
patients with moderate hepatic impairment. The most com-
mon side effect is dyspnea which occurs in 14 % of patients, 
compared to 8 % of clopidogrel-treated patients. 

 Although ticagrelor’s inhibition of the platelet receptor is 
reversible, the antiplatelet effect persists for several days; 

therefore, the reversibility does not translate into safer out-
comes if CABG is required. All non-aspirin antiplatelet 
agents should ideally be discontinued prior to CABG to 
avoid excessive bleeding. However, an effort should be made 
to continue aspirin, particularly in the fi rst month after a 
BMS, and for the fi rst year after a DES. Clopidogrel and 
ticagrelor can be stopped 5 days prior to CABG, prasugrel 
needs to be stopped at least 7 days in advance. Ticagrelor 
received its FDA approval after the release of the latest 2011 
UA/NSTEMI ACC/AHA guidelines update, thus it is not 
included as a therapeutic option. 

 Because of the importance of dual antiplatelet therapy 
with aspirin and an ADP receptor antagonist in ACS patients 
who undergo PCI, particularly with a drug-eluting stent, the 
ability to comply with dual antiplatelet therapy for at least 
1 year is an important consideration. Patient with ACS 
should therefore be questioned about medication compli-
ance, history and risk factors for major bleeding, and upcom-
ing surgical procedures within 1 year. Patients should also be 
instructed not to discontinue their antiplatelet therapy with-
out contacting their treating cardiologist, because premature 
discontinuation of antiplatelet therapy signifi cantly increases 
the risk of stent thrombosis, which often results in MI or 
death. Health care providers should be aware that elective 
surgical procedures should be delayed 12 months after drug- 
eluting stent implantation or if performed sooner, the patient 
should be maintained on at least one but preferably both anti-
platelet agents. When temporarily discontinued, the duration 
of antiplatelet agents should be minimized.  

    Glycoprotein IIb/IIIa Inhibitors 

 The GPI exert their antiplatelet effect at the end of the com-
mon pathway of platelet activation by blocking the glycopro-
tein (GP) IIb/IIIa heterodimer complex which is abundant 
and localized on the surface of the platelet. The GP IIb/IIIa 
molecule is the platelet fi brinogen receptor and plays a key 
role in clot formation through fi brinogen-mediated platelet 
cross-linking. Inhibition of this fi nal step leads to potent inhi-
bition of platelet aggregation. There are three GPI: abcix-
imab, a monoclonal antibody, and eptifabitide and tirofi ban 
which are synthetic small molecule antagonists. Abciximab is 
only indicated for ACS patients intended for PCI and should 
not be used in UA/NSTEMI patients treated with conserva-
tive therapy. Multiple trials and a meta- analysis have demon-
strated the effectiveness of GPI in the management of ACS 
[ 108 – 111 ]; however, these studies were conducted before the 
current era of routine use of dual antiplatelet and early inva-
sive therapy. A more contemporary trial, ISAR-REACT 2 
(Intracoronary Stenting and Antithrombotic Regimen: Rapid 
Early Action for Coronary Treatment 2), evaluated UA/
NSTEMI patients undergoing PCI and pretreated with 
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 clopidogrel (600 mg load at least 2 h prior to PCI) and ran-
domized to abciximab or placebo. Even though abciximab 
was associated with a signifi cant reduction in the primary end 
point of death, MI, or urgent target vessel revascularization, a 
subgroup analysis demonstrated that this benefi t was limited 
to patients with an elevated troponin level [ 112 ].    Patients in 
the highest risk categories, i.e., those with elevated cardiac 
biomarkers [ 113 ,  114 ], diabetes [ 115 ], ST-segment changes 
[ 23 ], recurrent angina [ 116 ], and elevated TIMI risk score 
(four or greater) [ 117 ], undergoing PCI seem to derive the 
most benefi t from antiplatelet therapy with GPI. No random-
ized study has directly compared the use of an oral antiplate-
let agent (clopidogrel, prasugrel, or ticagrelor) versus a GPI, 
in addition to aspirin, for the management of UA/NSTEMI. 

 The ACC/AHA guidelines recommend that for patients 
with UA/NSTEMI treated with an invasive approach, clopi-
dogrel or a GPI (eptifabitide or tirofi ban preferred), in addi-
tion to aspirin and anticoagulant therapy, should be given 
prior to PCI (Class I). However, two trials, EARLY ACS 
[ 118 ] and ACUITY [ 119 ], addressed the issue of when to 
administer GPI to patients with UA/NSTEMI. “Upstream” 
refers to the administration of GPI at presentation and before 
angiography, and “deferred” or “downstream”, when it is 
given in the cath lab, at the time of angiography or PCI. 
Overall, these studies suggest that there is no benefi t to a 
routine strategy of upstream use. A strategy of deferred, 
selective use of GPI in the cath lab, at the discretion of the 
interventional cardiologist, and dictated by factors such as 
intracoronary clot burden, complicated PCI, and bleeding 
risk is a reasonable approach that does not increase the risk 
of adverse ischemic outcomes. UA/NSTEMI patients treated 
with an initial conservative approach should receive clopido-
grel, in addition to aspirin and anticoagulant therapy. If clop-
idogrel is withheld due to suspected need for urgent CABG, 
or if clopidogrel-treated patients have recurrent ischemia, 
heart failure, or serious arrhythmia then a GPI should be ini-
tiated (Class I). The use of both a thienopyridine and a GPI, 
in addition to aspirin and an anticoagulant, receives a “may 
be reasonable” Class IIb recommendation and is reserved for 
patients with high-risk features such as elevated troponin 
levels, diabetes, and ST-segment depression who do not have 
a high bleeding risk [ 36 ].  

    Early Invasive Versus Initial Conservative 
Management of NSTEMI 

 Unlike the well-established benefi ts of urgent reperfusion ther-
apy in STEMI, the optimal timing of revascularization in 
NSTEMI ACS is less clear. Keeping in mind that therapy with 
anticoagulants, antithrombotic, and other antianginal measures 
is otherwise largely unchanged, two distinct and often overlap-
ping treatment strategies can be employed in regard to timing of 
angiography. “Early invasive” therapy refers to initial diagnos-

tic angiography with the intention to perform PCI within 
24–48 h of presentation. An “initial conservative” approach, on 
the other hand, refers to a period of optimal medical manage-
ment with angiographic evaluation dictated by recurrence of 
ischemia on optimal medical therapy, the presence of signifi -
cant arrhythmias, or demonstration of residual ischemia or LV 
dysfunction on noninvasive testing. In general, a growing body 
of evidence seems to demonstrate reduced rates of death or non-
fatal MI in NSTEMI ACS patients with high-risk features, or a 
high score in a predictive model (TIMI, GRACE), treated with 
an early invasive approach. High-risk criteria, as defi ned by the 
ACC/AHA and the European Society of Cardiology, include 
diabetes, elevated cardiac biomarkers, ST-segment depression 
or transient ST-segment elevation, recurrent ischemic symp-
toms, history of CABG, or PCI within the preceding 6 months 
[ 12 ]. Three large meta-analyses, conducted in the current era of 
stents and newer pharmacologic agents (thienopyridines, 
LMWH, GPI), compared early invasive and initial conservative 
strategies: Mehta at al. [ 120 ] found that early invasive therapy 
reduced the end point of death or MI by 2.2 % (12.2 % vs. 
14.4 %,  p  = 0.001); Bavry et al. [ 121 ] showed a 25 % relative 
risk reduction in all-cause mortality (6.5 % vs. 4.9 %,  p  = 0.001) 
at 2 years follow-up; and Hoenig et al. [ 122 ] reported a 33 % 
relative risk reduction in the incidence of refractory angina and 
rehospitalization. Data supporting very early invasive therapy is 
less conclusive. TIMACS randomized patients to angiography 
≤24 h (median 14 h) or ≥36 h (median 50 h) after randomiza-
tion. At 6 months there was no signifi cant difference in the pri-
mary composite end point of death, MI, or stroke (9.6 % vs. 
11.3 %) in the early versus delayed groups. However, post- hoc 
analysis suggested benefi t for intervention among patients at the 
highest risk. Due to the high incidence of adverse cardiac events 
among them, NSTEMI ACS patients with very high-risk fea-
tures including cardiogenic shock, hemodynamic instability, 
severe LV dysfunction (Killip Class ≥ III), sustained ventricular 
arrhythmias, and mechanical complications of MI such as wors-
ening mitral regurgitation should probably be treated with 
urgent revascularization akin to that employed in STEMI 
patients. On the other end of the spectrum, patients with signifi -
cant comorbidities (malignancy, advanced dementia, etc.), with 
a life expectancy of less than 1 year, or with a low quality of life 
that is not expected to be improved by PCI, should be treated in 
a conservative manner (Table  2.3 ).

       Reperfusion Therapy for STEMI 

 While for UA/NSTEMI treatment focuses on “stabilizing” a 
partially occlusive thrombus, in STEMI the thrombus is fully 
occlusive and the management is aimed at urgent reperfu-
sion. This can be accomplished by pharmacological (fi brino-
lysis) or invasive (“primary” PCI) means. Urgent CABG as a 
method of primary revascularization in the setting of STEMI 
is rarely used due to the signifi cant risk and delays inherent 
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to this complex surgical procedure. An exception is in the 
presence of a mechanical complication of STEMI such as a 
ventricular septal defect or acute papillary muscle rupture 
with severe mitral regurgitation for which surgical correc-
tion, while high risk, is emergently indicated.

       Fibrinolysis 

 Fibrinolysis is generally indicated, in the absence of contra-
indications, for patients presenting within 12 h of symptom 
onset and either left bundle branch block (LBBB) or ST eleva-
tions of 1 mm or more in at least two anatomically contiguous 
leads. The absolute and relative contraindications for fi brino-
lysis are outlined below (Table  2.4 ). Although fi brinolysis has 
been largely replaced by primary PCI as the main method of 
reperfusion therapy for STEMI, it retains an ACC/AHA Class 
I recommendation for patients presenting to a facility without 
the capability to provide primary PCI or, in a PCI-capable 
facility, when the difference between “door-to- needle” and 
“door-to-balloon” time exceeds 1 h [ 37 ]. A collective review 
of 9 fi brinolysis trials by the Fibrinolytic Therapy Trialists’ 
Collaborative Group demonstrated an absolute mortal-
ity reduction of 2 % for patients presenting between 7 and 
12 h after symptom onset and of 3 % for those presenting 
within the fi rst 6 h of symptom onset. The greatest benefi t 
was derived by patients presenting with a ST elevations in the 
anterior leads or with LBBB and occurred regardless of gen-
der, age, prior history of MI, or diabetes. Patients presenting 
with ST depressions obtained no benefi t (and a trend toward 
harm) from fi brinolysis [ 123 ]. Several fi brinolytic agents have 
been introduced since the original advent of streptokinase. 

The TIMI I (Thrombolysis in Myocardial Infarction) and 
GUSTO I (Global Utilization of Streptokinase and Tissue-
Type Plasminogen Activator for Occluded Coronary Arteries) 
trials compared streptokinase to alteplase revealing signifi -
cantly improved rates of reperfusion at 90 min and lower 
30-day mortality (6.3 % vs. 7.3 %,  p  = 0.001), respectively, 
with alteplase [ 124 ,  125 ]. The newer fi brin-specifi c agents, 
reteplase and tenecteplase, have the advantage of abbreviated, 
bolus administration but have demonstrated no incremental 
survival advantage [ 126 ].

       Primary PCI 

 Primary PCI has become the mainstay of reperfusion ther-
apy for STEMI. A meta-analysis of 23 randomized trials 
comparing fi brinolytic therapy to primary PCI revealed the 
superiority of the latter in decreasing short-term, long-term 
outcomes, and mortality [ 127 ]. Primary PCI, however, is 
a critically time-dependent intervention with multivariate 
analysis showing that “door-to-balloon” times >90 min, 
and greater than 2 h in particular, are associated with higher 
mortality rates [ 128 ]. In settings where PCI is not imme-
diately available, the decision to perform thrombolysis 
versus transfer for PCI depends on the timeliness of fi bri-
nolytic administration, the delay introduced by transfer to 
another institution, and clinical variables. In general, trans-
fer for PCI remains a preferred option if “door-to-balloon” 
time is ≤90 min and the difference compared to fi brinolytic 
administration is ≤1 h. In addition, patients in whom the 
diagnosis of STEMI is in doubt, those with contraindication 
to or high bleeding risk from thrombolytics, presenting late 
(>3 h) after symptom onset, or with a STEMI complicated 
by pulmonary edema or cardiogenic shock are probably best 
treated with PCI (Table  2.5 ).

   Table 2.3    Factors infl uencing the decision between early invasive and 
initial conservative therapy in UA/NSTEMI   

 Invasive  Conservative 

 Recurrent angina  Patient or physician preference in 
the absence of high-risk features 

 Elevated cardiac biomarkers  Low-risk TIMI or GRACE scores 
 High-risk TIMI or GRACE 
scores 

 Signifi cant comorbidities 

 New or worse ST-segment 
depression 

 Life expectancy <1 year 

 Signs or symptoms of heart 
failure 

 Low quality of life unlikely to be 
improved by PCI 

 New or worsening mitral 
regurgitation 
 High-risk fi ndings on 
noninvasive testing 
 Hemodynamic instability 
 Sustained ventricular 
arrhythmias 
 Prior CABG or PCI within 
6 months 
 Reduced left ventricular 
function 

    Table 2.4    Absolute    and relative contraindications to fi brinolysis   

 Absolute  Relative 

 Prior intracranial 
hemorrhage 

 Pregnancy 

 Intracranial neoplasm  Active peptic ulcer disease 
 Suspected aortic dissection  Recent (within 2–4 weeks) internal 

bleeding 
 Known cerebral vascular 
lesion 

 Noncompressible vascular puncture 

 Active bleeding or bleeding 
diathesis 

 Systolic blood pressure >180 mmHg 

 Ischemic stroke during the 
prior 3 months 

 Ischemic stroke >3 months prior 

 Signifi cant head trauma 
during the prior 3 months 

 Dementia or other intracranial 
pathology 
 Current anticoagulant use 
 For streptokinase or anistreplase: 
prior use (>5 days) or prior allergic 
reaction to these agents 
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      Facilitated PCI, Rescue PCI, and 
Pharmacoinvasive Management 

 Even though the terms “facilitated” and “rescue” PCI have 
fallen out of favor, and have been replaced with the term 
“pharmacoinvasive” strategy, a brief review of their mean-
ing is in order. Facilitated PCI refers to the use of partial 
or full- dose fi brinolytic therapy, with or without a GPI, fol-
lowed immediately by PCI. The purpose was to increase the 
chance of an open artery by the time of PCI thereby lim-
iting myonecrosis. Two studies, ASSENT-4 (Assessment 
of the Safety and Effi cacy of a New Treatment Strategy 
with Percutaneous Coronary Intervention) and FINESSE 
(Facilitated Intervention with Enhanced Reperfusion 
Speed to Stop Events) addressed this issue. ASSENT-4 was 
designed to determine if fi brinolysis prior to delayed PCI 
would compensate for the negative impact associated with 
that delay. It randomized patients to full-dose tenecteplase 
plus PCI (the facilitated arm) or routine primary PCI. The 
trial was stopped prematurely due to an increase in the pri-
mary end point (death, cardiogenic shock, or congestive 
heart failure at 90 days) in the facilitated arm (13.7 % vs. 
18.8 %, p <0.005) [ 129 ]. Similarly, FINESSE, randomized 
patients to reduced- dose tenecteplase plus abciximab fol-
lowed by PCI (combination- facilitated PCI), abciximab 
only followed by PCI (facilitated PCI), or placebo (pri-
mary PCI). Despite improved rates of early ST-segment 
resolution in the combined arm, the composite ischemic 
end point including all- cause mortality was no different 
among the groups at 90 days. Furthermore, the incidence 
of transfusion, minor, and major bleeding was greater in 
the combined group [ 130 ]. 

 Rescue PCI refers to PCI performed after fi brinolytic 
therapy fails to achieve reperfusion defi ned as at least 50 % 
reduction in ST-segment elevation at 90 min in the lead with 
the greatest elevation, or by evidence of persistent or 

 recurrent ischemia. A meta-analysis of rescue PCI trials 
demonstrated a signifi cant benefi t with rescue PCI compared 
to repeat doses of fi brinolytics, in moderate to high-risk 
STEMI patients who fail reperfusion with fi brinolytics [ 131 ]. 

 A reasonable alternative is to reserve a “pharmacoinva-
sive” management strategy for high-risk STEMI patients pre-
senting to non-PCI-capable hospitals. The benefi ts of such 
approach in this group were demonstrated in the CARESS-in-
AMI (Combined Abciximab Reteplase Stent Study in Acute 
Myocardial Infarction) [ 132 ] and TRANSFER-AMI (Trial 
of Routine Angioplasty and Stenting and After Fibrinolysis 
to Enhance Reperfusion in Acute Myocardial Infarction) 
[ 133 ] trials. CARESS-in-AMI studied patients ≤75 years 
old with at least one high-risk feature (extensive ST-segment 
elevation, new-onset LBBB, prior MI, Killip class >2, or 
EF ≤35 %) all of whom were given half-dose reteplase 
plus abciximab followed by randomization to either imme-
diate transfer for PCI or expectant treatment with transfer 
for rescue PCI if needed. Despite a median transfer time of 
110 min, the primary outcome of all- cause mortality, refrac-
tory ischemia, and reinfarction was signifi cantly reduced in 
the immediate PCI arm. TRANSFER- AMI studied patients 
with at least one high-risk feature (≥2 mm ST-segment eleva-
tion or depression in anterior leads, systolic blood pressure 
less than 100 mmHg, heart rate >100 bpm, Killip class ≥2, 
evidence of right ventricular infarction) treated with full-
dose tenecteplase and randomized to immediate transfer for 
PCI (within 6 h of lytic therapy) or standard management 
with rescue PCI as needed. Based on this data, the AHA/
ACC guidelines grant a Class IIa recommendation to high-
risk patients who receive fi brinolysis at a non-PCI-capable 
hospital to be transferred as soon as possible to a PCI-capable 
facility for PCI to be performed as part of a pharmacoinva-
sive strategy [ 37 ].   

    Ancillary Therapy 

    Oxygen 

 The administration of supplemental oxygen in the absence of 
objective evidence of hypoxia is of unclear value. A Cochrane 
review of MI trials in which patients were randomly assigned 
to oxygen or room air showed no mortality difference with a 
trend toward harm, particularly in normoxic patients [ 134 ] 
Inadvertent hyperoxia has been observed to have direct coro-
nary vasoconstrictor effects and there is some evidence of 
potentially deleterious effects in cardiac patients [ 135 ].  

    Nitrates 

 Nitroglycerin can be administered to patients with persistent 
chest pain despite other anti-ischemic and routine ACS 

   Table 2.5    Factors    infl uencing the choice of reperfusion therapy in 
ST-elevation myocardial infarction (STEMI)   

 Primary PCI preferred  Fibrinolysis preferred 

 Late-presenting STEMI 
(>3 h since symptom onset) 

 Early-presentation STEMI 
(≤3 h since symptom onset) 

 High-risk STEMI (shock, 
hemodynamic instability, Killip 
class ≥3) 

 Lack of access to or unavailable 
PCI laboratory 

 Contraindications to fi brinolytics  Anticipated diffi culty with 
vascular access 

 Increased risk of intracranial 
bleeding 

 Delay to primary PCI 
(door-to-balloon time >90 min 
or difference with door-to-needle 
time >1 h) 

 Diagnosis of STEMI is in doubt 
 PCI-capable facility available 
with door-to-balloon time ≤90 
min and difference with 
door-to-needle time ≤1 h 

   PCI  percutaneous coronary intervention  
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 therapy. It also has a role in the acute management of signifi -
cant hypertension and to decrease preload in acutely decom-
pensated heart failure (ADCHF) or pulmonary edema 
associated with ACS. It should be used with caution in 
patients with right ventricular infarction as reductions in pre-
load may cause hemodynamic decompensation in this set-
ting. In the acute setting nitroglycerin is best administered as 
an IV infusion, with a typical range between 20 and 100 
(max 400) mcg/min. Nitrates are contraindicated in patients 
who have taken a phosphodiesterase inhibitor for erectile 
dysfunction during the preceding 24 h due to the risk of 
severe  hypotension. In addition to its analgesic and anxio-
lytic properties, morphine has a mild preload reducing effect 
and may be given as an adjunctive antianginal measure and 
with nitroglycerin for ADCHF.  

    Beta Blockers 

 Several studies and pooled data analyses conducted in the 
fi brinolytic, pre-PCI era revealed reductions in morbidity 
and acute mortality (13 % relative risk reduction) with early 
beta blocker use in acute MI patients. The benefi ts of beta 
blockers in non-STEMI patients are less clear. However, 
given the substantial potential benefi t, the absence of demon-
strable harm in non-STEMI patients and the common under-
lying effects through which beta blockers exert their benefi ts 
have led to the acute use of beta blockers in ACS patients in 
general. The ACC/AHA guidelines recommend beta block-
ers to all ACS patients, regardless of type, in the absence of 
contraindications [ 36 ]. The routine, indiscriminate use of IV 
beta blockers, however, can be harmful. The large, placebo- 
controlled COMMIT/CCS2 trial randomized acute STEMI 
patients to placebo or 3 IV doses of 5 mg of metoprolol tar-
trate (on presentation), followed by extended-release meto-
prolol succinate PO 200 mg/day for 30 days [ 136 ]. Even 
though 50 % of patients were treated with fi brinolytics (the 
therapeutic method used in the original beta blocker studies 
showing benefi t), COMMIT/CCS2 failed to demonstrate a 
mortality difference for beta blockade compared to placebo 
(7.8 % for both arms). Furthermore, in patients with hemo-
dynamic compromise there was a 30 % increase in the rela-
tive risk of cardiogenic shock and a trend toward higher 
mortality rates. It has been postulated that the indiscriminate 
beta blocker use and the relatively rapid dose up-titration 
may account for the untoward results observed. In the 
absence of hemodynamic compromise (HR >100 bpm, SBP 
<100 mmHg, rales, jugular venous distention, or other evi-
dence of LV failure) a cardioselective beta blocker such as 
metoprolol or atenolol may be given. Patients requiring more 
rapid beta blockade onset such as those with signifi cant 
hypertension, atrial fi brillation with rapid heart rates, or 
ongoing ischemia despite routine ACS therapy may be 
treated initially with IV beta blockers. In the absence of 

 contraindications as discussed above, the ACC/AHA guide-
lines give a Class I recommendation to the initiation of oral 
beta blockers within 24 h for all ACS patients, and a Class 
IIb to the initial administration of IV beta blockers for hyper-
tensive ACS patients.  

    Statins 

 Cholesterol-lowering therapy, particularly with HMG-CoA 
reductase inhibitors (also known as statins), are an essential 
component in the comprehensive management of CAD. In 
addition, there is data suggesting improved outcomes with 
early initiation of high-dose statin therapy in ACS patients. 
The MIRACL [ 137 ] and PROVE IT-TIMI 22 [ 138 ] trials 
revealed a reduction in ischemic end points with a regimen of 
atorvastatin 80 mg/day versus placebo or pravastatin 40 mg/
day, respectively. Subgroup analysis of PROVE IT-TIMI 22 
showed improved outcomes as early as 30 days after initiation 
of “intensive” statin therapy but, in general, limited to patients 
with a LDL cholesterol level of ≥125 mg/ dl.       

 Key Points 

•     Unstable angina, NSTEMI, and STEMI are part of the 
continuum that encompasses ACS and are differenti-
ated by the presence of myonecrosis and ECG fi ndings 
of acute coronary occlusion (ST elevation/LBBB).  

•   ACS results primarily from atherosclerotic plaque 
rupture and coronary thrombosis.  

•   Patients with ACS should be rapidly evaluated and 
risk stratifi ed based on clinical, ECG, and labora-
tory parameters.  

•   Early initiation of antiplatelet therapy is of para-
mount importance in ACS:
 –    In addition to aspirin, patients should receive a 

loading and maintenance dose of clopidogrel, 
prasugrel, or ticagrelor.  

 –   A GPI should be considered in patients who are 
not treated with an ADP receptor antagonist or 
as an adjunctive therapy during PCI.     

•   Early initiation of antithrombin therapy is of para-
mount importance in ACS:
 –    For patients with STEMI treated with primary 

PCI or with UA/NSTEMI treated with an early 
invasive strategy, either bivalirudin or UFH with 
GPI is recommended over treatment with 
LMWH or fondaparinux.  

 –   For patients with STEMI treated with fi brinoly-
sis or UA/NSTEMI treated with a conservative 
strategy LMWH or fondaparinux is preferred 
over UFH and bivalirudin.     
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        Epidemiology 

    Heart failure is a chronic and progressive disease with an 
estimated prevalence in the United States (US) of 5,700,000 
[ 1 ]. It is estimated that by 2030, an additional three million 
people will suffer from heart failure [ 2 ]. The incidence of 
heart failure increases with age and is approximately 10 per 
1,000 people over the age of 65. At age 40, the lifetime risk 
of developing heart failure is 1 in 5 [ 3 ]. Heart failure was the 
underlying cause of death in 56,830 deaths in 2008. Heart 
failure also accounts for a signifi cant number of hospital 
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admissions. Based on National Institutes of Health (NIH) 
data, in 2009, there were approximately one million hospital 
discharges for heart failure [ 1 ]. Despite the population-based 
data indicating increasing prevalence of heart failure in the 
United States, Medicare data from 1998 to 2008 has shown a 
29.5 % decline in risk-adjusted heart failure hospitalizations. 
There has also been a decline in risk-adjusted 1-year mortal-
ity during this decade [ 4 ]. It is thought that greater use of 
guideline-recommended therapies may be contributing to 
these trends, but changes in administrative coding over time 
and other unmeasured factors may be confounding interpre-
tation of these data. 

 Hospitalization for heart failure is a sentinel event that 
identifi es patients at high risk for subsequent morbidity and 
mortality. However, it is important to recognize that heart 
failure is a chronic condition characterized by progression of 
disease and discrete episodes of decompensation. Accord-
ingly, there is increasing focus on understanding the impact 
of acute care during a hospitalization on the subsequent clin-
ical course of disease.  

    Pathophysiology 

 Heart failure occurs when the heart is unable to pump suffi -
cient oxygenated blood to meet the metabolic needs of the 
body tissues. Most heart failure encountered in clinical prac-
tice is attributable to diminished pump reserve due to myo-
cardial injury or overload. Myocardial injury or overload 
reduces effective arterial volume and triggers a complex pro-
cess of systemic neurohormonal and local autocrine and 
paracrine signals that mediate pathological changes in car-
diac structure and function, known as left ventricular remod-
eling. Left ventricular remodeling is characterized by 
progressive myocyte hypertrophy associated with changes in 
contractile protein gene expression, intracellular calcium 
regulation, and interstitial fi brosis. The progression of left 
ventricular remodeling is associated with increased symp-
toms and increased risk of mortality and, thus, has been iden-
tifi ed as an important therapeutic target. 

 Renal hypoperfusion due to cardiac pump dysfunction 
contributes to activation of the renin-angiotensin-aldoste-
rone system with consequent sodium and water retention. 
Increased intravascular volume in excess of the capacitance 
of the systemic venous system results in elevation of car-
diac fi lling pressures with associated symptoms of pulmo-
nary congestion. Accordingly, enhancement of renal 
perfusion and reduction in sodium and water overload are 
useful therapeutic strategies in patients with symptomatic 
congestion. 

 Acute heart failure usually occurs in the setting of chronic 
heart failure and, in many cases, can be identifi ed as a sub-
acute event. In most cases, excess sodium and water reten-
tion either due to excess sodium intake, inadequate sodium 

excretion, or both, is an important contributing factor to heart 
failure exacerbation. Other common contributing factors 
include cardiovascular stressors (hypertension, ischemia, 
and/or arrhythmia), metabolic stressors (infection, anemia, 
thyroid disease), comorbid conditions such as chronic kid-
ney disease and lung disease, and drugs with negative inotro-
pic (calcium channel blockers) or sodium-retaining effects 
(nonsteroidal anti-infl ammatory agents). Less common enti-
ties associated with ventricular dysfunction and heart failure 
such as myocarditis and Takotsubo cardiomyopathy should 
also be considered in the differential diagnosis.  

    Diagnosis 

 Severity of symptoms in the acute setting is related to the 
degree of volume overload and concomitant increase in ven-
tricular fi lling pressures. Most of the symptoms of conges-
tion are nonspecifi c, so other causes of sodium and water 
retention including kidney disease and hypoxic lung disease 
must also be considered. Symptoms of orthopnea and parox-
ysmal nocturnal dyspnea (PND) are more specifi c for heart 
failure. Many patients with decompensated heart failure also 
present with atypical symptoms of abdominal pain and 
anorexia, likely related to underlying splanchnic congestion. 
The recorded medical history should also include a summary 
of the etiology of ventricular dysfunction, severity of pread-
mission chronic heart failure symptoms, and concomitant 
conditions contributing to the acute or subacute worsening of 
symptoms. 

 Physical examination documentation should include 
direct measurement of blood pressure and pulse for accurate 
detection of signs of low cardiac output (low pulse pressure 
and pulsus alternans). Respirations should be observed long 
enough to determine if a cyclical pattern consistent with 
Cheyne-Stokes respirations is present. Signs of cardiac 
cachexia are associated with poor prognosis and should be 
recorded if present. Volume status should be carefully 
assessed with evaluation of fi lling pressures by assessment 
of jugular venous pressure (JVP), abdominojugular refl ux, 
presence of an S3 or S4 gallop, pulmonary rales, and 
 peripheral edema. The location and nature of the point of 
maximal impulse and intensity of the fi rst and second heart 
sounds should be routinely recorded. 

 Electrocardiogram (ECG) should be performed, as it may 
be helpful in identifying coronary artery disease or arrhyth-
mia as the precipitant for the exacerbation. Chest x-ray can 
confi rm the presence of pulmonary vascular congestion and/
or pulmonary edema. It is important to note that the typical 
signs of congestion on physical examination and chest radi-
ography are absent approximately 50 % of the time in 
patients with chronic heart failure with documented severe 
elevation of pulmonary capillary wedge pressure [ 5 ,  6 ]. 
Increased JVP is the most sensitive and specifi c predictor of 
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increased pulmonary capillary wedge pressure. Accordingly 
it is important to accurately assess JVP at the bedside and 
maintain a high level of suspicion for a cardiac cause of dys-
pnea, even in patients with a paucity of typical signs of lung 
congestion. 

 Basic laboratory evaluation should routinely include 
assessment of serum electrolytes, renal and hepatic function, 
hemoglobin and white blood cell count, and thyroid function 
tests. Measurement of brain natriuretic peptide (BNP or 
NT-pro-BNP assay) can be a useful diagnostic aid when 
evaluating a patient with dyspnea, as low levels have strong 
negative predictive value for excluding a cardiac cause of 
dyspnea (except in patients with severe obesity) [ 7 ]. 

 Heart failure with preserved vs. reduced ejection fraction 
cannot be reliably discerned based on history, physical 
examination, laboratory, and radiographic tests. An assess-
ment of left ventricular function should be obtained in all 
patients with worsening heart failure to quantitate left ven-
tricular function. If a patient has a recent study (within 6 
months) and there is no suspicion for an interim myocardial 
injury since the prior study, it is reasonable to proceed with 
clinical decision making based on the most recent assess-
ment. Echocardiography is most often used for assessment 
of left ventricular function based on its ability to provide 
real-time noninvasive assessment of ventricular and valve 
function without ionizing radiation. Other modalities of left 
ventricular function measurement, such as ventriculogram, 
radionuclide imaging, and magnetic resonance imaging, may 
also be useful in selected patients.  

    Risk Assessment 

 Patients at high risk for adverse outcomes can be readily 
identifi ed from information routinely obtained from the 
physical examination and admission laboratory data. Based 
on observational data obtained from the Acute Decompensated 
Heart Failure National Registry (ADHERE) of patients hos-
pitalized with heart failure, a blood urea nitrogen (BUN) 
value ≥43 mg/dl was the single best discriminator of in- 
hospital survival. Systolic blood pressure <115 mmHg was 
the next best predictor of in-hospital mortality, regardless of 
BUN levels. In those with elevated BUN and systolic blood 
pressure <115 mmHg, a serum creatinine level ≥2.75 mg/dl 
provided additional prognostic value. The overall in-hospital 
mortality in the cohort with none of these risk factors was 
2.1 % but increased to 21.9 % when all three prognostic 
markers were present [ 8 ]. 

 Serum BNP levels are associated with in-hospital mortal-
ity in both patients with normal and impaired systolic func-
tion. BNP remained a signifi cant predictor of in-hospital 
mortality even after adjustment for other risk factors such as 
age, systolic blood pressure, BUN, creatinine, sodium, pulse, 
and dyspnea at rest [ 9 ]. 

 A meta-analysis of 22 studies evaluating the relationship 
of hyponatremia and mortality in heart failure indicates that 
hyponatremia is a powerful predictor of mortality in patients 
with heart failure with systolic dysfunction as well as pre-
served ejection fraction. It is uncertain if correction of hypo-
natremia translates into improved outcomes [ 10 ]. However, a 
retrospective study of patients hospitalized with heart failure 
and hyponatremia, with mean follow-up of 20 months, 
reported a signifi cant improvement in survival in patients 
whose serum sodium increased after discharge, suggesting 
that hyponatremia is a modifi able risk factor. Overall mortal-
ity in this report was 69.6 %, highlighting the fact that hypo-
natremic patients hospitalized for heart failure comprise a 
very high-risk group [ 11 ]. 

 Elevated levels of cardiac troponin T have also been 
found to be associated with an increased risk of in-hospital 
mortality in heart failure patients. The mechanism of tropo-
nin elevation in the setting of heart failure is not fully char-
acterized. Several mechanisms have been proposed, 
including subendocardial ischemia, myocyte damage from 
infl ammatory cytokines or oxidative stress, hibernating 
myocardium, myocardial stretch, and/or other mechanisms 
leading to apoptosis [ 12 ]. 

 Several other biomarkers, including galectin-3, ST2, 
adrenomedullin, and copeptin, are elevated in patients with 
heart failure and have been shown to have prognostic impli-
cations, although the clinical utility of these new markers has 
not yet been determined [ 13 – 16 ].  

    Management 

    Volume Management 

 Symptoms associated with volume overload are the most 
common cause for heart failure hospitalization. Adequate 
decongestion is essential for improvement in heart failure 
symptoms and may be associated with a reduced risk of 
recurrent hospitalization. 

    Diuretics 
 Intravenous administration of loop diuretics is the main-
stay treatment for decongestion in patients hospitalized 
with decompensated heart failure. Several small studies 
have evaluated the effi cacy of continuous infusion of loop 
diuretics vs. multiple bolus doses. Meta-analysis of these 
data does not demonstrate compelling evidence for superi-
ority of either treatment strategy [ 17 ]. In the Diuretic 
Optimization Strategies Evaluation (DOSE) trial, the larg-
est prospective randomized trial comparing strategies of 
multiple bolus doses of loop diuretics vs. continuous infu-
sion, there was no difference in patient-reported symp-
toms, net fl uid loss, renal function, or post-discharge 
outcomes in patients treated with bolus vs. continuous 
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infusion treatment strategies [ 18 ]. Since continuous infu-
sions require a volumetric pump attached to a support pole, 
this approach should be used with caution in elderly 
patients at greater risk for falls. Moreover, higher- dose 
diuretics were associated with greater weight loss, greater 
risk of worsening renal function, but no difference in post-
discharge outcomes. These fi ndings support the safety of 
higher-dose loop diuretics as a tool to achieve rapid decon-
gestion therapy. Therapeutic dose ranges of available loop 
diuretics are provided in Table  3.1 .

   The therapeutic response to loop diuretics in heart failure 
is limited by the high rates of sodium resorption in proximal 
and distal portions of the nephron [ 19 ]. Thiazide diuretics 
(and related compounds such as metolazone) can be used in 
combination with loop diuretics to overcome this mechanism 
of diuretic resistance. Combination therapy should be pre-
scribed with caution and close monitoring of hemodynamics 
and electrolytes, as the synergistic effects of the two classes 
of diuretics can result in a very large increase in urine vol-
ume with associated risk for hypokalemia, hypomagnese-
mia, hyponatremia, and hypotension. 

 Worsening renal function occurs commonly in patients 
hospitalized with heart failure undergoing decongestion 
therapy. The pathophysiology of this phenomenon likely 
involves a complex interplay of the hemodynamic effects of 
decongestion therapy on renal blood fl ow and glomerular fi l-
tration rate, intrarenal pharmacologic effects of loop diuret-
ics, infl ammatory mediators that may impact both cardiac 
and renal function, and other intrinsic renal factors associ-
ated with comorbid kidney disease. These complex factors 
may impact glomerular and/or renal tubular function. While 
many studies have demonstrated that worsening renal func-
tion during hospitalization for heart failure, defi ned as an 
increase in creatinine >0.3 mg/dl, is associated with increased 
risk of in-hospital and post-discharge adverse outcomes [ 20 ], 
other studies have demonstrated that effective decongestion 
therapy, assessed by evidence of hemoconcentration during 

hospitalization, is associated with improved post-discharge 
outcomes regardless of the presence of worsening renal 
function [ 21 ,  22 ]. Accordingly, the current evidence suggests 
that diuretic therapy in hospitalized heart failure patients 
with volume overload should be individualized to optimize 
decongestion as the primary treatment endpoint. While mon-
itoring for worsening renal function as marker of worse 
prognosis, but not as a primary guide to diuretic dosing.  

    Ultrafi ltration 
 Ultrafi ltration is the mechanical removal of isotonic fi ltrate 
from the intravascular space by application of hydrostatic 
pressure to blood across a semipermeable membrane in an 
extracorporeal circuit. Ultrafi ltration can be performed with 
standard continuous venovenous hemofi ltration (CVVH) 
devices or related devices developed specifi cally for the 
heart failure population. The heart failure device has lower 
fl ow rates and lower extracorporeal blood volume when 
compared with standard equipment so that it may be better 
tolerated in patients with low cardiac output. Potential ben-
efi ts of ultrafi ltration when compared with diuretic therapy 
include greater sodium removal per liter of fl uid with ultrafi l-
tration (as the ultrafi ltrate is isotonic with greater sodium 
concentration than urine) and less potassium loss per liter of 
fl uid removal. Potential risks include the need for placement 
of an indwelling catheter for the duration of treatment and 
risk of bleeding with full-dose heparinization required for 
treatment. In a small prospective randomized trial comparing 
ultrafi ltration to standard diuretic therapy in patients hospi-
talized with heart failure, ultrafi ltration was associated with 
greater weight reduction when compared with standard care 
but similar improvement in dyspnea score and similar risk of 
worsening renal function [ 23 ]. In contrast, another small, 
randomized study demonstrated equal amounts of weight 
loss between groups assigned to diuretic therapy vs. ultrafi l-
tration, with a greater increase in serum creatinine present in 
the ultrafi ltration group [ 24 ]. These studies had substantial 

   Table 3.1    Recommended dose range for diuretic agents for patients hospitalized with heart failure   

 Drug  Initial dose  Dose range  Half life  Class 

 Furosemide PO  20–80 mg  20–480 mg/day divided daily to BID     2 h  Loop diuretic 
 Furosemide IV bolus  20–40 mg  20–480 mg/day daily or BID  2 h  Loop diuretic 
 Furosemide IV drip  0.1 mg/kg bolus, followed 

by 0.1 mg/kg/h 
 0.1–0.4 mg/kg/h  2 h  Loop diuretic 

 Bumetanide PO  0.5–2 mg  0.5–10 mg/day divided daily to BID  1–1.5 h  Loop diuretic 
 Bumetanide IV  05–1 mg  0.5–10 mg/day divided daily to BID  1–1.5 h  Loop diuretic 
 Torsemide IV or PO  10–20 mg  10–200 mg/day  3.5 h  Loop diuretic 
 Metolazone  5 mg  5–20 mg/day  14 h  Thiazide diuretic 
 Chlorothiazide IV or PO  500–1,000 mg  500–1,000 mg daily to BID  45–120 min  Thiazide diuretic 
 Spironolactone  25 mg  25–50 mg/day  1.4 a   Aldosterone antagonist 
 Eplerenone  25 mg  25–50 mg/day  4–6 h  Aldosterone antagonist 

   mg  milligram,  kg  kilogram,  IV  intravenous,  PO  oral,  BID  twice a day 
  a Spironolactone has active metabolites with longer half-life 14–17 h  
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differences in the protocols used for both treatment modali-
ties, so the optimal target population and treatment regimen 
for ultrafi ltration remains uncertain. Ultrafi ltration can be 
considered in patients resistant to high-dose diuretic therapy 
or as primary decongestion treatment in patients with mas-
sive volume overload. Ultrafi ltration can also be considered 
in collaboration with a nephrologist in patients with comor-
bid kidney disease.  

    Vasopressin Antagonists 
 Tolvaptan, a selective V 2 -vasopressin receptor antagonist, 
has been studied in patients admitted with worsening heart 
failure and evidence of volume overload. It has been useful 
in accelerating fl uid removal and providing short-term 
improvement in symptoms without signifi cant harm; how-
ever, long-term outcomes were not different than placebo 
[ 25 ]. This agent is not routinely recommended in clinical 
practice for decongestion therapy but can be safely used in 
the subset of hypervolemic heart failure patients with severe 
hyponatremia (serum sodium <125 meq/l).   

    Hemodynamic Management 

    Assessing Hemodynamics 
 Bedside evaluation can provide important information about 
the degree and cause of decompensation. Based on the 
assessment of volume status and peripheral perfusion, four 
hemodynamic profi les have been previously described 
(Fig.  3.1 ). The overwhelming majority of patients admitted 
with worsening heart failure are categorized as warm and 
wet [ 26 ]. Therapy is primarily directed at decongestion ther-
apy in this subset as described above. Patients with evidence 
of tissue hypoperfusion represent a group at higher risk of 

in-hospital and post-discharge mortality and require a more 
complex therapeutic strategy with multiple drugs and/or 
devices.

   The Evaluation Study of Congestive Heart Failure and 
Pulmonary Artery Catheterization Effectiveness (ESCAPE) 
trial prospectively investigated the impact of hemodynamic 
monitoring with pulmonary artery catheters in patients with 
impaired LV systolic function who had been hospitalized for 
heart failure within the preceding year, had an urgent visit to 
the emergency room, or had been treated with high doses of 
loop diuretics after hospital admission for heart failure with 
evidence of volume overload. Although pulmonary artery 
catheter placement in experienced centers was overall con-
sidered safe, the addition of pulmonary artery catheter for 
hemodynamic monitoring had no effect on survival. Based 
on these data, routine pulmonary artery catheter placement is 
not routinely recommended during heart failure hospitaliza-
tion. Hemodynamic monitoring with pulmonary artery cath-
eter may be considered in patients with evidence of severe 
tissue hypoperfusion (impending shock) and patients who 
fail to respond to initial therapy determined by clinical 
assessment as described below [ 27 ].  

    Positive Inotropic Agents 
 Dobutamine was approved for treatment of acute heart fail-
ure characterized by low cardiac output and elevated fi lling 
pressures in 1978. Dobutamine acts directly on beta-1 adren-
ergic receptors in the myocardium, producing positive ino-
tropic and chronotropic effects [ 28 ]. Dobutamine has a 
balanced direct action in peripheral blood vessels, as it is 
both a beta-2 and alpha-1 agonist. Early clinical trials with 
dobutamine clearly demonstrate improvement in resting 
hemodynamics, but the effects of short-term dobutamine on 
outcomes have never been assessed in a prospective trial. 

 Milrinone is a specifi c type 3 phosphodiesterase inhibitor 
(PDE) with potent positive inotropic and vasodilating effects. 
There are several important pharmacological differences 
between milrinone and dobutamine. Since milrinone acts 
intracellularly on the type 3 PDE isozyme, this agent main-
tains its myocardial effects in patients treated with beta- 
adrenergic blockers. Due to its direct vasodilating effects in 
vascular smooth muscle, milrinone does not increase myo-
cardial oxygen consumption to the same extent as dobuta-
mine. The direct vasodilating action of milrinone may also 
enhance its therapeutic profi le in patients with severe mitral 
regurgitation and/or marked secondary pulmonary hyperten-
sion. The serum half-life of milrinone (2 h) is substantially 
longer than dobutamine (6 min) and thus requires a loading 
dose if rapid onset of hemodynamic support is required. The 
half-life of milrinone, but not dobutamine, is increased in 
patients with severe renal insuffi ciency (estimated GFR 
<30 ml/min), hence the chronic infusion dose must be 
adjusted in this population. 

Decongestion – diuresis, ultrafiltration
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  Fig. 3.1    Hemodynamic subsets of patients hospitalized with worsen-
ing heart failure based on clinical assessment of volume status and tis-
sue perfusion can be used to guide initial therapeutic approach (Adapted 
from Thomas and Nohria [ 26 ])       
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 The Outcomes of Prospective Trial of Intravenous 
Milrinone for Exacerbations of Chronic Heart Failure 
(Optime-CHF) was the fi rst large randomized trial address-
ing the use of intravenous milrinone in patients hospitalized 
with acute decompensated heart failure (ADHF) without evi-
dence of low cardiac output or tissue hypoperfusion. There 
was no difference in length of hospitalization for cardiac 
causes; however, there were a signifi cantly higher number of 
patients experiencing hypotension as well as atrial arrhyth-
mias in the treatment arm. There was also a trend towards 
increased rates of mortality or rehospitalization in those with 
ischemic cardiomyopathy. Routine use of milrinone is not 
recommended in patients hospitalized with heart failure 
without signs of low cardiac output or tissue hypoperfusion 
[ 29 ]. 

 Levosimendan is a calcium-sensitizing agent with complex 
pharmacological action including positive inotropy, positive 
chronotropy, and vasodilation. The Survival of Patients With 
Acute Heart Failure in Need of Intravenous Inotropic Support 
(SURVIVE) trial compared levosimendan, which increases 
inotropy by augmenting the affi nity of troponin C to calcium, 
to dobutamine in patients with ADHF with EF ≤30 % who 
required inotropic support based on lack of response to intra-
venous diuretics with or without the use of vasodilators. There 
was no difference in all-cause mortality [ 30 ]. Levosimendan 
is currently marketed in Europe but not the United States.  

    Vasodilators 
 Nitroglycerin is an organic nitrate that reduces preload and 
afterload by activation of the soluble form of cyclic guano-
sine monophosphate (cGMP) in vascular smooth muscle. Its 
main effects at low doses are in the venous circulation, so 
higher doses are usually required for arterial afterload 
reduction in heart failure patients. In a subset of the 
Vasodilator in the Management of Acute Heart 
Failure(VMAC) study, nitroglycerin was noted to produce a 
signifi cant decrease in pulmonary capillary wedge pressure 
(PCWP) when administered at doses >160 mcg/min [ 31 ]. 
Other studies indicate that doses as high as 600 mcg/min 
may be required in some patients. Nitroglycerin is generally 
well tolerated and, due to its very short half-life, can be 
quickly reversed if hypotension occurs. The clinical utility 
of nitroglycerin is limited by the development of tachyphy-
laxis to its hemodynamic effects within 24 h in many 
patients. Nitroprusside is another nitrosovasodilator that has 
proven short-term hemodynamic benefi t in heart failure 
patients with high systemic vascular resistance. In contrast 
to nitroglycerin, tachyphylaxis has not been described with 
this agent, but risk of thiocyanate  toxicity during longer-
term infusion limits its clinical utility. 

 Nesiritide, a recombinant form of human BNP, is 
 chemically indistinguishable from the native cardiac-derived 

peptide hormone and has venous and arterial vasodilatory 
properties mediated by membrane-bound receptors coupled 
to cGMP signaling pathways in vascular smooth muscle. It 
can reduce preload and afterload and causes an increase in 
cardiac output without direct inotropic effects in the heart. 
Nesiritide is cleared from the circulation by a combination of 
specifi c receptors and circulating enzymes resulting in a half-
life of approximately 20 min. When compared to nitroglycer-
ine and placebo in the VMAC study, nesiritide resulted in a 
reduction in PCWP, pulmonary vascular resistance (PVR), 
and right atrial pressure (RAP). It also induced a more sig-
nifi cant improvement in cardiac index (CI) and reduction in 
systemic vascular resistance (SVR) when compared to pla-
cebo. Nesiritide was also associated with improvement in 
dyspnea [ 31 ]. In a large-scale clinical trial, Acute Study of 
Clinical Effectiveness of Nesiritide in Decompensated Heart 
Failure (ASCEND-HF), nesiritide was comparable to pla-
cebo with respect to clinical outcomes and was associated 
with an increased rate of hypotension. These fi ndings suggest 
that nesiritide should not be routinely used in patients hospi-
talized with heart failure but can be considered in patients 
with an appropriate hemodynamic profi le in closely moni-
tored settings [ 32 ]. 

 There are no prospective data comparing the initial strat-
egy of a positive inotropic agent to a vasodilator agent in 
patients hospitalized with heart failure. To some extent, such 
a trial is not feasible, as the hemodynamic subset of ideal 
candidates for these approaches differs. Observational data 
from the Acute Decompensated Heart Failure National 
Registry (ADHERE) indicated that patients treated with 
vasodilating agents such as nitroglycerin or nesiritide had 
reduced hospital and intensive care unit lengths of stay, as 
well as lower in-hospital mortality than those who were 
treated with inotropic agents such as milrinone or dobuta-
mine [ 33 ]. These differences persisted even after adjustment 
with a propensity score to account for the clinical character-
istics that led to the decision to prescribe different classes of 
drugs. Although interpretation of these fi ndings could be 
confounded by unmeasured variables, these data support a 
strategy of preferential use of vasodilator agents before posi-
tive inotropic agents in patients with a suitable hemodynamic 
profi le. Dosing recommendations for commonly used posi-
tive inotropic and vasodilating agents are listed in Table  3.2 .

       Mechanical Circulatory Support 
 In the presence of tissue hypoperfusion and low cardiac out-
put refractory to medical therapy, mechanical support with 
intra-aortic balloon pump or left ventricular assist device 
(LVAD) can be considered. The cardiology consultant should 
engage subspecialists in advanced heart failure and cardiac 
transplantation for discussion of available treatment options 
in patients with refractory disease.  
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    Noninvasive Ventilation 
 Noninvasive ventilation, with continuous or bi-level positive 
airway pressure (CPAP or BiPAP), induces more rapid improve-
ment in dyspnea and acid/base disturbances when compared to 
standard oxygen delivery in patients with acute cardiogenic 
pulmonary edema without effect on short-term mortality [ 34 ].   

    Adjustment of Chronic Medical 
Therapy During Hospitalization 

 Beta-blockers should be continued during admission for 
acutely decompensated heart failure unless clinical indica-
tions for dobutamine therapy or catecholamine pressors 
are present. The B-Convinced study was a randomized 
trial where patients with ejection fraction <40 % admitted 
with acutely decompensated heart failure who were chron-
ically on beta-blockers were randomized to continuation 
or cessation of beta-blocker therapy. There was no differ-
ence in symptom resolution, BNP levels, length of hospital 
stay, rehospitalization, or death. Continuation of beta-
blocker therapy at 3-month follow-up was higher in the 
group who continued beta-blocker therapy through the 
hospitalization [ 35 ]. 

 For patients with a new diagnosis of systolic heart failure 
not previously treated with beta-blockers, therapy should be 
initiated after the patient is stabilized before hospital dis-
charge. Patients who are started on beta-blockers prior to 
discharge are more likely to be treated with beta-blockers at 
60 days post discharge. There is no signifi cant increase in 
length of hospitalization or risk of side effects in those 
started on beta- blockers prior to discharge [ 36 ]. Discharge 
plans should include appropriate follow-up visits for dose 
up-titration as tolerated. 

 There are no prospective studies of strategies comparing 
continuation vs. discontinuation of angiotensin converting 
enzyme (ACE) inhibitors in patients hospitalized with heart 
failure. Randomized withdrawal trials in ambulatory outpa-
tients indicate that the worsening heart failure symptoms do 

not occur until many weeks after withdrawal [ 37 ]. 
Observational data suggests that the risk of worsening renal 
function is independent of the use of ACE inhibitors [ 20 ]. 
Accordingly, it is reasonable to routinely continue ACE inhib-
itors during hospitalization for heart failure except in setting 
of symptomatic hypotension and/or oliguric renal failure.  

    Heart Failure with Preserved Ejection Fraction 

 Clinical features of ADHF in patients with normal ejection 
fraction are comparable to those with systolic dysfunction. 
The ADHERE database analyzed the subgroup of patients in 
this registry with preserved ejection fraction. In this cohort, 
patients with preserved EF were more commonly older 
women and had history of hypertension, coronary artery dis-
ease, or diabetes mellitus. 

 When compared to those with systolic dysfunction, sev-
eral differences in clinical presentation were identifi ed. On 
admission, patients with preserved ejection fraction are more 
likely to be hypertensive and to have atrial fi brillation and 
peripheral edema. There was no difference in dyspnea at rest 
and renal function. 

 Management during hospitalization frequently includes 
intravenous diuretics. The use of ACEi, angiotensin receptor 
blockers (ARB), beta-blockers, digoxin, and spironolactone 
at the time of discharge was lower than in those with systolic 
dysfunction. 

 In-hospital mortality is signifi cantly lower for patients 
with preserved ejection fraction, when compared to those 
with systolic dysfunction [ 38 ]. 

 A prospective registry of hospitalized with ADHF patients 
with preserved ejection fraction characterized this population 
as mostly elderly women with chronic NYHA class II or III 
symptoms prior to admission with a high prevalence of 
 comorbid conditions including hypertension, diabetes, and 
obesity. In-hospital mortality was 4.2 % with older patients 
being at higher risk of death. Echocardiogram fi ndings were 
notable for increased LV mass. Most patients were on chronic 

 Drug  Initial dose  Dose range  Half life  Class 

 Dobutamine  2.5 mcg/kg/min  2.5–20 mcg/kg/min  2 min  Beta-agonist 
 Milrinone  50 mcg/kg IV bolus 

over 10 min 
 0.5 mcg/kg/min 

 0.375–0.75 mcg/kg/min a   2.3 h  cAMP PDE type 
III inhibitor 

 Nitroglycerin  10–20 mcg/min  10–600 mcg/min  1–3 min  Organic nitrate 
 Nitroprusside  0.1 mcg/kg/min  0.1–10 mcg/kg/min  2 min  Inorganic 

nitrosovasodilator 
 Nesiritide  2 mcg/kg IV bolus 

 0.01 mcg/kg/min 
 0.01–0.03 mcg/kg/min  18 min  NP receptor agonist 

   cAMP  cyclic AMP,  NP  neuropeptide 
  a Lower dose range for patients with >stage 3 chronic kidney disease  

   Table 3.2    Recommended dose 
range for positive inotropic 
and vasodilation agents for 
patients hospitalized with heart 
failure   
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 diuretics prior to admission. A low percentage of these patients 
were treated with beta-blockers, ACE inhibitors, or spironolac-
tone. Therapeutic adjustments during the hospitalization 
included an increase in patients receiving diuretics, ACE inhib-
itors, aldosterone receptor antagonists, and beta- blockers [ 39 ].  

    Perioperative Management of Heart Failure 

    Noncardiac Surgery 
 A history of heart failure is known to be associated with 
increased risk of perioperative complications after noncar-
diac surgery [ 40 ]. Patients with heart failure who undergo 
noncardiac surgery have an increased risk of morbidity and 
mortality when compared to patients with coronary artery 
disease or the general population [ 41 ]. Among 174 patients 
with a history of heart failure undergoing intermediate and 
high-risk noncardiac surgery, 31 % had at least one adverse 
postoperative event including death (8.1 %), myocardial 
infarction (14.9 %), and heart failure exacerbation (25.3 %). 
Patients with preserved ejection fraction and mild to moder-
ately reduced ejection fractions had comparable rates of 
adverse events. The presence of an ejection fraction <30 %, 
age >80 years, and diabetes mellitus were identifi ed as inde-
pendent predictors of adverse perioperative events in this 
population [ 42 ]. Rates of adverse events did not differ by 
type of anesthesia or type of surgery. 

 Volume status, ventricular function, and functional capac-
ity should be carefully assessed in heart failure patients in the 
preoperative evaluation. In patients with evidence of volume 
overload, diuretic therapy should be optimized to eliminate 
signs and symptoms of congestion before surgery. In patients 
with systolic dysfunction, doses of neurohormonal antagonists 
should also be optimized before surgery. Routine exercise 
stress testing or invasive hemodynamic monitoring does not 
add prognostic information prior to surgical intervention [ 43 ]. 

 Controversy remains in how to manage chronic heart 
f ailure therapies in the perioperative period. Patients treated 
with ACE inhibitors may be at greater risk for hypotension 
during induction and maintenance of general, spinal, or epi-
dural anesthesia. Temporary withdrawal of ACE inhibitor 
therapy may reduce the risk of hypotension in the periopera-
tive period [ 44 ]. However, perioperative administration of 
ACE inhibitors has been shown to have specifi c organ- 
protective benefi ts. Patients given enalapril prior to aortic- 
abdominal surgery had a smaller reduction in cardiac output 
and more favorable renal function on the fi rst postoperative 
day [ 45 ]. Although there is confl icting evidence on the bene-
fi ts of continuation of this therapy in the perioperative period, 
the general recommendation is to continue ACE inhibitor 
therapy perioperatively as the benefi t of ACE inhibition in the 
setting of heart failure is well established and brief episodes 
of hypotension can be treated with vasoactive agents [ 44 ]. 

 Doses of aldosterone receptor blockade used for heart 
failure are not felt to contribute to intraoperative  hypotension; 
however, the risk of hyperkalemia is increased, especially 
when used in combination with ACE inhibitors or ARBs and 
in the setting of preexisting renal insuffi ciency, diabetes, or 
anemia. Intraoperative monitoring of serum potassium is 
suggested, especially when red blood cell transfusion is 
 necessary [ 44 ]. 

 Preoperative administration of beta-blocker therapy has 
been extensively studied in surgical patients who are at high 
risk for cardiovascular complications. There is confl icting evi-
dence on the role of initiation of therapy prior to surgical inter-
vention; however, it is generally suggested to continue such 
therapy on patients chronically maintained on beta- blockers. 
Beta-blockers are also indicated for the treatment of periop-
erative hypertension, ischemia, or tachyarrhythmias [ 46 ]. 

 For patients with advanced heart failure symptoms or 
those with persistent signs of congestion, perioperative inva-
sive hemodynamic monitoring to assist in volume and blood 
pressure management may be considered [ 43 ]. A retrospec-
tive observational study of patients undergoing major elec-
tive noncardiac surgery who had perioperative right heart 
catheterization found an increase in the rate of adverse events 
and a longer length of hospitalization in those undergoing 
right heart catheterization even after multivariate adjustment. 
Patients who underwent preoperative right heart catheteriza-
tion were found to have an increased rate of postoperative 
cardiogenic pulmonary edema [ 47 ]. These fi ndings may be 
attributable to the confounding effects of the patient 
 characteristics that led to the clinical decision for hemody-
namic monitoring. However, a prospective randomized trial 
of the use of pulmonary artery catheterization in high-risk 
patients undergoing urgent or elective major surgery found 
no benefi t over standard of care when the primary outcome 
was all- cause mortality. A higher rate of pulmonary artery 
embolism was seen in the intervention group [ 48 ]. 
Accordingly, right heart catheters should be used only in 
selected patients in whom the hemodynamic information is 
thought to be important for patient management.  

   Noncardiac Surgery in Patients with Mechanical 
Circulatory Support 
 An increasing number of patients with chronic LVAD support 
are being referred for noncardiac surgery. LVAD therapy poses 
several risks for those undergoing noncardiac surgery. Risk of 
bleeding should be considered as continuous fl ow LVAD sup-
port requires systemic anticoagulation. Patients with destina-
tion therapy LVAD also tend to be older and have a higher 
prevalence of comorbidities. A retrospective study examining 
outcomes in patients with continuous fl ow LVAD undergoing 
noncardiac surgery has concluded that noncardiac surgery can 
safely be performed in this population. There were no deaths 
or LVAD-related morbidity events in this series. The LVAD 
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speed may need to be adjusted in response to reduced preload 
during anesthesia induction, so the presence of support per-
sonnel familiar with the LVAD operations and the hemody-
namic effects of the LVAD is essential. Transient reduction in 
perioperative anticoagulation goals may be considered to 
reduce the risk of perioperative bleeding [ 49 ].  

   Cardiac Surgery 
 Impaired systolic function is a signifi cant risk factor for mor-
tality during cardiac surgery. In the European System for 
Cardiac Operative Risk Evaluation (EUROSCORE), an LVEF 
<30 % is scored 3 points, placing the patient in a medium-risk 
category associated with 3 % mortality [ 50 ]. Controversy 
exists regarding management of chronic heart failure therapy 
in the perioperative period in the setting of cardiac surgery. 
Administration of ACE inhibitors prior to cardiopulmonary 
bypass resulted in lower levels of cardiac enzyme release 
when compared to clonidine, enoximone, or placebo [ 51 ]. 
Coronary bypass patients treated with ACE inhibitors in the 
perioperative period have also been found to have better-pre-
served renal function during cardiopulmonary bypass [ 52 ]. 

 The role of surgical therapy for management of patients 
with impaired systolic function and coronary artery disease 
remains controversial. The Surgical Treatment for Ischemic 
Heart Failure (STICH) trial studied surgical outcomes in 
patients with coronary artery disease amenable to coronary 
artery bypass surgery (CABG) and left ventricular dysfunc-
tion amenable to surgical reconstruction by randomizing 
them to coronary artery bypass surgery alone or coronary 
artery bypass surgery with surgical ventricular reconstruc-
tion. Surgical ventricular reconstruction reduced end- systolic 
volume index by 19 %, while CABG alone reduced end- 
systolic volume index by 6 %. There was similar improve-
ment in heart failure symptoms in both groups. There was no 
signifi cant difference among the groups in the composite end-
point of death from any cause or hospitalization for cardiac 
causes [ 53 ]. A subset of this trial, assessing the role for viabil-
ity assessment prior to CABG in patients with left ventricular 
dysfunction, randomized patients after assessment of viabil-
ity using SPECT or dobutamine stress echo to CABG and 
medical therapy or medical therapy alone. There was no sig-
nifi cant mortality difference identifi ed between viability sta-
tus as established by SPECT or dobutamine stress echo and 
treatment assignment. Presence of viability was associated 
with greater likelihood of survival; however, after multivari-
ate adjustment, this difference was no longer present [ 54 ].    

    End of Life Care 

 Heart failure is a progressive disease with high mortality in 
patients hospitalized with worsening symptoms. Advance 
directive counseling should be offered to all heart failure 

patients. In the acute care setting, the cardiology consultant is 
often in the best position to assess prognosis and recommend 
consideration of palliative care approaches in patients with 
less than 6 months expected survival. The cardiology consul-
tant also has a more extensive knowledge base and thus can 
provide the best information on treatment options and risks 
of adverse outcomes to the patient and patient’s family. Many 
of the chronic neurohormonal antagonists recommended for 
patients with less severe disease are poorly tolerated in 
patients with advanced disease and may be discontinued. 
Deactivation of the implantable cardiovert or defi brillator 
should also be considered in this population [ 55 ].  

    Transition of Care 

 Heart failure is a chronic condition that requires coordinated 
care after hospital discharge. The cardiology consultant 
should arrange for appropriate post-discharge cardiology 
care in accordance with the patient’s needs. For high-risk 
patients, referral to a specialized heart failure disease man-
agement program should be considered [ 56 ]. 

 Key Points 

•     Heart failure is a progressive chronic disease char-
acterized by long periods of relative stability punc-
tuated by episodes of decompensation.  

•   Heart failure is the most common cause for hospi-
talization in the Medicare population.  

•   Symptoms of volume overload are the most com-
mon presenting complaints in acute care settings.  

•   Effective decongestion therapy is essential for 
improvement of symptoms.  

•   Invasive hemodynamic monitoring and inotropic 
support are not recommended in patients who are 
responding to noninvasive strategies.  

•   Initiation of beta-blockers prior to discharge is 
associated with increased rates of adherence and 
improved post- discharge outcomes.  

•   Heart failure with preserved ejection fraction 
accounts for approximately half of all heart failure 
presentations. Evidence-based treatment strategies 
are lacking; optimization of volume status and con-
trol of hypertension and other comorbid conditions 
are recommended.  

•   Presentation and management during episodes of 
acute decompensation in patients with preserved 
ejection fraction are similar to those with systolic 
dysfunction and should focus on effective decon-
gestion therapy.  
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      Summary of the Key Guidelines 
from Professional Societies 

    Diagnosis 

 Primarily based on signs and symptoms derived from a thor-
ough history and physical examination. Clinicians should 
determine adequacy of systemic perfusion, volume status, 
 contribution of precipitating factors and/or comorbidities, if 
heart failure is new onset or exacerbation of existing disease, 
and whether it is associated with preserved ejection fraction. 
Chest radiographs, electrocardiogram, and echocardiogram are 
key tests in this assessment. Class 1, level of evidence (LOE) C 

 Concentrations of B-type natriuretic peptide (BNP) or 
N-terminal pro-B-type natriuretic peptide (NT-pro-BNP) 
should be measured in patients with dyspnea in whom the 
contribution from heart failure is not known. These results 
should be evaluated in the context of all available clinical 
data. Class 1 LOE A  

    Identifi cation of Etiology for Deterioration 
of Clinical Status 

 Acute coronary syndrome precipitating heart failure hospi-
talization should be promptly identifi ed by ECG and tropo-
nin testing, and treated, as appropriate to the overall condition 
and prognosis of the patient. Class 1 LOE C 

 When patients present with ADHF and known or sus-
pected acute myocardial ischemia due to occlusive coronary 
disease, especially when there are signs and symptoms of 
inadequate systemic perfusion, urgent cardiac catheteriza-
tion and revascularization is reasonable where it is likely to 
prolong meaningful survival. Class IIa LOE C 

 Common potential precipitating factors for ADHF, 
such as coronary ischemia, severe hypertension, atrial and 
 ventricular arrhythmias, infections, pulmonary emboli, renal 

failure and medical or dietary non compliance should be 
identifi ed as their recognition is critical to guide therapy. 
Class 1 LOE C  

    Management 

   Hemodynamics 
 Patients who present with rapid decompensation and hypoper-
fusion associated with decreasing urine output and other man-
ifestations of shock are critically ill, and rapid intervention 
should be used to improve systemic perfusion. Class 1 LOE C 

 In patients with clinical evidence of hypotension 
 associated with hypoperfusion and obvious evidence of ele-
vated cardiac fi lling pressures (e.g., elevated jugular venous 
pressure, elevated pulmonary artery wedge pressure), intra-
venous inotropic or vasopressor drugs should be  administered 
to maintain systemic perfusion and preserve end-organ per-
formance while more defi nitive therapy is considered. Class 
1 LOE C 

 Invasive hemodynamic monitoring should be performed 
to guide therapy in patients who are in respiratory distress or 
with clinical evidence of impaired perfusion in whom the 
adequacy or excess of intracardiac fi lling pressures cannot be 
determined from clinical assessment. Class 1 LOE C 

 In patients with reduced ejection fraction experiencing a 
symptomatic exacerbation of heart failure requiring 
 hospitalization during chronic maintenance treatment with 
oral therapies known to improve outcomes, particularly ACE 
inhibitors or ARBs and beta-blocker therapy, it is recom-
mended that these therapies be continued in most patients in 
the absence of hemodynamic instability or contraindications. 
Class 1 LOE C 

 In patients hospitalized with ADHF with reduced ejection 
fraction not treated with oral therapies known to improve 
outcomes, particularly ACE inhibitors or ARBs and beta- 
blocker therapy, initiation of these therapies is recommended 
in stable patients prior to hospital discharge. Class 1 LOE B 

 Initiation of beta-blocker therapy is recommended after 
optimization of volume status and successful discontinuation 
of intravenous diuretics, vasodilators, and inotropic agents. 
Beta-blocker therapy should be initiated at a low dose and 
only in stable patients. Particular caution should be used 
when initiating beta-blockers in patients who have required 
inotropes during their hospital course. Class 1 LOE B 

 In patients with evidence of severely symptomatic fl uid 
overload in the absence of systemic hypotension,  vasodilators 
such as intravenous nitroglycerin, nitroprusside, or nesiritide 
can be benefi cial when added to diuretics and/or in those 
who do not respond to diuretics alone. Class IIa LOE C 

 Invasive hemodynamic monitoring can be useful for 
 carefully selected patients with ADHF who have persistent 
symptoms despite empiric adjustment of standard therapies; 
whose fl uid status, perfusion, or systemic or pulmonary 

•   Heart failure patients are considered high-risk 
candidates for noncardiac surgery. Careful assess-
ment of volume and hemodynamic status in the 
perioperative period is recommended. Routine 
invasive hemodynamic monitoring is not recom-
mended. Continuation of chronic heart failure 
therapies during the perioperative period is 
recommended.  

•   Viability assessment prior to surgical revasculariza-
tion has not been shown to translate into mortality 
benefi t.  

•   Surgical ventricular reconstructive surgery has not 
been shown to result in improved mortality.    
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 vascular resistances are uncertain; whose systolic pressure 
remains low, or is associated with symptoms, despite initial 
therapy; whose renal function is worsening with therapy; 
who require parenteral vasoactive agents; or who may need 
consideration for advanced device therapy or transplanta-
tion. Class II a LOE C 

 Intravenous inotropic drugs such as dopamine, 
 dobutamine, or milrinone might be reasonable for patients 
presenting with documented severe systolic dysfunction, low 
blood pressure, and evidence of low cardiac output, with or 
without congestion, to maintain systemic perfusion and pre-
serve end-organ performance. Class IIb LOE C 

 Use of parenteral inotropes in normotensive patients with 
ADHF without evidence of decreased organ perfusion is not 
recommended. Class III LOE B 

 Routine use of invasive hemodynamic monitoring in 
 normotensive patients with ADHF and congestion with 
symptomatic response to diuretics and vasodilators is not 
recommended. Class III LOE B  

   Volume Overload 
 Patients admitted with ADHF and with evidence of  signifi cant 
fl uid overload should be treated with intravenous loop diuret-
ics. Therapy should begin in the emergency department or 
outpatient clinic without delay, as early intervention may be 
associated with better outcomes for patients hospitalized 
with ADHF. Class 1, LOE B 

 If patients are already receiving loop diuretic therapy, the 
initial intravenous dose should equal or exceed their chronic 
oral daily dose. Urine output and signs and symptoms of 
congestion should be serially assessed, and diuretic dose 
should be titrated to relieve symptoms and to reduce extra-
cellular fl uid volume excess. Class 1 LOE C 

 Effect of ADHF treatment should be monitored with 
 careful measurement of fl uid intake and output; vital signs; 
body weight, determined at the same time each day; clinical 
signs (supine and standing); and symptoms of systemic 
 perfusion and congestion. Daily serum electrolytes, urea 
nitrogen, and creatinine concentrations should be measured 
during the use of intravenous diuretics or active titration of 
HF medications. Class 1 LOE C 

 When diuresis is inadequate to relieve congestion, as 
 evidenced by clinical evaluation, the diuretic regimen should 
be intensifi ed using either higher doses of loop diuretics, 
addition of a second diuretic (such as metolazone, 
 spironolactone, or intravenous chlorothiazide), or  continuous 
infusion of a loop diuretic. Class 1 LOE C 

 In all patients hospitalized with ADHF, both with 
 preserved and low EF, transition should be made from intra-
venous to oral diuretic therapy with careful attention to oral 
diuretic dosing and monitoring of electrolytes. With all 
 medication changes, the patient should be monitored for 
supine and upright hypotension, worsening renal function 
and HF signs/symptoms. Class 1 LOE C 

 Ultrafi ltration is reasonable for patients with refractory 
congestion not responding to medical therapy. Class IIa 
LOE B   

    Discharge and Transition of Care 

 Medications should be reconciled in every patient and 
adjusted as appropriate on admission to and discharge from 
the hospital. Class 1 LOE C 

 Comprehensive written discharge instructions for all 
patients with a hospitalization for ADHF and their caregivers 
are strongly recommended, with special emphasis on the fol-
lowing six aspects of care: diet; discharge medications, with 
a special focus on adherence, persistence, and up-titration to 
recommended doses of ACE inhibitor/ARB and beta-blocker 
medication; activity level; follow-up appointments; daily 
weight monitoring; and what to do if symptoms worsen. 
Class 1 LOE C 

 Post-discharge systems of care, if available, should be 
used to facilitate the transition to effective outpatient care for 
patients hospitalized with ADHF. Class 1 LOE B      
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        Introduction 

 Blood pressure is an independent risk factor for cardio-
vascular disease events. There is a continuous relationship 
between both systolic and diastolic blood pressure levels 
and the chance of a heart attack or heart failure beginning 
at a blood pressure of 115/75 mmHg [ 1 ]. The heart, central 
nervous system, kidneys, and peripheral arterial system are 
the major target organs that are susceptible to hypertensive 

disease. Overt target organ involvement of the heart includes 
the development of left ventricular hypertrophy (LVH), coro-
nary artery disease (CAD   ) including the risk for myocardial 
infarction (MI) and the need for revascularization, and heart 
failure (Table  4.1 ).

   Hypertension has traditionally been classifi ed by defi n-
ing discrete blood pressure categories. In 2005, the 
Hypertension Writing Group of the American Society of 
Hypertension proposed incorporating cardiovascular risk 
factors, early disease markers, and target organ damage into 
a classifi cation scheme of hypertension [ 2 ]. This expanded 
defi nition of hypertension recognizes that early target organ 
damage can be detected before overt clinical disease is 
manifested. The presence of these early markers of target 
organ involvement may suggest the need for earlier blood 
pressure treatment or more aggressive blood pressure treat-
ment goals to prevent further progression of target organ 
damage. Early markers of hypertensive cardiovascular 
 disease are listed in Table  4.2 .
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       Hypertension and Coronary Artery Disease 

 Hypertension is an independent risk factor for the develop-
ment of coronary artery disease (CAD). The Multiple Risk 
Factor Intervention Trial of over 316,000 men showed a strong 
graded relationship for both systolic and diastolic blood pres-
sure and coronary death with systolic blood pressure, the 
stronger predictor for CAD than diastolic blood pressure [ 3 ]. 
The National Cholesterol Education Program has recognized 
hypertension as one of the major modifi able risk factors used 
to estimate future cardiovascular risk [ 4 ]. The Framingham 
Heart Study examined blood pressure as a continuous vari-
able and after adjustment for other risk factors showed that 
about 28 % of CAD events in men and women can be attrib-
uted to blood pressure levels of 130/85 mmHg or greater 
[ 5 ]. The Pathobiological Determinants of Atherosclerosis in 
Youth (PDAY) study showed that hypertension is a potent 
risk factor for the development of advanced atherosclerotic 
lesions in the coronary arteries and the abdominal aorta in 
15–34-year-olds [ 6 ]. Finally, it appears that the prevalence of 

silent MI may be increased in individuals with hypertension 
[ 7 ]. Once CAD is established, the presence of hypertension 
may adversely affect prognosis. An elevated blood pressure 
before or after an MI signifi cantly increases the death rate [ 8 ]. 

 Risk factor reduction to prevent the development of CAD 
has been a major focus of multiple clinical trials. Once CAD 
has developed, the management of hypertension should 
focus on the reduction of myocardial ischemia to prevent 
coronary events and relief of symptoms.  

    Blood Pressure Treatment Goals in Patients 
with Coronary Artery Disease 

 The seventh report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High 
Blood Pressure (JNC 7) recommended a blood pressure 
treatment goal of less than 140/90 mmHg except in individu-
als with diabetes or renal disease where the recommended 
goal is less than 130/80 mmHg [ 9 ]. Recent evidence based 
on newer clinical trials suggests that reassessment of this 
data is needed and supports a higher blood pressure goal in 
those with diabetes and kidney disease [ 10 ,  11 ].    In addition, 
an American Heart Association (AHA) Scientifi c Statement 
published in 2007 suggested a blood pressure target of less 
than 130/80 for patients with documented CAD [ 12 ]. 

 There is very little evidence to support a blood pressure 
goal lower than 130/80 mmHg in patients with hypertension 
and CAD. The International Verapamil-Trandolapril Study 
(INVEST) compared morbidity and mortality outcomes 
in patients with hypertension and CAD treated with either 
a calcium channel blocker or a beta blocker [ 13 ]. The cal-
cium channel blocker strategy was as effective as therapy 
using a beta blocker in preventing the primary outcome of 
death, MI, and stroke. Subgroup analysis was performed in 
the diabetic cohort evaluating individuals with tight blood 
pressure control defi ned as an achieved systolic blood pres-
sure of <130 mmHg, a usual control group with achieved 
systolic blood pressure of 130–139 mmHg, and an uncon-
trolled blood pressure group defi ned as a systolic blood pres-
sure 140 mmHg or greater [ 14 ]. Tight systolic blood pressure 
control was not associated with better cardiovascular out-
comes than usual control. 

 In contrast, the CAMELOT (Comparison of Amlodipine 
versus Enalapril to Limit Occurrences of Thrombosis) study 
suggested that blood pressure goals lower than recommended 
by JNC 7 treatment guidelines may further reduce risk in 
CAD patients [ 15 ]. The CAMELOT trial was a  double- blind, 
randomized study comparing amlodipine or enalapril with 
placebo in patients with angiographically documented CAD 
and normal blood pressure. Blood pressure averaged 
129/78 mmHg for all patients and decreased approximately 
5/2.5 mmHg in the treatment groups. There was a signifi cant 

   Table 4.1    Hypertensive cardiac target organ damage and overt disease   

 Left ventricular hypertrophy (moderate to severe) 
 Systolic or diastolic cardiac dysfunction 
 Symptomatic heart failure (Heart failure with preserved ejection 
fraction and heart failure with reduced ejection fraction) 
 Myocardial infarction 
 Angina pectoris 
 Ischemic heart disease/coronary revascularization 

  Adapted from Giles et al. [ 2 ]  

   Table 4.2    Early markers of hypertensive cardiovascular disease   

 Blood 
pressure 

 Loss of nocturnal blood pressure dipping 
 Exaggerated blood pressure response to exercise 
 Salt sensitivity 
 Wide pulse pressure 

 Cardiac  Left ventricular hypertrophy (mild) 
 Increased atrial fi lling pressure 
 Decreased diastolic relaxation 

 Vascular  Increased central arterial stiffness or pulse wave 
velocity 
 Small artery stiffness 
 Increased systemic vascular resistance 
 Increased wave refl ection and systolic pressure 
augmentation 
 Increased carotid intima-media thickness 
 Coronary calcifi cation 
 Endothelial dysfunction 

 Renal  Microalbuminuria 
 Elevated serum creatinine 
 Reduced glomerular fi ltration rate 

 Eye  Hypertensive retinal changes 

  Adapted from Giles et al. [ 2 ]  
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reduction in cardiovascular events in the amlodipine group 
with similar but not statistically signifi cant effects observed 
in the enalapril group. This study suggests that patients with 
CAD may benefi t from blood pressure treatment even when 
resting blood pressures are at what have been traditionally 
accepted as normal levels. 

 Excessive lowering of diastolic blood pressure may para-
doxically increase coronary events by reducing coronary 
artery perfusion and cause ischemia. Studies attempting to 
demonstrate the presence of a J-shaped relationship between 
a reduction in diastolic blood pressure and an increase in 
coronary events are inconclusive. A meta-analysis of seven 
randomized clinical trials observed a J-shaped relationship 
between diastolic blood pressure and mortality in  both  
treated and untreated subjects suggesting that the increased 
risk was not a blood pressure treatment effect [ 16 ]. Patients 
with a low pretreatment diastolic blood pressures or wide 
pulse pressures may represent a less healthy cohort account-
ing for the observation of the J-curve. Since coronary artery 
blood fl ow occurs predominantly during diastole, it is pru-
dent to lower blood pressure slowly in patients with advanced 
CAD and to use caution in older hypertensive individuals or 
patients with diabetes when lowering the diastolic pressure 
below 60 mmHg.  

    Prevention and Treatment 
Recommendations 

 In addition to a therapeutic lifestyle program, the JNC 7 rec-
ommends pharmacological therapy for certain antihyperten-
sive medications for high-risk conditions based on favorable 
outcome data from clinical trials [ 9 ]. Thiazide-type diuretics 
are considered fi rst-line agents for the treatment of hyperten-
sion and are especially useful in patients with signs of vol-
ume overload. In the primary prevention Antihypertensive 
and Lipid-Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT), chlorthalidone was found to be equivalent to the 
angiotensin converting enzyme (ACE) inhibitor lisinopril 
and the calcium channel blocker (CCB) amlodipine for car-
diovascular event reduction [ 17 ]. In addition, chlorthalidone 
reduced the risk of nonfatal MI and coronary death by 27 % 
in the Systolic Hypertension in the Elderly Program (SHEP) 
[ 18 ]. In patients without cardiometabolic risk factors or com-
pelling reasons for specifi c pharmacological therapy, diuret-
ics are an effective fi rst-choice medication for controlling 
blood pressure. Diuretics, however, may worsen dyslipid-
emia and glucose tolerance suggesting that metabolically 
neutral agents may be preferred in individuals with cardio-
metabolic risk factors. 

 High cardiometabolic risk patients or patients with CAD 
may achieve greater benefi t from a strategy using differ-
ent classes of medications than diuretics. The Avoiding 

Cardiovascular Events through Combination Therapy in 
Patients Living with Systolic Hypertension (ACCOMPLISH) 
trial was a large randomized multicenter double-blind trial 
of 11,506 high-risk hypertensive individuals that com-
pared the ACE inhibitor benazepril plus the CCB amlodip-
ine versus benazepril plus hydrochlorothiazide. The ACE 
 inhibitor- CCB combination was superior in reducing cardio-
vascular events compared with the ACE inhibitor-diuretic 
cohort despite a nearly identical reduction in blood pressure 
[ 19 ]. This study suggested either that the benefi cial pleio-
tropic effects of the ACE inhibitor-CCB combination pro-
vided better cardiovascular disease outcomes than the ACE 
inhibitor- diuretic combination or that the diuretic partially 
negated some of the blood pressure lowering benefi t of the 
ACE inhibitor. 

 Beta blockers are fi rst-line therapy to control hyperten-
sion in patients with the compelling indications of conges-
tive heart failure (CHF), a previous MI, established CAD, or 
high risk for CAD. Beta blockers reduce ischemia and relieve 
angina by negative inotropic effects and by reducing the 
heart rate. Cardioselective beta blockers are most frequently 
used in part to avoid side effects although nonselective beta 
blockers have also been shown to be effective. A number of 
investigators have recently questioned the value of fi rst gen-
eration beta blockers and of atenolol in particular in the pri-
mary prevention of cardiovascular events in hypertensive 
patients [ 20 ]. These concerns, however, likely do not apply 
to secondary prevention patients since randomized studies in 
patients with CAD have clearly demonstrated clinical bene-
fi ts with most of the available beta blockers. 

 Beta blockers are indicated in patients after an MI and for 
heart failure with a low left ventricular ejection fraction. 
Beta blockers should continue indefi nitely in patients follow-
ing an MI. For patients with heart failure and hypertension, 
the beta blockers carvedilol, metoprolol succinate, and biso-
prolol have been shown to improve outcomes and are the 
preferred agents for these patients. 

 Calcium channel blockers (CCBs) may also be useful 
in patient with CAD since they reduce myocardial oxy-
gen demand and dilate coronary arteries. In the Anglo- 
Scandinavian Cardiac Outcomes Trial (ASCOT), a strategy 
using the CCB amlodipine compared with standard blood 
pressure treatment using the beta blocker atenolol in high- 
risk hypertensive patients showed that the amlodipine-based 
regimen prevented more cardiovascular events than the 
beta blocker-based treatment [ 21 ]. The nondihydropyridine 
CCBs diltiazem and verapamil slow the sinus heart rate and 
decrease conduction through the AV node making them use-
ful in patients with atrial arrhythmias such as atrial fi brilla-
tion. CCBs in combination with beta blockers further reduce 
blood pressure and can alleviate angina. CCBs may be sub-
stituted for beta blockers in patients who have a contraindi-
cation to beta blockers. CCBs also relieve angina in patients 
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with vasospastic angina. Short-acting agents, such as short- 
acting nifedipine, should be avoided since they may increase 
the risk of MI. Verapamil and diltiazem should not be used in 
patients with left ventricular systolic dysfunction since they 
have negative inotropic effects and may worsen heart failure. 

 ACE inhibitors and angiotensin receptor blockers (ARBs) 
are fi rst-line treatment for hypertensive patients with heart 
failure, a previous MI, high cardiovascular risk, diabetes, 
and chronic kidney disease and for recurrent stroke preven-
tion. Several studies such as the Heart Outcomes Prevention 
Evaluation (HOPE) study [ 22 ] and the European Trial on 
Reduction of Cardiac Events with Perindopril in Stable 
Coronary Artery Disease (EUROPA) study [ 23 ] have shown 
reductions in cardiovascular events in individuals with estab-
lished CAD or at high risk for the development of cardio-
vascular disease with the use of ACE inhibitors compared 
with placebo. This benefi t was observed in patients with and 
without hypertension at baseline. ARBs are generally used in 
patients who are intolerant of ACE inhibitors.  

    Hypertension and Left Ventricular 
Hypertrophy 

 LVH develops in response to the elevated systemic vascu-
lar resistance found in patients with hypertension. Initially, 
hypertrophy may be an adaptive response to the increase 
in afterload but over time can be maladaptive leading to 
noncompliance of the ventricle, subendocardial ischemia, 
ventricular arrhythmias, and reduced cardiac function. The 
presence of LVH is associated with an increased risk of 
heart failure, atrial and ventricular arrhythmias, MI, sudden 
death, and cerebrovascular events [ 24 – 27 ]. The increased 
cardiovascular risk associated with LVH is likely due to 
myocardial ischemia. A reduced density of myocardial 
capillaries, compression of capillaries by hypertrophied 
muscle, and a limited ability of epicardial blood vessels 
to dilate under stress have all been implicated as causes of 
ischemia [ 28 ]. LVH is generally global and concentric, but 
at times eccentric remodeling with left ventricular enlarge-
ment and the development of heart failure may occur. In the 
Framingham Heart Study, hypertension was the most com-
mon preexisting risk factor for the development of heart 
failure [ 29 ]. 

 LVH can be diagnosed with either an electrocardiogram 
(ECG) or echocardiogram. Echocardiography is a more sen-
sitive test for the diagnosis of LVH. In the Framingham Heart 
Study, ECG criteria for LVH was seen in about 2–3 % of the 
population studied, whereas echocardiography diagnosed 
LVH in 14–18 % [ 30 ]. In populations of patients with hyper-
tension, the prevalence of LVH can approach 30 [ 31 ]. 

 Lowering blood pressure with antihypertensive therapy can 
induce regression of LVH. In general, most antihypertensive 
agents will bring about LVH regression with the exception of 

peripheral vasodilators possibly because of the development 
of a sympathetic tachycardia as a result of the peripheral vaso-
dilatation. ARBs, CCBs, and ACE inhibitors appear to cause 
more regression of LVH than diuretics and beta blockers for 
the same degree of blood pressure lowering (Fig.  4.1 ) [ 32 ]. 
Regression of LVH occurs slowly usually over many months 
to years. Regression of LVH may also be accompanied by a 
reduction in left atrial size and improvement in diastolic dys-
function [ 33 ]. Worsening diastolic dysfunction is an indepen-
dent predictor of mortality. Preliminary evidence suggests that 
improvement in diastolic dysfunction may be associated with 
a lower mortality [ 34 ].

   The Losartan Intervention for Endpoint reduction in 
hypertension study (LIFE) randomized over 9,000 essential 
hypertension patients with ECG-diagnosed LVH into beta 
blocker versus ARB treatment arms [ 35 ]. Cardiovascular 
morbidity and mortality was signifi cantly reduced in the 
losartan arm compared with the beta blocker arm for a similar 
reduction in blood pressure. Those individuals that achieved 
greater reductions in left ventricular mass had fewer cardio-
vascular events [ 36 ]. This large prospective study verifi ed 
fi ndings from earlier studies and meta- analyses that indicted 
that regression of LVH is associated with a marked reduction 
in risk for subsequent cardiovascular events [ 37 ]. 
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 Blood pressure reduction may be the most important 
determinant of LVH regression. A study comparing 2 beta 
blocker/ACE inhibitor combination therapies and an ACE 
inhibitor alone showed similar reductions in LV mass assessed 
by MRI in individuals achieving blood pressure goals sug-
gesting that achieving the targeted blood pressure goal is 
more important than the particular treatment regimen [ 38 ].  

    Prevention and Treatment 
Recommendations 

 LVH is an independent risk factor for cardiovascular morbid-
ity and mortality. It is reasonable to screen for LVH in hyper-
tensive individuals especially if hypertension has been long 
standing and resistant to treatment or there are physical signs 
suggesting target organ involvement. An ECG can be used as 
a screening test but has poor sensitivity for detecting LVH. A 
limited echocardiogaphic exam has been advocated to mea-
sure LVH and may be considered in individuals when there 
is concern about target organ damage. 

 ACE inhibitors, ARBs, and CCBs are preferred initial 
agents to use in patients with LVH since these agents are 
associated with greater LVH regression than beta blockers 
and diuretics. Many patients will require combination ther-
apy to achieve blood pressure goals. Reaching recommended 
blood pressure goals is more important than the drug regi-
men chosen to reach the goal. Further research is needed to 
determine the optimal blood pressure goal to achieve the 
greatest degree of LVH regression.  

    Hypertension and Heart Failure 
with Preserved Ejection Fraction 

 Hypertension is a common risk factor for the development of 
heart failure. An increasing number of patients are present-
ing with clinical heart failure symptoms and preserved car-
diac contractility. This entity, previously called diastolic 
heart failure, has been termed heart failure with preserved 
ejection fraction (HFpEF). Patients with HFpEF typically 
have a history of hypertension. A survey of nearly 6,000 
patients with hospital admission for heart failure determined 
that 31 % had a preserved ejection fraction [ 39 ]. Patients 
with HFpEF were more likely to be older and female and 
have a history of hypertension and atrial fi brillation. Mortality 
rates were similar for patients with HFpEF and patients with 
an ejection fraction of less than 40 %. A Mayo clinic survey 
showed that the proportion of patients with HFpEF is increas-
ing over time and accounts for 55 % of community patients 
admitted to the hospital with clinical heart failure [ 40 ]. 

 Diastolic dysfunction is implicated as a cause of HFpEF. 
Diastolic dysfunction refers to an abnormality of diastolic 
 distensibility affecting fi lling and relaxation of the left 

 ventricle [ 41 ]. In order to preserve left ventricular stroke vol-
ume, left atrial fi lling pressures need to increase for adequate 
fi lling of the noncompliant ventricle. Elevated left ventricular 
diastolic pressures lead to elevated pulmonary venous pres-
sures, reduced lung compliance, and symptoms of dyspnea. 
Many patients will develop an inadequate stroke volume dur-
ing exertion causing fatigue and breathlessness. Increased 
muscle mass (hypertrophy) increases chamber stiffness 
requiring a further increase in left atrial pressure to adequately 
fi ll the ventricle. Since hypertension is the leading cause of 
left ventricular hypertrophy, it is a common underlying fac-
tor associated with HFpEF. Atrial fi brillation, by preventing 
left atrial contraction and reducing left ventricular fi lling, can 
also precipitate HFpEF. Hypertension is a common risk fac-
tor for the occurrence of atrial fi brillation [ 42 ]. 

 Medications that target the renin-angiotensin-aldosterone 
system (RAAS) reduce morbidity and mortality in patients 
with heart failure and reduced ejection fraction and are use-
ful in regression of left ventricular hypertrophy. These agents 
have been recommended for patients with HFpEF. Clinical 
trial results using these agents, however, have been disap-
pointing. Three large trials using ACE inhibitors and ARBs 
(PEP-CHF [ 43 ], CHARM-preserved [ 44 ], and I-PRESERVE 
[ 45 ] using perindopril, candesartan, and irbesartan, respec-
tively) failed to show an improvement in outcomes using 
these agents in contrast to the positive outcomes observed in 
patients with low ejection fraction. 

 Despite these fi ndings, hypertension treatment studies 
have shown a reduction in the incidence of heart failure. For 
example, the SHEP trial using the diuretic chlorthalidone 
observed a greater than 50 % decrease in heart failure in the 
treatment group [ 18 ]. A large meta-analysis reported a sig-
nifi cant reduction in heart failure in 64 blood pressure differ-
ence trials and 31 drug combination trials except for beta 
blockers without cardioselective or alpha blocking properties 
[ 46 ]. The incidence of heart failure was reduced by 24 % on 
average although the reduction was slightly lower with cal-
cium channel blockers at 19 %. The effect of the drugs was 
similar in primary and secondary prevention trials including 
a reduction in hospitalization or death in individuals already 
diagnosed with heart failure. This suggests that blood pres-
sure lowering and not necessarily the type of blood pressure 
agent used is important in the treatment of hypertensive 
patients with HFpEF.  

    Prevention and Treatment 
Recommendations 

 Treatment of hypertension has been shown in many clini-
cal trials to reduce the incidence of heart failure. In patients 
with HFpEF, targeting the blood pressure can improve 
symptoms. At this point, there are no studies that suggest 
that one treatment strategy is better than another in 
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 preventing adverse outcomes. Diuretics are commonly 
needed to help relieve symptoms of volume overload and 
have been shown to prevent heart failure admissions in 
 primary prevention trials. Agents that target the renin- 
angiotensin system are reasonable choices to use because 
of their proven effi cacy in patients with heart failure and 
reduced ejection fraction even though they have not been 
shown to be superior to standard hypertensive therapies. 
These agents have also been noted to improve diastolic 
parameters. Most important, however, is achieving ade-
quate blood pressure control and not necessarily the blood 
pressure agent chosen to achieve the goal.  

    Resistant Hypertension 
with High Coronary Disease Risk 

 Resistant hypertension is defi ned as blood pressure 
>140/90 mmHg despite adherence to therapy with maximum 
doses of at least  three  antihypertensive agents with comple-
mentary modes of action, one of which being a diuretic 
appropriate for kidney function [ 47 ]. This would then 
exclude combinations such as ACE inhibitors and ARBs or 
clonidine and beta blockers but would include RAAS block-
ers with either diuretics or calcium antagonists or calcium 
antagonists with beta blockers [ 48 ]. 

 The exact prevalence of resistant hypertension is not well 
defi ned in the literature but ranges between 8.5 and 10 % of 
all hypertensive patients [ 49 ]. Resistant hypertension is more 
common in older patients, those with chronic kidney disease, 
i.e., eGFR <60 ml/min/1.73 m 2 , and is associated with high 
sympathetic tone; increased long-term risk of cardiovascular 
events such as myocardial infarction, congestive heart fail-
ure, and stroke; and progressive nephropathy. 

 Resistant hypertension is a diagnosis of exclusion thus, 
there are a number of issues to consider before labeling a 
person as resistant. These factors include the following: (a) 
 pseudoresistance:  a white-coat phenomenon defi ned as 
persistently elevated blood pressure in the physician’s 
clinic offi ce but normal blood pressure at home must be 
excluded with repeated home blood pressure measurements 
or 24-h ambulatory blood pressure monitoring. These 
patients typically have no evidence of target organ damage, 
but if they have primary hypertension with a white-coat 
component, they very well would have target organ injury. 
Also in older patients pseudohypertension due to severely 
calcifi ed and sclerotic arteries may simulate resistant hyper-
tension. This diagnosis should be suspected by the presence 
of palpable radial pulse while the brachial artery is occluded 
by the cuff (the Osler maneuver). An intra-arterial blood 
pressure measurement confi rms this condition. (b)  Patient 
adherence : Adherence to lifestyle modifi cations, especially 

low-sodium diet, and antihypertensive therapy must be 
carefully evaluated and confi rmed with pharmacy records. 
Although  diffi cult to recognize, suggestive symptoms 
include missed clinic appointments, lack of use of medica-
tion refi lls, and in patients on beta blockers presence of nor-
mal heart rate. (c)  Physician inaction  (inertia): Some 
patients receive inadequate or insuffi cient antihypertensive 
drug dose titration despite multiple clinic visits. In other 
patients, non-initiation or use of inappropriate diuretics, 
e.g., thiazide in a patient with an estimated GFR <30 ml/
min, may be an important reason for the poorly controlled 
blood pressure. (d)  Drug- drug interaction or exogenous 
substances:  A detailed drug history including over-the-
counter pain medicines, herbal preparations, and nutritional 
supplements must be obtained routinely in these patients. 
Nonsteroidal anti-infl ammatory agents will antagonize the 
effects of some antihypertensive agents secondary to local 
prostaglandin inhibition and impairment of sodium excre-
tion which induces volume expansion. (e)  Secondary hyper-
tension:  True secondary hypertension is uncommon but 
must be evaluated if the conditions discussed above have 
been excluded. Of note, chronic kidney disease, renovascu-
lar disease, hyperaldosteronism, pheochromocytoma, and 
sleep apnea are conditions that must be screened for and if 
detected managed appropriately before labeling the patient 
as resistant.  

    Treatment Recommendations 

 These patients all require a minimum of 4 drugs at maxi-
mally tolerated doses so most common combinations recom-
mended include a blocker of the renin-angiotensin system 
combined with a diuretic and calcium antagonist and in 
obese people addition of spironolactone at 25–50 mg a day. 
If that still fails to control BP, additional therapies includ-
ing vasodilating beta blockers like carvedilol or bisoprolol 
may be given and consideration to a nondihydropyridine cal-
cium antagonist or agents like hydralazine with a nitrate or 
minoxidil. 

 Newer experimental therapies such as renal denerva-
tion and Barostim therapy are in the research stages but 
renal denervation is approved in Europe [ 50 ]. These are 
interventional therapies one involving radiofrequency to 
denervate the renal nerves and the Barostim places an 
electrode on the carotid body and uses electrical stimula-
tion to inhibit central sympathetic output. The Symplicity 
HTN-3 trial is ongoing in the United States, and the 
design of the study includes 24-h ambulatory monitoring, 
and it is the largest study to investigate this procedure for 
the resolution of resistant hypertension, recruiting 542 
participants [ 51 ]. 
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    Abstract 

 Signifi cant valvular heart disease is present in about 2 % of the population. The most com-
mon serious valve condition is calcifi c aortic stenosis (AS), with severe disease presenting in 
older adults with symptoms of decreased exercise tolerance or dyspnea and a systolic mur-
mur. Valve replacement is lifesaving and is recommended regardless of patient age. Mitral 
stenosis is a late consequence of rheumatic heart disease and now is treated with percutane-
ous balloon commissurotomy in most patients. Mitral valve regurgitation often is secondary 
to other cardiac conditions, such as dilated cardiomyopathy and coronary disease, with treat-
ment directed toward the underlying disease process. In patients with primary mitral regurgi-
tation, for example, due to mitral valve prolapse, surgical repair often provides durable relief 
of valve dysfunction without the need for a prosthetic valve. Aortic regurgitation may be due 
to disease of the valve leafl ets, such as a bicuspid valve, or to dilation of the aorta; treatment 
depends on the cause of valve dysfunction. Acute aortic or mitral regurgitation is a medical 
and surgical emergency with a range of causes including aortic dissection, endocarditis, and 
spontaneous mitral chordal rupture. Acute valve regurgitation often is misdiagnosed because 
a typical murmur may not be present; echocardiography should be considered in all patients 
with acute pulmonary decompensation. Patients with prosthetic heart valves require careful 
management to prevent endocarditis and to provide optimal antithrombotic therapy, as well 
as to monitor valve function. Endocarditis has mortality rate as high as 40 % at 1 year; man-
agement requires collaborative care by cardiologists, cardiac surgeons, and infectious disease 
specialists.  
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        Introduction 

 The prevalence of signifi cant valvular heart disease in the 
general population is between 1.8 and 2.5 % [ 1 ]. In develop-
ing countries, rheumatic valve disease remains common in 
contrast to developed countries where the major causes of 
valve disease are calcifi c aortic stenosis (AS) and mitral 
valve prolapse (MVP). Some patients with valve disease are 
initially diagnosed due to symptom onset with decreased 
exercise tolerance, palpitations, syncope, new onset atrial 
fi brillation (AF), endocarditis, or frank heart failure. Cardiac 



60

auscultation is helpful for detection of valve dysfunction, 
and the location, timing, quality, and change in intensity with 
certain maneuvers can help guide diagnosis. 

 Valve disease often is secondary to a systemic or inherited 
condition so it is important to inquire about diseases such as 
rheumatic fever, connective tissue disorders, rheumatologic 
diseases, or a family history of valve disease. Echocar-
diography is the primary modality for diagnosis, follow-up, 
and management of patients with valvular heart disease. In 
addition to defi ning the location and severity of valve dys-
function, echocardiography provides information of left ven-
tricular (LV) size and function, pulmonary pressures, and 
associated cardiac conditions. Rarely, other diagnostic 
approaches are needed, such as cardiac magnetic resonance 
imaging when more precise measurements of ventricular 
size and function are needed or cardiac catheterization at the 
time of an interventional valve procedure.  

    Valve Stenosis 

    Aortic Stenosis 

 The most common cause of valvular AS is calcifi cation of a nor-
mal trileafl et or congenially bicuspid valve, typically presenting 
after 60 years of age. In young adults, AS more often is due to 
a congenital stenotic valve [ 2 ]. Calcifi c AS is characterized by 
deposition of calcium on the aortic side of leafl ets without com-
missural fusion, and it is estimated that 2–4 % of adults over 65 
years of age have some degree of calcifi c AS [ 3 ,  4 ]. Men tend 
to have higher rates of calcifi c AS than women. Infl ammation, 
lipid accumulation, and activation of pro-osteogenic signaling 
cascades are thought to be important mechanisms in initiation 
of calcifi c AS [ 5 ]. Risk factors for development and progression 
of calcifi c AS include age, hypertension, hyperlipidemia, meta-
bolic syndrome, and smoking [ 3 ,  6 ]. 

    Pathophysiology 
 The three main effects of AS on the LV are pressure over-
load, diastolic dysfunction, and supply–demand ischemia. 
Pressure overload results from the obstruction of blood 
fl ow through the LV outfl ow tract to the aorta with a com-
pensatory increase in LV wall thickness and a normal 
chamber size (e.g., concentric hypertrophy). Hypertrophy 
is associated with decreased myocardial compliance and 
diastolic dysfunction. Ischemia results from increased 
myocardial O 2  consumption due to LV hypertrophy in 
conjunction with decreased myocardial O 2  supply due to 
a rise in LV diastolic pressure. Aortic valve obstruction 
occurs gradually over several years, and patients remain 
asymptomatic until progressive narrowing results in severe 

stenosis. However, disease progression is inevitable once 
even mild AS is  present (aortic velocity over 2.5 m/s) with 
an average increase in aortic velocity of 0.3 m/s/year, an 
increase in gradient of 7 mmHg/year, and a decrease in 
valve area of 0.12 cm 2 /year. Symptom onset in adults with 
severe AS leads to heart failure with a very high (about 
80 %) mortality at 2 years unless valve replacement is per-
formed [ 7 ,  8 ].  

    Diagnosis 
 In adults with mild to moderate AS, management focuses on 
careful follow-up and standard medical therapy for comorbid 
conditions. Even with severe AS, annual mortality remains 
low at <2 % in asymptomatic patients so that close clinical 
follow-up and education about reporting any symptoms 
promptly is imperative [ 9 ,  10 ]. 

 Historically, the triad of symptoms associated with severe 
AS included angina, syncope, and heart failure. However, the 
majority of patients present earlier in the disease course with 
decreased exercise tolerance, exertional dyspnea, dizziness, 
or chest tightness (Table  5.1  ).

  Physical exam demonstrates a crescendo-decrescendo 
systolic ejection murmur, best heard at the base of the heart, 
usually radiating to the carotids but rarely to the LV apex 
(Gallavardin phenomenon). A late peaking murmur, longer 
murmur duration, and a single S2 (absence of A2 compo-
nent) indicate severe AS, whereas the intensity of the mur-
mur does not correlate with severity. Carotid pulses that are 
delayed, slow rising, and with low amplitude “parvus et tar-
dus” also indicate severe AS. 

 Echocardiography is the main diagnostic modality to 
determine the severity of AS and to follow patients. 
Morphology of the aortic valve, number of cusps, degree of 
calcifi cation, peak velocity, transvalvular gradient, and valve 
area all can be assessed by echocardiography. Additionally, 
echocardiography provides evaluation of LV hypertrophy, 
systolic and diastolic LV function, aortic root dimensions, 
and other intracardiac structures (Table  5.2  ).

  Magnetic resonance imaging or computed tomography 
may helpful when further measurements of the ascending 
aorta are needed. Hemodynamic measurements at cardiac 
catheterization are rarely needed, although coronary angiog-
raphy is recommended prior to valve replacement.  

    Management 
 The treatment for severe symptomatic AS is aortic valve 
replacement. Despite initial hopes for medical therapy to 
prevent disease progression, randomized controlled trials 
showed no effect of statins in halting the hemodynamic pro-
gression or time to valve replacement for calcifi c AS or 
patients with congenital AS [ 11 – 14 ] (Table  5.3 ).
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   Table 5.1    Diagnosis of valvular heart disease   

 Physical exam  Symptoms  Key echo fi ndings 

  Aortic stenosis   Crescendo-decrescendo systolic 
ejection murmur best heard base of 
the heart radiating to carotids 
 Delayed, slow rising, and low 
amplitude carotid pulse 

 Exercise intolerance 
 Dizziness 
 Dyspnea 
 Angina 
 Syncope 
 Heart failure 

 Cause of stenosis 
 Degree of leafl et calcifi cation 
 Severity of stenosis 
 LV hypertrophy 
 LV systolic function 
 LV diastolic function 
 Aortic sinus dilation 

  Mitral stenosis   Opening snap followed by diastolic 
murmur best heard in the apex 
 RV heave and loud P2 if PA 
pressures elevated 

 Exertional dyspnea 
 Orthopnea 
 Paroxysmal nocturnal dyspnea 
 Fatigue 
 Palpitations 

 Mitral valve morphology 
 Candidacy for percutaneous valvotomy 
 Severity of stenosis 
 Associated mitral regurgitation 
 Left atrial size 
 Left atrial thrombus (TEE) 
 Pulmonary pressures 

  Aortic regurgitation   Wide pulse pressure 
 Hyperdynamic pulse 
 Blowing decrescendo murmur best 
heard at left sternal border 
 Hyperdynamic pulse 

 Exercise intolerance 
 Exertional dyspnea 
 Orthopnea 
 Paroxysmal nocturnal dyspnea 

 Cause of regurgitation 
 Associated valve stenosis 
 Severity of regurgitation 
 LV dimensions, volumes, and ejection fraction 
 Dimension of aortic sinuses and ascending aorta 

  Mitral regurgitation   Holosystolic murmur best heard at 
the apex radiating to the axilla 

 Dyspnea 
 Paroxysmal nocturnal dyspnea 
 Exercise intolerance 

 Cause of regurgitation 
 Regurgitant severity 
 Likelihood of valve repair 
 LV dimensions, volumes, and ejection fraction 
 Pulmonary pressures 

    LV  left ventricular,  PA  pulmonary artery,  TEE  transesophageal echocardiography  

    Table 5.2    Severity of left-sided valve disease   

 Mild  Moderate  Severe 

  Aortic stenosis   Mild leafl et calcifi cation and 
reduced leafl et motion 
 Doppler  V  max  < 3 m/s 
 Mean Δ P  < 25 mmHg 
 Valve area >1.5 cm 2  

 Moderate leafl et calcifi cation and 
reduced leafl et motion 
 Doppler  V  max  3–4 m/s 
 Mean Δ P  25–40 mmHg    
 Valve area 1–1.5 cm 2  

 Severe leafl et calcifi cation with nearly 
immobile leafl ets 
 Doppler  V  max  > 4 m/s 
 Mean Δ P  > 40 mmHg 
 Valve area <1 cm 2  

  Mitral stenosis   Mild commissural fusion with 
leafl et doming in diastole 
 Valve area >1.5 cm 2  
 Mean Δ P  < 5 mmHg 
 Normal PASP (< 30 mmHg) 

 Commissural fusion, chordal 
shortening and fusion 
 Valve area 1–1.5 cm 2  
 Mean Δ P  5–10 mmHg 
 PASP 30–50 mmHg 

 Severe commissural fusion, leafl et 
doming in diastole, and chordal 
shortening 
 Valve area <1 cm 2  
 Mean Δ P  > 10 mmHg 
 PASP >50 mmHg 

  Aortic regurgitation   VC < 0.3 cm 
 RV < 30 ml 
 RF < 30 % 
 ROA 0.1–0.29 cm 2  
 Normal distal aortic fl ow patterns 
 CWD AR signal density weak, 
often incomplete 

 VC 0.3–0.6 cm 
 RV 30–59 ml 
 RF 30–49 % 
 ROA 0.1–0.29 cm 2  
 Holodiastolic fl ow reversal in the 
descending thoracic (but not proximal 
abdominal) aorta 
 CWD AR signal density < systolic fl ow 

 VC > 0.6 cm 
 RV ≥ 60 ml 
 RF ≥ 50 % 
 ROA ≥ 0.3 cm 2  
 Holodiastolic fl ow reversal in the 
abdominal aorta 
 CWD AR signal density = systolic fl ow 
  Left ventricular dilation is present  

  Mitral regurgitation  a   VC < 0.3 cm 
 RV < 30 ml 
 RF < 30 % 
 ROA < 0.2 cm 2  
 CWD AR signal density weak, 
often incomplete 

 VC 0.3–0.69 cm 
 RV 30–59 ml 
 RF 30–49 % 
 ROA 0.2–0.39 cm 2  
 CWD AR signal density < systolic fl ow 

 VC ≥ 0.7 cm 
 RV ≥ 60 ml 
 RF ≥ 50 % 
 ROA ≥ 0.4 cm 2  
 CWD AR signal density = systolic fl ow 
  Increased left atrial and ventricular size  

    AR  aortic regurgitation,  CWD  continuous wave Doppler,  Mean ΔP  mean transvalvular pressure gradient,  MR  mitral regurgitation,  PASP  pulmonary 
artery systolic pressure,  RF  regurgitant fraction,  RV  regurgitant volume,  ROA  regurgitant orifi ce area,  VC  vena contracta (width of the jet on color 
Doppler),  V   max   maximum velocity 
  a These hemodynamic criteria are for primary mitral regurgitation. Lower thresholds may be used for functional regurgitation  
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   Usually clinical history is adequate for detection of 
symptom onset, but a treadmill stress test can be used when 
symptoms are uncertain to identify an abnormal blood pres-
sure response to exercise or exercise-related symptoms. 
Other indications for valve replacement can be found in 
Table  5.4 .

   Balloon valvotomy has no impact on mortality or morbidity 
in adults with AS and, therefore, is rarely indicated. Its use is 
reserved for children, young adults, and adults who are hemo-
dynamically unstable or have serious morbid conditions either 
as a bridge to surgery or as palliative therapy. For patients with 
very high surgical mortality, the United States Food and Drug 

     Table 5.3    Long-term management of valvular heart disease   

 Valve  Prevention  Considerations when following patients  Patient follow-up *  

 Aortic stenosis   General principles : 
 Evaluate and treat CAD risk factors 
 Encourage routine dental care and 
optimal dental hygiene 
 Educate patient about likely disease 
course and symptoms 

  Medical management : 
 Avoid hypovolemia and lowering 
systemic vascular resistance due to 
fi xed cardiac output 
 Evaluate disease severity prior to 
noncardiac surgery 
  Physical activity : in severe AS avoid 
vigorous athletic activity 

  Clinical f/u : every 6–12 months in 
severe AS, every 12 months in mod 
AS 
  Echocardiogram : every 3–5 years for 
mild, 1–2 years for moderate, and 
every year for severe AS or when 
there is a change in symptoms 

 Mitral stenosis   General principles : 
 Evaluate and treat CAD risk factors 
 Encourage routine dental care and 
optimal dental hygiene 
 Educate patient about likely disease 
course and symptoms 
  Rheumatic fever prophylaxis : if MS 
present daily oral penicillin V or 
monthly benzathine penicillin with 
duration of 10 years since last RF 
attack or until age 40. Lifelong if high 
risk of reinfection 

  Medical management : 
 Rate control with beta blockers, 
calcium channel blockers, or digoxin 
can reduce symptoms in 
decompensated patients especially if 
atrial arrhythmias encountered 
 Coumadin anticoagulation in atrial 
fi brillation 
  Physical activity : avoid vigorous 
athletic activity in moderate to severe 
MS, symptom limited exercise is the 
main recommendation 

  Clinical f/u : once a year if moderate 
to severe MS 
  Echocardiogram  every year for severe 
MS (to assess PAP), every 1–2 years 
for moderate MS, and every 3–5 
years for mild MS or when there are 
changes in symptoms or intervention 
is planned 

 Aortic regurgitation   General principles : 
 Evaluate and treat CAD risk factors 
 Encourage routine dental care and 
optimal dental hygiene 
 Educate patient about likely disease 
course and symptoms 
  Screening family members : evaluate 
aorta and recommend family screening 
if dilated or if positive family history 
for bicuspid valve disease 

  Medical management : no therapy 
delays progression. Treat hypertension 
if present 
  Physical activity : avoid vigorous 
activity and isometric exercises with 
severe AR 

  Clinical f/u : Every 6 months in severe 
AR. If moderate AR every 2–3 years 
  Echocardiogram : every 6–12 months 
for severe 
 AR and 2–3 years for moderate and 
mild AR or if there is change in 
symptoms 

 Mitral regurgitation   General principles : 
 Evaluate and treat CAD risk factors 
 Encourage routine dental care and 
optimal dental hygiene 
 Educate patient about likely disease 
course and symptoms 

  Medical management : no treatment will 
delay progression of MR. Treat 
hypertension if present 
 Warfarin when atrial fi brillation and 
more than mild MR is present 
  Physical activity : avoid vigorous 
activity and isometric exercises if 
severe MR 

  Clinical f/u : every 6–12 months for 
severe MR 
 No follow-up with mild MR and 
normal LV function 
  Echocardiogram : every 6–12 months 
for severe MR or if change in 
symptoms 

 Prosthetic valve   General principles : 
 Evaluate and treat CAD risk factors 
 Encourage routine dental care and 
optimal dental hygiene 
  Endocarditis prophylaxis for dental 
procedures  ( see text ) 

  Medical management : monitor 
anticoagulation with mechanical valves. 
Aspirin for bioprosthetic valves 
  Physical activity : no limitations except 
as related to long term warfarin 
anticoagulation 

  Clinical f/u : annual evaluation with 
cardiology 
  Echocardiogram : baseline after 
surgery, then only for changes in 
signs or symptoms with mechanical 
valves. After 5 years, annual studies 
may be considered for bioprosthetic 
valves 

   AR  aortic regurgitation,  AS  aortic stenosis,  F/u  follow-up,  LV  left ventricle,  MPV  mitral valve prolapse,  MR  mitral regurgitation,  MS  mitral stenosis, 
 PAP  pulmonary arterial pressure,  RF  rheumatic fever 
 *General    recommendations for all valve disease patients include optimal dental hygiene, evaluation and treatment of coronary disease risk factors, 
and patient education about the disease course to ensure early symptom reporting. Endocarditis prophylaxis is no longer recommended in patients 
with native valve disease. Currently there are no medical therapies to prevent progression of valve disease  
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Administration has approved the transcatheter aortic valve 
implanted via the femoral artery or the LV apical approach. 
A randomized study showed that in patients who were not 
candidates for surgery, transcatheter valve was associated 
with higher survival at 1 year and decreased hospitalization 
compared with balloon valvuloplasty. In addition, in high-
risk patients randomized to surgical versus transcatheter valve 
replacement, survival was similar at 1-year follow-up. Surgery 
was associated with a higher risk of bleeding complications, 
but transcatheter valve replacement was associated with a 
higher risk of stroke and vascular complications [ 15 ,  16 ]. 

 Individuals with concurrent AS and LV systolic dysfunc-
tion represent a challenge. Some of these patients have only 
moderate AS, with a small calculated valve area due to low 
transvalvular fl ow secondary to primary LV dysfunction. 
Others have true severe AS with LV dysfunction due to high 
afterload. In order to differentiate these two entities, a 

 low- dose dobutamine stress echocardiogram can be per-
formed. If the AS aortic velocity increases to over 4 m/s and 
valve area remains less than 1.0 cm 2 , true severe AS is pres-
ent and valve replacement is appropriate [ 17 ]. This test will 
also  provide information regarding contractile reserve, which 
is the ability to increase stroke volume by 20 %, which iden-
tifi es patients with better outcomes after surgery.   

    Mitral Stenosis 

 Rheumatic carditis from beta-hemolytic streptococci 
accounts for nearly all mitral stenosis (MS) cases and is 
more prevalent in developing countries. Approximately 
60 % of patients who have rheumatic fever will go on to 
develop valvular involvement with fusion of the commis-
sures, leafl et thickening, and chordal fusion [ 18 ]. 

   Table 5.4    Surgical management of valvular heart disease   

 Valve  Indications for intervention a   Choice of intervention 

  Aortic stenosis    Class I  
 Severe symptomatic AS 
 Severe asymptomatic AS at time of CABG, aortic surgery, or other valve surgery 
 Severe asymptomatic AS and an EF <50 % 
  Class II  
 Severe AS with hypotensive response to exercise 
 Severe asymptomatic AS if surgery might be delayed or there is rapid progression 
 “Extremely” severe asymptomatic AS (velocity >5 m/s or valve area <0.6 cm 2 ) 
 Moderate AS at the time of CABG, aortic surgery, or other valve surgery 

 Aortic valve replacement 
 Bioprosthetic valve in older adults 
or when anticoagulation in 
contraindicated 
 Mechanical valve when longer 
durability is preferred 
 Transcatheter valve implantation 
only in very high-risk patients 

  Mitral stenosis    Class I  
 Symptomatic moderate or severe MS 
 Asymptomatic moderate to severe MS if PASP > 50 mmHg at rest or >60 mmHg 
with exercise 
  Class II  
 Asymptomatic moderate to severe MS with atrial fi brillation 
 Asymptomatic moderate to severe MS with recurrent embolic stroke 

 Percutaneous mitral balloon 
valvotomy is preferred 
 Mitral valve replacement only if 
valvotomy cannot be performed 
 Mechanical usually preferred for 
durability because anticoagulation 
needed for concurrent AF 

  Aortic regurgitation    Class I  
 Severe symptomatic AR 
 Severe asymptomatic AR with EF <50 % 
 Severe asymptomatic AR if undergoing CABG, surgery of the aorta, or other valves 
  Class II  
 Severe asymptomatic AR with ESD >55 mm or EDD >75 
 Severe asymptomatic AR with progressive dilation and ESD >50 mm and EDD 
>70 mm 
 Moderate AR at the time of CABG or surgery of the aorta 

 Surgical aortic valve replacement 
 Aortic valve repair only in 
selected cases at experienced 
valve centers 

  Mitral regurgitation    Class I  
 Asymptomatic severe MR 
 Asymptomatic severe MR with ESD >40 mm or EF <60 % 
  Class II  
 Asymptomatic severe MR when likelihood of repair is >90 % 
 Asymptomatic severe MR with new onset atrial fi brillation 
 Asymptomatic severe MR and PASP >50 mmHg at rest or >60 mmHg with exercise 

 Mitral valve repair is preferred 
 Mitral valve replacement if repair 
is not possible 

  Class I indicates the procedure  should  be performed because the benefi t clearly outweighs the risk based on current evidence. Class II indicated 
that the procedure  is reasonable  to perform; current data supports a favorable benefi t to risk ratio but additional studies with focused objectives are 
needed 
  AS  aortic stenosis,  CABG  coronary artery bypass graft surgery,  EF  ejection fraction,  EDD  end-diastolic dimension,  ESD  end-systolic dimension, 
 PASP  pulmonary arterial systolic pressure 
  a These recommendations are summarized from BONOW 2006 [ 35 ]  
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Prevalence of rheumatic MS is more common in females 
with a ratio of 2:1. Other less frequent causes of MS 
include mitral annular calcifi cation, rheumatoid arthritis, 
systemic lupus erythematosus, congenital MS, and 
mucopolysaccharidoses. 

    Pathophysiology 
 The hallmark of MS is a decrease in mitral valve area; in 
order to move blood fl ow through the narrower orifi ce, a 
greater pressure gradient is needed. A higher diastolic trans-
valvular gradient increases left atrial fi lling pressure and is 
refl ected to the pulmonary circulation leading to pulmonary 
hypertension and pulmonary edema due to the low pulmo-
nary venous compliance. Patients with MS rely on atrial con-
traction to generate the increased transvalvular gradient and 
as such do not tolerate atrial fi brillation or atrioventricular 
dyssynchrony. Transvalvular gradient is dependent on trans-
valvular fl ow rate which is determined by the diastolic fi lling 
period. An increase in heart rate from exercise, pregnancy, or 
infection reduces the diastolic fi lling period and worsens the 
symptoms of MS. 

 With rheumatic MS, there is a long latency period without 
symptoms. The interval between acute rheumatic fever and 
symptomatic MS shows marked geographical variability, 
likely related to recurrent infection, ranging from only a few 
years in Africa to as long as 20–40 years in North America 
[ 19 ,  20 ]. Mortality is high once severe symptoms develop in 
MS patients with less than 15 % survival at 5 years unless the 
valve obstruction is relieved [ 19 ,  21 ].  

    Diagnosis 
 Typical symptoms of MS include dyspnea during exertion, 
orthopnea, paroxysmal nocturnal dyspnea, and fatigue. 
Rarely hemoptysis and hoarseness from severe left atrial 
dilatation may occur. Atrial arrhythmias, especially AF, due 
to severe left atrial dilatation may cause palpitations as the 
presenting symptom. On physical exam, MS is characterized 
by a diastolic murmur preceded by an opening snap that will 
be best heard at the apex. Duration but not intensity of the 
murmur correlates with MS severity. 

 Echocardiographic characteristics of rheumatic MS 
include reduced excursion of the valve leafl ets, fusion of 
the commissures, and variable degrees of valve and 
chordal calcifi cation. The left atrium is usually enlarged, 
sometimes massively, and there is a high risk of atrial 
thrombus, even in patients in sinus rhythm. Measurements 
of valve area, mean gradients, and pulmonary arterial sys-
tolic pressure will determine the severity of MS (see 
Table  5.2 ).  

    Management 
 Percutaneous balloon valvotomy is the main therapeutic 
option for symptomatic moderate or severe MS. Success 

with balloon valvotomy increases when the valve has favor-
able morphology by echocardiographic criteria, which 
include mobile leafl ets with fusion only at the leafl et tips, 
mild valve thickening, mild chordal fusion and shortening, 
and minimal calcifi cation. 

    Balloon valvotomy is recommended for moderate as well 
as severe MS because of its effi cacy and relatively low risk as 
a nonsurgical intervention (see Table  5.3 ). Indications for 
mitral valve surgery include symptomatic moderate or severe 
MS when balloon valvotomy is not available or contraindi-
cated due to left atrial clot, signifi cant mitral regurgitation, or 
unfavorable valve morphology. 

 While awaiting surgical or percutaneous intervention, 
symptom relief can be achieved with diuresis if the patient 
has evidence of pulmonary edema, heart rate control with a 
beta blocker or calcium channel blocker, and avoiding physi-
cal stress that would result in tachycardia which is poorly 
tolerated. 

 In patients with previous rheumatic fever, antibiotic pro-
phylaxis to avoid recurrent rheumatic fever is recommended. 
This secondary prophylaxis can be with penicillin G 
1,200,000 U IM every 4 weeks, penicillin V 1 g oral daily, 
sulfadiazine 1 g oral daily, or, in those allergic to penicillin, 
a macrolide taken daily. The duration of secondary prophy-
laxis for rheumatic fever for those with carditis and residual 
valvular heart disease is 10 years or until 40 years of age; 
sometimes, lifelong prophylaxis is recommended if risk of 
reinfection is high [ 22 ]. 

 Follow-up of patients that do not meet criteria for balloon 
valvotomy or valve replacement is outlined in Table  5.3 .    

    Valve Regurgitation 

    Aortic Regurgitation 

 Aortic regurgitation (AR) is due either to intrinsic disease of 
the valve or to aortic root disease. Etiologies of valve-related 
AR include congenitally malformed valves (i.e., bicuspid 
valves), infective endocarditis, and rheumatic disease. AR 
from aortic root disease can occur with aortic dilatation 
due to a connective tissue disorder (i.e., Marfan syndrome), 
aortic dissection, or aortitis. The true prevalence of AR is 
unknown, but from echocardiographic studies the estimated 
prevalence of moderate AR is 0.8 % [ 23 ,  24 ]. 

    Pathophysiology 
 Regurgitation of blood back into the LV in diastole results in 
increased LV preload, whereas ejection of an increased total 
stroke volume into the high resistance aorta results in 
increased LV wall tension or afterload. With chronic AR, 
the LV compensates by dilating while maintaining normal 
wall thickness and contractile function (e.g., eccentric 
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hypertrophy). Compensatory LV dilation both increases total 
stroke volume, conserving effective forward stroke volume, 
and minimizes left ventricular end-diastolic pressure. With 
time, a subset of patients develops asymptomatic LV con-
tractile dysfunction, emphasizing the importance of close 
clinical and echocardiographic follow-up to avoid irrevers-
ible LV dysfunction.  

    Diagnosis 
 Many patients present with an asymptomatic murmur 
and are followed for many years prior to symptom onset. 
Exercise intolerance may be the presenting symptom in 
some patients. In severe, symptomatic AR, the main symp-
toms are exertional dyspnea, orthopnea, and paroxysmal 
nocturnal dyspnea. 

 On exam, patients have a wide pulse pressure, hyperdy-
namic pulse, and a high-frequency blowing decrescendo dia-
stolic murmur best heard at the left sternal border. There 
might be an associated mid systolic ejection murmur and a 
late diastolic rumble, known as an Austin Flint murmur. The 
intensity of S2 is often decreased. Peripheral fi ndings due to 
the hyperdynamic pulse include pulsation in the retinal arter-
ies and pupils (Becker’s sign), capillary pulsations in the nail 
beds (Quincke’s sign), systolic murmur over the femoral 
artery (Duroziez’s sign), pulsation of the uvula (Muller’s 
sign), and head bob with each heartbeat (De Musset’s sign), 
among others. 

 Echocardiography provides information on the severity 
and mechanism of AR, degree of LV dilation, LV ejection 
fraction, and aortic dimensions. AR severity is assessed by 
color Doppler, in conjunction with evidence for diastolic 
fl ow reversal in the descending and abdominal aorta and the 
degree of LV dilation. 

 MRI can provide accurate quantifi cation of regurgitant 
fl ow, regurgitant volumes, LV volumes, and ejection frac-
tion, but this is usually reserved for patients with poor echo-
cardiographic images or when aortic diameters need to be 
accurately determined.  

    Management 
 Medical management of chronic AR patients focuses on 
careful periodic clinical and echocardiographic evaluation to 
detect symptom onset and to evaluate for asymptomatic LV 
contractile dysfunction. 

 The main indication for surgery is severe symptomatic 
AR. In those who are asymptomatic, avoiding irreversible 
changes in the LV is critical. Thus, the criteria for surgery 
include LV end-systolic diameter of more than 55 mm and 
ejection fraction of less than 50 %. End-systolic LV dimen-
sion is thought to be a more reliable measurement since it is 
load independent. The only available treatment for AR is sur-
gical valve replacement; repair is rarely possible and percu-
taneous approaches are not available. Thus, the threshold for 

intervention is higher than for valve lesions with effective 
percutaneous approaches (such as MS) or repair procedures 
(such as mitral regurgitation). 

 Medical management does not improve survival or mor-
bidity and is used only for symptom relief in those who are 
not candidates for surgery. This includes diuresis to reduce 
pulmonary edema and vasodilators such as ACE inhibitors, 
angiotensin receptor blockers, or calcium channel blockers 
to reduce LV afterload.   

    Mitral Regurgitation 

 Mitral valve regurgitation (MR) either is due to primary 
valve pathology or is considered functional due to LV dila-
tion and dysfunction with distortion of the normal rela-
tionship between the valve apparatus and the LV. The most 
common causes of primary MR are myxomatous mitral 
valve or mitral valve prolapse (MVP), endocarditis, and 
rheumatic heart disease. In the Framingham study, the 
prevalence of moderate MR was 1.6 %. The prevalence of 
MVP is estimated at 1–2.5 % in the general population 
[ 25 ,  26 ]. 

   Pathophysiology 
 The hallmark of MR is regurgitant volume fl owing into the 
low-pressure left atrium during systole. Compensatory 
mechanisms include a decrease in afterload or wall tension 
of the LV which will allow for more complete emptying of 
the LV lower end-systolic dimensions and an increase in 
preload with the dilated LV accommodating a larger total 
stroke volume. In addition, the left atrium enlarges to accom-
modate the regurgitant volume at a normal fi lling pressure. 
Initially, LV contractile function is preserved, but long term, 
LV contractile dysfunction occurs in some patients and may 
be obscured by the altered loading conditions with MR. 
Despite the limitations in clinical measures of LV systolic 
function, demonstration of contractile dysfunction is based 
on assessment of LV end-systolic dimensions and ejection 
fraction.  

   Diagnosis 
 Most patients with MR are diagnosed following detection 
of an asymptomatic murmur; symptomatic patients may 
present with pulmonary edema, dyspnea on exertion, and 
PND. On exam, a holosystolic murmur is heard at the apex 
that radiates to the axilla. Depending on the mechanism of 
regurgitation, the murmur may radiate to the back if the 
regurgitant jet is more posteriorly directed as in patients 
with anterior leafl et prolapse. When the jet is anteriorly 
directed (with posterior leafl et prolapse), the murmur may 
radiate to the left parasternal border or even the top of the 
head (Merendino’s sign). 
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 Echocardiography allows determination of the mechanism 
of regurgitation including prolapse, chordal rupture, vegeta-
tions, or LV dysfunction. Echocardiography also allows mea-
surement of parameter keys to clinical decision- making, 
including LV size and systolic function, left atrial size, and 
pulmonary pressures. If severe MR is present but the LV and 
left atrium are not dilated, acute MR should be considered.  

   Management 
 The goal when monitoring patients with MR is to improve 
survival and preserve LV function. Periodic clinical and 
echocardiographic monitoring is recommended. In patients 
who develop AF, warfarin anticoagulation is recommended. 

 Criteria for valve surgery include severe symptomatic 
MR. In asymptomatic severe mitral regurgitation, the goal is 
to avoid irreversible LV dysfunction; LV end-systolic dimen-
sion should be followed since it is less infl uenced by load-
ing conditions and thus is a more reliable measurement than 
end- diastolic LV dimension. Long-term outcomes after mitral 
valve surgery are known to be better when LV ejection fraction 
is >60 % and LV end-systolic diameter is <40 mm [ 27 ,  28 ]. 

 There is no role for medical treatment in delaying pro-
gression or improving mortality in patients with primary 
MR. In adults with secondary or functional MR and LV dys-
function, afterload reduction may decrease regurgitation due 
to a reduction in LV size and improvement in systolic func-
tion. Biventricular pacing also may decrease the severity of 
functional MR. For ischemic MR, the primary focus is on 
treating the underlying coronary disease.   

    Acute Valvular Regurgitation 

 Acute valvular regurgitation is a surgical emergency and is 
associated with a high mortality if not identifi ed and treated 
in a timely fashion. Hemodynamically, signifi cant acute valvu-
lar regurgitation involves the aortic and mitral valves, whereas 
acute tricuspid and pulmonic valvular regurgitation are better 
tolerated. The etiology for acute valvular regurgitation includes 
infective endocarditis (IE), ischemic heart disease, blunt trauma, 
chordal rupture, prosthetic valve dysfunction, ascending aor-
tic dissection, and iatrogenic from procedural complications. 
Acute MR may be primarily due to a structural disruption of 
the valve, such as spontaneous chordal rupture or endocarditis, 
and secondarily from an abnormality of the LV or associated 
structures with resultant valve dysfunction. Primary or valvular 
causes represent a surgical emergency while secondary etiolo-
gies treatment will be directed to the underlying disease pro-
cess such as heart failure management or revascularization. 

   Pathophysiology 
 The pathophysiology of acute valvular regurgitation involves 
a sudden increase of volume into a LV that has not had time 
to adapt. This abrupt volume load into a small stiff chamber 

leads to a signifi cant increase in end-diastolic pressure that is 
refl ected into the pulmonary circulation causing acute 
increase in pulmonary pressures and pulmonary edema. 
Moreover, forward stroke volume is also decreased resulting 
in symptoms of low cardiac output, including heart failure 
and cardiogenic shock.  

   Diagnosis 
 Acute valvular regurgitation should be included in the differen-
tial diagnosis of all patients presenting with acute pulmonary 
edema, even when a cardiac cause is not initially suspected. 
Patients may present with shortness of breath and new onset of 
heart failure or cardiogenic shock or may be thought to have an 
acute pulmonary process. Chest pain may be the initial symp-
tom with aortic dissection or an acute coronary syndrome. On 
physical exam, the murmur may not refl ect the true severity of 
valvular dysfunction or might be absent because the low veloc-
ity fl ow across the valve does not generate a typical murmur. 
Other signs include tachycardia, diaphoresis, altered mental 
status, cool extremities, and pulmonary congestion. 

 Diagnosis depends on echocardiography where severe 
mitral or aortic regurgitation will be detected by color and 
Doppler fl ow imaging. Characteristics suggestive of acute 
regurgitation include valve vegetations, fl ail leafl ets, aortic 
dissection, or simply the fi nding of signifi cant regurgitation 
with a small LV. An exception to the fi nding of a non-dilated 
LV occurs in patients with acute or chronic regurgitation, 
such as mitral valve prolapse with chronic moderate regurgi-
tation with new chordal rupture or endocarditis. Whenever 
acute regurgitation is seen without a clear mechanism, blood 
cultures should be obtained to evaluate for endocarditis.  

   Management 
 The only treatment for primary acute valvular regurgitation 
is prompt surgical intervention. Medical management is 
mainly used for hemodynamic stabilization of the patient 
while awaiting surgery. To decrease the regurgitant volume 
and improve forward stroke volume, afterload reduction with 
vasodilators such as nitroprusside is helpful in some cases. 
An intra-aortic balloon pump is helpful for stabilization with 
acute MR but is contraindicated with acute AR because 
regurgitation worsens with diastolic balloon infl ation.    

    Right-Sided Valve Disease 

    Tricuspid Regurgitation 

 Tricuspid regurgitation (TR) of some degree is present in 
more than 80 % of echocardiograms but typically is mild and 
of no clinical signifi cance [ 25 ]. More severe TR is associated 
with worse survival independent of biventricular systolic 
function [ 29 ]. The majority of pathological TR is from sec-
ondary causes such as LV dysfunction, right ventricular (RV) 
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dilatation or dysfunction, pulmonary hypertension, severe 
mitral regurgitation, and pulmonary stenosis. Primary or 
intrinsic valvular causes of TR include Ebstein’s anomaly, 
ventricular septal defects that damage the tricuspid valve, 
rheumatic valve disease, endocarditis, and iatrogenic from 
pacemaker or defi brillator implantation damaging or deform-
ing the tricuspid valve. 

   Pathophysiology 
 Signifi cant TR causes an increase in right atrial pressure that 
is translated into the systemic venous circulation leading to 
signifi cant edema and liver congestion. To compensate for 
the increased volume, the RV enlarges with subsequent tri-
cuspid annular dilatation and worsening TR generating a 
vicious cycle of more TR. RV volume overload and dilata-
tion with time leads to RV dysfunction.  

   Diagnosis 
 Patients with isolated TR present with exercise intolerance, 
fatigue due to decreased cardiac output, and signs of right- 
sided heart failure such as edema, ascites, and congestive 
hepatopathy from high right atrial pressure. 

 The murmur of tricuspid regurgitation is a systolic mur-
mur best heard at the left parasternal border with inspiratory 
accentuation. If TR is severe, marked V waves are seen in the 
jugular pulsation and a pulsatile liver may be identifi ed. 

 On echocardiography, valve morphology, severity, and 
the mechanism of tricuspid regurgitation can be determined. 
By color and pulsed Doppler, the degree of TR is estimated 
taking into consideration that in functional TR, severity can 
be affected by loading conditions and afterload. Evidence of 
right ventricular and atrial dilatation suggests chronicity of 
TR. Finally, in patients in sinus rhythm, Doppler in the 
hepatic veins shows systolic fl ow reversal with severe TR.  

   Management 
 Outcomes with surgery for TR are suboptimal so that interven-
tion is deferred unless severe symptomatic TR is refractory to 
medical therapy or when valve repair is likely. In addition, 
tricuspid annuloplasty or repair is recommended in patients 
with severe TR who are undergoing mitral valve surgery.   

    Tricuspid Stenosis 

 Tricuspid stenosis (TS) is rare and it is usually secondary to 
rheumatic disease, occurring in about 9 % of patients with rheu-
matic mitral valve disease. Carcinoid syndrome also can cause 
tricuspid stenosis, although regurgitation is more common. 

   Pathophysiology 
 In TS there is a diastolic pressure gradient between the right 
atrium and RV that raises right atrial pressure causing sys-
temic venous congestion with resultant hepatic congestion, 

ascites, and edema. Due to the fi xed valve area and fi xed car-
diac output, patients present with fatigue.  

   Diagnosis 
 Symptoms of TS include edema, ascites, fatigue, and 
decreased exercise capacity. On physical exam there is a tri-
cuspid opening snap with a diastolic crescendo-decrescendo 
murmur best heard in the lower left parasternal border aug-
mented with inspiration. Jugular venous distention is present 
refl ecting the elevated right atrial pressure.  

   Management 
 Diuresis decreases congestive symptoms, but the ultimate 
therapy will be surgical open valvotomy or valve replace-
ment if open valvotomy does not yield good results.   

    Pulmonic Stenosis 

 Pulmonic stenosis is rare and usually congenital. The man-
agement consist of balloon valvotomy unless it is associated 
with subvalvular or supravalvular stenosis where surgery 
might be needed.  

    Pulmonic Regurgitation 

 The majority of isolated pulmonary regurgitation (PR) cases 
are from congenital heart disease. Most PR will be second-
ary to tetralogy of Fallot repair, especially when a transan-
nular patch is placed at the time of repair or after balloon 
valvotomy for pulmonic stenosis. Rarely there will be 
 isolated PR related to endocarditis. 

   Pathophysiology 
 Although previously thought to be benign, PR is now recog-
nized as deleterious due to volume overload of the RV, RV 
dilatation that leads to RV failure, and increased risk for 
 ventricular arrhythmias [ 30 ].  

   Diagnosis 
 Symptoms of PR include fatigue and peripheral edema. On 
exam there is wide splitting of S2 and a midsystolic ejection 
murmur best heard in the 2nd left intercostal space. The main 
diagnostic modality for evaluating PR is echocardiography, 
with magnetic resonance imaging used when accurate assess-
ment of right ventricular volumes and function is needed.  

   Treatment 
 Indications for surgery include severe symptomatic PR or 
severe asymptomatic PR with signifi cant RV enlargement 
and systolic dysfunction. Valve replacement with a biopros-
thetic valve is the preferred treatment, which may be via a 
surgical or transcatheter approach.    
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    Prosthetic Valves 

 The type of valve implanted at the time of surgery will 
depend on age of the patient, valve affected, lifestyle, comor-
bidities, and patient preference. 

 Mechanical valves are characterized by their longevity 
with a durability of 20–30 years compared to bioprostheses 
that have 10- to 15-year durability [ 31 ,  32 ]. The durability of 
a bioprosthesis is dependent on a patient’s age such that 
patients more than 65 years old tend to have lower rates of 
primary bioprosthetic valve failure compared to those less 
than 65 [ 31 ]. Mechanical valves, although durable, are more 
thrombogenic with an annual risk of thrombosis of 1.4 % 
compared to 0.87 % with a bioprosthesis and, thus, require 
lifelong anticoagulation with warfarin [ 33 ]. 

 Current guidelines recommend anticoagulation with war-
farin for mechanical valves with a goal INR of 2–3 for bileaf-
let or tilting disc aortic valves and 2.5–3.5 for cage and ball 
aortic valves or any type of valve in the mitral position. If 
there is high risk of thromboembolic complications, the tar-
get INR may be raised and aspirin can be added. For biopros-
thetic valves, anticoagulation is recommended with warfarin 
for the fi rst 3 months although many centers use only aspirin 
anticoagulation for this type of valve. 

 For “bridging” anticoagulation at the time of surgical 
interventions, in procedures with low bleeding risk, it may 
be appropriate to continue anticoagulation. When interrup-
tion of warfarin therapy is needed, heparin is recommended 
during the time period of a subtherapeutic INR. If there is 
history of prior thromboembolism, AF, hypercoagulable con-
dition, older-generation mechanical valves, or a mechanical 
valve in the mitral or tricuspid position, heparin is started 
when the INR falls below 2, then is stopped for 4–6 h before 
surgery and resumed postoperatively as soon as bleeding risk 
allows. For mechanical valves in the aortic position with no 
other risk factors, bridging is not required. In these lower risk 
patients, warfarin is stopped 48–72 h before the procedure 
and then restarted 24 h later. Most guidelines recommend 
intravenous heparin for bridging therapy, but some centers 
use subcutaneous low molecular weight heparin with close 
monitoring of levels. Although currently the only anticoagu-
lant that has been studied and approved for anticoagulation of 
patients with mechanical prostheses is warfarin, ongoing tri-
als of new anticoagulants might change practice in the future. 

 Clinical follow-up of patients with prosthetic valves is 
recommended yearly with echocardiography once after sur-
gery and a subsequent echocardiogram only if there is a 
change in symptoms or physical exam. Patient education is 
important during clinical visits emphasizing anticoagulation 
compliance, good dental hygiene, antibiotic prophylaxis 
prior to dental procedures, and the need to obtain blood cul-
tures if there is ever a concern for bloodstream infections.  

    Endocarditis Prophylaxis 

 In patients with prosthetic valves, antibiotic prophylaxis 
against endocarditis is recommended prior to dental procedures 
that involve manipulation of the gingival tissue, periapical 
region, or perforation of the oral mucosa [ 34 ]. The guidelines 
recommend against antibiotic prophylaxis for gastrointestinal 
or genitourinary procedures unless there is associated infec-
tions of these organs. The recommended antimicrobial regi-
men for those without penicillin allergy is amoxicillin 2 g oral 
or ampicillin 2 g IM or IV 30 min–1 h prior to the procedure. 
For those allergic to penicillin, cephalexin 2 g oral, clindamy-
cin 600 mg oral, azithromycin 500 mg oral, clarithromycin 
500 mg oral, ceftriaxone 1 g IV or IM, cefazolin 1 g IV or IM, 
or clindamycin 600 mg IV or IM can be used. 

 Key Points 

•     Calcifi c aortic stenosis is the main etiology of 
valvular AS. Common symptoms of severe AS 
are exercise intolerance and dyspnea on exertion. 
Treatment for severe symptomatic AS is aortic 
valve replacement.  

•   Most MS is secondary to rheumatic heart disease. 
Patients with rheumatic MS should receive second-
ary prophylaxis to avoid another episode of rheu-
matic fever. Balloon valvotomy is indicated for 
moderate to severe symptomatic MS.  

•   Common etiologies of acute valvular regurgitation 
include endocarditis, spontaneous chordal rupture, 
ischemia, and prosthetic valve dysfunction. Acute 
severe valve regurgitation is a surgical emergency.  

•   Congenitally abnormal valves and aortic root 
disease are the main causes of AR. Aortic valve 
replacement is indicated in severe symptomatic AR.  

•   In asymptomatic AR, close monitoring with inter-
vention when EF <50 % or LV end-systolic dimen-
sion of >55 mm is important to avoid irreversible 
LV changes.  

•   The main etiologies of chronic primary mitral regur-
gitation are mitral valve prolapse and rheumatic 
heart disease. Mitral valve repair or surgical valve 
replacement is indicated in severe symptomatic MR.  

•   In asymptomatic severe MR with EF <60 % or LV 
end- systolic dimension of >40 mm, repair or 
replacement is indicated in order to preserve LV 
function.  

•   Mechanical valves are very durable but require life-
long anticoagulation with warfarin. Bioprosthetic 
valves have limited durability with valve longevity 
inversely related to patient age.    
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        Introduction 

 Infective endocarditis was fi rst described in the seventeenth 
century by Lazarus Riverius [ 1 ]. The history of medicine is 
replete with descriptions of the many complications associ-
ated with infective endocarditis. The technological advances 
of modern medicine have improved our ability to diagnose 
infective endocarditis. But its associated morbidity and mor-
tality remain high, including the need for cardiac surgery in 
approximately 50 % of cases, in-hospital mortality of 
15–20 %, and 1-year mortality of 30–40 % in modern obser-
vational series [ 2 ]. 

 From an epidemiologic perspective, endocarditis is 
uncommon with an incidence of 3–9 episodes/100,000 
person- years [ 3 ,  4 ]. Although the incidence of endocarditis 
has remained stable over recent decades, the epidemiology 
has shifted toward more virulent causative organisms 
( Staphylococcus aureus ) and older hosts with increased 
comorbid medical problems. A number of patient character-
istics have been associated with the development of infective 
endocarditis. Infective endocarditis is more common in men 
than women with a gender ratio of 3–9:1 [ 5 – 7 ]. Intravenous 
drug abuse (IVDA) is associated with tricuspid valve and, 
also, left-sided valvular infective endocarditis, even in the 
absence of underlying valve disease [ 8 ]. There has also been 
an increase in the incidence of endocarditis in the elderly 
population with one study showing 20 episodes/100,000 
person-years in the Medicare population [ 9 ]. Although a 
high percentage of patients has some form of valvular or 
congenital structural heart disease predisposing them to 
development of infective endocarditis [ 10 ,  11 ], infection of 
apparently normal native valves may develop from virulent 
organisms. A variety of conditions are associated with 
 acquisition of infective endocarditis such as poor dentition, 
immunosuppression, liver cirrhosis, malignancies, or solid 
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organ transplant [ 12 ]. Increasingly, exposure to medical care 
such as hemodialysis, indwelling central venous catheters, 
and outpatient medical care, termed health-care-associated 
infection, is recognized as contributing to endocarditis in 
approximately one-third of cases. 

 The aortic valve is the most commonly infected valve 
(38 % of cases) [ 13 ]. This is followed closely by the mitral 
valve which is involved in 34 % of cases [ 13 ]. Isolated tricus-
pid valve endocarditis is less common but is linked to IVDA, 
chronic hemodialysis, and the presence of pacemaker or ICD 
leads that cross the valve [ 13 ].  

    Pathophysiology 

 The basis for the development of infective endocarditis is 
endothelial damage. This initial lesion promotes the deposi-
tion of fi brin and platelets to which bacteria or fungal micro-
organisms may adhere. Common locations of endothelial 
injury are valve coaptation sites, with the atrial side of the 
mitral and tricuspid valves and the ventricular side of the aor-
tic and pulmonary valves most commonly affected [ 14 ]. In 
addition, endothelial damage and subsequent infective endo-
carditis may occur at sites of turbulent jet lesions such as the 
left atrial wall with mitral regurgitation, the mitral chordal 
apparatus with aortic regurgitation, or the septal leafl et of the 
tricuspid valve with a ventricular septal defect [ 14 ]. The hall-
mark lesion of infective endocarditis, an infected vegetation, 
results from this process of microorganism attachment to 
platelet-fi brin complexes in areas of endothelial damage. 

 Any underlying cardiac abnormality serves as a host fac-
tor associated with the microbiology of endocarditis. Native 
valve infective endocarditis is most commonly caused by 
 Staphylococcus ,  Streptococcus ,  or Enterococcus  species [ 15 ]. 
Much less frequent are cases of infective endocarditis caused 
by HACEK (Haemophilus, Actinobacillus, Cardiobacterium, 
Eikenella, Kingella species) organisms or gram-negative 
bacilli. As mentioned previously, IVDA is a strong risk factor 
for developing endocarditis, and the vast majority (>80 %) 
of IVDA-associated tricuspid valve infections are caused by 
 S .  aureus  [ 15 ].  S .  aureus  is also associated with infection of 
normal heart valves in the absence of predisposing lesion. 

 The microbiology of prosthetic valve endocarditis is a func-
tion of the time interval since valve surgery. The three catego-
ries are early (<2 months), mid (2–12 months), and late (>12 
months) after valve replacement [ 16 ]. Nosocomial organisms, 
such as  S .  aureus , coagulase-negative species, and gram-nega-
tive bacilli, account for the majority of cases of early prosthetic 
valve infective endocarditis [ 16 ]. Midterm prosthetic valve 
endocarditis infections are a mixture of nosocomial organisms 
and microorganisms that are commonly associated with native 
valve infective endocarditis [ 16 ]. The microbiology of late 
prosthetic valve infective endocarditis is quite similar to that 

seen with native valve infections with  Staphylococcus  species, 
Viridans Streptococci, and  Enterococcus  species responsible 
for the vast majority of cases [ 16 ]. 

 Finally, intracardiac device-related infective endocarditis 
with implanted defi brillators and pacemakers is increasing in 
incidence [ 17 ,  18 ]. The majority of these cases are caused by 
 Staphylococcus  species (coagulase-negative  Staphylococci  
or  S .  aureus ) [ 19 ].  

    Diagnosis 

 The diagnosis of infective endocarditis can be challenging as 
many other infections and systemic processes have similar 
clinical manifestations. Fever is the most common symptom 
reported on presentation in 60–90 % of patients [ 20 ]. The 
detection of a heart murmur with auscultation is reported in 
80–85 % of patients with confi rmed infective endocarditis 
[ 16 ]. On physical examination, classic cutaneous sequelae of 
infective endocarditis such as Janeway lesions, splinter hem-
orrhages, conjunctival/mucosal hemorrhage, and the tender 
Osler’s nodes related to an underlying immunologic reaction 
may be found but are not sensitive diagnostic fi ndings. 
Sustained bacteremia with an organism typical for infective 
endocarditis is present in approximately 90 % of cases, so 
multiple sets of blood cultures should be drawn before admin-
istering antibiotics to a patient with suspected endocarditis. 

 Given the protean manifestations of this condition, sev-
eral case defi nitions have been developed to aid in correctly 
diagnosing patients with infective endocarditis. The most 
validated criteria are the Duke Criteria originally proposed in 
1994 [ 21 ] and later modifi ed to improve sensitivity. Since 
that time the diagnostic algorithm has been revised and vali-
dated in multiple populations [ 22 – 27 ]. The Duke Criteria 
consists of major and minor criteria (Table  6.1 ). The major 
criteria include positive blood cultures with a characteristic 
microorganism and evidence for endocardial infection. The 
minor criteria provide supporting clinical evidence of infec-
tive endocarditis based on predisposing conditions, immuno-
logic, and/or vascular manifestations. A diagnosis of  defi nite 
endocarditis  is made if 2 major criteria, 1 major and 3 minor 
criteria, 5 minor criteria or pathologic evidence are present 
[ 25 ]. A diagnosis of  possible endocarditis  is made if 1 major 
and 1 minor or 3 minor criteria are present [ 25 ]. Finally, a 
diagnosis of  rejected endocarditis  is made when there is a 
complete resolution of the clinical features suggesting endo-
carditis with ≤4 days of antibiotic therapy and absence of 
pathologic evidence for endocarditis on a surgical or autopsy 
specimen with ≤4 days of antibiotic therapy or an alternative 
diagnosis has been made [ 25 ].

   Echocardiography is critical to the diagnosis and 
 evaluation of patients with suspected or defi nite infective 
endocarditis. This is refl ected by the echocardiographic 
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 features listed as a major criterion of the Duke Criteria. The 
diagnostic utility of transthoracic (TTE) and transesopha-
geal echocardiography (TEE) has been evaluated in multiple 
studies. The sensitivity of TTE for the detection of vegeta-
tions is approximately 40 % [ 28 ]. The sensitivity of TTE 
for the detection of tricuspid valve vegetations is the high-
est given the proximity of the tricuspid valve to the chest 
wall. As expected, the diagnostic utility of TTE is greatest 
in patients with the greater pretest probability (intermedi-
ate to high likelihood) of having infective endocarditis 
[ 21 ]. It should be noted that a TTE examination that fails 
to  document vegetations does not conclusively exclude the 
diagnosis of endocarditis. 

 TEE provides greater spatial imaging resolution and, 
thus, higher sensitivity and specifi city to detect smaller veg-
etations and other anatomic fi ndings of endocarditis. A TEE 
should be pursued in patients with high pretest probability of 

endocarditis, such as patients with a prosthetic heart valve, 
persistent  Staphylococcus  bacteremia without a clear source 
of infection, and suspected cardiac implantable electronic 
device (CIED) endocarditis or patients with a high pretest 
probability but a negative TTE study [ 29 – 32 ]. An algorithm 
to guide the use of TTE and/or TEE in the evaluation of sus-
pected infective endocarditis is illustrated in Fig.  6.1 . TEE 
may also offer better assessment of valvular regurgitation 
severity and mechanism, particularly for mitral valve endo-
carditis, and help guide the decision for surgical treatment.

   Based upon the available evidence and expert opinion, 
guideline statements for the use of echocardiography in the 
evaluation of suspected infective endocarditis have been pub-
lished. The Class I American College of Cardiology/American 
Heart Association (ACC/AHA) indications for transthoracic 
echocardiography related to endocarditis are for the detection 
of vegetations, to assess valve and ventricular function in 
patients with defi nite endocarditis, to diagnose mechanical 
cardiac complications of endocarditis, and for the repeat 
imaging of patients with defi nite infective endocarditis [ 15 ]. 
The Class I ACC/AHA indications for transesophageal echo-
cardiography (TEE) are in the evaluation of patients with 
inconclusive TTE fi ndings with symptomatic infective endo-
carditis, for diagnostic evidence in patients with suspected 
endocarditis and equivocal TTE fi ndings, for the evaluation of 
mechanical cardiac complications, to evaluate suspected pros-
thetic valve endocarditis, and in the preoperative and intraop-
erative evaluation of defi nite infective endocarditis [ 15 ].  

    Management 

 Given the signifi cant morbidity and mortality associated 
with infective endocarditis, it is imperative to initiate appro-
priate empiric antimicrobial therapy as soon as the diagnosis 
is considered. However, in order to accurately diagnose 
endocarditis, it is necessary to obtain the requisite blood cul-
ture samples prior to starting antibiotic therapy. Initial 
empiric antibiotic selections can be narrowed based upon 
blood culture and sensitivity data and also input from 
 infectious diseases consultation. 

 Detailed empiric and culture-specifi c antimicrobial treat-
ment regimens have been defi ned based on a synthesis of the 
available clinical data and expert opinion in several society 
guidelines [ 15 ,  33 ]. The various antimicrobial regimens for 
a broad range of different infections are delineated in these 
documents [ 15 ,  33 ]. Native valve infective endocarditis is 
usually treated for 4 weeks with intravenous antimicrobial 
therapy, whereas prosthetic valve infective endocarditis is 
managed with 6 weeks of intravenous antibiotic therapy. After 
initial inpatient therapy, selected patients can be successfully 
treated with outpatient intravenous antibiotic infusion. This 
approach utilizing outpatient antibiotic management has 

   Table 6.1    Modifi ed Duke Criteria for the diagnosis of infective 
endocarditis   

  Major   Growth of typical bacterium from two separate blood 
cultures 
  Viridans Streptococci 
   Streptococcus bovis  
  HACEK organism 
   Staphylococcus aureus  
  Community-acquired enterococci 
 Persistent blood culture growth with a bacterium consistent 
with IE: 
  Two positive blood cultures >12 h apart 
  3 of 3 or a majority of ≥4 blood cultures 
  Coxiella burnetii  IgG titer >1:800 or growth from blood 
culture 
 Echocardiographic evidence: 
  Oscillating mass 
  Intracardiac abscess 
  New prosthetic valve dehiscence 
 New murmur of valve regurgitation 
 Endocardial involvement 

  Minor   Fever greater than 38 °C 
 Predisposing condition: 
  I.V. drug abuse 
  Prior valve disease 
 Immunologic manifestation: 
  Roth’s spots 
  Osler’s nodes 
  Positive rheumatoid factor serology 
  Glomerulonephritis 
 Vascular manifestation: 
  Janeway lesion 
  Embolic event 
  Intracranial hemorrhage 
  Mycotic aneurysm 
 Microbiologic data not satisfying the major criteria 
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demonstrated success in the management of patients with 
Staphylococcal, Streptococcal, and Enterococcal infective 
endocarditis [ 34 – 37 ]. 

 The issue of anticoagulation often arises in the care of a 
patient with infective endocarditis. There is controversy with 
respect to this issue since no randomized clinical trial data 
exists to guide management. Older observational data sug-
gests that there is a higher mortality due to neurologic com-
plications in patients receiving anticoagulation [ 38 ]. 
However, more recent prospective cohort data analysis 
reported no increase in cerebrovascular complications in 
patients on anticoagulant therapy [ 39 ]. In many centers, the 
standard of care is to discontinue chronic warfarin therapy at 
the time of endocarditis diagnosis and then initiate unfrac-
tionated heparin when the international normalized ratio 
(INR) is less than 2.0. Furthermore, warfarin can usually be 
restarted after 7 days of antibiotic therapy if valve surgery is 
not anticipated. If intracranial hemorrhage occurs and valve 
surgery is indicated, the Society of Thoracic Surgeons (STS) 
Clinical practice guidelines advise waiting at least 4 weeks 
to pursue valve surgery [ 40 ]. 

 Infective endocarditis is associated with a variety of 
clinical complications affecting multiple organ systems. 
Congestive heart failure related to valve dysfunction is the 
most common, occurring in one-third to one-half of cases 
[ 2 ,  41 ]. Systemic embolization with central nervous sys-
tem embolic stroke, along with embolism to the liver, kid-
neys, spleen, extremities, vertebral arteries, and the 
coronary arteries, also complicates many cases of endocar-
ditis. Subclinical embolic events are also common in 

patients with defi nite infective endocarditis with brain 
magnetic resonance imaging (MRI) showing evidence of 
cerebral infarction 30–48 % of patients [ 42 ,  43 ]. Embolic 
events are more common with mitral valve than aortic 
valve endocarditis [ 44 ,  45 ]. Septic pulmonary embolism 
may occur in cases of tricuspid valve endocarditis. Other 
well-characterized cardiac complications of endocarditis 
include paravalvular abscess formation, valve leafl et per-
foration, fi stula formation, and prosthetic valve dehis-
cence. Infl ammatory and immune-mediated complications 
such as glomerulonephritis, arthritis, and tenosynovitis are 
seen in many patients. 

 Valve surgery is integral to the treatment of patients with 
endocarditis who develop these complications or have a 
poor response to antibiotic therapy. This is also another area 
where large randomized clinical trial data is lacking. There 
are, however, several observational analyses that examine 
the utility of valve surgery in patients with infective endo-
carditis. A statistically signifi cant mortality benefi t for valve 
surgery in patients with infective endocarditis at 6-month 
follow-up has been demonstrated for patients with moder-
ate to severe heart failure [ 46 ], the most common indication 
for surgery in endocarditis. A recent publication reported on 
the variables associated with in-hospital and 1-year mortal-
ity using a prospective, multicenter cohort of patients with 
infective endocarditis [ 5 ]. This work analyzed data from 
4,075 patients with defi nite infective endocarditis with 1,359 
patients designated as having New York Heart Association 
(NYHA) Class I–IV heart failure using multivariate anal-
ysis with and without propensity score adjustment [ 5 ]. 

Low or intermediate pretest probability

TTE

TTE (+) TTE (+)

Perform TTE

High pretest probability

TTE

Findings supporting diagnosis of IE?

Suspected IE

TTE/TTE (–)

Consider other diagnosis

Medical therapy +/–
surgery

Clinical follow up

Consider repeat TTE
+/– TEE

No

Yes

Suspected treatment
failure or new
mechanical
complication

  Fig. 6.1    Algorithm for the use 
of echocardiography in the 
diagnosis and management of 
infective endocarditis       
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Once again, valve surgery during the index hospitalization 
was statistically associated with decreased in-hospital and 
1-year mortality [ 5 ]. 

 Other studies have used propensity score methodology 
to adjust for differences between patients treated with anti-
biotics only versus antibiotics and surgery and have found 
that surgery was associated with lower mortality [ 47 ]. 
Another prospective, multicenter, international registry data 
analysis of 1,552 patients with native valve infective endo-
carditis using propensity matching, survivor bias adjust-
ment, and instrumental variable adjustment also showed a 
statistically signifi cant mortality benefi t for valve surgery 
during the initial hospitalization compared with antibiotic 
therapy alone [ 48 ]. 

 Based on these observational data and expert clinical 
opinion, guidelines have been published by professional 
societies to identify patients who may benefi t from valve sur-
gery for infective endocarditis. The ACC/AHA Valvular 
Heart Disease Management Guidelines are summarized in 
Table  6.2  [ 15 ]. Surgical valve replacement should be consid-
ered for patients with a mobile vegetation greater than 
10 mm, recurrent embolic events, or for organisms resistant 
to standard antimicrobial therapy. The STS guidelines rec-
ommend mitral and tricuspid valve repair (Class I), if feasi-
ble, over valve replacement for patients who undergo valve 
surgery for infective endocarditis [ 40 ].

   Finally, there is data to support the use of a multidisci-
plinary management strategy employing professional society 
guidelines and infectious diseases, cardiology, and cardiac 
surgery consultation. Using this algorithm, a statistically sig-
nifi cant decrease in renal failure, multisystem organ failure, 
death from embolic events, and overall mortality was 
observed when compared with outcomes from the same 
institution prior to using the systematic approach [ 49 ]. 

 Over the last two decades, there has been a tremendous 
increase in the number of implanted cardiac devices. 
Correspondingly, the incidence of CIED infections has 
increased at an even faster pace [ 18 ,  50 ]. Clinical manage-
ment of patients with CIED endocarditis is guided by ACC/
AHA guideline recommendations published in 2010 [ 32 ]. 

The Class I recommendations for diagnosis and management 
of device-related endocarditis are detailed in Table  6.3 . In 
addition, the issue of timing of device reimplantation is 
addressed in this guideline document [ 32 ]. The Class I rec-
ommendations suggest evaluation of clinical indication for 
reimplantation and, if necessary, to implant at an anatomic 
location distant from the prior site. Reimplantation, when 
clinically indicated, is advised after 72 h of negative blood 
cultures for device infections [ 32 ].

   Given the lack of clinical evidence, the question of 
 endocarditis prophylaxis prior to invasive procedures is an 
often- debated issue. Statistical modeling has shown that 
 bacteremia and subsequent endocarditis from dental proce-
dures is exceedingly rare with an estimated risk of 1 in 95,000 
in the highest risk individuals [ 51 ]. Furthermore, there is 
no evidence that antibiotic prophylaxis prevents infective 
endocarditis. 

 Several professional society guidelines, based primarily 
on expert opinion, have been published over the last few 
years addressing the specifi c patients and procedures for 
which antibiotic prophylaxis may be indicated. The ACC/
AHA antibiotic prophylaxis guidelines are listed in Table  6.4 . 
This document narrowed the cardiac conditions for which 
antibiotic prophylaxis is recommended and restricted this 
only to invasive dental procedures [ 51 ]. For patients in whom 
antibiotic prophylaxis is indicated, a regimen of 2 g of 
 amoxicillin, or 600 mg of clindamycin for penicillin-allergic 

   Table 6.2    Class I ACC/AHA recommendations for valve surgery in 
patients with native or prosthetic valve infective endocarditis   

 Symptomatic heart failure from valve dysfunction (stenosis or 
regurgitation) 
 Fungal IE or infection with other antimicrobial resistant organism 
 Mechanical or anatomic complications of endocarditis: 
   Acute mitral or aortic regurgitation with evidence of increased left 

atrial or left ventricular end-diastolic pressures 
   Abscess, including new high-grade atrioventricular (AV) node 

block 
  Valve leafl et perforation 
  Fistula 
  Prosthetic valve dehiscence 

   Table 6.3    Class I ACC/AHA recommendations for the management 
of cardiac implantable electronic device (CIED) infections and CIED-
related infective endocarditis   

  Diagnosis of CIED infection : 
   Obtain two sets of blood cultures prior to initiation of 

antimicrobial therapy 
   Gram’s stain and culture of generator pocket tissue and lead tip at 

explant 
   TEE with positive blood cultures or negative cultures and recent 

antibiotic administration 
   TEE for careful evaluation of left-sided heart valves for evidence 

of concomitant valvular infective endocarditis 
  Management : 
   Isolated pocket infection: 10–14 days of antibiotic therapy after 

removal of device 
   Bacteremia and a device-related infection: minimum of 14 days 

after removal of device 
  Device-related endocarditis: 4–6 weeks of antibiotic therapy 
  Device and lead extraction: 
    Defi nite CIED infection with a complicated pocket infection 

and abscess/erosion/or sinus tract even without evidence of lead 
infection 

    Valvular infective endocarditis even in the absence of obvious 
lead or device infection 

   Unexplained  Staphylococcus  bacteremia 
  New device implantation: 
   Assess need for intracardiac device 
   Place new device at a site distant from prior device 
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patients, 30–60 min prior to dental work is recommended 
[ 51 ]. Meanwhile, the ACC/AHA guidelines on the manage-
ment of adult congenital heart disease published in 2008 
expand the recommendation for antibiotic prophylaxis prior 
to vaginal delivery for patients with prosthetic heart valves 
and prosthetic material as a component of cardiac repair or in 
surgically repaired (surgical shunt or conduit) or unrepaired 
cyanotic cardiac disease [ 52 ].

   In a similar manner to the ACC/AHA guidelines, the 
European Society of Cardiology (ESC) advises prophylaxis 
only for invasive dental procedures in the highest risk popu-
lations defi ned in the ACC/AHA statement with the excep-
tion of the transplant valvulopathy group which is not 
included in the ESC document [ 53 ]. An even more conserva-
tive policy is now advocated in the United Kingdom by the 
British National Institute for Health and Clinical Excellence 
(NICE) with antibiotic prophylaxis to prevent infective 
endocarditis no longer recommended for any population 
undergoing any type of invasive dental procedure [ 54 ].   

    Summary of Guidelines 

 Class I ACC/AHA indications for valve surgery with infec-
tive endocarditis: symptomatic heart failure, infection with a 
fungal organism or other multidrug-resistant organism, and 
cardiac complications (abscess, heart block, fi stula). 

 Class I ACC/AHA indications for TTE in the evaluation 
of infective endocarditis: detection of vegetations, assess 
valve and ventricular function in patients with defi nite endo-
carditis, diagnose mechanical cardiac complications of 
endocarditis and for the repeat imaging of patients with defi -
nite infective endocarditis. 

 Class I ACC/AHA indications for TEE in the evaluation 
of infective endocarditis: inconclusive TTE fi ndings with 
symptomatic infective endocarditis, diagnostic evidence in 
patients with suspected endocarditis and equivocal TTE fi nd-
ings, evaluation of mechanical cardiac complications, to 
evaluate suspected prosthetic valve endocarditis and in the 
preoperative and intraoperative evaluation of defi nite infec-
tive endocarditis. 

 Class I STS guideline recommendation for mitral or tri-
cuspid valve repair over replacement, if technically feasible, 
in patients having valve surgery for infective endocarditis of 
the mitral or tricuspid valve. 

 Class I STS guideline recommendation to postpone valve 
surgery for at least 4 weeks following intracranial hemor-
rhage related to active infective endocarditis. 

 Class I ACC/AHA recommendations for CIED infections:
   Four to six weeks of antibiotic therapy with device-
related endocarditis.  
  Device and lead extraction with a CIED infection and 
a complicated pocket infection, in the presence of val-
vular infective endocarditis, or with unexplained 
 Staphylococcus  bacteremia.  
  New device implant, if clinically indicated, at a site 
distant from prior device.    

 Class I ACC/AHA indications for antibiotic prophylaxis 
prior to invasive dental work: prior infective endocarditis, 
prosthetic heart valve or repair, cardiac transplant valvulopa-
thy or congenital heart disease with residual shunt adjacent 
to prosthetic material used in surgical repair, within the fi rst 
6 months after surgical or percutaneous repair or unrepaired 
cyanotic conditions.     
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        Introduction 

 The pericardium consists    of two sacs: the outer, fi brous 
pericardium and the inner, serous or visceral pericardium. 
The proximal portions of the aorta and pulmonary artery are 
enclosed within the pericardial sac. The normal pericardium 
prevents friction between the heart and surrounding struc-
tures, acts as a mechanical and immunological barrier, and 
limits distension of the heart which maintains a relatively 
fi xed maximal heart volume. In normal hearts, these functions 
are achieved by the presence of a small amount of pericardial 
fl uid (25–50 ml) produced by the visceral pericardium. 

 Pericardial diseases are relatively common in clinical prac-
tice and may present either as isolated disease or as a manifes-
tation of a systemic disorder. Although the potential etiologies 
are varied and complex (Table  7.1 ), the pericardium has a 

relatively nonspecifi c response to these different causes with 
infl ammation of the pericardial layers and possible increased 
production of pericardial fl uid. Chronic infl ammation with 
fi brosis and calcifi cation can lead to a rigid, usually thick-
ened, and calcifi ed pericardium, with possible progression to 
pericardial constriction. On this basis, pericardial disease may 
present as acute and recurrent pericarditis, pericardial effu-
sion, cardiac tamponade, and constrictive pericarditis [ 1 – 6 ]. 
At present there are no updated international guidelines on the 
management of pericardial diseases beyond the 2004 guide-
lines issued by the European Society of Cardiology [ 7 ].

       Pathophysiology 

    Pericarditis 

 Pericarditis is the most common disease of the pericardium 
encountered in clinical practice. It is diagnosed in 0.1 % of 
all admissions and 5 % of emergency room admissions for 
chest pain [ 8 ]. 

    Abstract 

 Pericardial diseases are relatively common in clinical practice and may occur either as iso-
lated disease or as a manifestation of a systemic disorder. A targeted etiological search should 
be directed to the most likely cause on the basis of the clinical background, epidemiological 
issues, or specifi c presentations. Clinicians should consider neoplastic, tuberculous, and 
purulent causes, as well as forms related to a systemic disease. Most cases remain idiopathic, 
and empiric anti-infl ammatory therapy should be considered as fi rst-line therapy in most 
cases with the possible addition of colchicine in the setting of infl ammatory pericardial dis-
eases especially those that relapse or do not respond to fi rst-line drugs. The prognosis is 
determined by the underlying cause, with bacterial and neoplastic forms having the worst 
prognosis. Contemporary optimal management of the patient with suspected pericardial dis-
ease often requires the selection and integration of different imaging modalities.  
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 Globally, tuberculosis is the most important cause of 
pericardial diseases and pericarditis [ 9 ]. In this setting tuber-
culosis is often associated with HIV infection, especially 
in Sub-Saharan Africa [ 10 ]. On the contrary, idiopathic 
and viral forms are more common in developed countries 
(Table  7.2 ).

   Recurrent pericarditis is the most common and trouble-
some complication of acute pericarditis affecting 20–30 % of 
patients after a fi rst attack of acute pericarditis. The patho-
genesis of recurrent pericarditis is not known. A new viral 
infection, a reinfection, or a chronic viral infection has been 

proposed as possible causes. In many cases, inadequate 
 therapy of the fi rst attack (low doses, short courses without 
complete resolution of symptoms, and markers of infl amma-
tion) may be causative [ 1 ,  3 ]. However, the pathogenesis of 
acute pericarditis is often presumed to be immune-mediated; 
genetic predisposition and autoimmune responses may be 
important in many cases. In a recently published study on 
idiopathic recurrent pericarditis, anti-heart (AHA) and anti-
intercalated- disk (AIDA) antibodies were identifi ed in two- 
thirds of patients supporting the autoimmune hypothesis of 
recurrent pericarditis [ 11 ].  

     Table 7.1    Etiology of pericardial diseases. The pericardium may be affected by all categories of diseases including infectious, autoimmune, 
neoplastic, iatrogenic, traumatic, and metabolic   

  Infectious causes  
  Viral  (coxsackievirus, echovirus, EBV, CMV, adenovirus, parvovirus B19, and human herpes virus 6-possible overlap with etiological viral 
agents of myocarditis) 
  Bacterial  (tuberculosis, Coxiella burnetii, other bacterial rare may include Pneumo-, Meningo-, Gonococcus, Haemophilus, Streptococci, 
Staphylococci, Chlamydia, Mycoplasma, Legionella, Leptospira, Listeria) 
  Fungal  (rare: Histoplasma more likely in immunocompetent patients, aspergillosis, blastomycosis, Candida more likely in immunosuppressed 
host) 
  Parasitic  (very rare: Echinococcus, Toxoplasma) 
  Noninfectious causes  
  Autoimmune  
    Pericardial injury syndromes  (postmyocardial infarction syndrome, post-pericardiotomy syndrome, post-traumatic including forms after 

iatrogenic trauma) 
    Systemic autoimmune and autoinfl ammatory diseases  (systemic lupus erythematosus, Sjögren syndrome, rheumatoid arthritis, systemic 

sclerosis, systemic vasculitides, Behçet syndrome, sarcoidosis, familial Mediterranean fever) 
  Neoplastic  
   Primary tumors  (rare, above all pericardial mesothelioma) 
   Secondary metastatic tumors  (common, above all lung and breast cancer, lymphoma) 
  Metabolic  (uremia, myxedema, other rare) 
  Traumatic  and iatrogenic 
   Direct injury  (penetrating thoracic injury, esophageal perforation, iatrogenic) 
   Indirect injury  (non-penetrating thoracic injury, radiation injury) 
    Drug - related  ( p     rocainamide ,  hydralazine ,  isoniazid ,  and phenytoin  as lupus-like syndrome,  penicillins  as hypersensitivity pericarditis with 

eosinophilia,  doxorubicin ,  and daunorubicin  often associated with a cardiomyopathy, may cause pericardiopathy) 
   Post - interventions : e.g., coronary percutaneous intervention, pacemaker lead insertion, and radiofrequency ablation 

  Modifi ed from Imazio et al. [ 1 ]  

   Table 7.2    Final etiological    diagnosis in major published unselected series of acute pericarditis   

 Permanyer-Miralda et al. [ 62 ]  Zayas et al. [ 63 ]  Imazio et al. [ 64 ]  Reuter et al. a  

 Patients  ( n  = 231)  ( n  = 100)  ( n  = 453)  ( n  = 233) 

 Years  1977–1983  1991–1993  1996–2004  1995–2001 

 Geographic area  Western Europe  Western Europe  Western Europe  Africa 

 Idiopathic  199 (86.0 %)  78 (78.0 %)  377 (83.2 %)  32 (13.7 %) 
 Specifi c etiology:  32 (14.0 %)  22 (22.0 %)  76 (16.8 %)  201 (86.3 %) 
  Neoplastic  13 (5.6 %)  7 (7.0 %)  23 (5.1 %)  22 (9.4 %) 
  Tuberculosis  9 (3.9 %)  4 (4.0 %)  17 (3.8 %)  161 (69.5 %) 
  Autoimmune  4 (1.7 %)  3 (3.0 %)  33 (7.3 %)  12 (5.2 %) 
  Purulent  2 (0.9 %)  1 (1.0 %)  3 (0.7 %)  5 (2.1 %) 

  Modifi ed from Imazio et al. [ 1 ] 
  a Based on pericardial effusions  
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    Pericardial Effusion 

 Pericardial effusion, without evidence of infl ammation and 
pericarditis, often presents a clinical dilemma. An idiopathic 
etiology is less common in patients who present with an iso-
lated pericardial effusion than in those who have acute peri-
carditis. Specifi c diagnoses (nonidiopathic etiologies) have 
been reported in up to 90 % of patients with moderate to 
large pericardial effusions [ 12 ]. Although reported frequen-
cies vary according to geographic location, selection criteria 
(how effusion severity is defi ned), and medical setting (gen-
eral vs. tertiary referral centers), the etiology of pericardial 
effusion can often be suspected on the basis of the clinical 
presentation. Pericardial effusion is associated with a known 
systemic disease in up to 60 % of cases [ 13 ]. The presence of 
infl ammatory signs, including elevated C-reactive protein 
(CRP) and erythrocyte sedimentation rates (which favor a 
diagnosis of pericarditis), and the size and hemodynamic 
importance of the effusion should also be considered. Large 
effusions and cardiac tamponade without infl ammatory signs 
are often associated with a neoplastic etiology [ 12 ,  13 ]. 

 Pericardial effusions can occur as a component of almost 
any pericardial disorder, but the majority results from one of 
the following causes conditions: pericarditis, systemic 
infl ammatory diseases, post-injury pericardial syndromes 
(myocardial infarction, cardiac surgery, iatrogenic or acci-
dental trauma), malignancies (especially lung cancer, breast 
cancer, and lymphomas), mediastinal radiation, metabolic 
diseases (especially renal failure and hypothyroidism), aortic 
dissection, and, rarely, with selected drugs (Table  7.1 ). 

 Patients with hemorrhagic pericardial effusions have 
more commonly a neoplastic, tuberculous, or iatrogenic 
cause. In this setting, the presentation with large pericardial 
effusions or cardiac tamponade is more frequent [ 12 ].  

    Cardiac Tamponade 

 Cardiac tamponade is a clinical pericardial syndrome char-
acterized by compression of the heart due to accumulation 
of pericardial fl uid, pus, blood, clots, gas within pericardial 
space, and subsequent impaired diastolic fi lling and reduced 
cardiac output [ 14 ,  15 ]. According to 2004 European Society 
of Cardiology guidelines, cardiac tamponade is defi ned as the 
decompensated phase of cardiac compression caused by effu-
sion accumulation and the resultant increased intrapericardial 
pressure [ 7 ]. Cardiac tamponade presents with equal eleva-
tion of atrial and pericardial pressure, an exaggerated inspira-
tory decrease in arterial systolic pressure (pulsus paradoxus), 
distended jugular veins, and arterial hypotension [ 16 ]. 

 The etiology of cardiac tamponade is varied reflecting the 
epidemiological background and different possible causes of 

pericardial disease. Pericardial diseases of any etiology may 
cause cardiac tamponade (Table  7.1 ); however, specific etiol-
ogies have a higher risk of evolution toward tamponade [ 13 , 
 17 ,  18 ]. Bacterial pericarditis (especially tuberculous) and 
neoplastic pericardial disease are the most common causes 
of cardiac tamponade [ 19 – 21 ]. In developed countries an 
additional relevant cause is represented by iatrogenic peri-
cardial effusion that occurs most frequently in percutaneous 
cardiac interventions (coronary interventions, mitral valvu-
loplasty, endomyocardial biopsy), pacemaker implantation, 
and radiofrequency ablation [ 22 ]. 

 The pericardium has a limited distensibility essentially 
determined by the histological composition of the parietal 
pericardium with a limited amount of elastic fi bers and more 
collagen fi bers. However, if pericardial fl uid accumulates 
slowly, a remodeling of pericardial connective tissue may 
allow pericardial distension with accumulation of up to 
2,000 ml of fl uid. On the contrary, acute tamponade occurs 
with accumulation of as little as 250 ml [ 14 ,  23 ]. 

 The pressure-volume relation of normal pericardium is 
a J-shaped curve. After an initial short shallow portion that 
allows the pericardium to prevent cardiac chamber dilata-
tion in response to physiological events such as posture 
changes, there is a minimal increase in pericardial pres-
sure. Thereafter the pressure increase is extremely steep for 
sudden, acute changes of volume. Thus an acute increase 
of 100–200 ml may greatly elevate pericardial pressure to 
20–30 mmHg and be responsible for cardiac tamponade. 
On the contrary, a slowly increasing pericardial volume is 
accompanied by only modest increases of pericardial pres-
sure, even up to 1,000–2,000 ml before the development of 
cardiac tamponade.  

    Constrictive Pericarditis 

 Constrictive pericarditis occurs when the fi brotic peri-
cardium impedes normal diastolic fi lling because of 
loss of elasticity. Usually the pericardium is consider-
ably thickened, but it can be of normal thickness in up 
to 20 % of cases. Pericardiectomy is equally successful 
in patients with and without increased pericardial thick-
ness. Histopathologic abnormalities, including mild and 
focal fi brosis, infl ammation, calcifi cation, fi brin deposi-
tion, and focal noncaseating granulomas, may be present. 
Pericardial constriction is typically chronic, but variants 
include subacute, transient, and occult constriction. The 
most common etiologies are idiopathic or viral (42–49 %), 
cardiac surgery (11–37 %), radiation therapy, mostly for 
Hodgkin’s disease or breast cancer (9–31 %), connective 
tissue disorders (3–7 %), and infection (tuberculous or 
purulent pericarditis, 3–6 %) [ 1 ,  4 ]. Tuberculosis is a major 
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cause of constrictive pericarditis in developing countries, 
and this etiology is particularly prevalent in Africa [ 20 ]. 
In developed countries, tuberculous pericarditis is rare but 
is being reported with increasing frequency among immi-
grants from developing nations and in patients with HIV 
infection [ 1 ].   

    Diagnosis 

    Pericarditis 

 The clinical diagnosis of acute pericarditis is relatively easy 
(Table  7.3 ), while the identifi cation of the etiology may be 
more complex [ 24 ,  25 ]. Markers of infl ammation are ele-
vated in most cases at presentation and may confi rm the 
clinical suspicion of pericarditis. In a recently published 
Italian study, high-sensitivity CRP (hs-CRP) was elevated in 
about 80 % of cases at presentation. Recognized causes of a 
negative hs-CRP at presentation were early assessment in 15 
of 44 cases (34 %) and previous anti-infl ammatory therapies 
in 22 of 44 cases (50 %). Hs-CRP normalization was 
achieved with the following time course: 120 of 200 (60 %) 
at week 1, 170 of 200 (85 %) at week 2, 190 of 200 (95 %) at 
week 3, and all cases (100 %) at week 4. Persistent elevation 
of hs-CRP was a risk factor for recurrences in multivariable 
analysis [ 26 ].

       Pericardial Effusion 

 The diagnosis of pericardial effusion can be easily achieved by 
the use of transthoracic echocardiography. Echocardiography 
is the fi rst-level diagnostic modality for the assessment of the 
presence, size, and hemodynamic importance of pericardial 
effusion. Echocardiography is able to detect pericardial effu-
sions exceeding 15–35 ml. According to a common semi-
quantitative assessment, pericardial effusions are graded 
according to the echo-free space in diastole [ 12 ] as:
•    Small (<10 mm)  
•   Moderate (10–20 mm)  
•   Large (>20 mm)    

 Echocardiography is recommended for the evaluation of 
all patients with suspected pericardial disease [ 27 ].  

    Cardiac Tamponade 

 In a systematic review of the literature, fi ve features have 
been reported in the majority of patients with cardiac tam-
ponade: dyspnea (85–90 %), cardiomegaly on chest radio-
graph (89 %), pulsus paradoxus (82 %), tachycardia (77 %), 
and elevated jugular venous pressure (76 %). In the setting of 
a large pericardial effusion, the presence of pulsus paradoxus 
with an inspiratory decrease of systolic blood pressure 
>10 mmHg increases the likelihood of cardiac tamponade 
threefold [ 28 ]. Hypotension and diminished heart sounds 
were insensitive. Cardiac tamponade includes a hemody-
namic spectrum ranging from mild to severe cases and with 
different onset (acute vs. subacute). Clinical examination is 
essential to suspect tamponade in a single patient. Cardiac 
tamponade is a clinical diagnosis that should be based on the 
combination of symptoms and signs and that can be con-
fi rmed noninvasively by echocardiography [ 28 ]. Most cases 
of cardiac tamponade have a moderate to large pericardial 
effusion, and swinging of the heart within the pericardial 
fl uid is a common echocardiographic fi nding [ 12 ]. 

 Echocardiographic fi ndings in cardiac tamponade are 
essentially characterized by transient chamber collapse and 
increased ventricular interdependence [ 29 ]. Major echocar-
diographic signs include:
•     Diastolic collapse of the right atrium  ( RA ): This is an 

early sign that can be detected with moderate to large 
pericardial effusions without cardiac tamponade; sensitiv-
ity range is 50–100 % and specifi city range is 33–100 %.  

•    Diastolic collapse of the right ventricle : Right ventricu-
lar (RV) collapse is less sensitive for the presence of car-
diac tamponade than RA collapse but it is more specifi c; 
sensitivity range is 48–100 % and specifi city range is 
72–100 %.  

•    Left - sided chamber collapse : Left atrial (LA) collapse is 
recorded in about 25 % of cases with cardiac tamponade 
and is a very specifi c sign. Left ventricular (LV) collapse 
is rare because LV pressures are higher and its wall is 
thicker than RV. This sign can be seen in case of regional 
or focal compression.  

•    Respiratory variation in volumes and fl ows of  cardiac 
chambers : Increased ventricular interdependence observed 
in cardiac tamponade is responsible for reciprocal changes 
of LV and RV volumes and mitral and tricuspid fl ows dur-
ing respiratory phases. Variations in E velocities during 
respiration across the mitral valve, tricuspid valve, and 
pulmonary outfl ow that are greater than 25, 50, and 30 %, 
respectively, indicate cardiac tamponade.  

•    Inferior vena cava  ( IVC )  plethora : An inspiratory col-
lapse of less than 50 % of the diameter of the dilated IVC 
refl ects a marked elevation in central venous pressure and 
is frequently reported in patients with cardiac tamponade. 

   Table 7.3    Diagnostic criteria for pericarditis (at least 2 of 4 should be 
present)   

 1. Typical chest pain 
 2. Pericardial friction rub 
 3.  Suggestive ECG changes 

(typically widespread ST segment elevation, PR depression) 
 4. New or worsening pericardial effusion 
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It is a very sensitive sign (97 %) but not very specifi c 
(40 %), being common in other pathologic conditions 
(i.e., heart failure, tricuspid regurgitation).    
 In most patients, cardiac tamponade should be diagnosed 

by a clinical examination that shows elevated systemic 
venous pressure, tachycardia, dyspnea, and paradoxical 
arterial pulse. Systemic blood pressure may be normal, 
decreased, or even elevated. The diagnosis is confi rmed 
by echocardiographic demonstration of a moderately large 
or large circumferential pericardial effusion and, in most 
instances, of RA compression, abnormal respiratory varia-
tion in right and left ventricular dimensions and in tricuspid 
and mitral valve fl ow velocities [ 30 ].  

    Constrictive Pericarditis 

 Patients with suspected constrictive pericarditis, based on 
history and physical examination, should undergo initial 
evaluation with electrocardiography (ECG), chest radiogra-
phy, and echocardiography. While the diagnosis of con-
strictive pericarditis is often made by echocardiography, 
patients commonly undergo cardiac catheterization prior to 
surgical intervention. Invasive hemodynamic evaluation 
during cardiac catheterization can confi rm the diagnosis, 
and concurrent coronary angiography defi nes the patient’s 
coronary anatomy prior to possible surgical intervention. In 
patients being evaluated for pericardiectomy, particularly 
those with prior radiation exposure, computed tomography 
or cardiac magnetic resonance imaging can provide addi-
tional detailed anatomic information about adjacent vascu-
lar structures and the extent of pericardial thickening, 
calcifi cation, and scarring [ 16 ]. 

 Pericardial infl ammation may be a marker for reversibil-
ity. In a pilot study from the Mayo Clinic, pericardial late 
gadolinium enhancement (LGE) by cardiac magnetic 
 resonance (CMR) and infl ammatory biomarkers predicted 
the reversibility of constriction after anti-infl ammatory ther-
apy. In this study, about 50 % of patients receiving empiric 
 anti- infl ammatory therapies had resolution of constriction 
after 13 months of follow-up. The patients with reversible 
constriction had higher baseline CRP levels and erythrocyte 
sedimentation rates than the persistent constriction 
group [ 31 ]. A recent study also investigated the prevalence 
and histopathologic correlates of LGE seen with CMR 
among patients with constrictive pericarditis undergoing 
pericardiectomy. In this study 12 of 25 patients (48 %) with 
LGE had greater fi broblastic proliferation and neovascular-
ization, as well as more prominent chronic infl ammation and 
granulation tissue, while patients with constriction without 
pericardial LGE had more pericardial fi brosis and calcifi ca-
tion, as well as lesser degrees of pericardial thickening [ 32 ]. 

Further studies in a larger number of patients are needed but 
growing evidence suggests the importance of assessing 
infl ammation and reversibility of constriction in the setting 
of newly diagnosed constrictive pericarditis. 

 Although cardiac catheterization has historically been the 
principal diagnostic modality for the diagnosis of constric-
tive pericarditis, this diagnosis can now be made by noninva-
sive methods (echocardiography, CMR) in most cases. 
Cardiac catheterization may be useful to resolve discrepan-
cies between clinical and other diagnostic data [ 33 – 36 ].   

    Management 

    Pericarditis 

 Idiopathic and viral pericarditis has a relatively benign out-
come. It is often self-limiting or responds well to conven-
tional anti-infl ammatory therapy. On this basis, patients with 
pericarditis can be safely managed on an outpatient basis 
without a thorough diagnostic evaluation unless a specifi c 
cause is suspected or the patient has high-risk features (fever 
>38 °C, subacute course, severe pericardial effusion >20 mm, 
cardiac tamponade, and lack of response to empiric anti- 
infl ammatory therapy). A targeted etiological    search should 
be directed to the most common causes on the basis of the 
clinical background, epidemiological issues, or specifi c pre-
sentations. In developed countries the clinicians should rule 
out neoplastic, tuberculous, and purulent pericarditis, as well 
as pericarditis related to a systemic disease [ 1 ,  23 ,  24 ]. An 
algorithm has been proposed to select high-risk cases of 
acute pericarditis for admission and low-risk cases for outpa-
tient management (Fig.  7.1 ) [ 1 ].

   Treatment of pericarditis should be targeted at the specifi c 
cause as much as possible [ 1 ]. However, most cases remain 
idiopathic, and empiric anti-infl ammatory therapy should be 
considered as fi rst-line therapy in most cases. Aspirin and 
nonsteroidal anti-infl ammatory (NSAID) are the mainstays 
of empiric anti-infl ammatory therapy (Table  7.4 ) [ 1 ,  37 ]. 
Aspirin is a reasonable fi rst choice for patients with ischemic 
heart disease or with any indication for aspirin use as anti-
platelet therapy. Full anti-infl ammatory doses should be used 
with administration every 8 h in order to control symptoms 
over the fi rst 24 h. The ideal length of therapy is not well 
known. A proposed practical approach is to develop a tai-
lored management providing the full anti-infl ammatory dose 
until symptoms resolve and CRP levels return to normal 
[ 26 ]. Tapering may be considered after symptoms resolve 
and markers of infl ammation normalize [ 26 ,  38 ]. Systemic 
corticosteroids are a second-choice therapy especially for 
patients with contraindications to aspirin or NSAIDs, incom-
plete response to or failure of fi rst-line anti-infl ammatory 
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therapy, and for specifi c indications such as systemic infl am-
matory diseases or pregnancy [ 39 – 41 ]. Use of low to moder-
ate doses (i.e., prednisone 0.2–0.5 mg/kg/day) is associated 
with better outcomes than higher doses (i.e., prednisone 
1.0–1.5 mg/kg/day). The initial dose should be continued 
until symptoms resolve and CRP normalizes after which 
these agents should be slowly tapered [ 1 ].

   In a recently published systematic review of controlled 
clinical trials on pharmacologic treatments for acute and 
recurrent pericarditis, colchicine use was associated with 
a reduced risk of treatment failure (odds ratio (OR) = 0.23) 
and recurrent pericarditis (OR = 0.39) but with a trend 
toward more adverse effects (OR = 5.27). Corticosteroids 
were associated with a trend toward increased risk of recur-
rent pericarditis (OR = 7.50), possibly because steroids pro-
mote a chronic form of the disease, especially in the setting 
of idiopathic/viral forms. Moreover low-dose steroids may 
reduce the risk of treatment failure or further recurrences 
(OR = 0.29), readmissions (OR = 0.19) , and adverse effects 
(OR = 0.07) compared to high-dose corticosteroids [ 37 ]. 

 The prognosis of pericarditis is essentially determined by 
the etiology of the underlying disease. Idiopathic/viral peri-
carditis has an overall good prognosis, usually with a good 
response to empiric anti-infl ammatory therapy and often self-
limiting. Recurrences are possible and may affect the quality 

of life especially for patients on corticosteroid therapy. The 
mean recurrence rate is 30 % [ 1 ]. The most feared compli-
cation is the evolution toward constrictive pericarditis. In a 
recently prospective study on 500 consecutive cases with 
acute pericarditis of different etiologies, constriction devel-
oped in 9 of 500 patients (1.8 %): 2 of 416 patients with idio-
pathic/viral pericarditis (0.48 %) versus 7 of 84 patients with 
a nonviral/nonidiopathic etiology (8.3 %) during a median 
follow-up of 72 months. Although this complication was rel-
atively rare for viral or idiopathic acute pericarditis (<0.5 %), 
the risk was quite high for bacterial pericarditis (20–30 %) 
and intermediate for autoimmune (systemic infl ammatory 
diseases and post-injury pericardial syndromes) and neoplas-
tic etiologies [ 42 ]. 

 Some cases of pericarditis may show concomitant myo-
cardial involvement, usually detected as troponin elevation. 
Generally these cases have a preserved or mildly reduced left 
ventricular function at presentation [ 43 ]. Cases with predom-
inant pericarditis (myopericarditis) usually have a good 
prognosis without development of heart failure, constrictive 
pericarditis, or recurrence. In these cases normalization of 
the electrocardiogram (ECG), left ventricular function, and 
exercise capacity is reported within 12 months [ 44 ,  45 ]. 

 Treatment of recurrences follows the same principles as 
treatment of the initial episode of acute pericarditis (Table  7.4 ). 

Pericarditis?
(physical examination, ECG, chest X-ray,

echocardigram, CRP, troponin)

No
Diagnostic criteria not satisfied:
search for alternative diagnoses

Yes
Specific etiology highly suspected or

poor prognostic predictors?

Yes

No Yes

High risk cases
Admission and etiology search

Moderate risk cases
Admission and etiology search

Low risk cases
Outpatient follow-up

Non–high risk cases
No Admission and etiology search

response to NSAID?

No
Empiric trial with NSAID 

  Fig. 7.1    Triage of acute pericarditis for clinical management (Modifi ed from Imazio et al. [ 1 ])       
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However, in this setting colchicine has been proven to be 
a useful adjunct to conventional anti- infl ammatory ther-
apy (aspirin or NSAIDs). In the recently published multi-
center, double-blind, randomized Colchicine for Recurrent 
Pericarditis (CORP trial), 120 patients with a fi rst recurrence 
of pericarditis were randomly assigned to receive either pla-
cebo or colchicine, 1.0–2.0 mg on the fi rst day followed by 
a maintenance dose of 0.5–1.0 mg/day for 6 months. At 18 
months, the recurrence rate was 24 % in the colchicine group 
and 55 % in the placebo group (absolute risk reduction, 0.31 
[95 % CI, 0.13–0.46]; relative risk reduction (RRR), 0.56 
[CI, 0.27–0.73]; number needed to treat (NNT), 3 [CI, 2–7]). 
Colchicine also reduced the persistence of symptoms at 72 h 
(absolute risk reduction, 0.30 [CI, 0.13–0.45]; RRR 0.56 [CI, 
0.27–0.74]) and the mean number of recurrences, increased 
the remission rate at 1 week, and prolonged the time to sub-
sequent recurrence with similar rates of side effects and drug 
withdrawal between the study groups [ 46 ]. 

 Colchicine has been used for centuries for the treatment of 
gouty attacks and rheumatic complaints. The exact mecha-
nism of action as an anti-infl ammatory agent is only partially 
known. Colchicine accumulates preferentially in neutro-
phils interfering with several cell functions through tubulin 
polymerization blockade and interference with microtubule 
function. In clinical practice, the use of colchicine for peri-
carditis is “off label,” and interactions with drugs interfer-
ing with CYP3A4-dependent enzymes and P-glycoprotein 
may occur and are clinically important (especially statins 
and macrolide antibiotics). Renal impairment is a major risk 
factor for side effects. On this basis, the dosage should be 
reduced in patients with relevant hepatic and/or renal dys-
function as well as in the geriatric and pediatric settings. 
Concurrent use of colchicine and P-glycoprotein or strong 
CYP3A4 inhibitors is contraindicated in case of hepatic or 
renal impairment. Fatal toxicity has been reported in this 

setting. When appropriately used and contraindications have 
been excluded, oral colchicine is a safe and effi cacious treat-
ment for pericarditis and its prevention [ 47 – 49 ]. 

 Recurrences may seriously affect the quality of life of 
patients especially those on corticosteroids. Severe side 
effects are reported in about 25 % of patients treated with 
high-dose oral corticosteroids. To avoid systemic side effects 
of corticosteroids, the intrapericardial route has been pro-
posed. One case series and three open-label trials evaluating 
intrapericardial triamcinolone for the management of autore-
active pericarditis have been reviewed [ 50 ]. Available studies 
were limited by small sample sizes, lack of control groups, 
short durations of follow-up (<12 months), use of adjuvant 
agents, subjective reporting of symptoms, and variable doses 
of intrapericardial triamcinolone. However, although the 
available data suggest symptom resolution and reduced peri-
carditis recurrence with administration of intrapericardial 
triamcinolone to patients with autoreactive pericarditis, the 
appropriate regimen (dose and duration of treatment), 
adverse effect profi le, and specifi c therapeutic role require 
further investigation [ 50 ]. Most cases respond to combined 
therapies including aspirin or NSAIDs, colchicine, and corti-
costeroids. For refractory cases, immunosuppressive drugs 
such as azathioprine may be required. Use of additional 
immunosuppressive therapies requires specifi c knowledge of 
the drugs and cooperation with a rheumatologist [ 51 ].  

    Pericardial Effusion 

 Isolated pericardial effusion may be detected as an incidental 
fi nding during echocardiography or a diagnostic imaging 
study. When a pericardial effusion is detected, the fi rst step is 
to assess its size, hemodynamic importance, and possible 
associated diseases including infections (viral, bacterial, 

    Table 7.4    Empiric anti-infl ammatory therapy for pericarditis   

 Drug  Attack dose  Treatment length a   Tapering a  

 Acetylsalicylic acid  750–1,000 mg TID  Until symptoms and CRP 
normalize 

 Each week when CRP is normalized (i.e., 1,000 mg TID for 1 
week, 750 mg TID for 1 week, then 500 mg TID for 1 week) 

 Ibuprofen  600 mg TID  Same  Each week when CRP is normalized (i.e., 600 mg, 400 mg, 
600 mg/day for 1 week, 600 mg, 400 mg, 400 mg/day 
for 1 week, then 400 mg TID for 1 week) 

 Indomethacin  50 mg TID  Same  Each week when CRP is normalized (i.e., 50 mg, 25 mg, 50 mg/
day for 1 week, 50 mg, 25 mg, 25 mg/day for 1 week, 
|then 25 mg TID for 1 week) 

 Prednisone  0.2–0.5 mg/kg/day  Same  Slow tapering when CRP is normalized a  
 Colchicine  Not necessary  First attack: 3 months  May be required in recurrent form 

 0.5 mg BID  Recurrence: 6–12 months 
 (0.5 mg/day if <70 kg) 

   a Treatment length is empirical. Generally 1–2 weeks but an individualized approach until symptoms resolve and CRP normalizes may be useful to 
reduce the subsequent recurrence rate. Very slow tapering is recommended only after stable remission with symptom resolution and normalization 
of CRP: 5–10 mg/day every 1–2 weeks (prednisone daily dose >25 mg), 2.5 mg/day every 2–4 weeks (prednisone daily dose 15–25 mg), and 
1.0–2.5 mg/day every 2–6 weeks (prednisone daily dose <15 mg). NSAID and colchicine may be necessary during tapering of corticosteroids  
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especially tuberculosis), cancer, connective tissue diseases, 
pericardial injury syndromes, metabolic causes (i.e., hypo-
thyroidism), and myocardial, pericardial, and aortic diseases. 
The relative frequency of different causes depends on the 
local epidemiology, the hospital setting, and the diagnostic 
protocol that has been adopted [ 52 ]. Specifi c testing should 
be performed according to clinical suspicion. The presence 
of elevated infl ammatory markers and other criteria (chest 
pain, pericardial rubs, ECG changes) suggest pericarditis, 
and management should be directed accordingly [ 12 ,  13 ]. 

 Treatment should be targeted at the etiology as much as 
possible. Nevertheless, when diagnosis is still unclear, or 
idiopathic and infl ammatory markers are elevated, empiric 
anti-infl ammatory therapy may be worthwhile [ 4 ]. Patients 
with chronic massive idiopathic pericardial effusions rep-
resent a special management issue. A true isolated effusion 
may not require a specifi c treatment if the patient is asymp-
tomatic, but large ones have a theoretical risk of progression 
to cardiac tamponade (up to one-third) because of concurrent 
events (i.e., pericarditis, trauma), especially if the effusion 
is associated with signs of right-sided collapse or chronic 
(>3 months) [ 1 ,  12 ,  13 ]. However, such practice is contro-
versial and not accepted by all authors and experts in the 
fi eld. Pericardiocentesis alone may be curative for large 
effusions, but recurrences are also common, and pericardi-
ectomy or less invasive options (i.e., pericardial window) 
should be considered whenever fl uid re-accumulates (espe-
cially with tamponade), becomes loculated, or biopsy mate-
rial is required. 

 A practical approach and triage of pericardial effusion has 
been also proposed as for pericarditis (Fig.  7.2 ) [ 1 ,  12 ].

   Postoperative and neoplastic pericardial effusions repre-
sent discrete entities with challenging management issues. 
Colchicine signifi cantly reduces the incidence of postoperative 

pericardial (12.8 % vs. 22.8 %,  P  = 0.019, RRR 43.9 %, NNT 
10) and pleural effusions (12.2 % vs. 25.6 %,  P  = 0.002, RRR 
52.3 %, NNT 8) without signifi cant side effects [ 53 ], while an 
NSAID failed [ 54 ]. 

 Management of patients with neoplastic pericardial effu-
sions constitutes another special challenge for clinicians. 
Pericardial effusions may develop from direct extension of a 
tumor, metastasis to the heart, opportunistic infections, or 
complications of oncologic therapies (i.e., radiation therapy 
or chemotherapeutic toxicity) [ 21 ,  55 – 57 ]. The clinical pre-
sentation is also variable ranging from asymptomatic effu-
sions to cardiac tamponade. Management depends on cancer 
type and stage, available therapies, as well as patient progno-
sis. Re-accumulation of pericardial fl uid is an important 
issue in this setting. Therapeutic possibilities include 
extended indwelling pericardial catheters, percutaneous 
pericardiostomy, and intrapericardial instillation of antineo-
plastic and sclerosing agents [ 56 ]. Lung cancer is one the 
most common cause of neoplastic pericardial effusion 
because of early lymphatic invasion. In this setting local che-
motherapy, alone or with systemic chemotherapy, is effective 
in treating pericardial metastases from lung carcinoma, lead-
ing to a good control of pericardial effusion in >90 % of 
cases and to complete disappearance of effusion and masses 
in >60 %. Pericardiocentesis and intrapericardial chemother-
apy should be used whenever possible in pericardial disease 
due to lung cancer, not only in cases of tamponade [ 56 ,  57 ].  

    Cardiac Tamponade 

 Cardiac tamponade is an absolute indication for pericardio-
centesis that has a therapeutic and diagnostic role in this 
 setting [ 1 ,  7 ].  

Pericardial effusion?
Clinical and echocardiographic

evaluation

Associated diseases?
If YES, effusion probably

correlated

Inflammatory signs?

YES
Treat as pericarditis

NO
Cardiac tamponade?

NO
Chronic idiopathic effusion

YES
Rule out

Neoplastic pericarditis

  Fig. 7.2    Triage of pericardial 
effusion (Modifi ed from Imazio 
et al. [ 1 ])       
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    Constrictive Pericarditis 

 Although the mainstay of treatment of chronic cases is 
surgery, medical therapy may have a role in at least three 
conditions [ 3 ,  4 ]. First, medical therapy of infectious peri-
carditis may prevent the progression to constriction. For 
example, antituberculosis antibiotics may reduce the risk of 
constriction from >80 to 10–20 %. Second, medical therapy 
(generally based on anti-infl ammatory drugs, especially 
corticosteroids) may resolve the transient constriction that 
occurs in 10–20 % of cases during the resolution of peri-
carditis. Although constriction is transient or reversible 
only in a minority of patients with constrictive pericardi-
tis, this fi nding is important to prevent unnecessary surgery 
[ 58 ,  59 ]. Third, medical therapy is supportive and aimed 
at controlling symptoms of congestion in advanced cases 
and when surgery is contraindicated associated with high 
risk. In these cases medical therapy should never delay 
surgery, if this option is feasible, because advanced cases 
have a higher mortality and a worse prognosis if surgery is 
delayed [ 4 ]. 

       Summary of the Key Guidelines 

 At present there are no updated international guidelines on 
the management of pericardial diseases beyond the 2004 
guidelines issued by the European Society of Cardiology [ 7 ]. 
A summary of the most important recommendations is 
(Level of Evidence – LOE: A multiple randomized trials or 
meta-analysis, B: a single randomized study or nonrandom-
ized studies, C: experts opinion): 

    Acute and Recurrent Pericarditis 

    Diagnosis 
 Obligatory (class I, LOE C): auscultation, ECG, echocar-
diography, blood analyses, chest x-ray.  

    Pericardiocentesis and Drainage 
 Obligatory (cardiac tamponade: class I, LOE B), optional in 
large/recurrent effusions or if previous tests were inconclu-
sive (class IIa, LOE B) in small effusions (class IIb, LOE C). 

 CT, MRI, pericardioscopy, pericardial biopsy: optional or 
if previous tests inconclusive (class IIa, LOE C).  

    Therapy 
 Aspirin or NSAIDs (class I, LOE A). 

 Corticosteroids (class IIa, LOE B). 
 Colchicine: class IIa, LOE B (acute pericarditis), I, LOE 

A (recurrent pericarditis).   

    Pericardial Effusion and Cardiac Tamponade 

    Indications for Pericardiocentesis 
 Class I, LOE B: cardiac tamponade, large effusions 
(>20 mm), suspected purulent, or tuberculous pericardial 
effusion. 

 Class IIa, LOE C: effusions 10–20 mm for diagnostic pur-
poses other than purulent or tuberculous etiology, suspected 
neoplastic pericardial effusions. 

 Class IIb, LOE C: effusions <10 mm for diagnostic pur-
poses other than purulent, tuberculous, or neoplastic etiology. 

 Class III, LOE C: aortic dissection, relative contraindica-
tions for uncorrected coagulopathy, anticoagulant therapy, 
thrombocytopenia (platelet count <50,000/mm 3 ), small, pos-
terior, loculated effusions, if the effusion is small and resolve 
with anti-infl ammatory therapy.  

    Pericardial Fluid Analyses 
 Class I, LOE C: cytology (suspected neoplastic effusion), 
acid-fast bacilli staining, mycobacterium culture, adenosine 
deaminase, IFN-gamma, pericardial lysozyme, polymerase 
chain reaction (PCR) analyses (suspected tuberculous effu-
sion), at least three cultures of pericardial fl uid for aerobes, 

 Key Points 

     •    Pericardial diseases are relatively common in clini-
cal practice and may present either as isolated dis-
ease or manifestations of a systemic disorder.   

   •    A targeted etiological search should be directed to 
the most common cause on the basis of the clinical 
background, epidemiological issues, or specifi c 
presentations. Clinicians should rule out neoplastic, 
tuberculous, and purulent causes, as well as forms 
related to other systemic diseases.   

   •    Most cases remain idiopathic and empiric anti- 
infl ammatory therapy should be considered as fi rst-
line therapy in most cases with the possible addition 
of colchicine in the setting of infl ammatory pericar-
dial diseases particularly for relapse or patients who 
do not respond to fi rst-line drugs.   

   •    The prognosis is essentially determined by the eti-
ology of the underlying disease. Bacterial and neo-
plastic forms have a worse prognosis. The most 
feared complication is pericardial constriction, 
whose risk is higher in bacterial forms, intermedi-
ate for post-pericardiotomy syndromes and sys-
temic infl ammatory diseases, and low for viral and 
idiopathic cases.   

   •    Contemporary optimal management of the patient 
with suspected pericardial disease often requires 
the integration of different imaging modalities and 
the ability to choose the appropriate imaging test 
for each patient [ 59 – 61 ].     
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and anaerobes as well as three blood cultures with sensitivity 
tests for antibiotics in case of positive cultures (suspected 
bacterial infection). 

 Class IIa, LOE C: PCR analyses for cardiotropic viruses 
(viral vs. autoreactive pericarditis), tumor markers (sus-
pected neoplastic cause). 

 Class IIb, LOE C: pericardial fl uid specifi c gravity 
>1.015, protein level >3.0 g/dl, fl uid/serum ratio >0.5, LDH 
>200 mg/dl, fl uid/serum ratio >0.6, and glucose (exudate vs. 
transudate).   

    Constrictive Pericarditis 

    Differential Diagnosis 
with Restrictive Cardiomyopathy 
(Essential Diagnostic Evaluation) 
 Clinical presentation, ECG, chest x-ray, echocardiography, 
CT/MRI, cardiac catheterization.       
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        Introduction 

 Atrial fi brillation (AF) can cause signifi cant symptoms and 
diminished quality of life, but, more importantly, is associated 
with increased risks of stroke, congestive heart failure, and 
mortality [ 1 – 3 ]. It is the most common arrhythmia, and its 
prevalence continues to increase. In 2005, its prevalence was 
3.03 million and is projected to rise to 7.56 million by 2050 [ 4 ]. 
Already AF accounts for 350,000 annual hospitalizations and 
$6.65 billion dollars in annual healthcare costs in the United 
States [ 5 ]. The medical management of atrial fi brillation can be 
challenging and needs to encompass evaluation and treatment 
of underlying causes, thromboembolic prophylaxis, and deci-
sion-making regarding a rate or rhythm control strategy. 

    Abstract  

  Atrial fi brillation (AF) can cause signifi cant symptoms and diminished quality of life, but, 
more importantly, is associated with increased risks of stroke, congestive heart failure, and 
mortality. It is the most common arrhythmia, and its prevalence continues to increase. Its 
prevalence in 2005 was 3.03 million and is projected to rise to 7.56 million by 2050. Already 
AF accounts for 350,000 annual hospitalizations and $6.65 billion dollars in annual health-
care costs in the United States. The medical management of atrial fi brillation can be chal-
lenging and needs to encompass evaluation and treatment of underlying causes, 
thromboembolic prophylaxis, and decision-making regarding rate or rhythm control. 

 Supraventricular tachycardia (SVT) is a term that encompasses atrioventricular nodal reen-
trant tachycardia (AVNRT), atrioventricular reentrant tachycardia (AVRT), atrial tachycardia 
(AT), and inappropriate sinus tachycardia (IST). Although these disorders are generally con-
sidered benign, they can cause signifi cant morbidity. In certain instances (Wolff-Parkinson-
White syndrome), they can be life-threatening, and almost all tachyarrhythmias, if left 
untreated for extended periods of time, can lead to tachycardia-mediated cardiomyopathies. 
The prognostic implications for the patient, subsequent evaluation, and treatment may vary 
considerably depending on the etiology of the arrhythmia. The aim of this chapter is to pro-
vide a framework to successfully diagnose and manage these arrhythmias.  
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 Supraventricular tachycardia (SVT) is a term that encom-
passes atrioventricular nodal reentrant tachycardia (AVNRT), 
atrioventricular reentrant tachycardia (AVRT), atrial tachy-
cardia (AT), and inappropriate sinus tachycardia (IST). 
Although these disorders are generally considered benign, 
they can cause signifi cant morbidity. In certain instances 
(Wolff-Parkinson-White syndrome), they can be life- 
threatening, and almost all tachyarrhythmias, if left untreated 
for extended periods of time, can lead to tachycardia- 
mediated cardiomyopathies [ 6 ]. The prognostic implications 
for the patient, subsequent evaluation, and treatment may 
vary considerably depending on the etiology of the arrhyth-
mia. The aim of this chapter is to provide a framework to 
successfully approach and manage these arrhythmias. 

 The etiologies of AF and SVTs are disorders of impulse 
formation or conduction. Abnormal impulse formation is 
due to either abnormal automaticity or triggered activity. 
Abnormal automaticity occurs when cardiac tissue assumes 
pacemaker activity due to abnormal acceleration of phase 4 
activity. This can occur in cells that normally have automatic 
activity (sinus node or AV junction), as well as other ectopic 
cells within the atrium. Triggered activity is provoked by 
prior beats or series of beats, which cause abnormal leak of 
current into the cell, leading to afterdepolarizations. 
Disorders of impulse conduction can cause reentry, which is 
the most common mechanism for tachyarrhythmias includ-
ing atrial fi brillation, atrial fl utter, AVNRT, AVRT, and some 
ATs. Reentry occurs in tissue with heterogeneous conduction 
properties, where a propagated impulse fails to extinguish, 
leading to a repetitive circuit of impulse conduction in adja-
cent tissue that has regained excitability. Although most 
arrhythmias have a single mechanism, some arrhythmias 
may be caused by multiple mechanisms, independently or in 
concert, such as AT or AF, respectively.  

    Atrial Fibrillation 

 AF is characterized by disorganized atrial activity with an 
irregular ventricular response. Symptoms and adverse conse-
quences from AF are due to the irregular ventricular rate, 
tachycardia, bradycardia, diminished cardiac output, and 
thromboembolism. The etiology of AF is complex and 
incompletely understood but is thought to be due to a combi-
nation of triggers, substrate, and autonomic infl uences on the 
atria. The fi eld of AF was revolutionized when Haissaguerre 
et al. documented that the majority of AF was triggered by 
ectopic fi ring from within the pulmonary veins [ 7 ]. In addi-
tion to triggers for AF, an atrial substrate has to be present 
which allows AF to perpetuate. It is believed that atrial 
stretch results in both anatomic and electrical remodeling 
that creates a substrate rich for reentry, where multiple wave 
fronts coexist and collide in a chaotic manner [ 8 ]. Atrial 

stretch can be due to a vast number of causes, including 
hypertension, congestive heart failure, cardiomyopathies, 
valvular disease, pericarditis, pulmonary disease, 
 hyperthyroidism, infections, and drugs including caffeine 
and alcohol. Lastly, the autonomic nervous system is thought 
to play a role in both the genesis and maintenance of AF, 
likely mediated by ganglionic plexuses that insert into the 
left atrium [ 9 ]. 

 AF is diagnosed by electrocardiogram (ECG) when there 
is a lack of organized P wave activity and irregular RR inter-
vals. In certain patients there may be an appearance of P 
wave organization in V1, which may be confused with atrial 
fl utter or atrial tachycardia, but this organization will not be 
seen in other leads. Additionally, the appearance of organiza-
tion will be irregular, and the atrial cycle length will typically 
be less than 200 ms (or greater than 300 bpm). AF is charac-
terized as being paroxysmal, persistent, long-standing per-
sistent, or permanent. Paroxysmal AF is defi ned as recurrent 
AF that terminates within 7 days. Persistent AF is defi ned as 
recurrent AF that is sustained for ≥7 days. Long-standing 
persistent AF is defi ned as continuous AF of greater than 12 
months’ duration. The term permanent AF refers to patients 
for whom a decision has been made not to restore or main-
tain sinus rhythm by any means, including catheter or surgi-
cal ablation [ 10 ]. 

 All patients with newly diagnosed AF should be evalu-
ated and treated for precipitating or reversible causes. A 
transthoracic echocardiogram to identify left atrial (LA) and 
right atrial (RA) size and to evaluate for structural heart dis-
ease should be performed. In addition, blood tests for thy-
roid, renal, and hepatic functions should be sent. The primary 
goals for management of AF are prevention of thromboem-
bolism and symptom control, which may be achieved by 
either a rate control or rhythm control strategy. 

    Anticoagulation 

 The etiology of stroke in atrial fi brillation is primarily due to 
blood stasis in the left atrial appendage and systemic hyper-
coagulability, with resultant thrombus formation. The yearly 
risk for stroke in patients with AF varies from 1.9 to 18.2 % 
depending on risk factors and is independent of whether the 
AF is paroxysmal, persistent, or permanent [ 11 ,  12 ]. 
Treatment with warfarin and antiplatelet agents reduces 
stroke risk by 64 and 22 %, respectively, but warfarin is asso-
ciated with an increased major bleeding risk compared to 
aspirin (2.2 % vs. 1.3 %) [ 13 ,  14 ]. The decision to anticoagu-
late patients with nonvalvular AF depends on the risk factors 
for stroke that are present. The risk model for stroke that is 
most commonly used and validated is the CHADS 2  risk 
score (Table  8.1 ) [ 11 ]. 1 point is given for each risk factor of 
congestive heart failure, hypertension, age ≥75, and diabetes 
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mellitus; 2 points are given for a history of transient ischemic 
attack, stroke, or systemic thromboembolism. For CHADS 2  
score of 0, aspirin 81–325 mg daily is recommended. For 
CHADS 2  score ≥2, oral anticoagulation is recommended. 
For CHADS 2  score of 1, patients can be treated with either 
aspirin or an oral anticoagulant, depending on physician 
assessment of stroke risk, risk of bleeding, and patient pref-
erence [ 15 ]. A modifi ed CHA 2 DS 2 VASc risk score has been 
proposed to improve the accuracy of risk stratifi cation for 
stroke in patients with a CHADS 2  score of 0–1 and has been 
adopted by the European Society of Cardiology (ESC) [ 16 ]. 
In addition to the risk factors for the CHADS 2  score, 
CHA 2 DS 2 VASc places emphasis on female sex (1 point), age 
(1 point for ages 65–74; 2 points for age ≥75), and presence 
of atherosclerotic cardiovascular disease (1 point). For a 
CHA 2 DS 2 VASc score of 0, no anticoagulation is recom-
mended; for a score of 1, aspirin or oral anticoagulant is rec-
ommended; and for a score ≥2, oral anticoagulation is 
recommended.    There are certain other patients with AF who 
are at high risk for stroke who are indicated for anticoagula-
tion with warfarin, which includes patients with valvular 
heart disease and prosthetic heart valves.

   In the past several years, several new alternatives to warfa-
rin have emerged for nonvalvular AF. Dabigatran is an oral 
direct thrombin inhibitor which has been shown in the 
Randomized Evaluation of Long-Term Anticoagulation 
Therapy (RE-LY) trial to signifi cantly decrease the risk of 
stroke and systemic embolism compared to warfarin with a 
similar risk for major hemorrhage (150 mg dosing), but with 
a trend towards increased risk of bleeding in patients >74 
years [ 17 ]. Rivaroxaban and apixaban are oral factor Xa 
inhibitors. In the Rivaroxaban Once Daily Oral Direct Factor 
Xa Inhibition Compared with Vitamin K Antagonism for 
Prevention of Stroke and Embolism Trial in Atrial Fibrillation 

(ROCKET AF), rivaroxaban was shown to be noninferior to 
warfarin but with a decreased risk for intracerebral hemor-
rhage and fatal bleeds [ 18 ]. In the Apixaban for Reduction in 
Stroke and Other Thromboembolic Events in Atrial 
Fibrillation (ARISTOTLE) trial, apixaban was superior to 
warfarin in preventing stroke and systemic embolism in addi-
tion to having a lower risk for major bleeding and all- cause 
mortality [ 19 ]. Although these novel drugs are more conve-
nient than warfarin since they do not require international 
normalized ratio (INR) monitoring, there are some signifi cant 
disadvantages, notably higher cost, need for dose adjustment 
for dabigatran and rivaroxaban in patients with impaired renal 
function, and lack of an antidote or reversal agent.  

    Initial Management 

 For patients who present with AF with rapid ventricular rates 
and hemodynamic instability or coronary ischemia, immedi-
ate electrical cardioversion is indicated. For other patients 
who are stable, but are unable to be successfully rate 
 controlled with AV node-blocking agents or who remain 
symptomatic in AF despite adequate rate control, an attempt 
at restoring sinus rhythm with pharmacologic or electrical 
cardioversion should be considered. It is believed that most 
left atrial thombi form in patients who are in AF for more 
than 48 h, and most thromboembolic events occur within 10 
days of cardioversion due to atrial stunning [ 15 ]. 

 Patients who have been in AF less than 48 h may be car-
dioverted without need for transesophageal echocardiogra-
phy (TEE) to rule out left atrial thrombus. Few studies have 
evaluated the need for short- or long-term anticoagulation in 
these patients. Our practice is to administer intravenous hep-
arin, enoxaparin, or dabigatran prior to cardioversion only in 
patients with high-risk factors for stroke and to continue oral 
anticoagulation according to risk-based guidelines. 

 In patients who have been in AF for longer than 48 h, or 
if there is uncertainty regarding the time of onset, therapeutic 
oral anticoagulation is recommended for 3 weeks prior to 
cardioversion and for a minimum of 4 weeks after anticoagu-
lation (ACC/AHA/ESC Class I recommendation, Level of 
Evidence B). Alternatively, TEE can be performed to rule 
out left atrial thrombus prior to cardioversion (ACC/AHA 
ESC Class IIa recommendation, Level of Evidence B) [ 15 ]. 
Cardioversion should be performed when the INR is thera-
peutic in patients treated with warfarin or after administra-
tion of therapeutic doses of heparin (PTT 60–90 s), Lovenox 
1 mg/kg SC BID, or dabigatran [ 15 ,  20 ]. If a thrombus is 
seen, therapeutic oral anticoagulation should be documented 
for a minimum of 4 weeks before a repeat TEE is performed. 
After cardioversion, anticoagulation should be continued for 
a minimum of 4 weeks and potentially longer according to 
risk-based guidelines.  

   Table 8.1    Stroke risk in patients with nonvalvular atrial fi brillation not 
treated with anticoagulation according to the CHADS 2  risk score   

  CHADS   2    risk factors    Score  
  C ardiac failure  1 
  H ypertension  1 
  A ge >75 years  1 
  D iabetes mellitus  1 
 Prior  S troke or TIA  2 
  CHADS   2    score    Patients  ( n   = 1,733 )   Adjusted stroke rate  

(% /year ) ( 95  %  CI ) 
 0  120  1.9 (1.2–3.0) 
 1  463  2.8 (2.0–3.8) 
 2  523  4.0 (3.1–5.1) 
 3  337  5.9 (4.6–7.3) 
 4  220  8.5 (6.3–11.1) 
 5  65  12.5 (8.2–17.5) 
 6  5  18.2 (10.5–27.4) 

  Adapted from Gage et al. [ 11 ]  
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    Rate Versus Rhythm Control 

 There are two main pharmacologic strategies for the long- 
term management of AF. Rate control refers to using medi-
cations to slow conduction in the AV node to control the 
heart rate during AF. Rhythm control involves using antiar-
rhythmic drugs to prevent recurrences of AF. No study has 
shown one strategy to be superior to the other; patients may 
often fail one strategy, requiring attempts at the other. The 
decision for anticoagulation is independent of the decision 
for a rate or rhythm control strategy. 

 The mainstays of rate control therapy include beta- 
blockers, non-dihydropyridine calcium channel blockers, 
and digoxin. To control the rapid heart rates, occasionally 
these medications can cause symptomatic bradycardia that 
may warrant pacemaker implantation. The    Rate Control 
Effi cacy in Permanent Atrial Fibrillation: a Comparison 
between Lenient versus Strict Rate Control II (RACE II) trial 
compared patients with permanent AF randomized either to 
a lenient rate control strategy (resting heart rate (HR) 
<110 bpm) or to a strict rate control strategy (resting HR 
<80 bpm and HR with moderate exercise <110 bpm) and 
found the lenient strategy to be noninferior (composite out-
come of death, heart failure, stroke, systemic embolism, 
bleeding, and life-threatening arrhythmias) with a higher 
success rate in reaching target heart rates [ 21 ]. Whether or 
not this lenient strategy can apply to patient with congestive 
heart failure or cardiomyopathies is unknown. In patients 
who cannot be rate-controlled pharmacologically and who 
are not candidates for rhythm control, AV nodal ablation 
with implantation of a pacemaker can be considered. If the 
patient has a reduced left ventricular ejection fraction (LVEF) 
or congestive heart failure (CHF) symptoms, implantation of 
a biventricular pacemaker may prevent deterioration in 
LVEF or CHF [ 22 ]. 

 Antiarrhythmics typically used for rhythm control are the 
class IC agents, propafenone and fl ecainide, and the class III 
agents sotalol, dofetilide, dronedarone, and amiodarone. The 
class IC agents are the usual fi rst-line antiarrhythmics in 
younger patients with structurally normal heart and are con-
venient because they can be started in an outpatient setting. 
However, they are contraindicated in patients with CAD or 
structural heart disease due to the risk of fatal proarrhythmia 
[ 23 ]. Because of the potential for IC agents to organize AF 
into atrial fl utter that can conduct 1:1 to the ventricle, they 
must be used in conjunction with beta-blockers or calcium 
channel blockers. The IC agents are also associated with use 
dependence (the faster the HR, the greater the antiarrhythmic 
effect due to drug binding), and consequently, routine tread-
mill stress testing should be performed to evaluate for 
exercise- induced QRS widening >150 % of baseline, or pro-
arrhythmia [ 15 ]. The class III agents sotalol and dofetilide 
are associated with QTc prolongation and torsades de pointes 

and therefore must be initiated in the hospital setting. 
Telemetry monitoring for arrhythmias is required for 5 doses; 
ECGs should be obtained 2 h after each dose to monitor for 
QTc prolongation. Sotalol should be avoided in patients with 
CHF or renal insuffi ciency and, because of its beta-blocker 
effects, may exacerbate bronchospasm, bradycardia, or 
hypotension. Dofetilide is a useful agent because it has no 
negative hemodynamic effects and only mild negative chro-
notropic effects. However, it must also be used with caution 
in patients with renal insuffi ciency with appropriate dose 
adjustment. Dronedarone should be avoided in patients with 
NYHA class III–IV CHF, recent hospitalization for CHF, or 
LVEF ≤ 35 % [ 24 ]. It is associated with increased rates of 
heart failure, stroke, and death from cardiovascular causes in 
patients with risk factors for vascular events and permanent 
AF [ 25 ]. Amiodarone is the most effective antiarrhythmic in 
treating AF, but is associated with many long-term side 
effects such as pulmonary toxicity (1–17 %), hepatotoxicity 
(15–30 % with elevated AST/ALT, <3 % with hepatitis and 
cirrhosis), hypothyroidism (6 %), hyperthyroidism 
(0.9–2 %), photosensitivity (25–75 %), skin discoloration 
(4–9 %), optic neuritis (≤1–2 %), and tremors and ataxia 
(3–35 %) [ 26 ]. 

 The Atrial Fibrillation Follow-up Investigation of Rhythm 
Management (AFFIRM) trial randomized patients with AF to 
a rate control or rhythm control strategy and found no sur-
vival advantage with a rhythm control strategy [ 27 ]. A major 
limitation of the AFFIRM trial is that younger, healthier 
patients were excluded from the study as well as patients with 
highly symptomatic AF. It is possible that a more aggressive 
strategy for rhythm control in this population of patients may 
be benefi cial. The Atrial Fibrillation and Congestive Heart 
Failure (AF-CHF) trial randomized patients with AF, CHF, 
and LVEF ≤ 35 % to a rate control or rhythm control strategy 
and also found no difference in death from cardiovascular 
causes or worsening CHF [ 28 ]. Although these trials showed 
similar outcomes between rate control and rhythm control 
strategies, substudies of the AFFIRM trial and Danish 
Investigations of Arrhythmia and Mortality ON Dofetilide 
(DIAMOND) trial (comparison of dofetilide to placebo in 
patients with LV dysfunction) showed that the presence of 
sinus rhythm was associated with signifi cant reductions in 
mortality [ 29 ,  30 ]. These results suggest that maintaining 
sinus rhythm may improve outcomes if there were a safer and 
more effective way of maintaining sinus rhythm than using 
medications, such as catheter ablation of AF.  

    Catheter Ablation of AF 

 Catheter ablation of AF has developed into a relatively safe 
and effective alternative for treating AF in select patients. 
The basic principle behind catheter ablation of AF is to 
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 electrically isolate the pulmonary veins from the left atrium, 
preventing pulmonary vein ectopic fi rings from triggering 
AF. There are additional techniques used to target the sub-
strate underlying AF, such as creating linear lesions within 
the LA and targeting sites of complex fractionated electro-
grams. A meta-analysis of 8 randomized controlled trials 
comparing AF ablation to antiarrhythmic medications dem-
onstrated a 76.8 % success rate in preventing atrial tachyar-
rhythmia recurrence in the ablation group compared to a 
23.4 % success rate in the antiarrhythmic group [ 31 ]. In gen-
eral, success rates from AF ablation are higher in patients 
with paroxysmal AF compared to patients with persistent 
AF. Predictors of poorer outcome include sleep apnea, obe-
sity, increased LA size, increased age, and HTN. AF ablation 
is associated with a major complication rate of 4.5 %, which 
is mainly comprised of cardiac tamponade (1.3 %) and fem-
oral vascular pseudoaneurysm/AV fi stula (0.9 %/0.5 %). 
Other risks include pulmonary vein stenosis requiring inter-
vention (0.3 %), stroke/TIA (0.2 %/0.7 %), atrioesophageal 
fi stula (0.02 %), and death (0.15 %) [ 32 ]. 

 Catheter ablation of AF has been clearly demonstrated to 
be superior to antiarrhythmic medications in preventing 
recurrences of AF and improving quality of life. In addition, 
catheter ablation results in reverse remodeling of the LA and, 
in patients with AF and CHF, improves exercise capacity, 
symptoms, quality of life, and ejection fraction [ 33 ]. Because 
of these outcomes, catheter ablation of AF performed in 
experienced centers is recommended to maintain sinus 
rhythm in selected patients with signifi cantly symptomatic, 
paroxysmal AF who have failed treatment with an antiar-
rhythmic drug and have normal or mildly dilated left atria, 
normal or mildly reduced LVEF, and no severe pulmonary 
disease (American College of Cardiology (ACC)/American 
Heart Association (AHA)/European Society of Cardiology 
(ESC) Class I recommendation, Level of Evidence A). 
Catheter ablation is also reasonable to treat symptomatic per-
sistent AF (ACC/AHA ESC Class IIa recommendation, Level 
of Evidence A) [ 15 ]. One major question that remains is 
whether catheter ablation of AF is associated with improved 
survival, which is expected to be answered with ongoing mul-
ticenter, prospective, randomized clinical trials comparing 
catheter ablation with medical management of AF.  

    Postoperative AF 

 Atrial fi brillation and fl utter is very common in the early 
postoperative period following open heart surgery with an 
incidence between 10 and 65 %. The incidence is lower 
in patients undergoing coronary artery bypass graft sur-
gery (CABG) alone and higher in patients undergoing 
valve surgery or combined CABG and valve operations 
[ 34 ]. The likely pathophysiology includes the  underlying 

 predisposition for AF, such as age-related degenerative 
changes in the myocardium and perioperative conditions that 
alter the electrophysiological properties of the atria, such as 
adrenergic tone, vasoactive medications and inotropes, vol-
ume overload, infl ammation, pericarditis, atrial ischemia, and 
electrolyte imbalance. The majority of AF episodes occur 
within postoperative days 2–3 and usually self-terminate 
within 24 h. Ninety percent of patients are in sinus rhythm 
6–8 weeks following surgery [ 35 ]. However, postoperative 
AF after CABG is associated with increased in-hospital mor-
tality (7.4 % vs. 3.4 %) and long-term mortality at 4 years
(26 vs. 13 %) [ 36 ]. 

 Prophylactic therapy with beta-blockers and amiodarone 
has been shown to decrease the incidence of post-CABG AF 
by 77 and 45 %, respectively [ 34 ]. Because no study has 
directly compared amiodarone to beta-blockers for prophy-
laxis of postoperative AF and due to the cost and incidence 
of side effects with amiodarone, beta-blockers are recom-
mended as fi rst-line prophylactic therapy (ACC/AHA/ESC 
Class I recommendation, Level of Evidence A). Angiotensin 
converting enzyme (ACE) inhibitors, statins, and colchicine 
have also been shown to prevent postoperative AF [ 37 – 39 ]. 
Postoperative continuous atrial overdrive pacing using tem-
porary epicardial wires can also decrease the incidence of 
postoperative AF after CABG [ 40 ]. For rate control of AF, 
beta-blockers are recommended as fi rst-line therapy (ACC/
AHA/ESC Class I recommendation, Level of Evidence A), 
particularly because they counter the heightened sympa-
thetic postoperative state [ 15 ]. Calcium channel blockers and 
digoxin may also be used. 

 If the ventricular rate cannot be controlled, the patient 
remains symptomatic despite rate control, or if anticoagula-
tion needs to be avoided, pharmacologic or electrical cardio-
version can be performed if the duration of AF is less than 
48 h. If the duration of AF is ≥48 h, a TEE is recommended 
to rule out LA thrombus, and cardioversion should be per-
formed on therapeutic anticoagulation. In patients requiring 
cardioversion, short-term amiodarone can be a useful agent 
for both cardioversion and maintenance of sinus rhythm in 
the postoperative setting. We generally stop amiodarone by 
postoperative week 4. 

 Patients who develop AF after cardiac surgery have a 
small but signifi cant increase in the risk for stroke [ 41 ]. 
Because of this, patients who develop AF after cardiac sur-
gery lasting for >48 h should be treated with antithrombotic 
medications, as recommended for nonsurgical patients 
(ACC/AHA/ESC Class IIa recommendation, Level of 
Evidence B) [ 15 ]. The decision for bridging with heparin 
should be made on a case-by-case basis according to bleed-
ing risk. Patients who had preexisting AF or have evidence 
of AF after the postoperative period should be treated with 
oral anticoagulation according to their risk factors for 
thromboembolism.    
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    Atrial Flutter 

 Atrial fl utter is the second most common atrial tachyarrhyth-
mia. It is a macroreentrant arrhythmia originating in the right 
atrium. The arrhythmic wave front typically travels in a cir-
cular loop behind the tricuspid annulus, involving the 
cavotricuspid isthmus. The underlying disorders that typi-
cally precipitate AF can also be associated with atrial fl utter. 
In addition, patients with atrial fl utter often have 
coexisting AF. 

 Atrial fl utter is classifi ed as being typical or atypical. 
Typical atrial fl utters originate in the right atrium, involve the 
cavotricuspid isthmus, and rotate behind the tricuspid valve 
in either a counterclockwise (more common) or clockwise 
direction. Atypical atrial fl utters do not involve the cavotri-
cuspid isthmus, can originate in both the right and left atria, 
and usually are due to reentry around surgical scars or as a 
consequence of extensive catheter ablation, such as seen 
after ablation for atrial fi brillation. 

 The atrial rate of typical atrial fl utter is typically 300 bpm, 
and conduction to the ventricle usually occurs in a 2:1 or 4:1 
ratio. Because of this, any supraventricular tachycardia at 
~150 bpm should trigger the suspicion for atrial fl utter, espe-
cially since every other fl utter wave may be hidden within 
the QRS complex or ST segment. Vagal maneuvers or ade-
nosine may transiently increase the degree of AV block, 
making the fl utter waves more apparent. The ECG character-
istics of typical counterclockwise atrial fl utter include a neg-
ative sawtooth pattern in the inferior leads and a positive 
fl utter wave in V1 with transition to negative by V3. Typical 
clockwise atrial fl utter has the opposite pattern, with positive 
fl utter waves in the inferior leads, with negative fl utter wave 
in V1 and transition to positive by V3. Additionally, clock-
wise fl utter exhibits a sine wave pattern in the inferior leads 
rather than a sawtooth pattern (Fig.  8.1 ).

   The management strategies of typical atrial fl utter gener-
ally mirror that of AF, but there are several important 

 differences. Atrial fl utter is associated with increased 
 thromboembolic risk, but comparisons to AF are limited as 
patients often have both atrial fl utter and AF. Consequently, 
recommendations for anticoagulation for atrial fl utter are 
the same as those for AF [ 15 ]. Rate control of atrial fl utter is 
often more diffi cult and requires higher doses of AV node- 
blocking medications than AF. This is because the slower 
atrial fl utter rate results in less concealed conduction and 
refractoriness in the AV node than in AF. Rhythm control of 
typical atrial fl utter with antiarrhythmic medications has 
fallen out of favor because of the effi cacy of catheter abla-
tion. A meta-analysis of 158 studies comprising 10,719 
patients reported a 93 % long-term ablation success rate 
[ 42 ]. In patients who present with symptomatic recurrent 
atrial fl utter without a reversible cause or have a history of 
CHF or cardiomyopathy, catheter ablation of atrial fl utter is 
the fi rst-line therapy (ACC/AHA/ESC Class I, Level of 
Evidence B) [ 43 ]. Similar to the recommendations for AF, if 
the patient has been in atrial fl utter for >48 h without thera-
peutic anticoagulation, a TEE is recommended to rule out 
LA clot prior to catheter ablation and should be continued 
for a minimum of 4 weeks. After successful ablation of 
atrial fl utter, 34 % of patients are found to have occurrences 
of AF [ 42 ]. Because of this, in patients with risk factors for 
thromboembolism, our practice is to monitor for asymptom-
atic occurrences of AF prior to discontinuation of 
anticoagulation.   

    Atrioventricular Nodal Reentrant 
Tachycardia 

 AVNRT is the most common SVT and accounts for 60 % of 
all SVTs. It originates in the AV node due to the presence of 
two anatomically and functionally distinct pathways of con-
duction, called the fast and slow pathways. Typical AVNRT 
is initiated by atrial premature beats that block in the fast 
pathway and conduct with enough delay in the slow pathway 
that the fast pathway recovers from refractoriness and is then 
able to conduct retrograde, initiating intranodal reentry. The 
arrhythmic circuit involves only the AV node; the atria and 
ventricle are passively activated. Atypical AVNRT, which is 
less common, conducts antegrade down the fast pathway and 
retrograde up the slow pathway. 

 Key Points 

•     All patients    with AF should be evaluated for oral 
anticoagulation according to risk factors for 
thromboembolism.  

•   Patients not on therapeutic anticoagulation who are 
in AF for >48 h require either 3 weeks of therapeu-
tic anticoagulation or TEE prior to cardioversion.  

•   Patients with AF can be managed with either rate 
control or rhythm control strategies.  

•   Catheter ablation of AF is an effective alternative to 
antiarrhythmic medications and the side effects 
associated with them.    

 Key Points 

•     Catheter ablation is fi rst-line therapy for symptom-
atic recurrent atrial fl utter.  

•   After successful ablation of atrial fl utter, patients 
have a relatively high incidence of AF.    
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 ECG characteristics of typical AVNRT are a narrow com-
plex tachycardia, usually 140–250 bpm, with a short RP 
interval (in the fi rst half of the RR interval). However, often 
the P wave is not readily seen because it is hidden within the 
QRS complex as the RP interval is usually ≤70 ms. If the P 

wave is able to be identifi ed, it usually appears at the end of 
the QRS complex or early in the ST segment, causing a 
pseudo-R′ at the end of the QRS in V1 or pseudo-S′ in the 
inferior leads (Fig.  8.2 ). Atypical AVNRT is associated with 
a long RP interval (the second half of the RR interval) with 

a

b

  Fig. 8.1    Twelve-lead electrocardiograms of typical atrial fl utters. ( a ) 
Counterclockwise atrial fl utter with 2:1 ventricular response, with char-
acteristic negative sawtooth f waves in leads  II ,  III , and F and positive f 

wave in  V1 . ( b ) Clockwise atrial fl utter with variable ventricular 
response, with positive sine waves in leads  II ,  III , and F and negative f 
wave in  V1        
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the retrograde P wave occurring after inscription of the T 
wave. The P wave is typically inverted in leads II, III, and F. 
The response to vagal maneuvers or adenosine can be infor-
mative. If the tachycardia terminates abruptly with a P wave, 
it favors AVNRT or AVRT and excludes AT, as it is unlikely 

that the AT will terminate coincidentally with AV node 
block. If it terminates abruptly with a QRS, AT is favored.

   If AVNRT is not acutely terminated with vagal maneuvers 
or adenosine, intravenous beta-blockers and calcium channel 
blockers can be used. Cardioversion is rarely required, but 

a

b

  Fig. 8.2    Twelve-lead electrocardiogram of atrioventricular nodal reen-
try tachycardia ( AVNRT ). ( a ) Typical AVNRT with short RP interval, 
represented by pseudo-R′ in lead  V1  and pseudo-S′ in leads  II ,  III , 

and F. ( b ) Same patient in sinus rhythm with resolution of pseudo-R′ in 
 V1  and pseudo-S′ in the inferior leads       
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may be necessary if AVNRT is not hemodynamically toler-
ated. For long-term therapy, treatment is determined by the 
frequency and severity of symptoms. Some patients with 
infrequent and well-tolerated symptoms may not need 
chronic medications if vagal maneuvers are successful in ter-
minating the arrhythmia. If required, beta-blockers, calcium 
channel blockers, or digoxin can be used. Class IC and III 
antiarrhythmics are an option in treating AVNRT but are 
rarely used due to the effi cacy and safety profi le of catheter 
ablation. Since overall drug effi cacy is in the range of 
30–50 %, catheter ablation is considered the preferred ther-
apy for patients with AVNRT (ACC/AHA/ESC Class I, 
Level of Evidence B) [ 43 ]. Catheter ablation targets the slow 
pathway of the AV node and is associated with a 96 % suc-
cess rate. The only signifi cant complication rate is a 1 % risk 
of second- or third-degree heart block [ 43 ].   

    Preexcitation Syndromes 
and Atrioventricular Reentrant Tachycardia 

 Preexcitation is present in up to 0.25 % of the general popu-
lation and is due to the presence of an accessory pathway 
(AP) connecting the atrium and ventricle across the AV 
groove [ 44 ]. APs can have variable patterns of conduction, 
either antegrade, retrograde, or both. When APs conduct 
antegrade, they result in manifest preexcitation in the form of 
a delta wave on ECG, due to fusion of conduction through 
the AV node and the AP. The degree and pattern of 
 preexcitation depends on the location of the AP, conduction 
properties of the AP, and conduction properties of the AV 
node.    If the AP is on the left side of the heart and is slowly 
conducting or if the AV node is rapidly conducting, there 
may only be a small degree of preexcitation. Wolff-
Parkinson-White (WPW) syndrome is diagnosed when pre-
excitation is associated with tachyarrhythmias, typically 
atrioventricular reentrant tachycardia (AVRT). AVRT is 
characterized as being orthodromic or antidromic. 
Orthodromic AVRT, which is more common, conducts ante-
grade over the AV node and retrogradely up the AP, resulting 
in a normal QRS pattern. Antidromic AVRT conducts ante-
grade down the AP and retrograde up the AP, resulting in a 
fully preexcited QRS complex. Atrial fi brillation, which may 
be initiated by rapid AVRT, is a potentially lethal arrhythmia 
in patients with WPW if rapid conduction to the ventricles 
over the AP degenerates into ventricular fi brillation. If the 

AP conducts retrograde only, which is called a concealed 
bypass tract, the surface ECG will have a normal QRS pat-
tern. The only clinical evidence of a concealed bypass tract 
may be SVT. 

 Orthodromic AVRT is recognized on ECG as an SVT 
with a short RP interval. As opposed to AVNRT, the RP 
interval is usually longer than 70 ms, and the retrograde P 
wave is usually identifi ed in the ST segment (Fig.  8.3 ). 
Antidromic AVRT can be confused with ventricular tachy-
cardia (VT) because the AP inserts directly into ventricular 
myocardium and the resulting ECG pattern is similar to that 
of a VT that originates in the same myocardial location. ECG 
criteria for distinguishing between the two are imperfect, but 
if the precordial QRS in V4–6 is predominantly negative or 
there is evidence of AV dissociation, the diagnosis is likely 
VT. Preexcited AF can also be confused with VT, but it is 
recognized as having irregular RR intervals with varying 
degrees of preexcitation (Fig.  8.4 ).

       Patients with preexcited AF who are hemodynamically 
unstable require immediate electrical cardioversion. If the 
patient is stable, intravenous ibutilide or procainamide is rec-
ommended to restore sinus rhythm and/or to slow conduc-
tion of the AP. Beta-blockers, calcium channel blockers, and 
digoxin are contraindicated in preexcited AF as inhibition of 
AV node conduction can accelerate AP conduction by 
decreasing retrograde concealed conduction into the AP. The 
medical management of orthodromic AVRT is similar to 
AVNRT. Intravenous adenosine, beta-blockers, or calcium 
channel blockers can be used to acutely terminate the tachy-
cardia in the AV node. Antidromic AVRT can also be acutely 
terminated with AV nodal blockade. However, it is often dif-
fi cult to distinguish between antidromic tachycardia and VT; 
inadvertent treatment of VT with adenosine, beta-blockers, 
or calcium channel blockers may lead to hemodynamic col-
lapse. Thus, intravenous procainamide or amiodarone are 
recommended. 

 Patients who present with preexcitation and have a history 
of palpitations, syncope, atrial fi brillation, or SVT are candi-
dates for catheter ablation of the AP because of the increased 
risk for sudden death (ACC/AHA/ESC Class I, Level of 
Evidence B) [ 43 ]. In patients without preexcitation and sus-
pected AVRT due to a concealed bypass tract, an individual 
decision can be made between using beta-blockers, calcium 
channel blockers, class IC and III antiarrhythmics, and cathe-
ter ablation, depending on the frequency and severity of the 
patient’s symptoms. Similar to the management of AVNRT, 
because of its safety and effi cacy profi le, catheter ablation is 
favored in order to avoid long-term medications (ACC/AHA/
ESC Class IIa, Level of Evidence B) [ 43 ]. Overall success rate 
of the procedure is 93 %, with higher success associated with 
AP location on the left free wall compared to the right free 
wall or posteroseptum. Major complications include complete 
heart block (1 %), stroke (0.2 %), and death (0.2 %) [ 45 ]. 

 Key Points 

•     Catheter ablation is fi rst-line therapy for patients 
with AVNRT.    
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 The management of patients with asymptomatic preexci-
tation is problematic as there is no consensus of expert opin-
ion. Overall, the risk of sudden death with asymptomatic 
preexcitation is very low (estimated 0.1 % annual risk), 
which is “front loaded” in the fi rst part of life, with the 

majority of patients between 10 and 40 years [ 46 ]. The risk 
in older individuals may be attenuated by the tendency for 
APs to weaken over time. Clinical features indicating low 
risk are intermittent preexcitation at rest and sudden loss of 
preexcitation on treadmill stress testing, which indicates a 

a

b

  Fig. 8.3    Twelve-lead electrocardiogram of atrioventricular reentry 
tachycardia (AVRT). ( a ) AVRT with short RP interval which is >70 ms, 
as opposed to AVNRT, which is typically ≤70 ms. Preexcitation is not 

seen because of orthodromic conduction down the AV node and retro-
grade conduction up the accessory pathways. ( b ) Same patient in sinus 
rhythm with return of preexcitation       
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weakly conducting pathway that will not conduct rapidly in 
AF. In patients who do not exhibit these low-risk features, an 
electrophysiologic (EP) study for further risk stratifi cation 

can be considered. High-risk features on EP study that are 
associated with development of VF are SVT, multiple APs, 
AP antegrade refractory period ≤250 ms, and the shortest 

a

b

  Fig. 8.4    Twelve-lead electrocardiogram of preexcited atrial fi brillation 
( AF ). ( a ) Preexcited AF is recognized as a wide complex tachycardia 
with irregular RR intervals and variable preexcitation. ( b ) After admin-

istration of procainamide, the patient remains in AF, but the accessory 
pathway is blocked with loss of preexcitation       
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preexcited RR interval in AF <200 ms [ 47 ]. In patients with 
high-risk features, catheter ablation should be performed. 
Patients in high-risk occupations, which includes school bus 
drivers, pilots, and scuba divers, should be evaluated for 
catheter ablation [ 43 ].   

    Atrial Tachycardia 

 Atrial tachycardias (ATs) account for 10–15 % of SVT and 
can be caused by increased automaticity, triggered activity, or 
micro-reentry. Focal ATs arise from a single ectopic site within 
the atria and while associated with the same underlying causes 
as AF and atrial fl utter, can also be found in patients without 
any other underlying cardiac or extracardiac abnormalities. 
The most common sites of origin of focal ATs are the crista 
terminalis, pulmonary veins, atrial septum, and mitral annu-
lus. Multifocal ATs (MAT) are characterized by multiple foci 
of atrial ectopic depolarizations and are usually the result of an 
underlying etiology, most commonly, pulmonary disease. 

 Focal ATs usually occur at a rate of 100–250 bpm and are 
recognized as a long RP tachycardia on ECG. At higher heart 
rates, the P wave can be obscured by the T wave. The dif-
ferential diagnosis of a long RP tachycardia includes atrial 
fl utter, sinus tachycardia, atypical AVNRT, and permanent 
junctional reciprocating tachycardia (PJRT), which is a type 
of AVRT which utilizes a retrograde conducting AP with 
decremental conduction properties. The response to vagal 
maneuvers or adenosine can be used to help differentiate AT 
from the other arrhythmias. AT is differentiated from atrial 
fl utter if an isoelectric interval between P waves is present. 
Evidence of AV block with continuation of the tachycardia 
in the atrium favors AT, excludes PJRT (because the ventri-
cle is a critical part of the arrhythmic circuit), and usually 
argues against AVNRT (although occasionally AVNRT can 
have a 2:1 AV or VA relationship as the atrium and ventricle 
are passively activated). Acute termination of the SVT with 
a P wave rules out AT. If the tachycardia transiently slows 
then reaccelerates (cool down, warm up), atrial tachycardia 
or sinus tachycardia is favored. AT can be differentiated from 
sinus tachycardia if the P wave morphology is distinct from 
the P wave morphology in normal sinus rhythm. MAT is 
diagnosed by a heart rate >100 bpm and the presence of at 
least three different P wave morphologies. 

 Occasionally focal ATs can be terminated with vagal 
maneuvers or adenosine. Most commonly, focal ATs are 
treated with beta-blockers and calcium channel blockers. If 
unsuccessful, class IC or class III antiarrhythmics can be 
used. Cardioversion can be attempted, but AT often recurs, 
especially if the arrhythmia mechanism is increased auto-
maticity. For patients with drug refractory AT or in patients 
who have incessant tachycardia or tachycardia-induced car-
diomyopathy, catheter ablation is recommended (ACC/
AHA/ESC Class I, Level of Evidence B) [ 43 ]. Regardless of 
whether the mechanism of focal AT is increased automatic-
ity, triggered activity, and micro-reentry, catheter ablation 
can be successful in treating the AT. The success rate of the 
ablation largely depends on whether or not the arrhythmia is 
present or inducible at the time of the procedure, especially 
since sedation and analgesics administered during the pro-
cedure can suppress the arrhythmia due to their effects on 
reducing autonomic tone. Ablation of focal AT has an 86 % 
success rate with a 1–2 % risk of complications [ 43 ]. MAT 
is usually treated by correcting the underlying pulmonary, 
metabolic, or electrolyte abnormality. Calcium channel 
blockers are an option because beta-blockers often cannot 
be used due to underlying pulmonary disease. There is usu-
ally no role for antiarrhythmics, DC cardioversion, or cath-
eter ablation.   

    Sinus Tachycardia 

 Sinus tachycardia is defi ned as sinus rhythm with a rate 
>100 bpm and is almost always an appropriate physiologic 
response to an underlying cause, such as pain, anxiety, 
fever, infection, hypovolemia, anemia, thyrotoxicosis, pheo-
chromocytoma, CHF, acute myocardial ischemia or infarc-
tion, pulmonary embolism and other pulmonary diseases, 
medications (caffeine, nicotine), or alcohol withdrawal. 
Inappropriate sinus tachycardia (IST) occurs in patients 
without cardiac abnormalities or other underlying reasons 
for sinus tachycardia and can be manifested as an elevated 
resting heart rate or an exaggerated heart rate response to 
physical activity or emotional stress. The mechanism of IST 
is unknown but is presumed to be the result of defects in 
autonomic tone or abnormalities within the sinus node. 

 ECG characteristics of sinus tachycardia include a P wave 
that matches the morphology in normal sinus rhythm, which 
typically is positive in leads I and II. However, the P wave 

 Key Points 

•     In patients with preexcited AF, AV nodal blocking 
medications are contraindicated.  

•   Asymptomatic patients with preexcitation can be 
risk stratifi ed for risk of sudden death using nonin-
vasive testing or EP study.    

 Key Points 

•     The mechanism of focal atrial tachycardia can be 
due to abnormal automaticity, triggered activity, or 
micro-reentry.    
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morphology may be diffi cult to determine due to  overlap 
with the prior T wave in tachycardic patients. To distin-
guish sinus tachycardia from other SVTs or 2:1 atrial fl utter, 
vagal maneuvers or adenosine can be used. By slowing the 
sinus rate and/or causing transient AV block, they can allow 
proper identifi cation of the P wave morphology as well as 
unmasking 2:1 atrial fl utter if it is present. Additionally, the 
response of the arrhythmia to the maneuver may be infor-
mative as sinus tachycardia will characteristically slow then 
reaccelerate. 

 When confronted with a persistent sinus tachycardia, the 
initial step is to evaluate for and treat the underlying cause. If 
no other explanation for sinus tachycardia is found, the diag-
nosis of IST is made. Beta-blockers are the fi rst-line therapy 
for IST (ACC/AHA/ESC Class I, Level of Evidence C), fol-
lowed by verapamil and diltiazem (ACC/AHA/ESC Class 
IIa, Level of Evidence C) [ 43 ]. However, these measures are 
often unsuccessful in controlling symptoms and elevated 
heart rates. Ivabradine appears to be a promising drug for 
treatment of IST. It decreases the I f  current in cells in the SA 
node, decreasing the heart rate and was shown in 1 study to 
signifi cantly lower the resting and exercise heart rate in 18 
patients [ 48 ]. Catheter ablation to perform sinus node modi-
fi cation can be considered if medical therapies fail (ACC/
AHA/ESC Class IIb, Level of Evidence C). The long-term 
success rate is 66 %; potential complications include pericar-
ditis, phrenic nerve injury, SVC syndrome, and bradycardia 
requiring permanent pacing [ 43 ].      
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        Introduction 

 Bradycardia is arbitrarily defi ned as a heart rate less than 60 
beats per minute (bpm), although a rate below 50 bpm has 
been suggested by some authors [ 1 ]. Bradyarrhythmias are a 

commonly encountered problem and their spectrum may 
range from the benign and physiologically normal to patho-
logical life-threatening conditions. This can make their man-
agement a challenge for the consulting physician. A careful 
evaluation of the patient’s presenting rhythm and associated 
symptoms is the key to accurate diagnosis and appropriate 
intervention. 

 Many causes of bradycardia are the result of extrinsic and 
intrinsic factors that can infl uence the cardiac conduction 
system either by directly affecting its structures or by affect-
ing the balance of sympathetic and parasympathetic infl u-
ences upon those structures. The summation of these effects 

    Abstract   

 Bradycardia can be caused by a wide variety of factors that affect the sinoatrial or the 
 atrioventricular nodes. The sinus node is the main pacemaker of the heart and is extremely 
sensitive to autonomic infl uences as it is richly innervated by sympathetic and parasympa-
thetic nerve inputs. Sinus node dysfunction is a result of various intrinsic or extrinsic causes, 
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electrocardiographic (ECG) manifestations including sinus bradycardia, sinus arrest, 
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and tachycardia-bradycardia syndrome. The key to the diagnosis is correlating symptoms to 
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divided into three ECG classifi cations – fi rst-, second-, and third-degree AV block – based 
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can be categorized into conditions that affect the sinoatrial 
node (SA node) or the atrioventricular node (AV node). From 
an electrophysiological standpoint, they may be viewed as 
either abnormalities of impulse formation or abnormalities 
of impulse propagation. 

 While not all bradyarrhythmias require intervention, 
defi nitive therapy of pathological bradycardia due to either 
sinus node dysfunction or AV node conduction abnormali-
ties is achieved by pacemaker implantation. Pacemakers 
have become increasingly sophisticated with complex pac-
ing algorithms aimed at maintaining atrioventricular and 
interventricular synchrony. These algorithms have been 
derived from outcomes-based fi ndings of a number of impor-
tant clinical trials. The aim of this chapter is to discuss the 
various forms of bradycardia commonly encountered in 
practice, outline their key diagnostic features, and present an 
evidenced-based approach to their management.  

    Bradycardia Due to the SA Node 

    Anatomy and Physiology of the SA Node 

 The sinus node is the main pacemaker of the heart. It is a 
spindle-shaped structure composed of groups of cells called 
P cells (named due to their pale appearance on electron 
microscopy) which possess automaticity, allowing for spon-
taneous depolarization. These groups or nests of P cells are 
interspersed within connective tissue composed of collagen 
and fi broblasts. The SA node measures 10–20 mm long and 
starts epicardially in the lateral part of the right atrium in the 
sulcus terminalis at the junction with the superior vena cava 
and extends endocardially [ 2 ]. 

 The arterial blood supply to the SA node is variable 
accounting for vulnerability to damage during surgical proce-
dures. The SA nodal artery provides the principal blood supply 
and originates from the right coronary artery in 55–60 % of 
patients and from the left circumfl ex artery in the remainder. A 
more recent publication suggests that the SA nodal artery may 

take several different routes and that two or more branches to 
the SA node may be present in about 54 % of hearts [ 3 ]. This 
collateralization may explain the rarity of SA node infarction. 

 Pacemaker activity is not confi ned to a single set of cells 
within the sinus node. It occurs as a result of integrated activ-
ity of the cells throughout the region where cells affect each 
other through cell-to-cell coupling, called mutual entrain-
ment, to depolarize simultaneously [ 4 ]. The more rapidly 
depolarizing cells are the predominant pacemakers, while 
other, more slowly depolarizing cells are backup or subsid-
iary pacemakers. These subsidiary pacemakers only take 
over under certain conditions such as changes in autonomic 
tone or electrolyte imbalances. 

 The SA node is richly innervated by both sympathetic and 
parasympathetic nervous inputs in the form of postgangli-
onic adrenergic and cholinergic nerve terminals [ 5 ]. These 
inputs have a profound effect on the rate of depolarization 
within pacemaker cells, causing a shift in the origin of the 
predominant pacemaker cell group that can vary by as much 
as 3 cm along the SA node region. These shifts then cause a 
change in the exit site of the sinus impulse to the surrounding 
atrial tissue and may be associated with subtle changes in P 
wave morphology [ 6 ]. Activation mapping has demonstrated 
that sympathetic infl uences, resulting in faster rates, cause a 
shift of impulse origin to the superior portion of the SA node, 
whereas vagal infl uences produce slower rates and cause a 
shift to the lower portion [ 7 ,  8 ].  

    Pathophysiology of Sinus Node Dysfunction 

 Ferrer was the fi rst to describe sinus node dysfunction (SND) 
as a distinct clinical entity in 1968 [ 9 ], although Wenckebach 
had reported on its electrocardiographic (ECG) manifesta-
tions in 1923. SND refers to a wide range of abnormalities 
affecting sinus node impulse formation or propagation. 
These various abnormalities are detailed below. The causes 
of sinus node dysfunction can be categorized as either extrin-
sic or intrinsic and are detailed in Table  9.1 .

 Intrinsic causes  Extrinsic causes 

 Idiopathic degenerative (sick sinus 
syndrome) 

 Hypervagotonia (cardioinhibitory infl uence with 
neurocardiogenic syncope, athletic training) 

 Ischemic (acute and chronic coronary 
artery disease) 

 Medications (calcium channel blockers, beta-blockers, 
digitalis, class I and III antiarrhythmics) 

 Infl ammatory (collagen vascular disease, 
SLE, myocarditis) 

 Hypoxia (obstructive sleep apnea, mucus plugging) 

 Infi ltrative (amyloidosis, sarcoid, 
hemochromatosis) 

 Metabolic disorders (hypothyroidism, hypothermia) 

 Iatrogenic (surgical trauma, Mustard 
and Fontan repairs, radiation therapy) 

 Electrolyte abnormalities (hypo- and hyperkalemia) 

 Inherited (myotonic dystrophy, 
Friedreich’s ataxia, Kearns-Sayre) 

 Neurological disorders (increased intracranial pressure 
and CNS tumors) 

   Table 9.1    Intrinsic and extrinsic 
causes of sinus node dysfunction   
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      Intrinsic Causes 
 Idiopathic degenerative disease is by far the most common 
cause of intrinsic SND [ 10 ]. Primarily seen in the elderly, it 
is predominantly due to aging and degeneration of the sinus 
node. Data from multiple studies suggests that associated AV 
block is uncommon, implying that the degenerative process 
does not affect the remainder of the conduction system to the 
same degree [ 11 ]. SND is also commonly seen in ischemic 
heart disease which is more common in the elderly. It is asso-
ciated with acute inferior wall myocardial infarction from 
occlusion of the right coronary artery proximal to the origin 
of the SA node artery. Nevertheless, SND may be diagnosed 
at any age due to any of the listed causes.  

    Extrinsic Causes 
 While numerous causes for extrinsic SND exist, the most 
common are drug effects and autonomic nervous system 
infl uences. Drugs that typically depress sinus node function 
include beta-blockers, calcium channel blockers, digoxin, 
several classes of antiarrhythmic agents, and sympatholytic 
antihypertensive agents. 

 Autonomic infl uences are typically due to increased vagal 
tone as seen in well-trained athletes with sinus bradycardia 
or normal individuals with bradycardia during sleep. These 
infl uences also play a large role in hypervagotonic condi-
tions such as hypersensitive carotid sinus syndrome or vari-
ous forms of neurocardiogenic syncope.   

    Diagnosis 

    Presentation 
 The clinical presentation of SND can vary widely. The most 
signifi cant symptom is syncope, which typically occurs as a 
result of continued suppression of sinus node impulse forma-
tion after sudden termination of a tachycardia such as atrial 
fi brillation. The range of clinical fi ndings can include asymp-
tomatic electrocardiographic fi ndings or a wide array of non-
specifi c symptoms including dizziness, lightheadedness, 
pre-syncope, shortness of breath, or fatigue. 

 The natural history can be variable with the majority of 
patients exhibiting slow progression over many years. 
Prognosis frequently depends on other comorbidities and the 
presence or absence of concomitant structural heart disease. 
Syncope is associated with recurrent events and a worse 
prognosis [ 12 ]. Atrial fi brillation occurs in about 40–45 % 
[ 13 – 15 ] of SND patients with thromboembolic events occur-
ring in 15 % in untreated patients. Acute arterial thromboem-
bolism may be the fi rst manifestation of SND. The incidence 
of thromboembolic events is 13 % in ventricularly paced 
patients and 1.6 % in atrially paced patients [ 16 ]. This under-
scores the relative protective effect of atrial pacing in patients 

with SND. The incidence of sudden cardiac death is 
extremely low [ 12 ] and SND does not appear to affect mor-
tality whether treated or untreated with pacemaker therapy 
[ 17 ,  18 ].  

    Diagnostic Evaluation 
 The gold standard for the diagnosis of SND is the correlation 
between symptoms and ECG evidence of SND on 12-lead 
ECGs, inpatient telemetry, or ambulatory monitoring such as 
24–48-h Holter recordings. These are typically low-yield 
tools unless the patient has very frequent or, at least, daily 
symptoms. More commonly, the diagnosis can be made uti-
lizing cardiac event monitors worn for 30-day intervals in 
association with interactive patient recording of symptoms. 
Exercise stress testing can be useful in documenting evi-
dence of chronotropic incompetence. In patients with very 
infrequent symptoms, electrophysiology (EP) testing with a 
careful evaluation of SA node function may be required; 
however, these tests have limited specifi city and do not cor-
relate with the patient’s symptoms. Therefore, the role of EP 
testing in the management of sinus node dysfunction is lim-
ited. Implantable loop recorders are becoming an increas-
ingly important tool in the diagnostic evaluation of sinus 
node dysfunction. They can now be implanted for periods of 
up to 3 years, allowing a diagnosis even in patients with very 
infrequent symptoms.   

    Electrocardiographic Manifestations of SND 

    Sinus Bradycardia 
 Sinus bradycardia is generally defi ned as a heart rate of less 
than 60 bpm with P wave morphology consistent with sinus 
node origin (Fig.  9.1 ). It is often associated with sinus 
arrhythmia. In most circumstances, this is a benign condition 
and should not be considered a true arrhythmia in certain 
patients. For example, asymptomatic sinus bradycardia can 
frequently be seen in young healthy adults and trained ath-
letes as a result of increased vagal tone. It is not uncommon 
for heart rates to drop to 30–40 bpm during sleep in younger 
patients. It may also be seen in conditions associated with 
increased parasympathetic stimulation such as neurocardio-
genic syncope, carotid sinus stimulation, and vomiting. In 
older patients, however, it is mostly seen as a result of medi-
cations. Beta-blockers and calcium channel blockers are the 
most common, but sinus bradycardia can be caused by a 
wide variety of medications including antiarrhythmics, anti-
hypertensives, and a variety of psychotropic medications.

   Pathological sinus bradycardia occurs in a setting where 
the heart rate is inappropriate for the physiological condition 
at the time, such as bradycardia in the setting of sepsis or 
heart failure. Heart rates less than 40 bpm are generally 
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 considered to be abnormal. Sinus bradycardia has also been 
noted in patients presenting with an acute myocardial infarc-
tion (MI), particularly inferior wall MI. Unless associated 
with hemodynamic compromise, treatment is generally not 
required. Persistent sinus bradycardia that does not resolve 
with discontinuation of potentially causative medications 
may be seen in elderly patients who complain of fatigue. In 
these circumstances, treatment is warranted.  

    Sinus Arrest 
 As the name implies, sinus arrest occurs as a result of com-
plete cessation of automaticity and, therefore, impulse for-
mation in the sinus node. The term is often used 
interchangeably with sinus pause. Differentiation between 
sinus arrest and sinoatrial exit block (see below) on the basis 
of the surface ECG, and without direct recordings, can be 
diffi cult. The duration of sinus arrest is typically random 
and, as a rule, is not a multiple of the underlying sinus rate. 
There is no consensus on the exact duration required to meet 
the defi nition of sinus arrest. For practical purposes, pauses 
of 2–3 s during sinus rhythm can be termed sinus arrest 
(Fig.  9.2 ). While these can rarely be seen in normal individu-
als with a high degree of vagal tone, pauses greater than 3 s 
are typically a marker of sinus node dysfunction. In the 
absence of subsidiary pacemakers that can provide escape 

beats, prolonged sinus pauses can result in periods of ven-
tricular asystole. While a thorough evaluation of the patient 
is necessary in these situations, treatment is only warranted 
if symptoms can be correlated to these pauses.

       Sinoatrial Exit Block 
 Sinoatrial exit block refers to either impulse conduction 
delay or block between the sinus node and the surrounding 
perinodal or atrial tissue. Similar to AV conduction block, it 
may be categorized into fi rst-, second-, and third-degree 
block. In fi rst-degree sinoatrial exit block, there is a fi xed 
delay between the sinus node and the atrial tissue. In third- 
degree sinoatrial exit block, sinus impulses are not conducted 
to the atrial tissue and therefore no P waves appear on the 
surface ECG, with a subsidiary pacemaker typically taking 
over. Neither of these can be distinguished on the basis of the 
surface ECG alone and require direct recordings from the 
sinus node to make the diagnosis. 

 Second-degree sinoatrial exit block can either be type I 
or type II (Fig.  9.3 ). In type I, typical Wenckebach behav-
ior is seen with shortening of the PP intervals before the 
dropped P wave is noted. The resultant pause is less than 
twice the shortest preceding PP interval. Type II sinoatrial 
exit block is similar to Mobitz type II AV block with no 
change in the  preceding PP intervals before the dropped P 

  Fig. 9.1    Sinus bradycardia. No other abnormalities noted here except for sinus bradycardia at 50 bpm which may be physiological or 
pathological       

  Fig. 9.2    Sinus arrest. Note sudden cessation of sinus impulse for 3 s prior to resumption of normal sinus rhythm once more       

  Fig. 9.3     Top panel : Type I second-degree sinoatrial exit block. Note 
the pause that is less than two times the PP interval. Also note the group 
beating consistent with Wenckebach periodicity.  Bottom panel : Type II 
second-degree sinoatrial exit block. The pause here is two times the PP 

interval, with the occurrence of a junctional beat prior to the return of a 
sinus P wave which is followed by unperturbed sinus mechanism before 
there is another recurrence       
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wave. The  resultant pause is typically twice the preceding PP 
interval. If more than one P wave is blocked, then the resul-
tant pause is a multiple of the baseline PP interval.

       Hypersensitive Carotid Sinus Syndrome 
 Hypersensitive carotid sinus syndrome is characterized by an 
exaggerated vagal response to carotid stimulation and is 
associated with sinus arrest or exit block. In the cardioinhibi-
tory form, a sinus pause of greater than 3 s typically occurs 
without the appearance of subsidiary pacemakers resulting 
in asystole. AV node conduction is typically affected as well, 
although this is not easily elucidated due to lack of atrial 
impulse formation. In the cardiodepressor form, a 
30–50 mmHg drop of systolic blood pressure with reproduc-
tion of the patient’s symptoms may be elicited. The classic 
clinical presentation is syncope or pre-syncope associated 
with head turning or tight shirt collars and is more commonly 
observed in males.  

    Chronotropic Incompetence 
 Chronotropic incompetence refers to a form of sinus node dys-
function in which there is an inability to increase the heart rate 
in response to sympathetic stimulation to meet increased phys-
iological demands such as exercise. Treadmill exercise testing 
can be very useful in unmasking this form of sinus node dys-
function which is defi ned as an inability to achieve a heart rate 
greater than 100 bpm at maximal exercise or a failure to reach 
70 % of the maximal predicted heart rate (220-age).  

    Tachycardia-Bradycardia Syndrome 
 Tachycardia-bradycardia syndrome is the most common 
form of SND and is sometimes termed sick sinus syndrome 
or tachy-brady syndrome. It refers to patients with sinus bra-
dycardia alternating with various tachyarrhythmias, typi-
cally atrial fi brillation (Fig.  9.4 ). Tachycardia-bradycardia 
syndrome is often manifested by prolonged pauses after sud-
den cessation of the tachyarrhythmia and is likely the most 
common cause of syncope in patients with SND. Functional 
bradycardia may be an element in this syndrome since rapid 
atrial rates can result in sinus node suppression and remodel-
ing [ 19 ]. This syndrome is further exacerbated by the man-
agement of the tachyarrhythmia component which frequently 
necessitates utilizing medications that further suppress the 
sinus node and exacerbate the bradycardia. Pacemaker 
implantation is often the only solution to facilitate safe and 
effective rate control.

        Management 

 Since SND is not associated with increased mortality, the 
goal of therapy should be to alleviate symptoms. Therefore, 
it is imperative to correlate symptoms with the electrocardio-
graphic fi ndings of SND. Patients may have symptoms that 
are unrelated to the electrocardiographic evidence of this dis-
ease and some patients may have evidence of the disease and 
be completely asymptomatic. In either of these cases, pace-
maker implantation is not indicated. 

 The indications for pacemaker implantation are listed 
in Table  9.2 . The general rule is that only symptomatic 
patients with SND should undergo pacemaker implanta-
tion. Prior to committing to pacemaker implantation, 
every effort should be made to remove any extrinsic factor 
or offending medication. Patients with SND and concomi-
tant atrial fi brillation are at high risk of thromboembolic 
complications and long- term anticoagulation should be 
considered [ 16 ].

   In patients who require pacing, pacemaker selection is the 
next critical step. Patients with long-standing persistent or 
permanent atrial fi brillation require only a single right 
 ventricular lead programmed to the VVI pacing mode. In 
patients with sinus mechanism and intact AV conduction, 
atrial-based pacing systems appear to be more effective at 

  Fig. 9.4    Tachy-brady syndrome. Note the patient has sinus bradycardia at the beginning of the strip and quickly transforms into atrial fi brillation 
with a rapid ventricular response with PVCs occasionally noted       

   Table 9.2    Indications for pacing in sinus node dysfunction   

 Recommendations for permanent pacing in sinus node dysfunction 

  Class I indication  
 Documented symptomatic sinus bradycardia 
 Documented symptomatic chronotropic incompetence 
 Symptomatic sinus bradycardia resulting from necessary drug 
therapy 
  Class IIa indications  
 SND with heart rate less than 40 beats/min, when a clear association 
between bradycardic symptoms and actual bradycardia has not been 
established 
 Unexplained syncope with clinical evidence of signifi cant SND 
  Class IIb indications  
 Minimally symptomatic patients with heart rate less than 40 beats/
min while awake 
  Class III indications  
 Asymptomatic patients with SND 
 Symptomatic patients with documented symptoms occurring in the 
absence of bradycardia 
 Symptomatic bradycardia due to nonessential drug therapy 

  Adapted from Epstein et al. [ 20 ]  
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reducing stroke, systemic embolization [ 21 ], atrial fi brilla-
tion, stroke, heart failure, and cardiovascular mortality [ 22 ]. 
Due to the 1–3 % annual incidence of AV block, however, 
most patients in the United States receive dual-chamber pac-
ing systems. 

 While it would seem logical that, for patients in sinus 
rhythm, maintaining AV synchrony with dual-chamber pac-
ing would be superior to ventricular-based pacing alone, 
there has been a paucity of evidence of any survival benefi t 
in that regard. DDDR pacing was associated with less atrial 
fi brillation than VVIR pacing in the Canadian Trial of 
Physiological Pacing (CTOPP) [ 23 ]. In the Mode Selection 
Trial (MOST), there was a reduction in the incidence of heart 
failure and atrial fi brillation but no difference in mortality 
[ 24 ]. There is increasing evidence of the association between 
chronic right ventricular pacing and the development of heart 
failure. In the MOST study, ventricular pacing more than 
40 % of the time in DDDR mode was associated with a 2.6- 
fold increase in heart failure compared to similar patients 
with less pacing. This has led to novel patented pacing modes 
such as the Managed Ventricular Pacing Mode (MVP) which 
provides AAIR pacing with DDDR backup allowing atrial 
pacing, while maintaining native conduction and providing 
AV synchrony only when required.   

    Bradycardia Due to the Atrioventricular 
(AV) Node 

    Anatomy and Physiology of the AV Node 

 The AV node is a subendocardial structure originating in the 
transitional zone in the inferior portion of the right atrium. 
This zone receives atrial input from 3 preferential pathways 
of conduction (superior, medial, and posterior) that connect 
to the compact AV node located at the apex of the triangle 
of Koch. This triangle is formed by the tendon of Todaro 
superiorly, the septal leafl et of the tricuspid valve medially, 
and the os of the coronary sinus posteriorly and inferiorly. 
The AV node continues as the penetrating AV bundle 
through the central fi brous body, penetrating the annulus 
fi brosis and emerging along the left ventricular septum as 
the bundle of His. It immediately divides into the right and 
left bundle branches, both of which connect to an extensive 
endocardial His-Purkinje network, constituting the AV con-
duction axis. 

 From an electrophysiological standpoint, the AV node 
and perinodal area can be divided into 3 distinct regions. 
The atrionodal (AN) region is made up of transitional 
zone cells possessing electrophysiological and histological 
characteristics distinct from those of atrial myocytes. The 
AN region connects to the nodal (N) region made up of N 
cells. These represent the typical AV node cells with their 

 characteristic decremental conduction properties. The last 
region is the nodal-His (NH) region with cell characteristics 
that combine those of the nodal region and the His-Purkinje 
system. 

 Under normal circumstances, the AV node is the only con-
duction pathway from the atria to the ventricles. Its  primary 
function is to regulate and limit atrial impulses being con-
ducted to the ventricles. This buffering action is protective as 
it prevents potentially harmful rapid impulses, such as those 
occurring in atrial fi brillation, from being conducted to the 
ventricles possibly resulting in ventricular fi brillation. In 
addition, utilizing the properties of automaticity in the cells 
of its distal portion, the AV node may function as a subsidiary 
pacemaker under certain circumstances such as sinus node 
dysfunction or proximal AV node conduction block. 

 The blood supply of the AV node is primarily supplied by 
the AV nodal artery, originating from the right coronary 
artery in 85–90 % of patients and from the left circumfl ex 
artery in the remainder. The penetrating AV bundle receives 
a dual blood supply from the AV nodal artery and the fi rst 
septal perforator of the left anterior descending coronary 
artery. This dual blood supply can be protective in situations 
of myocardial ischemia. Like the SA node, the AV node is 
richly innervated by both sympathetic and parasympathetic 
nervous inputs in the form of postganglionic adrenergic and 
cholinergic nerve fi bers. Sympathetic stimulation causes 
shorter AV node conduction time and refractoriness, whereas 
parasympathetic stimulation results in the opposite. Neither 
the bundle of His nor the His-Purkinje system is infl uenced 
by the autonomic nervous system [ 25 ].  

    Pathophysiology of Atrioventricular (AV) Block 

 Delay or block of a cardiac impulse may occur anywhere 
along the AV conduction axis. AV block may be either con-
genital or acquired. Congenital AV block is a result of embry-
onic developmental abnormalities. Acquired AV block may 
be classifi ed based on its severity as either fi rst-, second-, or 
third-degree AV block and may result from a variety of phys-
iological or pathophysiological causes. Physiological causes 
of AV block include increased vagal tone such as in young 
athletic patients, during sleep, or in painful situations. This 
form of physiological response typically results in fi rst- 
degree or type I second-degree (Wenckebach) AV block. 
Pathophysiological causes may be either intrinsic or extrinsic 
(Table  9.3 ) and can produce any form of AV block. The fol-
lowing are some of the most important causes.

     Degenerative Disease 
 Degenerative disease is the most common cause of acquired 
AV block accounting for about 50 % of cases. Idiopathic 
 progressive sclerosis seen with aging is referred to as Lev’s 
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disease and is commonly due to the degenerative effects of 
long-standing hypertension, diabetes, and atherosclerosis. 
The resulting impairment in blood supply causes fi brosis and 
calcifi cation at the ventricular septum, central fi brous body, 
and the aortic and mitral valve annuli, which subsequently 
extends to the adjacent conduction tissues of the AV node 
[ 26 ,  27 ]. Lenegre’s disease is a progressive fi brotic degenera-
tive process usually affecting younger individuals. It is typi-
cally associated with a slow progression to complete AV 
block and may have a hereditary component.  

   Ischemic Heart Disease 
 Ischemic heart disease may account for 40 % of acquired AV 
block [ 28 ]. In acute myocardial infarction (MI), the rate of AV 
block is almost 20 %, including 8 % with fi rst-degree, 5 % with 
second-degree, and 6 % with third-degree AV block [ 29 – 31 ]. 

 First-degree AV block and type I second-degree AV block 
are more commonly seen with inferior myocardial infarc-
tion. They are typically associated with increased vagal 
tone, respond to atropine (as the level of block is usually at 
the AV node), and are transient, typically resolving within 
72 h. They rarely progress to more advanced AV block. Type 
II second-degree AV block (seen more commonly with ante-
rior MI) and complete AV block may occur with either infe-
rior or anterior MI. In inferior MI, the level of block is 
typically the AV node and is associated with stable narrow 
junctional escape complexes and has a better prognosis. In 
anterior MI, the level of block is at the level of the His-
Purkinje system and is typically not transient. The ECG 
demonstrates an unstable wide QRS escape rhythm and is 
associated with a more hemodynamically unstable presenta-
tion related to a larger infarct size. Patients may present with 
severe hypotension, pulmonary edema, and ventricular 
tachyarrhythmias. These patients are critically ill requiring 
urgent intervention including revascularization and tempo-
rary pacemaker support during the initial presentation and 
have a worse prognosis [ 32 – 34 ].  

   Iatrogenic 
 A variety of medications can impair AV conduction and give 
rise to AV block. Among the most common are cardiac med-
ications specifi cally used for management of tachyarrhyth-
mias such as digoxin, calcium channel blockers, and 
beta-blockers. Type I and type III antiarrhythmic agents 
(with the exception of dofetilide) can cause delayed infrano-
dal conduction with resultant AV block. Patients that prog-
ress to AV block typically have underlying conduction 
system disease to begin with that is further exacerbated by 
these medications. Discontinuation of medications can 
resolve the AV block transiently but recurrence may occur at 
a later date requiring pacing [ 35 ]. 

 Cardiac surgery can be complicated by the develop-
ment of various degrees of AV block. This is seen more 
commonly with aortic valve replacement, with up to 
3–4 % of patients requiring permanent pacing compared 
with coronary artery bypass surgery in which permanent 
pacing may be required in less than 1 % [ 36 ,  37 ]. The AV 
block appears to be due to trauma or ischemia affecting 
the AV node conduction system which is in close proxim-
ity to the aortic valve. More recently, transcatheter aortic 
valve implantation (TAVI) has been offered to patients 
with aortic stenosis who are poor surgical candidates. This 
procedure has been associated with a high rate of AV 
block, with up to one-third of patients receiving the 
CoreValve device requiring permanent pacing; the inci-
dence may be lower with the Edwards SAPIEN TM  valve 
[ 38 ,  39 ]. Alcohol septal ablation for the treatment of 
hypertrophic cardiomyopathy has also been associated 
with a high rate of AV block. The incidence of pacemaker 
requirement ranges from 14 to 22 % [ 40 ,  41 ]. Complete 
AV block may also complicate radiofrequency ablation of 
atrioventricular nodal reentrant tachycardia (AVNRT) or 
septal accessory pathways with an incidence of about 1 % 
(range 0–3 %) [ 42 ].  

   Infectious Disease 
 Infectious endocarditis may result from viral, bacterial, and 
parasitic infections. The most common cause in the north-
eastern region of the United States is Lyme disease due to 
tick bites transmitting  Borrelia burgdorferi . Lyme disease is 
one of the most important causes of reversible AV block. 
AV block may progress and fl uctuate rapidly from fi rst-
degree to complete AV block. The level of block is typically 
at the AV node but may occur throughout the conduction 
system and is usually associated with symptoms. Complete 
AV block typically improves within 1 week after initiation 
of appropriate intravenous antibiotics [ 43 ]. Other causes 
include rheumatic fever, tuberculosis, Chagas disease, mea-
sles, syphilis, and bacterial endocarditis. The development 
of AV block is associated with a worse prognosis in these 
patients.   

    Table 9.3    Causes of acquired AV block   

  Idiopathic degenerative : Lev’s disease, Lenegre’s disease 
  Ischemic disease : Acute MI, chronic CAD 
  Iatrogenic : Post cardiac surgery, TAVI, radiofrequency ablation 
  Medications : Calcium channel and beta-blockers, digoxin, 
antiarrhythmics, adenosine 
  Infectious : Lyme disease, endocarditis, Chagas, syphilis, TB, 
toxoplasmosis, diphtheria 
  Autonomic : Neurocardiogenic, carotid hypersensitivity 
  Infi ltrative : Amyloidosis, hemochromatosis, sarcoidosis, lymphoma, 
melanoma 
  Rheumatic : Scleroderma, ankylosing spondylitis, rheumatoid 
arthritis, SLE 
  Heritable : Kearns-Sayre, myotonic dystrophy, facioscapulohumeral, 
Emery-Dreifuss 
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    Diagnosis 

   Presentation 
 The clinical presentation of AV block can vary from being 
asymptomatic to dramatic presentations with syncope. First- 
degree AV block is typically asymptomatic, although in 
cases of extreme PR interval prolongation, some patients 
may present with symptoms of AV dyssynchrony similar to 
those seen with pacemaker syndrome. Patients with type I 
second-degree AV block may be asymptomatic for pro-
longed periods of time. Sedentary patients may only be noted 
to be in complete AV block incidentally upon presentation 
for an unrelated medical evaluation. Depending on the etiol-
ogy of the AV block, patients may present with the symp-
toms associated with the triggering cause such as acute MI or 
symptoms of endocarditis. In general, the symptoms tend to 
be those associated with decreased cardiac output and may 
initially be noted in association with exertion only or may 
occur at rest from the very beginning. These may include 
decreased exercise capacity, chest pain, dyspnea, dizziness, 
light headedness, pre-syncope, or syncope. Patients present-
ing with syncope require urgent intervention as opposed to a 
more elective management approach in relatively asymp-
tomatic patients. Patients with heart failure may be more 
affected, with worsening of heart failure being the primary 
symptom. AV block and its associated symptoms may occur 
intermittently, making the diagnosis elusive.  

   Diagnostic Evaluation 
 The primary goal of a diagnostic evaluation in AV block is 
to determine the site of conduction block as this may some-
times determine if pacemaker implantation is warranted. 
When patients are symptomatic, this is less important from 
a clinical standpoint since symptomatic patients require 
pacemaker implantation. The primary tool in this evaluation 
is electrocardiography, including inpatient and ambulatory 
telemetry, to diagnose intermittent conduction block and to 
determine how it correlates with symptoms. Bedside evalua-
tion maneuvers in conjunction with electrocardiography can 
also be helpful, since increasing adrenergic stimulation may 
help improve the conduction ratio of AV block where the 
site of block is at the level of the AV node, but worsen the 
ratio of block if it is at the infranodal level. Exercise test-
ing may also be helpful in demonstrating the differential 
response to adrenergic stimulation. Increased vagal stimu-
lation, such as with Valsalva maneuvers or carotid sinus 
massage, may improve the ratio of conduction block with 
infranodal  disease and worsen AV block at the level of the 
AV node. These maneuvers may be especially useful in 
assessing 2:1 AV block (Table  9.4 ). Electrophysiology test-
ing may be of additional benefi t in patients with intermittent 
symptoms suspicious for AV block but without documented 
bradyarrhythmias.

        Electrocardiographic Manifestations 
of AV Block 

   First-Degree AV Block 
 First-degree AV block is defi ned as a PR interval greater than 
200 milliseconds (ms) following a normally timed atrial 
impulse. This is a misnomer considering that there is no true 
“block” of any atrial impulses. Instead, there is a fi xed 
 conduction delay that may occur anywhere along the AV 
conduction axis. The site of delay may be at the level of the 
atrium especially in cases of atriopathies associated with 
structural heart disease such as Ebstein’s anomaly or endo-
cardial cushion defects. PR prolongation with a narrow QRS 
is typically noted in these cases. The AV node is the most 
common site of conduction delay in fi rst-degree AV block, 
accounting for 90 % of cases with PR intervals greater than 
300 ms [ 44 ]. The infranodal His-Purkinje system may be the 
site of fi rst-degree AV block and should be suspected in 
cases with fi rst-degree AV block and concomitant bundle 
branch block (Fig.  9.5 ). The bundle branches are involved in 
the majority of these cases [ 45 ], and in about two-thirds of 
cases, there is a combination of delay in both the AV node 
and the infranodal tissue. Both exercise and atropine can 
shorten the PR interval when the site of delay is at the level 
of the AV node and prolong it at the level of the infranodal 
tissue. Vagal stimulation will have the opposite effect. An EP 
study can be helpful in accurately identifying the site of con-
duction delay by evaluating both the AH and HV intervals. 
In patients with an HV interval exceeding 100 ms, pace-
maker implantation has been advocated as 25 % of these 
patients progress to complete AV block over the next 22 
months [ 46 ].

      Second-Degree AV Block 
 Second-degree AV block indicates intermittent conduc-
tion of atrial impulses to the ventricles along the AV con-
duction axis. This intermittent conduction may be 
associated with a fixed or variable pattern. Type I and 
type II (Mobitz I and II) patterns describe the presence or 
absence of PR interval changes when at least two con-
ducted P waves occur prior to interruption of AV conduc-
tion. Other forms of intermittent conduction include the 

     Table 9.4    Differentiating AV node from His-Purkinje site of block   

 Observation/
maneuver  AV node block 

 His-Purkinje system 
block 

 PR interval  >300 ms  <160 ms 
 QRS width  Narrow QRS  Wide QRS or BBB 
 Atropine or 
exercise 

 Improves conduction  Worsens conduction 

 Carotid sinus 
massage 

 Worsens conduction  Improves conduction 
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2:1 AV conduction pattern which cannot be definitively 
categorized as type I or II second- degree AV block, as 
well as high-grade AV block where more than one con-
secutive P wave is intermittently blocked.  

   Mobitz Type I (Wenckebach) Second-Degree 
AV Block 
 Wenckebach fi rst described this phenomenon of progressive 
delay between atrial and ventricular beats prior to failure of 
conduction of one beat to the ventricles [ 47 ]. On the surface 
ECG, it is manifested by progressive prolongation of the PR 
interval with each normally timed P wave, prior to a noncon-
ducted P wave. The longest PR interval is the one that occurs 
just prior to the nonconducted P wave and the shortest is the 
one that occurs immediately thereafter. This phenomenon is 
due to increased AV node refractoriness with each successive 
beat increasing the relative refractory period of the AV node 
until a beat arrives at the absolute effective refractory period 
of the AV node and fails to conduct. This allows a return to 
the baseline refractoriness of the AV node allowing it to con-
duct the subsequent beat with maximal conduction velocity, 
which corresponds to the shortest PR interval, before it starts 
to become progressively refractory again. Wenckebach peri-
odicity may occur in a classic or nonclassic fashion. In the 
classic form, in addition to the above features, lengthening of 
the PR interval occurs with progressively decreasing incre-
ments with resultant shorter RR intervals, the pause is less 
than the sum of two RR intervals, and group beating patterns 
are observed (Fig.  9.6 ). In the nonclassic form, these addi-
tional features may not be noted.

   Wenckebach AV block may occur due to physiological or 
pathological reasons. Under physiological conditions and in 
the absence of structural heart disease, it may be seen with 
increased vagal tone, such as that seen in well-trained ath-
letes or during sleep. This is associated with an excellent 
prognosis and almost never advances to complete AV block 

[ 48 ,  49 ]. In patients with underlying heart disease, 
Wenckebach AV block may be associated with a worse prog-
nosis such as when it occurs in conjunction with inferior 
myocardial infarction. 

 The site of block is at the level of the AV node in about 
75 % of cases [ 45 ] and occurs below the AV node at the level 
of the His-Purkinje system in the remainder. Clues indicating 
the site of block to be the AV node include a classic form of 
Wenckebach periodicity, a narrow QRS, and a long PR inter-
val at baseline. The presence of bundle branch block may 
point to disease at the level of the His-Purkinje system, but 
AV node disease is still more common. 

 Wenckebach AV block occurring at the level of the AV 
node will respond to sympathetic infl uences such as increased 
adrenergic tone with exercise or the administration of atro-
pine, dopamine, or isoproterenol in emergent situations. If 
the site of block is below the AV node, these infl uences will 
worsen the ratio of AV block.  

   Mobitz Type II AV Block 
 Twenty-fi ve years after Wenckebach published his fi ndings 
on AV block, Mobitz further subdivided second-degree AV 
block on the basis of the ECG [ 50 ]. Mobitz type II AV block 
is defi ned as the sudden failure to conduct a normally timed 
P wave without prior PR prolongation. The PR interval 
immediately following the nonconducted P wave is identical 
to the PR interval of the last conducted beat prior to the AV 
block. The PP interval must remain constant and the resul-
tant pause is two times the PP interval (Fig.  9.7 ). These fea-
tures exclude atypical Wenckebach periodicity and must be 
present to make the diagnosis since it has serious 
implications.

   Mobitz type II AV block is due to conduction disease in 
the infranodal tissue and has never been proven to be due to 
conduction block at the level of the AV node. It is therefore 
typically associated with a wide QRS or bundle branch block. 

  Fig. 9.5    First-degree AV block. Note the P waves were indicated by 
the arrows demonstrating sinus rhythm with fi rst-degree AV block with 
a PR interval of 480 ms and a left bundle branch block with a QRS 
width of 190 ms. While fi rst-degree AV block typically occurs at the 

level of the AV node, the presence of such a wide QRS in accompani-
ment should alert the consultant to the high likelihood of infranodal 
conduction disease as well       

  Fig. 9.6    Mobitz type I (Wenckebach) AV block. Notice the classic 
form of AV Wenckebach in a 4:3 pattern. The PP intervals are fi xed, 
with lengthening of each successive PR interval with progressively 
decreasing increments and shorter RR intervals prior to the dropped 

beat. The pause is less than a multiple of the shortest RR interval, the 
return-cycle PR interval is shorter than the PR interval prior to the 
dropped beat, and there is obvious group beating periodicity       
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It is rarely associated with a narrow QRS and, in such cases, 
is indicative of intra-Hisian conduction block which accounts 
for only 20 % of all Mobitz type II AV block cases [ 45 ]. 

 Since the level of block is below the AV node, increased 
adrenergic tone as with exercise or administration of atro-
pine, dopamine, or isoproterenol only serves to worsen the 
ratio of AV block as the sinus rate speeds up while the 
infranodal conduction tissue remains refractory. Alternatively, 
vagal infl uences that slow the sinus rate down may allow for 
an improved conduction ratio of AV block, including a return 
of 1:1 conduction transiently. 

 Patients with Mobitz type II AV block are typically older 
and the etiology is often related to advanced degenerative 
cardiac disease or myocardial infarction. Unlike Wenckebach 
block, this type of AV block is permanent and frequently 
progresses to complete AV block requiring pacemaker 
implantation [ 51 ].  

   2:1 AV Block 
 This type of block describes a condition where only every 
second P wave is conducted to the ventricles. It is associated 
with a constant PP interval as well as a fi xed PR interval in 
the conducted beats. It cannot be referred to as either type I 
or type II AV block since those designations require a mini-
mum of 2 consecutive conducted P waves to observe the PR 
interval behavior. This type of block may occur at the level 
of the AV node or below the node and, as such, may repre-
sent a diagnostic challenge. Occasionally, running a rhythm 
strip for an extended period of time will allow the level of 
block to be revealed when the ratio of block spontaneously 
improves thereby allowing 2 consecutive P waves to be con-
ducted. In the absence of such spontaneous observations, 
there are certain clues that may aid in identifying the level of 

block (see Table  9.4 ). In the absence of symptoms, 2:1 AV 
block at the level of the AV node may be managed the same 
as Wenckebach AV block while that below the AV node 
should be managed in the same was as type II AV block 
(Fig.  9.8 ). Presence of symptoms mandates pacemaker inser-
tion in the absence of a reversible cause.

      High-Grade AV Block 
 Sometimes referred to as advanced AV block, high-grade AV 
block refers to the failure to conduct two or more consecutive 
P waves that arrive at the normal time. This cannot be con-
fused with vagal episodes that sometimes occur during sleep 
or with neurocardiogenic syncope where there is associated 
sinus rate slowing prior to the occurrence of AV block. It must 
also be differentiated from block that occurs due to retrograde 
concealment of conduction into the AV node as a result of ven-
tricular or junctional escape beats. Identifying the site of block 
may be diffi cult, but it may occur at either the level of the AV 
node or the His-Purkinje system. The same maneuvers in 
Table  9.3  may be required to elucidate the site of block.  

   Paroxysmal AV Block 
  Paroxysmal AV block  is defi ned as a sudden failure of P wave 
conduction despite otherwise normal conduction [ 52 ]. 
Episodes are associated with prolonged periods of ventricu-
lar asystole. Thought to be due to phase 4 block, it must be 
assumed that the location of block is distal to the His- 
Purkinje system and that escape subsidiary pacemakers are 
unreliable, necessitating pacing [ 32 ].  

   Third-Degree (Complete) AV Block 
 Third-degree AV block is a complete lack of conduction 
of any P waves to the ventricles despite having plenty of 

  Fig. 9.8    2:1 AV block. 2:1 conduction with a short PR interval of 150 ms and the presence of RBBB. While not diagnostic currently, the ECG is 
 suggestive for an infranodal site of conduction block. Further differentiation with maneuvers may be required to identify the level of block (see Table  9.4 )       

  Fig. 9.7    Mobitz type II second-degree AV block. Note that there is 
ongoing sinus rhythm with a fi xed PP interval before there is a sudden 
failure of conduction to the ventricles demonstrated by a dropped QRS. 
Note that there is no change in the PR interval preceding and following 

the dropped QRS, and this recurs later in the strip. The resultant pause 
is exactly twice the PP interval. Note the narrow QRS in this example 
that may suggest an intra-Hisian site of conduction block       
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 opportunity for conduction, resulting in AV dissociation and 
a regular atrial rate that is faster than the regular ventricular 
rate. This cannot be confused with conditions that simply 
result in AV dissociation such as when fast junctional 
rhythms compete with a slower atrial rate. The site of block 
may be either at the level of the AV node or the His-Purkinje 
system. The QRS morphology of the subsidiary pacemaker 
provides important clues to the site of the conduction block. 
In the absence of preexisting bundle branch block, a narrow 
QRS indicates that the level of block is at the level of the AV 
node with an escape focus fi ring from either the lower por-
tion of the AV node or the bundle of His. These subsidiary 
pacemakers are typically faster (40–60 bpm) and more reli-
able than those that occur at the more distal level of the con-
duction system. In patients with a preexisting bundle branch 
block, if the QRS morphology resembles that of the preexist-
ing bundle branch, then the site of block is at the level of the 
AV node as well. In the absence of a preexisting bundle 
branch or in those patients with a preexisting bundle branch, 
a new wide QRS of different morphology indicates a site of 
block at the level of the His-Purkinje system. These subsid-
iary pacemakers are typically slower (20–40 bpm), far less 
reliable, and associated with more severe symptoms on pre-
sentation (Fig.  9.9 ). This presentation should prompt a more 
urgent management approach, with temporary pacemaker 
insertion. Notably, block at the His-Purkinje level will not 
improve with administration of atropine or dopamine as this 
will only worsen the ratio of AV block. A search for a revers-
ible cause should be undertaken with discontinuation of any 
offending drugs, correction of metabolic derangements, and 
ruling out myocardial infarction. In the absence of a revers-
ible cause, the only safe and defi nitive therapy is pacemaker 
implantation.

        Management 

 In the acute or emergent setting, drugs such as atropine, 
dopamine, or isoproterenol may provide transient 
 improvement in conduction only if the site of block is at the 
level of the AV node. This may provide the time needed for 

proceeding with pacing. If there is hemodynamic instability, 
this can be quickly achieved either by percutaneous or trans-
venous temporary pacing. A search for reversible causes 
such as Lyme disease or ischemia, as well as the removal of 
offending medications, should be undertaken prior to perma-
nent pacing. 

 In the non-emergent situation, decisions regarding pace-
maker implantation in patients with AV block depend on the 
presence of symptoms as well as the degree of AV block. 
Asymptomatic patients with fi rst-degree or type I second- 
degree AV block should not receive pacemakers as these 
patients do not commonly progress to advanced AV block 
and pacing is not associated with any survival benefi t [ 51 , 
 53 ,  54 ]. However, it is now recognized that there is a subset 
of patients with PR intervals greater than 300 ms who have 
signifi cant symptoms, similar to those of pacemaker syn-
drome, and have functional improvement with pacing and 
shorter PR intervals [ 55 ]. The same is true for patients with 
symptomatic type I second-degree AV block, and while con-
troversial, pacemaker implantation should be considered in 
these patients [ 20 ,  56 – 58 ]. 

 Patients with type II second-degree AV block should 
undergo pacemaker implantation regardless of symptoms 
since sudden progression to complete AV block is common 
and associated with an unfavorable prognosis [ 54 ,  59 ]. In 
patients with complete AV block, especially when associated 
with syncope, nonrandomized studies have shown improved 
survival following pacemaker implantation [ 59 ]. These 
patients should undergo pacemaker implantation regardless 
of symptoms. AV block provoked by exercise is indicative 
of diffuse conduction system disease, is associated with a 
poor prognosis, and thus necessitates pacing [ 60 ]. Pacing is 
also indicated in patients with infranodal 2:1 AV block as 
well as advanced and paroxysmal AV block in the absence 
of a clear and reversible cause. A summary of recommenda-
tions for pacemaker implantation for AV block is provided 
in Table  9.5 .

   In patients presenting with acute myocardial infarction, 
the decision to place a temporary pacemaker can be diffi cult. 
Patients with inferior MI often present with fi rst-degree or 
type I second-degree AV block. They typically do not require 

  Fig. 9.9    Complete heart block.  Top panel : Ongoing sinus rhythm at a 
rate of 75 bpm with complete heart block and a narrow junctional 
escape at just over 40 bpm.  Bottom panel : Sinus tachycardia at a rate of 

125 bpm with a wide ventricular escape focus at 24 bpm. The sinus 
tachycardia indicates that this patient may be in distress and is far more 
likely to be symptomatic upon presentation       
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pacing as the site of block is at the level of the AV node and 
is usually transient, without hemodynamic instability and 
associated with a good prognosis. Type II second-degree AV 
block associated with inferior MI is rare and the site of block 
is at the level of the His-Purkinje system. These patients may 
have hemodynamic instability, sudden progression to com-
plete AV block, and frequently require pacing. Patients with 
anterior MI may present with type II second-degree AV block 
or complete AV block. The site of block is at the level of the 
His-Purkinje system with a resultant wide unstable escape 
rhythm that is frequently associated with hemodynamic 
instability and requires pacing. This usually portends a worse 

prognosis since the infarct size is usually large [ 32 ]. In these 
patients, permanent pacing will be required if the AV block 
persists beyond the peri-infarct period or if there is persistent 
intraventricular conduction delay, regardless of symptoms, as 
they have an increased risk of sudden death [ 61 – 64 ]. In 
patients that require permanent pacing following myocardial 
infarction and an ejection fraction (EF) less than or equal to 
35 %, consideration should be given to implantation of a defi -
brillator device with biventricular pacing ability to provide 
cardiac resynchronization (CRT-D). Alternatively, a biven-
tricular pacing device could also be considered (CRT- P) if a 
defi brillator device is not indicated. A summary of recom-
mendations for pacemaker implantation for AV block associ-
ated with acute MI is provided in Table  9.6 .        

   Table 9.5    Indications for pacing in acquired AV block   

 Recommendations for pacing in acquired AV block 

  Class I indication  
 Third-degree and advanced second-degree AV block at any level 
associated with: 
  Symptomatic bradycardia including heart failure 
  Ventricular arrhythmias due to AV block 
   Arrhythmias requiring drug therapy resulting in symptomatic 

bradycardia 
   Asymptomatic patients with greater than 3-s pauses, escape rate 

<40 bpm, and/or escape rhythm below the AV node 
  In atrial fi brillation patients with pauses >5 s 
  After catheter ablation of the AV node 
  Postoperative block that is not expected to resolve 
   Neuromuscular disorders such as muscular dystrophy, Kearns-

Sayre, or Erb’s dystrophy 
  During exercise in the absence of reversible ischemia 
 Symptomatic second-degree AV block regardless of site of block 
 Asymptomatic third-degree AV block regardless of site of block 
with average awake heart rates of 40 bpm if associated with LV 
dysfunction or in infranodal without LV dysfunction 
  Class IIa indication  
 Asymptomatic third-degree AV block, with heart rate >40 bpm 
without LV dysfunction 
 Asymptomatic second-degree AV block at the infranodal level found 
on electrophysiology study 
 First- or second-degree AV block and symptoms similar to 
pacemaker syndrome 
 Asymptomatic type II second-degree AV block with narrow QRS 
(wide QRS is class I) 
  Class IIb indication  
 Asymptomatic neuromuscular dystrophy with any AV block 
including fi rst-degree 
 AV block associated with drug use that is expected to recur even 
after drug withdrawal 
  Class III indication  
 Asymptomatic fi rst-degree AV block 
 Asymptomatic type I second-degree AV block at the level of AV 
node 
 AV block expected to resolve due to a reversible cause such as Lyme 
disease or increased vagal tone 

  Adapted from Epstein et al. [ 20 ]  

   Table 9.6    Indications for pacing in AV block accompanying MI   

 Recommendations for permanent pacing in atrioventricular (AV) block 
associated with acute myocardial infarction 

  Class I indications  
 Persistent second- or third-degree infranodal AV block after ST 
segment elevation MI 
 Transient advanced second-degree or third-degree AV block 
associated with bundle branch block 
 Persistent symptomatic second- or third-degree AV block 
  Class IIb indications  
 Asymptomatic persistent second- or third-degree AV block at the 
level of the AV node 
  Class III indications  
 Transient AV block without bundle branch block 
 Transient AV block with left anterior fascicular block only 
 New bundle branch or fascicular block without AV block 
 First-degree AV block with bundle branch or fascicular block 

  Adapted from Epstein et al. [ 20 ]  

 Key Points 

•     The sinus node is the main pacemaker of the heart 
and is richly innervated by sympathetic and para-
sympathetic nerve inputs.  

•   Sinus node dysfunction can be a result of a variety 
of intrinsic and extrinsic causes, most commonly 
aging and medications.  

•   The key to the diagnosis is correlating symptoms to 
 electrocardiographic fi ndings.  

•   The only effective management is by pacing and the 
main indication is for symptoms associated with 
sinus node dysfunction.  

•   The AV conduction axis has complex anatomical 
and physiological characteristics, some of which 
are not yet completely understood.  

I.O. Almasry



117

   References 

    1.    Spodick DH. Normal sinus heart rate: sinus tachycardia and sinus 
bradycardia redefi ned. Am Heart J. 1992;124:1119–21.  

    2.    Rubart M, Zipes DP. Genesis of cardiac arrhythmias: electrophysi-
ological considerations. In: Zipes DP, Libby P, Bonow R, Braunwald 
E, editors. Braunwald’s heart disease: a textbook of cardiovascular 
medicine. 7th ed. Philadelphia: WB Saunders; 2004. p. 653–88.  

    3.    Kawashima T. The morphological signifi cance of the human 
 sinuatrial nodal branch (artery). Heart Vessels. 2003;18(4):213.  

    4.    Jalife J. Mutual entrainment and electrical coupling as mechanisms 
for synchronous fi ring of rabbit sino-atrial pace-maker cells. 
J Physiol. 1984;356:221–43.  

    5.    Schwartz PJ, Zipes DP. Autonomic modulation of cardiac 
 arrhythmias. In: Zipes DP, Jalife J, editors. Cardiac electrophysiol-
ogy: from cell to bedside. 3rd ed. Philadelphia: WB Saunders; 
1999. p. 300–14.  

    6.    Lee RJ, Kalmasn JM, Fitzpatrick AP, et al. Radiofrequency catheter 
modifi cation of the sinus node for “inappropriate” sinus tachycar-
dia. Circulation. 1995;92:2919–28.  

    7.    Boyett MR, Honjo H, Kodama I. The sinoatrial node, a heteroge-
neous pacemaker structure. Cardiovasc Res. 2000;47:658.  

    8.    Lee RJ, Shinbane JS. Advances in supraventricular tachycardia. 
Cardiol Clin. 1997;15:599–605.  

    9.    Ferrer I. The sick sinus syndrome in atrial disease. JAMA. 
1968;206:645–52.  

    10.    Dobrzynski H, Boyett MR, Anderson RH. New insights into pace-
maker activity: promoting understanding of sick sinus syndrome. 
Circulation. 2007;115:1921.  

    11.    Rosenqvist M, Obel IW. Atrial pacing and the risk of AV block: is 
there a time for change in attitude? Pacing Clin Electrophysiol. 
1989;12:97–101.  

     12.    Mennozi C, Brignole M, Alboni P, et al. The natural course of 
untreated sick sinus syndrome and identifi cation of variables pre-
dictive of unfavorable outcome. Am J Cardiol. 1998;82:1205–9.  

    13.    Anderson HR, Thuesen L, Bagger JP, et al. Prospective randomized 
trial of atrial versus ventricular pacing in sick sinus syndrome. 
Lancet. 1994;344:1523–8.  

   14.    Santini M, Alexidou G, Ansalone G, et al. Relation of prognosis 
in sick sinus syndrome to age, conduction defects and modes 
of permanent cardiac pacing. Am J Cardiol. 1990;65:729–35.  

    15.    Simonsen E, Nielsen JS, Nielsen BL. Sinus node dysfunction in 
128 patients. A retrospective study with followup. Acta Med Scand. 
1980;208:343–8.  

     16.    Sweeney MO. Sinus node dysfunction. In: Zipes D, Jalife J, editors. 
Cardiac electrophysiology: from cell to bedside. Philadelphia: WB 
Saunders; 2004. p. 879–83.  

    17.    Alt E, Volker R, Witzfeld A, Ulm K. Survival and follow up after 
pacemaker implantation: a comparison of patients with sick sinus 
syndrome, complete heart block and atrial fi brillation. Pacing Clin 
Electrophysiol. 1985;8:849–55.  

    18.    Simon AB, Janz N. Symptomatic bradyarrhythmias in the adult: 
natural history following ventricular pacemaker implantation. 
Pacing Clin Electrophysiol. 1982;5:372–83.  

    19.    Elvan A, Wylie K, Zipes DP. Pacing-induced chronic atrial fi brilla-
tion impairs sinus node function in dogs: electrophysiological 
remodeling. Circulation. 1996;94:2953–60.  

       20.    Epstein AE, DiMarco JP, Ellenbogen KA, et al. ACC/AHA/
HRS 2008 guidelines for device-based therapy of cardiac rhythm 
abnormalities: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines 
(Writing Committee to Revise the ACC/AHA/NASPE 2002 
Guideline Update for Implantation of Cardiac Pacemakers and 
Antiarrhythmia Devices): developed in collaboration with the 
American Association for Thoracic Surgery and Society of 
Thoracic Surgeons. Circulation. 2008;117:e350–408 [Erratum, 
Circulation 2009;120(5):e34–5].  

    21.    Andersen HR, Thuesen L, Bagger JP, et al. Prospective randomized 
trial of atrial versus ventricular pacing in sick sinus syndrome. 
Lancet. 1994;344:1523–8.  

    22.    Andersen HR, Nielsen JC, Rhomsen PEB, et al. Long term 
follow- up of patients from a randomized trial of atrial ver-
sus ventricular pacing for sick sinus syndrome. Lancet. 1997;
350:1210–6.  

    23.    Ac S, Krahn AD, Yee R, et al. Progression to chronic atrial fi bril-
lation after pacing: the Canadian Trial of Physiological Pacing. 
CTOPP Investigators. J Am Coll Cardiol. 2001;38:167–72.  

    24.    Lamas GA, Lee KL, Sweeney MO, et al. Ventricular pacing or dual 
chamber pacing for sinus node dysfunction. N Engl J Med. 
2002;346:1854–62.  

    25.    Rubart M, Zipes DP. Genesis of cardiac arrhythmias: 
 electrophysiological considerations. In: Zipes DP, Libby P, Bonow 
R, Braunwald E, editors. Braunwalds heart disease: a textbook of 
cardiovascular medicine. 7th ed. Philadelphia: WB Saunders; 2004. 
p. 653–88.  

    26.    Lev M. Anatomic basis for atrioventricular block. Am J Med. 
1964;37:742.  

    27.    Lev M. The pathology of complete atrioventricular block. Prog 
Cardiovasc Dis. 1964;6:317.  

    28.    Zoob M, Smith KS. The aetiology of complete heart-block. Br Med 
J. 1963;2(5366):1149.  

    29.    Levine SA, Miller H, Penton GB. Some clinical features of com-
plete heart block. Circulation. 1956;13(6):801.  

   30.    Hejtmancik MR, Herrmann GR, Shields AH, Wright JC. 
A clinical study of complete heart block. Am Heart J. 1956;
52(3):369.  

    31.    Rowe JC, White PD. Complete heart block: a follow-up study. Ann 
Intern Med. 1958;49(2):260.  

      32.    Schwartzman D. Atrioventricular block and atrioventricular disso-
ciation. In: Zipes DP, Jalife J, editors. Cardiac electrophysiology: 
from cell to bedside. 4th ed. Philadelphia: WB Saunders; 2004. p. 
485–9.  

   33.    Wellens HJJ. Atrioventricular nodal and subnodal ventricu-
lar disturbances. In: Willerson J, Cohn J, Wellens Jr H, Holmes 
D, editors. Cardiovascular medicine. New York: Springer; 2007. 
p. 1991–8.  

•   There are a wide variety of causes of AV block, the 
most common of which are idiopathic, ischemic, 
iatrogenic, and infectious.  

•   AV block is divided into 3 ECG classifi cations 
called fi rst-, second-, and third-degree AV block 
based on the P to QRS relationship.  

•   The electrocardiogram is the cornerstone of the 
diagnostic workup with electrophysiological test-
ing having a limited role in regard to clinical 
management.  

•   Defi nitive management for acquired AV block is 
pacemaker implantation but is dependent on the 
presence of symptoms with any AV block or an 
infranodal site of conduction block regardless of 
symptoms.    

9 Evidenced-Based Approach to Bradyarrhythmias



118

    34.    Olgin JE, Zipes DP. Specifi c arrhythmias: diagnosis and treatment. 
In: Zipes DP, Libby P, Bonow R, Braunwald E, editors. Braunwald’s 
heart disease: a textbook of cardiovascular medicine. 7th ed. 
Philadelphia: WB Saunders; 2004. p. 803–64.  

    35.    Zeltser D, Justo D, Halkin A, Rosso R, Ish-Shalom M, Hochenberg 
M, Viskin S. Drug-induced atrioventricular block: prognosis after 
discontinuation of the culprit drug. J Am Coll Cardiol. 2004;
44(1):105.  

    36.    Erdogan HB, Kayalar N, Ardal H, Omeroglu SN, Kirali K, Guler 
M, Akinci E, Yakut C. Risk factors for requirement of permanent 
pacemaker implantation after aortic valve replacement. J Card 
Surg. 2006;21:211–5.  

    37.    Limongelli G, Ducceschi V, D’Andrea A, Renzulli A, Sarubbi B, 
De Feo M, Cerasuolo F, Calabro R, Cotrufo M. Risk factors for 
pacemaker implantation following aortic valve replacement: a sin-
gle centre experience. Heart. 2003;89:901–4.  

    38.    Khawaja MZ, Rajani R, Cook A, Khavandi A, Moynagh A, 
Chowdhary S, Spence MS, Brown S, Khan SQ, Walker N, Trivedi 
U, Hutchinson N, De Belder AJ, Moat N, Blackman DJ, Levy RD, 
Manoharan G, Roberts D, Khogali SS, Crean P, Brecker SJ, 
Baumbach A, Mullen M, Laborde JC, Hildick-Smith D. Permanent 
pacemaker insertion after CoreValve transcatheter aortic valve 
implantation: incidence and contributing factors (the UK CoreValve 
collaborative). Circulation. 2011;123(9):951.  

    39.    Roten L, Wenaweser P, Delacrétaz E, Hellige G, Stortecky S, 
Tanner H, Pilgrim T, Kadner A, Eberle B, Zwahlen M, Carrel T, 
Meier B, Windecker S. Incidence and predictors of atrioventricular 
conduction impairment after transcatheter aortic valve implanta-
tion. Am J Cardiol. 2010;106(10):1473.  

    40.    Chang SM, Nagueh SF, Spencer 3rd WH, Lakkis NM. Complete 
heart block: determinants and clinical impact in patients with 
hypertrophic obstructive cardiomyopathy undergoing nonsurgical 
septal reduction therapy. J Am Coll Cardiol. 2003;42(2):296.  

    41.    Nagueh SF, Ommen SR, Lakkis NM, Killip D, Zoghbi WA, Schaff 
HV, Danielson GK, Quiñones MA, Tajik AJ, Spencer WH. 
Comparison of ethanol septal reduction therapy with surgical 
myectomy for the treatment of hypertrophic obstructive cardiomy-
opathy. J Am Coll Cardiol. 2001;38(6):1701.  

    42.    Scheinman MM, Huang S. The 1998 NASPE prospective catheter 
ablation registry. Pacing Clin Electrophysiol. 2000;23(6):1020.  

    43.    Fish AE, Pride YB, Pinto DS. Lyme carditis. Infect Dis Clin North 
Am. 2008;22(2):275.  

    44.    Josephson ME. Atrioventricular conduction. In: Clinical car-
diac electrophysiology: techniques and interpretations. 4th ed. 
Philadelphia: Lea & Febiger; 1993.  

      45.    Peuch P, Groileau R, Guimond C. Incidence of different types of 
A-V block and their localization by His bundle recordings. In: 
Wellens HJJ, Lie KI, Janse MJ, editors. The conduction system of 
the heart. Leiden: Stenfert; 1976. p. 467.  

    46.    Scheinman MM, Peters RW, Suavé MJ, Desai J, Abbott JA, Cogan 
J, Wohl B, Williams K. Value of the H-Q interval in patients with 
bundle branch block and the role of prophylactic permanent pacing. 
Am J Cardiol. 1982;50(6):1316–22.  

    47.    Wenckebach KF. Zur analyse der unregelmässigen pulses. Ztschr 
klin Med. 1899;36:181.  

    48.    Meytes I, Kaplinsky E, Yahini JH, Hanne-Paparo N, Neufeld HN. 
Wenckebach A-V block: a frequent feature following heavy 
 physical training. Am Heart J. 1975;90(4):426.  

    49.    Zeppilli P, Fenici R, Sassara M, Pirrami MM, Caselli G. Wenckebach 
second-degree A-V block in top-ranking athletes: an old problem 
revisited. Am Heart J. 1980;100(3):281.  

    50.    Mobitz W. Über die unvollständige Störung der Erregungsüberleitung 
zwischen Vorhof und Kammer des menschlichen Herzens. 
Z Gesamte Exp Med. 1924;41:180.  

     51.    Strasberg B, Amat-Y-Leon F, Dhingra RC, Palileo E, Swiryn S, 
Bauernfeind R, Wyndham C, Rosen KM. Natural history of chronic 
second-degree atrioventricular nodal block. Circulation. 1981;
63(5):1043.  

    52.    Barold SS. Atrioventricular block revisited. Compr Ther. 
2002;28:74–8.  

    53.    Mymin D, Mathewson FA, Tate RB, Manfreda J. The natural 
 history of primary fi rst-degree atrioventricular heart block. N Engl 
J Med. 1986;315:1183–7.  

     54.    Dhingra RC, Denes P, Wu D, Chuquimia R, Rosen KM. 
The  signifi cance of second degree atrioventricular block and 
 bundle branch block. Observations regarding site and type of 
block. Circulation. 1974;49:638–46.  

    55.    Barold SS. Indications for permanent cardiac pacing in fi rst-degree 
AV block: class I, II, or III? Pacing Clin Electrophysiol. 1996;
19:747–51.  

    56.   Recommendations for pacemaker prescription for symptomatic 
bradycardia. Report of a working party of the British Pacing and 
Electrophysiology Group. Br Heart J. 1991;66:185–91.  

   57.    Connelly DT, Steinhaus DM. Mobitz type I atrioventricular block: 
an indication for permanent pacing? Pacing Clin Electrophysiol. 
1996;19:261–4.  

    58.    Shaw DB, Kekwick CA, Veale D, Gowers J, Whistance T. Survival in 
second degree atrioventricular block. Br Heart J. 1985;53:
587–93.  

     59.    Donoso E, Adler LN, Friedberg CK. Unusual forms of second- 
degree atrioventricular block, including mobitz type-II block, asso-
ciated with the Morgagni-Adams-Stokes Syndrome. Am Heart J. 
1964;67:150–7.  

    60.    Chokshi SK, Sarmiento J, Nazari J, Mattioni T, Zheutlin T, Kehoe 
R. Exercise-provoked distal atrioventricular block. Am J Cardiol. 
1990;66:114–6.  

    61.    Hindman MC, Wagner GS, JaRo M, et al. The clinical signifi cance 
of bundle branch block complicating acute myocardial infarction. 
2. Indications for temporary and permanent pacemaker insertion. 
Circulation. 1978;58:689–99.  

   62.    Col JJ, Weinberg SL. The incidence and mortality of intraventricu-
lar conduction defects in acute myocardial infarction. Am J Cardiol. 
1972;29:344–50.  

   63.    Ginks WR, Sutton R, Oh W, Leatham A. Long-term prognosis after 
acute anterior infarction with atrioventricular block. Br Heart J. 
1977;39:186–9.  

    64.    Petrina M, Goodman SG, Eagle KA. The 12–lead electrocardio-
gram as a predictive tool of mortality after acute myocardial infarc-
tion: current status in an era of revascularization and reperfusion. 
Am Heart J. 2006;152:11–8.    

I.O. Almasry



119K. Stergiopoulos, D.L. Brown (eds.), Evidence-Based Cardiology Consult, 
DOI 10.1007/978-1-4471-4441-0_10, © Springer-Verlag London 2014

        Introduction 

 Sudden cardiac death (SCD) is defi ned as death from an 
unexpected circulatory arrest, usually presumed due to a car-
diac arrhythmia occurring within an hour of the onset of 
symptoms [ 1 ]. SCD ranks among the leading causes of mor-
tality in the developed world. Conservative estimates catego-
rize up to 13 % of deaths as SCD [ 1 ]. SCD is responsible for 
more than 450,000 deaths annually in the United States alone 
[ 2 ] and accounts for more deaths than stroke, lung cancer, 
breast cancer, and AIDS combined [ 3 ]. 

 Up to 80 % of cardiac arrests and SCDs are due to isch-
emic heart disease (IHD) [ 4 ]. Cardiomyopathies,  principally 
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although not limited to dilated cardiomyopathy, comprise 
another 10–15 %. Less than 5 % of cases of SCD involve 
hereditary channelopathies or primary electrical diseases 
[ 1 ,  4 ]. 

 The average annual risk of SCD in the general population 
is 0.1–0.2 %. This risk increases as a function of advancing 
age. The greatest increase in risk of SCD is among those 
aged 40–65 years [ 4 ]. In those with established advanced 
cardiac disease, who have an average annual risk of SCD 
between 10 and 25 %, the age-related increase in risk is 
attenuated [ 4 ], stemming from the principles of absolute and 
relative risk. Whereas absolute risk refers to the probability 
of an adverse outcome occurring in a population, relative 
risk is a comparison of risk expressed as a percentage or 
ratio between two separate populations. Importantly, rela-
tive risk does not give any indication as to the actual risk of 
an event. It follows then that a large increase in relative risk 
may be associated with a small increase in absolute risk, 
and, conversely, a large increase in absolute risk may be 
associated with a small increase in relative risk. The two 
values need to be interpreted in context for useful informa-
tion to be gleaned. The inverse of the absolute risk reduction 
with any given intervention is equal to the number needed to 
treat (NNT) to prevent one outcome. This value is of par-
ticular relevance in the case of SCD, where the intervention 
is potentially an invasive and costly ICD, which may be 
lifesaving. 

 The relative risk of SCD in adolescents and young adults 
(10–30 years of age) is 1/100th that of the general adult 
population. There is a modest but signifi cant inverse rela-
tionship in risk of SCD between the ages of 10 and 30 years 
[ 4 ]. This resonates with the genetic/hereditary nature of the 
so-called inherited “channelopathies” and certain cardiomy-
opathies. These genetic disorders are more likely to mani-
fest earlier in life than acquired heart disease. Consequently, 
primary electrical diseases and certain hereditary cardiomy-
opathies account for a disproportionate number of cases in 
this age group. Other conditions such as anomalous coro-
nary arteries and myocarditis are also more common causes 
of SCD in younger individuals than in those older than 35 
years of age. 

 The mechanism of death is predominantly malignant 
ventricular arrhythmia such as ventricular fi brillation 
(VF), polymorphic ventricular tachycardia (VT), or mono-
morphic VT. In up to 16.5 % of cases, advanced atrioven-
tricular block or asystole has been observed [ 5 ]. These 
data need to be interpreted cautiously, as the initiating 
arrhythmia may degenerate into another. Pulseless electri-
cal activity (PEA) can also lead to SCD. Survival data 
indicate even poorer outcomes from these forms of cardiac 
arrests that cannot be defi brillated or cardioverted, com-
pared to tachyarrhythmia [ 6 ].  

    Risk Stratifi cation in SCD 

 In spite of improvements in public health education, man-
agement of chronic heart disease and the availability of 
emergency medical services, survival rates for out-of- 
hospital cardiac arrests remain poor. Less than 5 % of patients 
survive an out-of-hospital cardiac arrest [ 2 ,  4 ]. Furthermore, 
while the overall rates of cardiac mortality in the United 
Sates have decreased, the proportion of sudden deaths has 
increased, accounting for 48 % of all cardiac mortality [ 2 ]. 

 The use of implantable cardioverter/defi brillators (ICDs) 
has revolutionized the management of survivors of cardiac 
arrest. Because surviving cardiac arrest is clearly the excep-
tion and not the rule, the challenge is to be able to identify 
those at risk of SCD before their fatal index event. The 
majority (>80 %) of SCD occurs as the fi rst presentation in 
an asymptomatic individual or patients with known cardiac 
disease but with an otherwise low-risk profi le (LVEF >40 %, 
no prior history of arrhythmia or congestive cardiac failure) 
[ 1 ,  4 ,  6 ]. Traditional risk factors for SCD (LVEF <35 % and 
clinical congestive cardiac failure) are valid for a population- 
based risk prediction but not at an individual risk assessment 
level due to the low overall incidence of SCD. Consequently 
the positive predictive value of a traditional risk factor such 
as LVEF <35 % is poor. In spite of this, it is marginally better 
at predicting SCD than other traditional risk factors and is 
easily assessable and reproducible making it the accepted 
standard of risk stratifi cation upon which management deci-
sions are based. Individual risk stratifi cation may be 
improved by the assessment for left ventricular hypertrophy 
(LVH) on electrocardiogram(ECG) or echocardiography, left 
bundle branch block (LBBB), ischemic burden, abnormal 
signal-averaged ECG, microvolt T wave alternans, abnormal 
heart rate variability and baroreceptor response, and invasive 
electrophysiology study for inducible VT [ 3 ]. The vast 
majority of cases of SCD will inevitably still occur among 
the low-risk population, even as the greatest rates of SCD are 
observed in the high-risk population as defi ned by current 
risk stratifi cation (Fig.  10.1a, b ). Thus, general prevention 
strategies that prevent progression of atherosclerosis and rec-
ognition of left ventricular dysfunction may be more likely 
to affect the population burden of sudden death than success-
fully targeting the highest risk minute fraction of the popula-
tion. Consequently the use of ICDs in their current breadth 
will not signifi cantly alter the rates of SCD at a population 
level. ICDs do however play an important primary and sec-
ondary prevention role, albeit in a select high-risk 
population.

   The pathophysiology, management, and prognosis of 
resuscitated cardiac arrest patients are largely determined by 
the underlying etiology. These shall be discussed separately 
in greater detail.  
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    Ischemic Heart Disease 

 IHD is responsible for the majority of cases of SCD. Most 
patients with IHD have multivessel disease combined with 
evidence of acute plaque rupture or intra-intimal thrombosis 
[ 1 ]. Ischemia and infarction alter myocardial tissue refracto-
riness and conduction properties in a heterogeneous pattern. 
These changes promote various mechanisms of tachycardia, 
principally reentry, but including triggered activity and 
increased automaticity [ 7 ]. All forms of IHD including acute 
coronary syndrome (ACS), hibernating myocardium, and 
ischemic scar have been shown to be proarrhythmic [ 6 – 8 ]. 
There is also evidence of an interaction between the acute or 
chronic ischemic substrate and the selective genetic predis-
position to arrhythmogenesis. The Paris Prospective Study 
demonstrated a nearly twofold increase in relative risk of 

SCD as the expression of an acute coronary syndrome in 
those with a parental history of SCD [ 9 ]. The genetic basis is 
strongly suggested by the observation that if both parents 
had a history of SCD, the relative risk to the individual was 
9.4, consistent with a dose-dependent relationship. A similar 
familial predisposition to SCD as the initial presentation of 
ACS, but not nonfatal myocardial infarction, has been borne 
out in other studies [ 10 ,  11 ]. This genetic predisposition 
likely represents arrhythmogenic mutations or polymor-
phisms in the genes that regulate cardiac ion channel func-
tion, which in the baseline state do not produce a pathologic 
phenotype. An arrhythmogenic phenotype is unmasked how-
ever during acute ischemia due to changes in autonomic 
tone, metabolic milieu, and other environmental factors [ 6 ]. 
In reality every element in the pathophysiology of ACS has a 
genetic component that is modifi ed not only by  environmental 
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  Fig. 10.1    ( a ,  b ) Demonstrates the 
relative and absolute risks of 
sudden cardiac death ( SCD ) 
among the various subgroups. It is 
apparent that the greatest 
proportion of SCD occurs in those 
patients with the lowest relative 
risk of SCD (Adapted from 
Myerburg et al. [ 51 ])       
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triggers but also by other genes. The process is thus complex 
and only partially understood in a conceptual framework. 

 A trigger and substrate concept for SCD therefore, while 
seemingly simplistic, is conceptually accurate. Effective pre-
vention of SCD needs to focus on targeting both these fac-
tors. This includes risk factor modifi cation and potential 
reduction in triggers such as infrequent vigorous exercise 
(shoveling snow). While complex, it is important to try and 
identify candidate genes, mutations, and polymorphisms that 
predispose to SCD to allow better risk stratifi cation and 
treatment. 

 Traditional vascular risk factors such as hypertension, 
dyslipidemia, diabetes mellitus, obesity, and cigarette smok-
ing are also independent risk factors for SCD that can be 
“inherited” environmentally from parental lifestyle or by 
conventional genetic means [ 9 ]. Aggressive treatment of 
these risk factors therefore not only reduces rates of ACS but 
also SCD [ 12 ].  

    Treatment 

 Primary and secondary prevention of SCD in both ischemic 
and nonischemic cardiomyopathy has been studied using 
medications and ICDs. It is worth noting that the relevant 
primary endpoint in the majority of studies is all-cause 
 mortality. SCD data was often reported as a secondary out-
come. Antiarrhythmic drugs do not reduce the risk of SCD 
and in many cases increase mortality when used in a primary 
prevention role. The following is a brief summary of the 
landmark trials. 

 The Cardiac Arrhythmia Suppression Trial (CAST) study 
was a randomized placebo-controlled trial that assessed the 
effect of class Ic agents (encainide, fl ecainide, and morici-
zine) on the suppression of asymptomatic or mildly symp-
tomatic ventricular ectopy after myocardial infarction. The 
study was discontinued prematurely due to an increased 
mortality in the treatment arm [ 13 ]. Not surprisingly, the 
treatment of the marker of SCD risk such as PVCs is not the 
same as reducing SCD itself. This is intrinsically linked with 
the concept of cause and effect. While markers are associ-
ated with the primary outcome, the challenge is identifying 
those that are a cause of SCD rather than an effect of the 
process that leads to SCD. Only treatment of the former 
would be expected to result in a favorable outcome. 

 The Survival With Oral D-Sotalol (SWORD) trial was a 
randomized, placebo-controlled trial that assessed the effect of 
D-Sotalol on mortality in patients with ischemic cardiomyop-
athy. This trial was discontinued prematurely due to increased 
mortality (presumed arrhythmic) in the treatment arm [ 14 ]. 

 The Sudden Cardiac Death in Heart Failure Trial (SCD- 
HeFT) demonstrated that amiodarone offered no benefi t over 
placebo in reducing all-cause mortality in patients with class 

II or III heart failure and an EF < 35 % from either ischemic 
or nonischemic cardiomyopathy [ 15 ]. 

 Despite the failure of antiarrhythmic drugs to reduce 
SCD, a number of medications that are routinely used in the 
treatment of heart failure have shown a reduction in SCD 
when used in high-risk patients [ 16 ]. Beta-blockers have 
consistently been shown to reduce mortality and rates of 
SCD [ 7 ]. Aldosterone antagonists spironolactone and eplere-
none reduce rates of SCD by up to 30 % [ 7 ]. Angiotensin- 
converting enzyme (ACE) inhibitors reduce rates of SCD in 
both ischemic and nonischemic cardiomyopathies. A meta- 
analysis of ACE inhibitor use following myocardial infarc-
tion verifi ed a reduction in SCD of 20 % [ 16 ]. Similarly, 
statins have repeatedly been shown to reduce rates of cardio-
vascular mortality including SCD. The benefi t within each 
family of drug appears to be a class effect. 

 The  antiarrhythmic  mechanism of the various classes of 
medications is complex and incompletely understood. 
Potential mechanisms include favorable remodeling of LV 
dimensions, reduction of myocardial fi brosis, antiadrenergic 
properties, improved autonomic tone by improving barore-
ceptor sensitivity, as well as protection against hypokalemia 
with concomitant diuretic use (ACE inhibitors and aldoste-
rone antagonists) [ 16 ]. Perhaps the most important antiar-
rhythmic mechanism is the effect on reducing ischemic 
burden via reductions in blood pressure, modifi cations of 
endothelial function, as well as anti-infl ammatory properties 
leading to plaque stability and reduced platelet aggregation 
[ 16 ]. 

    Secondary Prevention ICD Trials 

 The utility of ICDs in the secondary prevention of SCD has 
been prospectively evaluated in three randomized controlled 
trials, Antiarrhythmics Versus Implantable Defi brillator 
(AVID) study, the Cardiac Arrest Study Hamburg (CASH), 
and the Canadian Implantable Defi brillator Study (CIDS, 
Table  10.1 ) [ 17 ]. All three studies compared ICD to antiar-
rhythmic medications, primarily amiodarone. The largest of 
these trials, AVID was terminated early due to the interim 
analysis showing clear superiority of ICD therapy. The other 
two smaller trials had a trend towards benefi t but did not 
show a statistically signifi cant benefi t for ICD over antiar-
rhythmic medication in the secondary prevention of SCD. 
The follow-up in these studies was longer with more com-
bined deaths than the AVID trial. Early termination in the 
AVID trial could have potentially biased the result in favor 
of a positive result for ICD. A meta-analysis of the three 
studies has allowed a more accurate and balanced determi-
nation of benefi t for ICD in the secondary prevention of 
SCD [ 17 ]. Fixed effects analysis demonstrated a statistically 
signifi cant benefi t of ICD in reducing all-cause mortality 
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(HR 0.72) and arrhythmic mortality (HR 0.5). It should be 
highlighted that this result, while encouraging, still suggests 
that at least half the cases of SCD are not preventable by 
ICDs. The residual risk of SCD is not insignifi cant and 
should not be underestimated, even after ICD implantation. 
The mortality benefi t associated with ICD implantation 
starts to diminish after approximately 4 years when the sur-
vival curves between the two arms start to converge. The 
reduction in arrhythmic mortality however continues past 6 
years. This is an expected outcome since survival from 
arrhythmic death increases the potential for mortality from 
other competing causes including heart failure and malig-
nancy. ICDs reduce annual mortality from 12.3 to 8.8 % for 
an absolute risk reduction of 3.5 % [ 17 ]. This translates to 
an annual number needed to treat (NNT) of 29 to save one 
life. The average prolongation of life is 4.4 months at 6 
years, a modest but not trivial effect [ 17 ].

   Predefi ned subgroup analysis shows that patients with 
greater left ventricular systolic dysfunction (EF ≤35 %) 
derived greater mortality benefi t from ICD implantation. 
Post-randomization beta-blocker use in CIDS and AVID 
patients was much greater in the ICD group than in the anti-
arrhythmic group. However, ICD benefi t was maintained 
even allowing for this discrepancy.  

    Primary Prevention ICD Trials 

 The initial primary prevention studies, Multicenter Automatic 
Defi brillator Implantation Trial (MADIT) and Multicenter 
Unsustained Tachycardia Trial (MUSTT), demonstrated a 
survival advantage of primary prevention ICD in the preven-
tion of SCD in high-risk patients with ischemic cardiomy-
opathy. Eligibility required inducibility of VT during an 
electrophysiology (EP) study with programmed ventricular 
stimulation. The external validity of these studies in contem-
porary practice is debatable since an EP study with pro-
grammed ventricular stimulation is not the current standard 

of care in patients with cardiomyopathy. Furthermore, the 
results of these studies have been confi rmed by large ran-
domized controlled studies that do not require risk stratifi ca-
tion with an EP study (Table  10.2 ).

   The Multicenter Automatic Defi brillator Implantation 
Trial II (MADIT II) study was a randomized controlled 
trial (RCT) comparing ICD to conventional medical man-
agement in patients with an ischemic cardiomyopathy 
(EF < 30 %). The trial was discontinued prematurely when 
a 30 % relative risk reduction in all-cause mortality was 
observed in the ICD group [ 18 ]. The SCD-HeFT trial was 
an RCT comparing ICD to amiodarone to placebo in 
patients with NYHA class II or III, ischemic or nonisch-
emic cardiomyopathy, and EF < 35 %. There was a 23 % 
relative risk reduction in overall mortality in the ICD arm 
relative to placebo [ 15 ]. 

 While the majority of primary prevention ICD studies in 
patients with ischemic cardiomyopathy have confi rmed a 
mortality benefi t, there are two notable detractors that high-
light certain issues relating in particular to timing of ICD 
implantation. The Coronary Artery Bypass Graft (CABG) 
Patch study randomized 900 patients with ischemic cardio-
myopathy (EF < 36 %) and an abnormal signal-averaged 
ECG (SAECG) scheduled for CABG to routine medical care 
or adjunctive ICD with an epicardial coil/lead. More than 
80 % of patients had experienced a recent MI. No signifi cant 
difference in mortality was observed. The Defi brillator in 
Acute Myocardial Infarction Trial (DINAMIT) study ran-
domized 675 patients 4–40 days post-MI with EF < 35 % and 
abnormal heart rate variability to standard medical therapy 
or adjunctive ICD implantation. Once again, no mortality 
benefi t was observed in the ICD group. One reason proposed 
to explain the neutral result in the CABG Patch trial was that 
revascularization at the time of randomization lead to a dra-
matic reduction in rates of SCD, dramatically reducing the 
power of the study to detect a difference in mortality [ 8 ]. In 
the DINAMIT trial the lack of mortality benefi t may be 
understood by appreciating the observed mechanism of 

   Table 10.1    Secondary prevention ICD trials   

 Study  AVID  CASH  CIDS 

  n   1,016  288  659 
 Inclusion criteria  Resuscitated cardiac arrest or 

symptomatic VT + syncope or + EF 
≤40 % 

 Resuscitated cardiac arrest  Resuscitated cardiac arrest, symptomatic VT + EF 
≤35 %, unmonitored syncope with documented 
or induced VT 

 Intervention  ICD vs. class III drugs (mainly 
amiodarone) 

 1:1:1ICD:amiodarone:beta-
blocker 

 ICD vs. amiodarone 

 Mean follow-up  1.51 years  4.75 years  2.96 years 
 HR all-cause mortality  0.62 ( P  < 0.05)  0.77 ( P  = 0.081)  0.82 ( P  = 0.142) 
 HR arrhythmic mortality  0.43 ( P  < 0.05)  0.42 ( P  = 0.005)  0.68 ( P  = 0.094) 

   AVID  Antiarrhythmics Versus Implantable Defi brillator trial,  CASH  Cardiac Arrest Study Hamburg,  CIDA  Canadian Implantable Defi brillator 
Study,  HR  hazard ratio,  n  number of patients enrolled,  ICD  implantable cardioverter/defi brillator,  VT  ventricular tachycardia,  EF  ejection 
fraction  
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death early after an MI. Multiple studies have shown that the 
dominant cause of death in this period is reinfarction or pro-
gressive heart failure rather than primary arrhythmia [ 8 ]. 
Therefore, ventricular arrhythmia in the early post-infarct 
period is most likely a marker or surrogate for recurrent 
acute coronary syndromes. An ICD would be expected to be 
signifi cantly less effective in this context. Revascularization 
and appropriate heart failure treatment would be expected to 
improve LV function, once again diminishing the risk of 
SCD and the potential benefi t of an ICD. In principal there-
fore, primary prevention ICDs should not be implanted for at 
least 3 months after revascularization or commencement of 
heart failure medications.   

    Investigation of Aborted SCD 

 Investigation into the cause of aborted SCD needs to be com-
prehensive and systematic. A detailed history is essential 
(Table  10.3 ). Patients often are not able to provide this due to 
amnesia or more profound neurological defi cits as a conse-
quence of hypoxic cerebral injury. Collateral history from 
family members, witnesses, or attending emergency medical 
service (EMS) personnel is often very informative. An 
attempt should always be made to analyze the EMS rhythm 
strip at the scene. Physical examination is rarely revealing as 
to the cause of cardiac arrest [ 1 ].

   The sequence in which testing is performed is guided by 
the clinical scenario (Fig.  10.2 ).

   The ECG often provides the initial clues as to the etiology 
of cardiac arrest. Changes consistent with myocardial isch-
emia or infarction need to be diagnosed promptly to allow 
timely revascularization. The ECG should also be  scrutinized 

for other abnormal patterns of depolarization and repolariza-
tion. Serial ECGs should be performed since both depolar-
ization and repolarization are often transiently and 
nonspecifi cally abnormal in the post-resuscitation setting. 
The QT interval in particular is affected by the infusion of 
adrenergic drugs and induced hypothermia in the intensive 
care unit setting [ 19 ]. Marked QT prolongation is often 
observed with anoxic brain injury, subarachnoid hemor-
rhage, and traumatic brain injury. Osborn J waves are 
observed in hypothermic patients. Pathological depolariza-
tion patterns include preexcitation, bundle branch block, and 
frequent monomorphic or polymorphic ventricular ectopy. 
Abnormal repolarization patterns include long and short QT 
intervals, Brugada pattern, and early repolarization, espe-
cially in the inferolateral leads. 

 Cardiomyopathies are characterized by the presence of 
myocardial fi brosis with or without impairment in systolic 
function and overt structural change. Depolarization of via-
ble myocardial tissue within scar is delayed and produces 
low amplitude, high frequency diastolic potentials referred 
to as late potentials. These late potentials are not usually dis-
tinguishable from background noise on a standard 12-lead 

   Table 10.2    Primary prevention ICD trials   

 Study   N   Inclusion criteria 
 Mean follow-up 
(months)  Intervention  1° outcome  Results (ICD arm) 

 SCD-HeFT  2,521  NYHA II or III  45.5  Randomized 1:1:1  All-cause 
mortality 

 ICD vs. placebo HR 0.77 
( P  = 0.007) 

 RCT  LVEF < 35 %  Placebo, amiodarone, and 
ICD 

 Amiodarone vs. placebo HR 1.06 
( P  = 0.53)  Ischemic or nonischemic 

cardiomyopathy 
 MADIT II  1,232  MI >1/12 ago  20  Randomized 3:2  All-cause 

mortality 
 HR 0.69 ( P  = 0.016) 

 RCT  EF < 30 %  ICD vs. medical Rx  Study stopped early 
 DINAMIT  674  Recent MI (6–40 days)  30 ± 13  ICD vs. medical Rx  All-cause 

mortality 
 HR 1.08 ( P  = 0.66) 

 RCT  EF < 35 % 
 Impaired autonomic 
function 

 CABG patch  900  EF <36 %, planned 
CABG (positive SAECG) 

 32 ± 16  CABG with or without 
ICD 

 All-cause 
mortality 

 HR 1.07 ( P  = 0.64) 
 RCT 

   SCD-HeFT  Sudden Cardiac Death in Heart Failure Trial,  MADIT II  Multicenter Automatic Defi brillator Implantation Trial II,  DINAMIT  
Defi brillator In Acute Myocardial Infarction Trial,  CABG patch  Coronary Artery Bypass Graft patch trial,  RCT  randomized controlled trial, 
 N  number of patients enrolled,  NYHA  New York Heart Association heart failure score,  MI  myocardial infarction,  EF  ejection fraction,  SAECG  
signal- averaged ECG,  ICD  implantable cardioverter/defi brillator,  Rx  treatment,  HR  hazard ratio  

   Table 10.3    Salient features of history in the investigation of sudden 
cardiac death or cardiac arrest   

 Relevant history 

 History of ischemic or structural heart disease 
 Preceding chest pain 
 Circumstances of the arrest: exercise/emotional distress/rest/sleep 
 History of syncope/epilepsy/sleep disordered breathing 
 Medications/recreational drug use 
 Family history of sudden cardiac death, unexplained drowning, 
accidents, or sudden infant death syndrome 
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ECG. The signal-to-noise ratio is amplifi ed when several 
hundred QRS complexes are averaged. Background noise by 
defi nition is random and cancels out when averaged, whereas 
late potentials are constant and remain [ 7 ]. The SAECG 
measures these late potentials and is a sensitive marker of 
occult cardiomyopathy and even Brugada syndrome [ 19 ]. 

 The commonest cause of cardiac arrest is an acute coro-
nary syndrome (ACS). As such, coronary angiography needs 
to be performed as a priority if the ECG does not manifest 
primary electrical disease. Moreover, an ACS can mimic 
both long QT and Brugada on the ECG. In select low-risk 
groups, computed tomography (CT) coronary angiography 
is an alternative to invasive coronary angiography, as this 
modality has a high negative predictive value for coronary 

artery disease. In low-risk young populations, CT angiogra-
phy can also rule out congenital coronary anomalies. 

 Cardiomyopathies in aggregate are the second most com-
mon cause of cardiac arrest. Consequently assessment of 
myocardial structure and function is paramount. The trans-
thoracic echo (TTE) is widely available, inexpensive, and 
simple to perform and interpret [ 1 ]. TTE provides accurate 
information on valvular and myocardial dimensions and 
function. The quality of TTE imaging however can be 
strongly infl uenced by patient comorbidities such as morbid 
obesity and chronic obstructive lung disease. Cardiac MRI is 
increasingly becoming the imaging modality of choice for 
the identifi cation and characterization of underlying cardio-
myopathy [ 20 ]. This increasingly available modality is use-
ful for the assessment of suspected arrhythmogenic right 
ventricular cardiomyopathy (ARVC) where regional or 
global functional abnormalities may be optimally identifi ed. 
Cardiac MRI’s capacity to incrementally assess for abnormal 
tissue characteristics, such as irreversible fi brosis or “scar,” 
fat infi ltration, or myocardial edema (consistent with recent 
myocardial injury), provides a robust diagnostic yield in this 
patient population [ 21 ]. Up to one-third of patients with 
resuscitated SCD demonstrate evidence for an acute myo-
pathic process when studied early following their event, typi-
cally either acute viral injury or clinically unrecognized 
ischemic injury [ 21 ]. Mature, irreversible fi brosis can also 
characterize unsuspected chronic cardiomyopathies, such as 
cardiac sarcoid or variant forms of hypertrophic cardiomy-
opathy. The presence and burden of fi brosis in these diseases 
has been associated with arrhythmic events [ 20 ,  21 ]. This 
characterization of an underlying myopathic process may 
have important implications for future disease management 
and family counseling. For example, the identifi cation of 
cardiac sarcoid may provide alternate therapeutic strategies, 
while the identifi cation of ARVC or hypertrophic cardiomy-
opathy may be relevant for risk assessment in fi rst-degree 
relatives. Cardiac MRI is also valuable for the identifi cation 
of coronary anomalies and other rarer causes of arrhythmia, 
such as cardiac masses. Therefore, this versatile imaging test 
is rapidly being considered a standard of care in the assess-
ment of cardiac arrest survivors, particularly when it occurs 
in the absence of clinically overt ischemia. 

 In the absence of ischemic heart disease, structural heart 
disease, or profound metabolic derangements, occult pri-
mary electrical cardiac disease should be suspected. These 
are predominantly hereditary channelopathies. Testing is ini-
tially directed at unmasking an inherited disease phenotype 
using provocation testing. The treadmill exercise stress test 
(EST) is the initial modality chosen in cases of suspected 
long QT syndrome (LQTS) and catecholaminergic polymor-
phic VT (CPVT) [ 22 – 25 ]. Inadequate QT shortening as a 
result of change in posture or exercise is suggestive of LQTS 
1 or 2 [ 24 ]. Increasing frequency of ventricular ectopy or 

Cardiac arrest

Electrocardiography
Resting ECG, telemetry

SAECG 

Imaging
Echocardiogram, coronary angiogram

Cardiac MRI 

Provocation
Exercise test

Adrenaline and procainamide challenge

Discretionary
Electrophysiology study and voltage map

Ventricular biopsy 

  Fig.10.2    Flow diagram for systematic investigation of cardiac arrest 
victims.  SAECG  signal-averaged ECG,  MRI  magnetic resonance 
imaging       
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development of polymorphic or bidirectional VT with 
increasing workload during EST is suggestive of CPVT. 
Provocation testing with intravenous adrenaline is usually 
performed if the EST is negative. Provocation with a sodium 
channel blocker such as procainamide may be warranted if 
the clinical history and baseline ECG are suspicious for 
Brugada syndrome [ 26 ,  27 ]. 

 Genetic testing is performed only when an inherited dis-
ease phenotype is observed. Blanket genetic testing is not 
currently advised outside of a research setting [ 19 ]. Direct-
to- consumer marketing of genetic testing has led to the per-
ception that broad panels of testing of genes related to sudden 
death are both feasible and simple. Unfortunately, the com-
plexity of interpretation of multiple variants that are not nec-
essarily pathogenic makes this strategy fraught with danger 
until we have a better mechanism to connect the genetic fi nd-
ings with phenotype. The diagnosis of a hereditary channelo-
pathy has important implications beyond the care of the 
index patient, extending to their biologic relatives. A detailed 
family history or pedigree should be completed. A history of 
SCD can often be masked by seemingly unrelated deaths 
particularly at a young age. Specifi cally a history of infant 
cot/crib death, miscarriages or suspicious drownings, and 
single-vehicle accidents should be sought. 

 It should be recognized that in those patients without 
overt cardiac disease, extensive investigation fails to fi nd a 
cause for cardiac arrest in nearly half of such cases [ 19 ].  

    Aborted SCD in a Structurally Normal Heart 

 The majority of cases of aborted SCD in a structurally nor-
mal heart involve hereditary channelopathies. A minority of 
cases involve occult structural heart disease from ARVD, 
sarcoidosis, amyloidosis, or myocarditis or miscellaneous 
conditions such as anomalous coronary arteries and coronary 
vasospasm (Table  10.4 ). These uncommon conditions will 
not be discussed in this chapter; suffi ce to mention that car-
diac MRI should be performed to rule out these conditions if 
a clear diagnosis is not apparent (Fig.  10.3 ).

        Long QT Syndrome 

 Long QT syndrome (LQTS) is a hereditary channelopathy 
that primarily affects the delayed rectifi er potassium chan-
nels or the inward sodium channels. The estimated preva-
lence of LQTS is 1:2,000 [ 19 ]. The two main phenotypes 
described are the autosomal dominant Romano–Ward syn-
drome and the rare autosomal recessive Jervell and Lange–
Nielsen syndrome, which is associated with sensorineural 
deafness. Mutations in the KCNQ1, KCNH2, and SCN5A 
genes are responsible for LQT1, LQT2, and LQT3, 

 respectively. Collectively these account for the vast majority 
of cases of LQTS. On average up to 13 % of patients with 
LQTS have a cardiac arrest before the age of 40, although 
30–50 % of patients are symptomatic at some point, typi-
cally presenting with syncope [ 19 ,  28 ]. It is not uncommon 
for LQTS patients, especially those with LQT2, to be mis-
takenly diagnosed with epilepsy [ 29 ]. The hallmark arrhyth-
mia is torsades de pointes (twisting of the points), a form of 
polymorphic VT, that is pause dependent and often non- 
sustained. Self-terminating arrhythmic episodes present with 
syncope, whereas more sustained events present with cardiac 
arrest or SCD. Triggers for symptoms are genotype specifi c, 
such as swimming and physical exertion in LQT1, sudden 
noises or emotional situations in LQT2, and sleep in LQT3. 
The postpartum state has also been recognized as being asso-
ciated with a higher risk of SCD especially in LQT2. Drug- 
induced QT prolongation can potentially unmask latent 
LQTS [ 30 ]. Therefore, suspicion should be raised in patients 
with QT prolongation and cardiac arrest who have recently 
been prescribed medication. 

 The ECG is the initial diagnostic modality. The QT interval 
is typically measured in lead II or V5, from the start of the QRS 
to the end of the T wave. The end of the T wave is defi ned by the 
intersection of the steepest portion of the T wave with the base-
line (Fig.  10.4 ). Defi ning the end of the T wave can be challeng-
ing, especially when a U wave is present. Ordinarily the U wave 

   Table 10.4    Causes of sudden cardiac death or cardiac arrest   

 Coronary artery 
disease 

 Acute plaque rupture 
 Anomalous coronary artery 
 Coronary artery vasospasm 
 Type A aortic dissection 

 Overt 
cardiomyopathies 

 Hypertrophic cardiomyopathy 
 Dilated cardiomyopathy 
 Restrictive cardiomyopathy 
 Left ventricular non-compaction 
cardiomyopathy 

 Occult 
cardiomyopathies 

 Sarcoidosis 
 Arrhythmogenic right ventricular dysplasia 
 Amyloidosis 
 Myocarditis 

 Channelopathies  Long and short QT syndromes 
 Brugada syndrome 
 Catecholaminergic polymorphic ventricular 
tachycardia 
 Idiopathic ventricular fi brillation 

 Miscellaneous  Commotio cordis 
 Wolf–Parkinson–White syndrome 

 Metabolic  Electrolyte abnormalities/acidosis 
 Drug overdose/proarrhythmia 
 Hypoxia 

 Noncardiac  Massive pulmonary embolus 
 Acute intracranial hemorrhage 
 Epilepsy 
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is not included in the measurement if it is distinct from the T 
wave. The end of a secondary defl ection should be included if it 
abuts the T wave or if the T wave is bifi d [ 31 ]. The QT interval 
should be measured as an average over 3–5 beats. Heart rate 
infl uences the QT interval and needs to be taken into consider-
ation. The Bazett’s formula corrects for this although it is less 
reliable at the extremes of heart rate. The corrected QT (QTc) 
interval can be within normal limits in 40 % of carriers of LQTS 
gene mutations [ 32 ]. In these cases provocation testing is help-
ful. Paradoxical lengthening of the uncorrected QT interval dur-
ing brisk tachycardia induced by standing is observed in LQTS 
patients, especially LQT2 [ 33 ]. A similar paradoxical lengthen-
ing of the uncorrected QT interval is seen with low- dose epi-
nephrine infusion and during an exercise stress test in patients 
with LQT1 [ 34 ] (Fig.  10.5 ). Genotyping confi rms the pheno-
type in approximately 75 % of cases of LQTS. Risk stratifi ca-
tion for SCD is based primarily on genotype and length of 
corrected long QT, with LQT3 and QTc > 500 ms carrying the 
worst prognosis [ 28 ]. Female sex carries a worse prognosis in 
LQT2, whereas the opposite is true for LQT3 [ 28 ].

  Fig.10.3    Cardiac magnetic resonance imaging (MRI) in a 46-year-old 
man who presented with chest pain and subsequent ventricular fi brilla-
tion (VF) arrest. Despite a mild elevation in troponin, he was found to 
have a structurally normal heart by echocardiography and angiographi-
cally normal coronary arteries. Cardiac MRI however demonstrated 
marked edema throughout the lateral wall ( arrows ), as evidenced by 

T2-weighted imaging ( left image ). A small, subendocardial infarction 
was identifi ed within the core of this region, evidenced by late gado-
linium enhancement ( right image ). These images, in conjunction with 
his clinical presentation, lead to a diagnosis of coronary vasospasm, 
highlighting the incremental utility of cardiac MRI in the investigation 
of aborted sudden cardiac death       

QT 480  ms
QTc 511 ms

RR 880 ms

  Fig. 10.4    Measurement of the  QT  interval from the onset of the QRS 
complex to the intersection of the steepest segment of the T wave with 
the isoelectric line. The measurement has been corrected using Bazett’s 
formula:  QTc QT s= ¸ Ö - ( )R R
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    Treatment of LQTS centers on educating patients to be 
compliant with beta-blockers and to avoid gene-specifi c 
triggers as well as medications that have the potential to 
prolong the QT interval. A comprehensive list of such 
medications can be found at   www.qtdrugs.org    . Treatment 
with beta- blockers reduces the risk of SCD especially in 
patients with LQT1 and LQT2 [ 35 ]. Among symptomatic 
patients, there is a 32 % residual risk of SCD or recurrent 
symptoms within 5 years despite beta-blocker therapy 
[ 35 ]. Flecainide and mexiletine are benefi cial in patients 
with LQT3 [ 19 ]. Patients with resuscitated SCD, recurrent 
symptoms despite beta- blocker therapy, or a constellation 
of high-risk features should have an ICD implanted. 
Programming a faster anti- bradycardia rate; avoiding the 
use of pacing avoidance algorithms that permit dropped 
beats and, thus, pauses; and increasing detection times 
using a rate-smoothing algorithm and algorithms that 
avoid T wave oversensing may reduce the number of inap-
propriate shocks [ 36 ]. Adjuvant therapy in the form of left 
cervicothoracic sympathectomy has been shown to reduce 
the rates of syncope and SCD in high-risk patients with 
LQTS [ 37 ]. Participation in competitive sports should be 
discouraged, especially in patients with LQT1. As is the 

case with other hereditary conditions, screening and coun-
seling of family members is an important component of 
management.  

    Brugada Syndrome 

 First described in 1989, this syndrome, caused by a loss of 
function mutation in the alpha subunit of the cardiac sodium 
channel encoded by the SCN5A gene, is associated with sud-
den cardiac death, particularly among young males. A preva-
lence of up to 12/10,000 has been reported. In certain parts of 
Southeast Asia where the condition is endemic, it is second 
only to motor vehicle accidents as a cause of mortality in 
those <40 years of age [ 38 ]. Presentation with cardiac arrest, 
syncope, or nocturnal agonal respiration typically occurs in 
adulthood with a mean age of SCD of 41 ± 15 years [ 38 ]. 
SVT, primarily atrial fi brillation, occurs in 10–20 % of 
patients. The pathognomonic feature of the syndrome is syn-
cope or cardiac arrest associated with coved ST elevation in 
the right-sided precordial leads. Three patterns of ST eleva-
tion have been described (Fig.  10.6 ) [ 38 ]. Only the type I 
pattern is diagnostic of Brugada syndrome. An individual 

Supine
QTc 420ms

Standing
QTc 480ms

Treadmill recovery
QTc 580ms

  Fig. 10.5    QT interval measured 
in a patient with long QT 1 
syndrome in the supine position, 
immediately upon standing, and 
after treadmill exercise. Note the 
corrected QT interval begins 
within the normal range, but is 
markedly prolonged with 
provocation. This example 
highlights the dynamic nature of 
the QT interval in the long QT 
syndrome       
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who harbors the relevant mutation may exhibit any one of the 
three patterns or alternatively a normal ECG. The use of high 
precordial lead position (V 1  and V 2  recorded in the second 
intercostal rather than the fourth intercostal space) improves 
the diagnostic yield of the 12-lead ECG [ 39 ]. A Brugada 
ECG pattern needs to be distinguished from atypical right 

bundle branch block, early repolarization pattern, pericardi-
tis, myocardial infarction, pulmonary embolism, and rarely 
extrinsic compression of the right ventricular outfl ow tract 
by a mediastinal tumor. A Brugada-like ECG pattern is occa-
sionally observed transiently following DC cardioversion 
[ 40 ]. The clinical signifi cance of this remains uncertain.

   Brugada syndrome typically occurs in the setting of a 
structurally normal heart. Abnormal late potentials on 
SAECG have been observed in patients with Brugada syn-
drome. Ordinarily this refl ects intramyocardial conduction 
delay from structural heart disease. In the case of Brugada 
syndrome, these late potentials are due to the delayed 
upstroke of the epicardial action potential or alternatively 
represent local phase II reentry. 

 A number of triggers for SCD have been recognized. 
These include periods of increased vagal tone such as during 
sleep; medications, particularly class I antiarrhythmics; 
hypokalemia; hypoglycemia; and fever. These triggers can 
unmask a type I pattern in those with a normal ECG or type 
II or III pattern at baseline. Consequently class I antiarrhyth-
mic agents such as procainamide, fl ecainide, or ajmaline are 
used as provocation tests to unmask the diagnostic type I 
Brugada pattern. Administration of class I antiarrhythmic 
agents should be performed with caution in the elderly or 
those with evidence of baseline AV conduction disease. In 
these individuals, testing should be performed in an EP lab, 
preferably after insertion of a temporary pacing wire. 
Otherwise healthy individuals can have testing performed in 
any monitored area with appropriately trained staff and 
resuscitation equipment. Class I antiarrhythmic infusion 
should be discontinued once the following are observed: 
type I Brugada pattern is unmasked, >2 mm of additional ST 
elevation in type II pattern, ventricular ectopy or other ven-
tricular arrhythmia, QRS widening ≥130 % of baseline, or 
evidence of heart block. Isoproterenol should reverse the 
ECG changes induced by class I antiarrhythmics in patients 
with Brugada syndrome. 

 Brugada syndrome has an autosomal dominant pattern of 
inheritance. More than 293 disease-causing mutations have 
been identifi ed in the SCN5A gene that codes for the alpha 
subunit of the cardiac Na +  channel. Despite this, only 21 % 
of patients with a Brugada phenotype test positive for a 
known gene mutation [ 19 ]. The absence of a known gene 
mutation therefore does not rule out the diagnosis of Brugada 
syndrome. Mutations in the SCN5A gene are detected more 
often in familial than sporadic cases. Current knowledge of 
the mutations that cause Brugada syndrome is inadequate to 
determine prognosis associated with specifi c mutations. 

 Risk stratifi cation in Brugada syndrome is controversial 
beyond those with resuscitated SCD and symptomatic 
patients. The largest prospective study to date carried out by 
Probst et al. followed 1,029 patients with Brugada syndrome 
diagnosed on the basis of a spontaneous or drug-induced 

Type 1 Brugada Type 2 Brugada Type 3 Brugada

V1

V2

V3

  Fig. 10.6    Recognized ECG patterns in the Brugada syndrome. Type I 
pattern is characterized by coved ST elevation of >2 mm in at least two 
contiguous precordial leads with associated T wave inversion. Type II 
pattern has a similar distribution, but is associated with saddle ST eleva-
tion of >2 mm and either a positive or biphasic T wave. Type III pattern 
is characterized by either coved or saddle ST elevation of <1 mm. Only 
the type I Brugada pattern is considered pathognomonic for the condi-
tion. Increased vagal tone, febrile illness, and certain medications 
(  www.brugadadrugs.com    ), particularly sodium channel blockers, have 
the potential to unmask a type 1 pattern from the latter 2       
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type 1 ECG pattern [ 41 ]. During a median follow-up period 
of 31.9 months, the cardiac event rate per year was 7.7, 1.9, 
and 0.5 % in patients enrolled with aborted SCD, syncope, 
and no symptoms, respectively. A cardiac event was 
described as SCD, appropriate ICD therapy, or documented 
sustained ventricular tachyarrhythmia. Only the presence of 
symptoms (cardiac arrest or syncope) and spontaneous type 
I ECG pattern were predictive of arrhythmic events [ 41 ]. 
Gender, family history of SCD, inducibility of ventricular 
tachyarrhythmia at EP study, and the presence of an SCN5A 
mutation were not associated with an increased arrhythmic 
risk [ 41 ]. Separate multivariate analysis in asymptomatic 
patients found no predictors for arrhythmic events [ 41 ]. Of 
interest, a family history of SCD did not predict a worse out-
come, suggesting that there is no discernible prognostic dif-
ference between familial and sporadic forms of the disease. 
The role for EP study to determine the risk of SCD in asymp-
tomatic patients remains controversial based on confl icting 
data gathered from separate large registries, but is generally 
discouraged [ 41 – 45 ]. 

 The only proven effective treatment in Brugada syndrome 
is an ICD, although quinidine is effective in management of 
ventricular arrhythmias [ 46 ]. Current guidelines recommend 
ICD implantation in those with resuscitated SCD with either 
spontaneous or provoked type I Brugada pattern and those 
with spontaneous type I pattern and symptoms of unex-
plained syncope, seizures, or nocturnal agonal respiration. 
Asymptomatic patients with provoked type I pattern should 
be followed closely with appropriate lifestyle and pharmaco-
logical precautions. 

 Patients are advised to promptly treat febrile illness 
aggressively with antipyretics and seek medical attention 
early to determine the need for antibiotics if appropriate. A 
list of medications to avoid in Brugada syndrome can be 
found at   www.brugadadrugs.org    . Patients that are being fol-
lowed closely should immediately report any syncope, sei-
zure activity, or nocturnal agonal respiration to their 
physician. Family screening is warranted, particularly among 
those under the age of ~60–65. 

 The treatment of electrical VF storm in Brugada syn-
drome is with isoproterenol and/or quinidine [ 46 ]. Quinidine 
is believed to exert its antiarrhythmic effects by blocking the 
 I  to  receptor and restoring the balance of currents that are 
active during the early part of the action potential in the epi-
cardium, reducing the dispersion of refractoriness.  

    Catecholaminergic Polymorphic VT 

 Catecholaminergic polymorphic VT (CPVT) is a rare hered-
itary channelopathy characterized by bidirectional or poly-
morphic VT triggered by exercise or emotional stress, which 
is highly malignant if untreated. The prevalence of the 

 condition is approximately 1:10,000 and is responsible for 
13 % of cardiac arrests in structurally normal hearts [ 19 ,  47 ]. 
Mutations in the gene encoding the cardiac ryanodine recep-
tor type 2 (RyR2) are found in 55 % of cases, with a further 
1–2 % of cases caused by mutations in the gene encoding 
cardiac calsequestrin (CASQ2) [ 47 ]. The modes of inheri-
tance are autosomal dominant and autosomal recessive, 
respectively. Mutations in the RyR2 or CASQ2 gene lead to 
increased cytosolic calcium in response to epinephrine. This, 
in turn, leads to delayed afterdepolarizations, which are 
responsible for ventricular ectopy and polymorphic ventricu-
lar tachycardia under conditions of beta-adrenergic stimula-
tion. The initiating beat of VT is late coupled and usually has 
a consistent morphology typically originating from the out-
fl ow tracts [ 47 ]. 

 Presentation typically occurs in the second decade of life 
with syncope, seizures, cardiac arrest, or SCD [ 48 ]. Up to 
60 % of untreated patients develop cardiac symptoms over 8 
years while [ 48 ] 25 % of untreated patients experience a fatal 
or near-fatal cardiac event over the same period [ 48 ]. In one 
study, 26 % of patients experienced supraventricular tachy-
cardia including paroxysmal atrial fi brillation [ 47 ]. 

 CPVT is diagnosed if ≥3 beats of polymorphic or bidirec-
tional VT are observed during exercise stress testing or epi-
nephrine infusion challenge. The phenotypic diagnosis also 
requires the absence of structural heart disease and ischemic 
heart disease. The resting ECG is normal in CPVT. The sen-
sitivity of genetic testing is between 60 and 77 %. [ 47 ,  48 ] It 
is noteworthy that up to 21 % of genotype-positive family 
members of probands do not express the phenotype at the 
time of diagnosis, yet their risk of cardiac events is similar 
[ 47 ,  48 ]. 

 Independent predictors for cardiac, fatal, and near-fatal 
events include younger age at diagnosis, the absence of beta- 
blocker therapy, and resuscitated cardiac arrest [ 48 ]. 
A  history of syncope is not predictive of cardiac events. 

 Once the diagnosis of CPVT has been established, treat-
ment is mandatory even if asymptomatic. Exercise restric-
tion is an important component of treatment. First line 
therapy consists of beta-blockers. Nadolol has been sug-
gested to be superior to other beta-blockers [ 48 ]. Resting 
bradycardia has been shown to be idiosyncratic to the 
CPVT genotype and should not dissuade clinicians from 
initiating beta-blockers [ 19 ,  49 ]. It is paramount that ade-
quate dosing and high compliance rates are achieved with 
beta-blockers. Serial exercise stress testing can be used to 
guide effi cacy of treatment and to titrate dosing. In spite of 
beta-blocker therapy, the incidence of fatal and near-fatal 
cardiac events was 11 % over 8 years of follow-up [ 48 ]. 
Current guidelines recommend implantation of an ICD in 
patients who have recurrent syncope, resuscitated cardiac 
arrest, or documented VT while on beta-blocker therapy. 
ICD implantation in young patients has obvious drawbacks 
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such as the cumulative risk of infection, lead fractures, and 
the need for multiple generator changes over their lifetime. 
ICD therapy in CPVT is particularly ill-suited and presents 
unique challenges. The pain and fear generated from a 
shock, even if potentially lifesaving, causes greater adren-
ergic stimulus and could lead to a vicious cycle of arrhyth-
mic storm and multiple shocks. The psychological impact 
of such an event, especially in children should not be 
underestimated. There is also a risk that an inappropriate 
shock due to supraventricular tachycardia including sinus 
tachycardia could be proarrhythmic and lead to polymor-
phic VT [ 47 ,  50 ]. Left cardiac sympathetic denervation 
(LCSD) has been shown in small case series to be very 
effective in reducing shocks [ 50 ]. The procedure is per-
formed within 40 min using a minimally invasive extra-
pleural approach through an incision at the base of the 
neck. Current practice is to spare the cranial half of the stel-
late ganglion thus avoiding ipsilateral Horner’s syndrome. 
LCSD should be strongly advocated as third-line therapy in 
preference to ICD implantation. Unfortunately it is not 
widely available. The adjuvant use of fl ecainide as second-
line therapy has been shown to either completely or par-
tially suppress exercise-induced ventricular arrhythmia 
[ 49 ]. Flecainide works in CPVT by directly blocking the 
abnormal RyR2 channel [ 49 ] not through Na +  channel 
blockade. Calcium channel blockers can also be added to 
beta-blocker therapy, although effi cacy is limited.      
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        ST Elevation Myocardial Infarction 

 A 64-year-old female with a 40-year history of smoking pre-
sented with the acute onset of epigastric pain that was 
increasing in intensity over the last 4 h. The epigastric pain 
was associated with nausea, vomiting, and syncope. In the 
emergency department, she was noted to have the electrocar-
diogram in Fig.  11.1 .

   There is normal sinus rhythm at a rate of 94 bpm with nor-
mal PR, QT-corrected (QTc), and QRS complex intervals. 
Leads II, III, and aVF show Q waves associated with ST 
segment elevations. Serum troponin and creatine kinase-MB 
(CK-MB) levels were found to be 1.7 and 5.63 ng/ml, respec-
tively. Based on this, acute ST elevation inferior myocardial 
infarction was diagnosed. Urgent cardiac catheterization 
revealed 100 % occlusion in the mid-right coronary artery 
that received primary percutaneous intervention to open the 
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vessel. Left ventriculography showed inferior basilar wall 
motion hypokinesis with an ejection fraction of 60 %. 

 The diagnosis of ST segment elevation myocardial infarc-
tion (STEMI) involves the evaluation of the patient’s symp-
toms, ECG fi ndings, and cardiac enzyme changes such as 
elevations in troponin and CK-MB. Cardiac enzymes begin to 
rise 4 h after the ischemic event [ 1 ]. Patients presenting within 
this 4-h window will have normal cardiac enzyme levels. 

 During acute ischemia, a voltage gradient between isch-
emic and normal cells causes a fl ow of current between the 
two regions. This is represented by ST segment changes on the 
ECG. ECG vectors always point away from the negative zones 
and towards positive zones. In a transmural (involving the epi-
cardium, myocardium, and endocardium) infarct, the vector is 
directed towards the outer epicardial layers, resulting in ST 
segment elevation and hyperacute (tall and asymmetrically 
peaked) T waves. The T waves are the fi rst to change on the 
ECG (Fig.  11.2a ) [ 2 ]. They are then followed by ST segment 
changes that depend on the location of the infarct (Fig.  11.2b ). 
For the diagnosis of STEMI, the ST segment must be elevated 
by greater than or equal to 0.2 mV in at least 2 consecutive 
limb leads and/or greater than or equal to 0.1 mV in at least 2 
consecutive precordial leads. A Q wave then forms (Fig.  11.2c, 
d ) that is defi ned as any Q wave in leads V 1  to V 3  or a Q wave 
that is greater than or equal to 30 ms in leads I, II, aVL, aVF, 
or V 4  to V 6 . Q waves must be present in at least two contiguous 
leads and should be ≥1 mm in depth [ 2 ,  3 ]. Finally, there is a 
decrease in the R wave amplitude with return of the ST seg-
ment to baseline and T wave inversion (Fig.  11.2e ).

   It is important to note that patients with conditions that 
can hinder voltage detection by the ECG machine, such as 
emphysema, pericardial effusion, and obesity, may have 
low QRS amplitudes. These patients should be further 
evaluated with other modalities such as cardiac enzymes, 

echocardiography, or left heart catheterization before 
STEMI can be decisively ruled out. 

 The location of the infarct can be determined by evaluat-
ing the ECG leads. Occlusion of the left anterior descending 
(LAD) artery produces anterior wall myocardial infarctions 
(MIs) that are represented by changes in the precordial leads 
as well as leads I, aVL, and aVR. Anterior MIs can also be 
divided into anteroseptal (leads V 1 –V 2  involved), anterolat-
eral (leads V 3 –V 4  involved), and anteroapical (leads V 5 –V 6  
involved), although correlations with imaging techniques 
such as magnetic resonance imaging are imperfect. ST seg-
ment elevation in lead aVR and V1 can be seen in patients 
with MI involving the proximal LAD, the proximal right 
coronary artery (RCA), or the left main coronary artery. 

 Occlusions in the RCA and left circumfl ex artery (LCX) 
produce inferior and posterior wall MIs, refl ected by changes 
in leads II, III, and aVF. ST segment elevation in lead III > II 
favors RCA occlusion and vice versa. When inferior wall MI 
is diagnosed, the right-sided precordial leads and posterior 
leads (V 7 –V 9 ) should also be evaluated for right ventricular 
and posterior wall MI, respectively. Occlusions of the LCX 
produce lateral wall MIs with anterior ST segment depres-
sions, which are reciprocal to posterior wall ST segment 
elevations.  

    Sinus Node Dysfunction (Sick Sinus 
Syndrome) 

 An 84-year-old female nursing home resident with a history 
of left ventricular systolic dysfunction, previous myocardial 
infarction, hypertension, and diabetes mellitus type II was 
admitted to the hospital due to newly altered mental status. 
Twelve-lead ECG showed the following rhythm in Fig.  11.3a .

  Fig. 11.1    Twelve-lead 
electrocardiogram of a 
64-year-old female who 
presented with the acute onset 
of epigastric pain. The 
electrocardiogram shows ST 
segment elevation in leads II, III, 
and aVF. A Q wave is also seen in 
leads III and aVF       

a b c d e

  Fig. 11.2    Stages of a transmural infarct. ( a ) Appearance of hyperacute 
(tall, asymmetrical, and peaked) T waves. ( b ) ST segment elevation. 
( c ,  d ) Q wave formation with T wave inversion. ( e ) Decrease in R wave 

amplitude with return of the ST segment to baseline and decrease in 
T wave inversion       
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   In Fig.  11.3a , there is a narrow QRS complex tachycardia 
at a rate of 125 bpm. The atrial rhythm is fl utter with nega-
tively directed fl utter waves in leads II, III, and aVF and 
positive waves in lead V 1 , suggestive of typical fl utter. The 
atrioventricular (AV) conduction ratio is 2:1. When the fl ut-
ter terminates (Fig.  11.3b ), there is a period of asystole last-
ing 4.9 s before ventricular activity resumes. The asystolic 
periods are terminated by junctional escape beats. The 
patient had multiple sinus pauses during sinus rhythm with 
the longest being at least 4.9 s (Fig.  11.3b ). These rhythms 

are typical of tachycardia–bradycardia syndrome and are 
characteristic of sick sinus syndrome. 

 Sinus node dysfunction, or sick sinus syndrome (SSS), is a 
degenerative disease of the sinus node that usually affects the 
elderly, although it can occasionally be seen in infants and 
adolescents. It is characterized by signifi cant sinus bradycar-
dia (although not always), sinus pauses, sinus arrest, and sino-
atrial exit block. Junctional escape rhythms usually, but not 
always, terminate the pauses in rhythm. The failure of junc-
tional escape rhythms to emerge may lead to symptomatic 

a

b

  Fig. 11.3    ( a ) Twelve-lead 
electrocardiogram of an 
84-year-old female who 
presented with altered mental 
status. Atrial fl utter with 2:1 atrio- 
ventricular conduction is seen. 
( b ) 12-lead electrocardiogram 
showing fl utter termination. A 
4.9-s period of asystole is noted 
before ventricular activity 
resumes. The patient had 
multiple sinus pauses during 
sinus rhythm. These rhythms 
are typical of Tachy–Brady 
syndrome and are characteristic 
of sick sinus syndrome       
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bradycardia or even asystolic periods. Around 50 % of SSS 
patients exhibit the tachycardia–bradycardia syndrome, in 
which atrial tachyarrhythmias, mainly atrial fi brillation and 
fl utter, occur, followed by long pauses on their termination. 
These atrial arrhythmias seem to develop slowly over time, 
possibly the result of a progressive pathological process that 
affects the sinoatrial (SA) node and the atrium. The most com-
mon cause of SSS is fi brosis of the sinus node, though narrow-
ing of the SA nodal artery, inferior myocardial infarction, and, 
rarely, infi ltrative myocardial disease, epicardial and pericar-
dial disease, infl ammatory conditions, drugs, trauma, and 
infection may also play a role in specifi c cases [ 4 ]. 

 Symptoms of bradycardia include light-headedness, pre-
syncope or syncope, dyspnea on exertion, and angina, 
whereas palpitations are felt during the tachycardias. The 
diagnosis of SSS is based upon the clinical symptoms, the 
ECG, or more prolonged monitoring (e.g., telemetry, Holter, 
or implanted loop recorders), and, sometimes, electrophysi-
ology study fi ndings. Prolonged ECG recordings are more 
sensitive and can show transient changes that are often not 
documented on a single 12-lead ECG. Chronotropic incom-
petence, or inability of the heart rate to increase in response 
to an increase in metabolic need, if seen during exercise test-
ing, can also be helpful in the diagnosis of SSS; due to the 
SA node dysfunction, patients are unable to achieve at least 
80 % of their age-predicted maximum heart rate or have a 
monotonic heart rate over a 24-h period. Drugs that stimulate 
the pacemaker cells and increase the heart rate such as atro-
pine and isoproterenol can be used in the diagnosis of SSS. 
A subnormal response to these medications, defi ned as an 
increase in sinus rate by less than 25 % or to a rate of less 
than 90 bpm, is suggestive of SSS. It is important to know, 
however, that even if the response is normal, the patient can 
still have SSS. In patients with defi cient chronotropic 
response to atropine administration, it has been suggested 

that the response to isoproterenol may identify individuals 
with inadequate chronotropic reserve [ 5 – 7 ]. 

 Electrophysiology studies involve measurement of the 
intrinsic heart rate, sinus node recovery time, SA conduc-
tion time, and response to parasympathetic (vagal) stimula-
tion assessed by carotid massage. The intrinsic heart rate 
(IHR) is the heart rate present when beta-blockers and atro-
pine are given to completely denervate the SA node and is a 
function of age (IHR = 117.2 − [0.53 × age]). IHR is mainly 
used to differentiate intrinsic from extrinsic SSS caused by 
increased parasympathetic tone or drugs. Intrinsic SSS is 
presumed to be present if the sinus rate does not exceed the 
predicted IHR after atropine, while a normal IHR suggests 
extrinsic SSS.  

    Atrioventricular Block 

 A 76-year-old female with a history of coronary artery dis-
ease and prior coronary artery bypass graft surgery, hyperten-
sion, dyslipidemia, and symptomatic premature ventricular 
complexes presented with complaints of dizziness. A 12-lead 
ECG was recorded (Fig.  11.4 ).

   There is normal sinus rhythm with 2:1 conduction to the 
ventricles. Differentiating atrioventricular (AV) nodal from 
infranodal conduction delay is very important in patients 
with 2:1 AV block. In this case, evaluation of the PR and 
QRS durations can be useful. Long PR intervals with narrow 
QRS complexes usually indicate AV nodal conduction delay, 
while normal PR intervals with wide QRS complexes sug-
gest an infranodal block. The best method to differentiate the 
two involves changing the sinus rate through carotid mas-
sage (which will also further delay conduction through the 
AV node through increases in vagal tone), exercise, or atro-
pine administration (which will also enhance conduction 

  Fig. 11.4    Twelve-lead 
electrocardiogram of a 76-year-
old female who presented with 
dizziness showing normal sinus 
rhythm with 2:1 conduction to 
the ventricles       
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through the AV node through adrenergic input) [ 8 ]. In the 
presence of AV nodal disease, therefore, slowing the sinus 
rate may increase the number of non-conducted beats due to 
vagal infl uences on the AV node itself. In contrast, in the 
presence of infranodal conduction disease, slowing the sinus 
rate can lead to 1:1 AV conduction since the infranodal sys-
tem is stimulated less rapidly, while increasing the sinus rate 
can result in a greater number of non-conducted P waves. 

 The PR interval is measured from the beginning of the P 
wave to the beginning of the QRS complex and represents 
the time it takes for the electrical impulse to travel from the 
sinus node through the AV node and His–Purkinje system. 
AV block occurs when there is a delay in impulse transmis-
sion from the atria to the ventricles. It is due to impaired 
conduction that can be transient or permanent and can pres-
ent as presyncope, syncope, or exertional dyspnea.  

    Wolff–Parkinson–White Syndrome 

 A 49-year-old male with a history of hypertension presented 
with palpitations associated with dizziness. He had been 
having symptoms since the age of 7. He denied syncope or 
family history of similar problems or sudden death. During 
an episode of palpitations, the following 12-lead ECG was 
recorded (Fig.  11.5a ).

   Figure  11.5a  reveals narrow QRS complexes at a rate of 
184 bpm. The differential diagnosis for paroxysmal supraven-
tricular tachycardia (PSVT) includes atrioventricular (AV) 
reentrant tachycardia (AVRT), AV nodal reentrant tachycardia 
(AVNRT), and atrial tachycardia. These can be distinguished 
on the ECG based on the relationship of the QRS complex to 
the P wave (R–P) during tachycardia (see Fig.  11.6 ). AVRT 
usually presents as “short R–P” tachycardia (Fig.  11.6a ), 
while atrial tachycardia presents as “long R–P” tachycardia 
(Fig.  11.6b ). In AVNRT, the P wave is usually superimposed 
on or buried within the QRS complex [ 9 ] (Fig.  11.6c ). There 
is a defl ection between the QRS complexes and ST segments 
in the ECG shown in Fig.  11.5a  (★) suggestive of P waves, 
making the rhythm a “short R–P” tachycardia. The most 
likely diagnosis is therefore AVRT using the AV node as the 
antegrade limb and accessory pathway as the retrograde limb.

   Evaluation of his baseline ECG (Fig.  11.5b ) reveals 
 normal and regular QRS complexes at a rate of 84 bpm. 
Delta waves are seen, indicating Wolff–Parkinson–White 
(WPW) syndrome. The location of the accessory pathway is 
determined to be in the left posterior wall based on the posi-
tive delta wave in lead V 1  and negative delta wave in the 
inferior leads [ 10 ,  11 ]. He underwent electrophysiologic 
study with induction of the tachycardia and mapping of the 
accessory pathway. Successful catheter ablation of the acces-
sory pathway was performed. 

a

b

  Fig. 11.5    ( a ) Twelve-lead 
electrocardiogram of a 
49-year-old male who presented 
with palpitations and dizziness. 
A short RP tachycardia can be 
seen determined by the location 
of the P waves (★). ( b ) Baseline 
electrocardiogram of the patient 
showing normal sinus rhythm 
with short PR interval and delta 
waves (best seen in leads I, V 4 , 
and V 5 ) that are suggestive of 
Wolff–Parkinson–White       
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 Normal conduction to the ventricles starts from the sinus 
node in the right atrium and travels to the His–Purkinje sys-
tem via the AV node where there is normally a delay in con-
duction. In the presence of an accessory pathway (AP), the 
ventricles are depolarized via both the AP and the AVN, and 
the QRS complexes therefore represent fusion complexes. 
APs lack the rate-slowing properties of the AVN and thus 
enable faster and earlier depolarization of ventricular myo-
cardium (ventricular preexcitation). The impulse conducted 
through the AVN then joins the earlier depolarization via 
the AP, resulting in a shortened PR interval and a wider 
QRS complex duration with slurring at the beginning of the 
QRS complex (ventricular preexcitation), known as a delta 
wave [ 12 ].  

    Wide QRS Complex Tachycardia 

 A 59-year-old female with a history of postpartum dilated 
cardiomyopathy, coronary artery disease, hypertension, dia-
betes mellitus, chronic obstructive pulmonary disease, and 
gout presented with left lower quadrant abdominal pain. She 
was diagnosed with diverticulitis and appropriate treatment 
was started. Her left ventricular ejection fraction was found 
to be 20 % but no wall motion abnormalities were present, 
and a baseline ECG showed left bundle branch block 
(LBBB). During telemetry monitoring, the following rhythm 
was recorded (Fig.  11.7 ).

   The initial rhythm is sinus, which is followed by a wide 
QRS complex tachycardia (WCT) at a rate of 150 bpm with 
left axis deviation. The QRS duration is approximately 180 
ms. The rate at the beginning of the tachycardia is transiently 
irregular and is followed by a regular rhythm and rate. 

Analysis of the QRS morphology in V 1  shows typical right 
bundle branch block (RBBB) morphology with the right 
“rabbit ear” larger than the left, suggesting that the tachycar-
dia is supraventricular (SVT) in origin, with intraventricular 
(IV) aberrancy. However, a fusion beat (★), in which the 
ventricles are depolarized from two sources, is seen at the 
onset of tachycardia. Further evaluation reveals P waves that 
are occurring at regular intervals at a rate slower than that of 
the QRS complexes, indicating atrioventricular (AV) disso-
ciation (♦). The frontal plane QRS axis is pointed in a 
“northwest” direction (towards aVR). Based on these fi nd-
ings, the cause of the WCT is ventricular tachycardia (VT). 
This case highlights the lack of specifi city of QRS morphol-
ogy in evaluating patients with WCT to arrive at the correct 
diagnosis. 

 When confronted with an ECG with WCT, it is important 
to be able to differentiate between SVT with aberrancy, 
WPW conduction with ventricular preexcitation, and VT. 
Other rare causes include pacemaker-mediated tachycardia 
(in which ventricular pacing is occurring in response to 
sensed P waves conducted retrograde) and artifact. We pres-
ent the following algorithms when evaluating a patient with 
WCT [ 4 ]:
    Step 1  – History and physical examination: A detailed his-

tory and physical examination is of upmost importance 
and can often provide clues to the diagnosis of WCT. VT 
is more likely in patients with a history of myocardial 
ischemia or infarction. Cannon “a” waves in the neck and 
variable intensity of S 1  noted on physical examination 
during WCT suggest AV dissociation, thus favoring a 
diagnosis of VT. Conversely, SVT with aberrancy is 
favored when the tachycardia terminates in response to 
carotid massage or vagal maneuvers. An exception to this 

Lead II on the ECG:

R P R P

Short RP

R RP P

Long RP

VA VA

A on V

R,V = QRS complex

a b

c

P, A = P wave

  Fig. 11.6    Distinguishing 
between atrioventricular (AV) 
reentrant tachycardia (AVRT), 
AV nodal reentrant tachycardia 
(AVNRT), and atrial tachycardia 
based on the electrocardiogram. 
AVRT usually presents as short 
R–P tachycardia ( a ), while atrial 
tachycardia usually presents as 
long R–P tachycardia ( b ). In 
AVNRT, the P wave is usually 
superimposed on or buried within 
the QRS complex ( c )       
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is seen in idiopathic VT arising from the right ventricular 
outfl ow tract since that form of VT can also terminate 
with carotid massage. A comparison of the ECG during 
WCT to that of a baseline tracing made during sinus 
rhythm is also crucial. The presence of infarction Q waves 
on prior ECG in sinus rhythm increases the probability of 
the WCT being VT. On the other hand, SVT with aber-
rancy is more likely when the intraventricular conduction 
pattern seen during the WCT matches that seen during 
sinus rhythm. Lastly, a WPW pattern that is similar to the 
WCT ECG pattern points towards preexcited tachycardia. 
It is important to note that orthodromic SVT is more com-
mon than antidromic SVT in WPW patients.  

   Step 2  – Rhythm and axis: An irregularly irregular rhythm 
argues against VT. However, a transient irregular 
rhythm at the onset of tachycardia, followed by a regu-
lar rhythm, known as a “warm-up phenomenon,” is often 
indicative of VT, although the same “warm-up” phenom-
enon can be seen in supraventricular arrhythmias. The 
mean frontal plane QRS axis is of little diagnostic value 
unless a right superior axis (from −90 to +/−180 o ) is pres-
ent; such an axis is rarely seen in aberrancy unless there is 
underlying severe right ventricular hypertrophy or lung 
disease, and hence this axis favors VT. Likewise, patients 
with VT almost always have a right axis with an LBBB 
pattern. Also, any shift in axis during the WCT from base-
line by greater than 40 o  is usually indicative of VT.  

   Step 3  – Atrioventricular (AV) relationship: AV dissociation 
is one of the most helpful criteria in differentiating SVT 
from VT in WCT. It is characterized by atrial activity that 

is independent of ventricular activity, with atrial rates 
slower than the tachycardia rate. Although AV  dissociation 
is 100 % specifi c for VT, the sensitivity is very low 
(approximately 10 %) [ 13 ].  

   Step 4  – Narrow complex beats (fusion and capture beats) 
within the WCT: Fusion or capture beats are 100 % spe-
cifi c for the diagnosis of VT. Fusion beats occur when the 
ventricular tachycardia focus fuses with a sinus beat that 
conducts to the ventricle through the AV node. Capture 
beats are narrow beats in the middle of WCT due to com-
plete capture of the ventricle by a sinus beat through the 
AV node.  

   Step 5  – Brugada criteria: The Brugada criteria involve eval-
uation of the R-to-S durations in all the precordial leads. 
The R–S is measured from the beginning of the QRS 
complex to the nadir of the S wave. Absence of an R–S 
complex in all precordial leads (QRS concordance) or an 
R-to-S duration greater than 100 ms in one precordial 
lead favors a diagnosis of VT [ 14 ].  

   Step 6  – Specifi c QRS morphology: Most forms of VT are 
myocardial in origin so the QRS complex morphology 
does not look like typical LBBB or RBBB. Hence, certain 
ECG criteria based on QRS morphology in leads V 1 , V 2 , 
and V 6  have used these differences to distinguish VT from 
SVT with aberrant conduction. Atypical RBBB seen dur-
ing VT usually appears as monophasic or biphasic R 
waves with R > R′ in lead V1 and an R:S ratio less than 1 
in V 6 . The Kindwall criteria suggest an atypical LBBB 
morphology when any Q wave is seen in lead V 6  and at 
least one of the following is seen in lead V 1  or V 2 : an 

  Fig. 11.7    Telemetry monitoring 
of a 59-year-old female admitted 
with heart failure exacerbation 
that shows wide complex 
tachycardia. Narrow complex 
beats (★) are seen preceding the 
onset of the wide complex 
tachycardia with different QRS 
morphology than the sinus 
rhythm. These fusion beats 
preceded by P waves are 
diagnostic of ventricular 
tachycardia. AV dissociation is 
also seen (♦)       
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R wave >30 ms, a notch in the downstroke of the S wave, 
and an R–S interval >60 ms [ 15 ]. However, morphologic 
criteria have limitations. Idiopathic VT arising from the 
conduction system (e.g., bundle branch reentry VT, fas-
cicular VT) will have the same morphology as bundle 
branch block with aberrancy and hence satisfy morphol-
ogy criteria for SVT.  

   Step 7  – Lead II evaluation: Recently, the time to the peak of 
the R wave in Lead II has been shown to be effective in 
differentiating VT from aberrancy. The R wave peak time 
is measured from the onset of QRS to the nadir of the Q 
or peak of the R wave. VT is strongly suggested when this 
R wave peak time is ≥50 ms in lead II [ 16 ].  

   Step 8  – Lead aVR evaluation: Investigators have found VT 
to be the most likely underlying arrhythmia when any of 
the following are seen in lead aVR: an initial R wave, an 
initial Q or R wave >40 ms, a notch on the descending 
limb of a negative QRS complex, and a ventricular activa-
tion–velocity ratio (vi/vt) less than or equal to 1. This 
ratio measures the voltage change between the initial and 
terminal 40 ms of a QRS complex [ 13 ].     

    Hypertrophic Cardiomyopathy 

 A 16-year-old boy was referred for management due an 
abnormal ECG recorded prior to elective oral surgery. The 
patient was previously healthy and denied any symptoms of 
palpitations, dizziness, dyspnea, or syncope. He was a mem-
ber of his school water polo team and had always been physi-
cally very active. His ECG is shown in Fig.  11.8 .

   There is normal sinus rhythm at a rate of 73 bpm with a 
normal mean frontal plane QRS axis, QRS, and QTc inter-
vals. High-voltage QRS complexes associated with short 

PR intervals and inverted T waves in leads II, III, aVF, and 
V 4 –V 6  were noted and were suggestive of left ventricular 
hypertrophy (LVH). There was no history of hypertrophic 
cardiomyopathy (HCM) or sudden cardiac death in his fam-
ily. His echocardiogram, performed because of the abnor-
mal ECG, revealed apical HCM with a septal thickness of 
21 mm. A 24-h Holter monitor showed 363 isolated prema-
ture ventricular beats (PVCs), but no couplets or episodes 
of VT. The patient’s heart rate increased to 185 bpm dur-
ing treadmill stress echocardiography, with an appropriate 
increase in blood pressure during exercise and no postexer-
cise hypotension. The patient was determined to be at low 
risk of sudden cardiac death (SCD) and implantation of an 
implantable cardioverter defi brillator (ICD) was not recom-
mended. However, the patient was advised against playing 
on the school water polo team based on current guidelines 
that recommend against participation in competitive sports 
[ 17 ]. He was referred for genetic testing. 

 The most common type of HCM not associated with left 
ventricular outfl ow tract (LVOT) obstruction is apical HCM, 
also known as Yamaguchi syndrome. It is usually associated 
with negative T waves in the precordial leads (especially in 
leads V 4 –V 6 ) on the ECG, as was observed in our patient. 

 Most patients with HCM are asymptomatic. When symp-
toms are present, they generally include dyspnea, chest pain, 
palpitations, dizziness, fatigue, syncope, and even sudden 
cardiac death. Syncope can be due to decreased cardiac out-
put (from an increased LVOT gradient in HOCM), ischemia, 
arrhythmia, or left ventricular underfi lling from any cause, 
including dehydration. 

 Electrocardiography will demonstrate LVH in most 
patients although the ECG can be normal. Some studies have 
shown the importance of abnormal Q waves [defi ned as Q 
waves that are greater than 0.04 s in duration and 3 mm in 

  Fig. 11.8    Twelve-lead 
electrocardiogram of a previously 
healthy 16-year-old boy recorded 
prior to elective oral surgery. 
There is left ventricular 
hypertrophy by voltage criteria. 
In the absence of a history of 
hypertension, this is diagnostic of 
hypertrophic cardiomyopathy       
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depth or more than one third of the R wave in at least two 
consecutive leads (with the exception of aVR)] as an early 
sign of LVH development in asymptomatic patients [ 18 ]. As 
the patient gets older, these Q waves may disappear as LVH 
develops. However, Q waves in young athletes can be a nor-
mal fi nding and thus it is recommended that patients with 
cardiac symptoms or a family history of cardiomyopathy 
undergo further evaluation for LVH when Q waves are found. 
A Holter monitor or an event monitor is also recommended 
to evaluate possible arrhythmias that are not present on the 
12-lead ECG. Common arrhythmias associated with HCM 
include atrial fi brillation, PVCs, and non-sustained VT.  

    Brugada Syndrome 

 A 61-year-old male with a history of hypertension, hyperlip-
idemia, and gout presented with syncope. The patient was 
sitting at home when he suddenly lost consciousness without 
any preceding symptoms. In the emergency department, he 
was found to be in ventricular fi brillation and was success-
fully defi brillated. His echocardiogram showed normal left 
ventricular function and coronary angiography did not show 
signifi cant coronary artery disease (CAD). The 12-lead ECG 
post-defi brillation is shown in Fig.  11.9 .

   There is sinus bradycardia at a rate of 54 bpm with a 
normal mean frontal plane QRS axis. His PR and QTc 
intervals are 194 and 443 ms, respectively. There are ST seg-
ment elevations in leads V 1  and V 2  that, together with the 
clinical presentation and absence of structural heart disease 
and CAD, are consistent with a diagnosis of Brugada syn-
drome. The patient underwent genetic testing that revealed 
sodium channel (SCN5A) mutation. His two sisters and 

son were also found to have the same genetic abnormality. 
Electrophysiology study resulted in inducible polymorphic 
VT at a rate of 120 bpm. He was referred for an ICD implant 
to prevent cardiac arrest due to ventricular arrhythmias. 

 It is important to recognize the Brugada pattern on ECG 
since it is associated with an increased risk of SCD. SCD 
may be the fi rst and only presentation in these patients. 
Mortality is more common in males (9:1 male to female 
ratio) and usually occurs in adulthood. SCD in patients with 
the Brugada syndrome is usually not related to exercise and 
tends to occur during sleep, suggesting that the arrhythmia 
trigger could be the result of an imbalance between sym-
pathetic and parasympathetic tone. Patients at highest risk 
of SCD are those with a previous history of cardiac arrest 
or syncope. Symptoms include palpitations, dizziness, syn-
cope, and cardiac arrest. 

 Three types of repolarization patterns in ECG leads V 1 –
V 3  have been identifi ed and they can be permanent or tran-
sient [ 19 ,  20 ]. Brugada type 1 pattern describes the classic or 
coved ST–T waveform type and is associated with a high 
incidence of death in structurally normal hearts. It is charac-
terized by ST segment elevation that is greater than or equal 
to 2 mm seen in more than one of the right precordial leads 
(V 1 –V 3 ) and followed by an inverted T wave in these leads 
(Fig.  11.10a ).

   Brugada syndrome is characterized by the presence of a 
Brugada type 1 pattern on the ECG in structurally normal 
hearts or appearance of the pattern after sodium channel 
blocker administration (e.g., fl ecainide, procainamide, or 
ajmaline), in addition to at least one of the following crite-
ria: documented ventricular fi brillation (VF) or VT, a family 
history of SCD before the age of 45, type 1 coved ST seg-
ment elevation in family members, inducible VT/VF during 

  Fig. 11.9    Post-defi brillation 
12-lead electrocardiogram of a 
61-year-old who presented with 
syncope. ST segment elevation 
is seen in leads V 1  and V 2        
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 electrophysiologic study, unexplained syncope, and noctur-
nal agonal respiration. 

 Types 2 and 3 Brugada patterns: Although these two pat-
terns are not diagnostic of the Brugada syndrome, they are 
more frequently encountered than type 1. They are charac-
terized by a “saddleback” ST segment elevation that returns 
towards baseline before rising to meet an upright or biphasic 
T wave. In type 2, there is greater than or equal to 1 mm ST 
segment elevation (Fig.  11.10b ), whereas in type 3 there is a 
less than 1 mm ST elevation (Fig.  11.10c ). 

 Confounding factors that can produce ECG changes simi-
lar to the Brugada pattern must be excluded before a diagno-
sis of Brugada is made. These include atypical RBBB, LVH, 
early repolarization, acute pericarditis, acute myocardial 
ischemia or infarction, pulmonary embolism, hyperkalemia, 
and drugs (such as calcium channel blockers, tricyclic anti-
depressants, fl uoxetine, lithium, trifl uoperazine, antihista-
mines, and cocaine). 

 Symptomatic Brugada patients carry the highest risk of 
SCD, especially if they initially present with syncope or 
SCD. In asymptomatic patients, males with spontaneous 
type 1 ECG are at highest risk, while those with Brugada- 
type ECG changes induced by drugs like sodium channel 
blockers are at low risk of sudden cardiac death [ 21 ,  22 ].  

    Long QT Syndrome 

 A 52-year-old previously healthy female was admitted to the 
hospital for treatment of community-acquired pneumonia. 
On admission, she was found to be hypoxic and required 
intubation. Chest x-ray revealed air under the diaphragm, so 
emergent surgery was carried out for gastric perforation. Her 
medications consisted of quinapril, furosemide, famotidine, 
lorazepam, haloperidol, piperacillin/tazobactam, levofl oxa-
cin, and vancomycin. During her intensive care unit stay after 
surgery, this lead II rhythm strip was recorded (Fig.  11.11 ).

   The rhythm is sinus at a rate of 85 bpm with normal 
PR and QRS durations. However, her QTc interval is pro-
longed (more than half of the R–R interval) and the T waves 
are broad and notched. These fi ndings are consistent with 
long QT syndrome (LQTS). The rhythm degenerated into 
polymorphic VT (torsades de pointes) within a few hours 
(Fig.  11.12 ).

   She was cardioverted to normal sinus rhythm and treated 
with intravenous isoproterenol and lidocaine to shorten the 
QT interval. Serum calcium, magnesium, and potassium 
levels were within normal limits. She was diagnosed with 
haloperidol- induced LQTS. She had dramatic prolonga-
tion of her QT interval after stopping the lidocaine infu-
sion that normalized with an additional intravenous bolus 
(Fig.  11.13a, b ) [ 23 ]. Based on this response to lidocaine, 
she was treated with mexiletine (the same antiarrhythmic 
class as lidocaine) to normalize the QT interval and prevent 
further long QT-induced ventricular arrhythmias.

   LQTS is an inherited channelopathy that is associated with 
SCD. Mutations in the potassium and sodium ion channels 
can produce delays in ventricular repolarization, predisposing 
patients to an increased risk of ventricular arrhythmias and 
SCD. The repolarization delay is refl ected as QTc prolonga-
tion on the ECG. The QTc interval is measured by dividing 
the measured QT duration (measured from the beginning of 
the QRS complex to the end of the T wave in milliseconds) by 
the square root of the R–R interval measured in seconds 
(Bazett’s correction). The upper limit of normal of the QTc is 
460 ms for women and 440 ms for men. Any QTc measure-
ment above the upper limit is considered abnormal and must 
be further evaluated, especially if associated with abnormal T 
waves (inverted, peaked, notched, or widened). 

 U waves can be seen on the ECG following T waves. 
They are assumed to represent repolarization of the papil-
lary muscles and His–Purkinje system. The amplitudes of U 
waves are usually less than 0.2 mV and they are frequently 
separate from the T waves. Occasionally, a U wave can be 

Type 1

a b c
The three types of Brugada patterns shown in lead V2

Lead V2 Lead V2 Lead V2

Type 2 Type 3

  Fig. 11.10    ( a ) Brugada type 1 pattern: ST segment elevation greater 
than or equal to 2 mm in more than one of the right precordial leads 
(V 1 –V 3 ) followed by an inverted T wave in these leads. ( b ,  c ) Type 2 
and 3 Brugada pattern: “saddleback” ST segment elevation that returns 

towards baseline before rising to meet an upright or biphasic T wave. In 
type 2 Brugada pattern ( b ), the ST segment elevation is greater than or 
equal to 1 mm. In type 3 Brugada pattern ( c ), the ST segment elevation 
is less than or equal to 1 mm and is less specifi c for the diagnosis       
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merged with the T wave. In this case, the tangent method 
has been proposed to determine the end of the T wave [ 24 ]. 
A tangent line is drawn to the steepest part of the descend-
ing portion of the T wave. The point where the tangent line 
intercepts the isoelectric line is considered to be the end of 
the T wave (Fig.  11.14 ).

   Jervell and Lange-Neilsen were the fi rst to describe 
 autosomal recessive form of long QT syndrome that was 
associated with congenital deafness. Romano Ward subse-
quently described autosomal dominant form of LQTS that is 
not associated with deafness. Acquired LQTS is caused by 
drugs (such as certain antiarrhythmic agents, erythromycin, 

  Fig. 11.11    Lead II rhythm strip recorded in the intensive care unit of a 52-year-old female who was admitted to the hospital for treatment of 
community-acquired pneumonia. The QTc interval is prolonged (greater than half R–R) and is associated with broad and notched T waves       

  Fig. 11.12    Rhythm strip of lead 
II showing polymorphic 
ventricular tachycardia (torsades 
de pointes) recorded a few hours 
after the rhythm strip in 
Fig.  11.11        

a

b

  Fig. 11.13    Twelve-lead 
electrocardiogram showing 
prolongation of the QT interval 
after stopping the lidocaine drip 
( a ) that normalized after 
intravenous bolus of lidocaine ( b )       
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phenothiazines, antipsychotics) and electrolyte abnormali-
ties (hypokalemia, hypomagnesemia, and hypocalcemia). 
The most common forms of LQTS are LQT1, LQT2, and 
LQT3. Patients with LQT1 syndrome have episodes of tor-
sades de pointes VT triggered by exercise, including diving 
and swimming [ 25 ]. Prolongation of the QT interval is pro-
nounced during or after exercise or epinephrine challenge. 
Torsades de pointes VT can occur in patients with LQT2 
syndrome during rest or stress and is usually triggered by 
sudden loud noises such as that emanating from an alarm 
clock [ 25 ,  26 ]. Patients with LQT3 develop torsades de 
pointes VT with slower heart rates, mainly during sleep [ 25 ]. 

 Symptoms of LQTS include palpitations, presyncope, 
syncope, and SCD. LQTS is diagnosed by ECG fi ndings and 
genetic testing. Prolonged QTc intervals can sometimes be a 
normal variant. LQTS is suspected if it is associated with 
abnormal T waves. In patients with high suspicion for LQTS, 
the diagnosis can be confi rmed by prolongation of the QTc 
interval in response to change in posture, exercise, and epi-
nephrine administration [ 25 ]. The risk of SCD is highest 
with QTc > 500 ms in patients with LQT1and LQT2 and in 
males with LQT3 [ 27 ]. Genetic testing is the gold standard 
for the diagnosis of LQTS and screening of family members. 
It identifi es around 75–80 % of patients with LQTS [ 28 ].  

    Early Repolarization 

 A 39-year-old male presented with palpitations that were 
triggered by activity and associated with chest discomfort. 
He was noted to be in VT in the emergency department, 
where he was cardioverted to sinus rhythm. Family history 
was signifi cant for cardiac death in 2 uncles and 2 cousins all 
before the age of 40 years. A 12-lead ECG taken after cardio-
version showed the following (Fig.  11.15 ).

   There is normal sinus rhythm at a rate of 62 bpm with 
normal mean frontal plane QRS axis, PR, QTc, and QRS 
intervals. However, in leads II, III, aVF, and V 3 –V 6 , con-
cave ST segment and J point elevations were noted. The 
echocardiogram and coronary angiogram were within nor-
mal limits. 

 The differential diagnosis of the J point elevations includes 
early repolarization, acute pericarditis, ventricular hypertro-
phy, and myocardial ischemia. On the ECG, acute pericardi-
tis is usually seen as diffuse ST segment elevation (except for 
ST segment depression in leads V 1  and aVR), not confi ned 
to a specifi c coronary artery distribution of leads. In addi-
tion, pericarditis can be differentiated from other causes of 
ST segment elevation by the presence of PR segment depres-
sion (measured from the end of the P wave to the beginning 
to the QRS complex), usually seen in leads II, III, and aVF, 
and PR segment elevation in lead aVR (“knuckle sign”). 
Left ventricular hypertrophy usually presents as ST segment 
elevation in leads V 1 –V 3  with QRS complex voltages that 
adhere to the criteria for LVH. According to the American 
College of Cardiology/American Heart Association (ACC/
AHA) guidelines, ST elevation refl ecting myocardial isch-
emia or infarction is less likely in the presence of a concave 
(as is seen on this ECG) rather than a convex ST segment 
[ 29 ]. Thus, this patient was diagnosed with early repolar-
ization syndrome associated with SCD based on his strong 
family history and presentation with VT. Electrophysiology 
study showed inducible ventricular tachycardia. An ICD was 
implanted for primary prevention of sudden death. 

 Early repolarization is common in the general popula-
tion, with an incidence of 1–5 % [ 30 ]. It is diagnosed on the 
ECG by evaluation of the J point. The J point refl ects the 
end of depolarization and the beginning of repolarization 
and is seen as the point where the end of the QRS complex 
joins the ST segment on the ECG. The diagnosis of early 
repolarization requires J point elevation of at least 0.1 mV 
(seen as either a slurring or notching of the downslope of 
the QRS complex), associated with concave ST segment 
elevation and, occasionally, notched T waves in at least 
two contiguous leads. These J point defl ections, known as 
J waves, can be transient or permanent and may disappear 
during tachycardia. Inferior ST segment elevation is gener-
ally seen in the elderly, females, and at high heart rates. 
Lateral and global ST segment elevation is usually seen 
in younger individuals, African-Americans, in those with 
LVH, and at low heart rates. 

 Early repolarization is generally benign and this benign 
form is often seen in males, African-Americans (Fig.  11.16 ), 
Asians, athletes, patients with LVH, and in those with high 
vagal tone. As patients age, the early repolarization pattern 
typically regresses. The pattern is usually normalized with 
isoproterenol and exercise while beta-blockers enhance it. 
The ST segment elevation is mainly concave and normal 
in these patients. Rapidly ascending concave ST segment 

T wave

End of T wave

QT interval

U wave

  Fig. 11.14    The tangent method can be used for calculating the QT 
interval in the presence of a merged U wave. Here, a tangent line is 
drawn to the steepest part of the descending portion of the T wave. The 
point where the tangent line intercepts the isoelectric line is considered 
to be the end of the T wave       
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 elevation after the J point is considered to be a benign vari-
ant and is not associated with an increased risk of SCD [ 31 ].

   Recent reports have documented a higher incidence of VF 
and SCD in certain patients with early repolarization [ 30 ]. 
The risk of developing idiopathic VF in the general popula-
tion is 3:100,000. This risk increases to 11:100,000, in 
patients with J waves and 30:100,000 in patients with J 
waves followed by a horizontal ST segment elevation [ 32 ]. 
Early repolarization and Brugada syndrome have recently 
been categorized as belonging to the “J wave syndromes” 
[ 33 ]. Four types have been described based on the lead loca-
tion of the early repolarization pattern. Type 1 shows early 
repolarization in the lateral precordial leads that is seen in 
healthy male athletes and has the lowest risk of malignant 
arrhythmias. Type 2 shows early repolarization in the infe-
rior or inferolateral leads and is associated with a greater risk 
of malignant arrhythmia. Type 3 shows early repolarization 
pattern in all ECG leads and has the highest risk of malignant 
arrhythmias. Brugada Syndrome is classifi ed as type 4. 

 The risk factors for sudden death in patients with early 
repolarization include those with J point elevations greater 
than 0.2 mV, extensive distribution on multiple ECG leads, 
remarkable fl uctuation without any apparent cause, pause- 
dependent augmentation, and J waves associated with hori-
zontal or descending ST segment slopes [ 31 ,  34 ].  

    Artifact 

 A 44-year-old male with a history of oral amphetamine abuse 
and nonischemic cardiomyopathy presented to the emer-
gency department with chest pain. An echocardiogram 

revealed a left ventricular ejection fraction of 40 %. The fol-
lowing rhythm strip was recorded from leads II and V 1  
(Fig.  11.17 ).

   There is normal sinus rhythm at a rate of 90 bpm with 
normal PR, QRS, and QTc intervals. The rhythm is inter-
rupted by a run of what appears to be WCT - SVT with intra-
ventricular aberration, preexcited tachycardia such as 
occurring with WPW syndrome, and artifact. Close examina-
tion of the rhythm strip shows notches in the middle of the 
tachycardia (★) that march through the rhythm strips at the 
same intervals as those of the sinus rate (Fig.  11.18 ). This is 
highly suggestive of artifact, resulting in what appears to be 
a wide complex tachycardia. This artifact coincided with skin 
scratching near the electrodes during the recording of the 
ECG. Further evaluation, including electrophysiology study, 
was deferred.

   The ECG is one of the most widely used modalities in 
medicine. Thus, improving its sensitivity and specifi city 
in the diagnosis of various medical problems is important. 
Despite constant improvements in the ECG, artifacts are still 
seen and can lead to inappropriate and sometimes even harm-
ful management when misdiagnosed. To help differentiate 
artifacts from true arrhythmias, the use of the “notch sign” 
has been proposed [ 35 ]. If the notch-to-notch intervals during 
the apparent wide complex tachycardia are equal to or mul-
tiples of the RR intervals during sinus rhythm (or preceding 
rhythm), the diagnosis of artifact is made. In the presence of 
atrial fi brillation, the notch-to-notch intervals can be irregular. 

 The ECG records the electrical activity of the heart. 
However, other signals either from the body or from outside 
sources can sometimes produce frequencies that can interfere 
with the ECG recording. Hence, artifact signals can arise from 

  Fig. 11.15    Twelve-lead 
electrocardiogram of a 39-year-
old male who presented with 
palpitations. This ECG was taken 
after cardioversion from 
ventricular tachycardia. Leads II, 
III, aVF, and V 3 –V 6  reveal 
concave ST segment and J point 
elevations       

  Fig. 11.16    Twelve-lead 
electrocardiogram showing 
benign early repolarization 
pattern in an African-American 
patient. A rapidly ascending 
concave ST segment elevation 
after the J point is shown that is 
considered to be a benign variant 
of early repolarization pattern       
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physiologic and/or external sources. Physiologic artifacts are 
mainly seen with interference from muscle or epidermal sig-
nals, while external signals can be generated from electrical 
outlets, instruments, or connection problems [ 36 – 38 ]. 

 Muscle activity produces electrical signals that can be 
seen as narrow, rapid spikes that correspond to movement. 
This is mainly seen in patients with Parkinson’s disease and 
fi ne tremors, as well as in anxious, shivering, or inadequately 
relaxed patients. These signals can sometimes be mistaken 
for P waves or fl utter waves and thus can lead to unnecessary 
treatment unless the observer is aware of their presence. 
Moving the electrodes to areas of less muscle bulk can 
reduce electromyographic artifacts. In addition, the skin can 
also produce electrical signals when the epidermis is 
stretched, causing motion artifact. This type of artifact is 
seen as large baseline shifts occurring when the patient 
changes positions in bed, ambulates, or eats. 

 Artifacts can also arise when grounding of the electrodes 
is not properly done. Grounding helps to prevent interference 
between the leads. In addition, improper calibration of the 
ECG or telemetry monitoring may result in incorrect reading 
due to the production of greater or smaller voltage complexes 
(known as over-damping or under-damping of the ECG) [ 39 ]. 
Low-voltage artifacts can arise from impairments in conduc-
tion between the electrodes and electrical activity of the 
heart such as occurrs in patients with emphysema,  obesity, 
and edematous conditions. On the other hand, high- voltage 
artifacts can be seen in patients with a thin chest wall, ane-
mia, and hyperthyroidism. 

 Movement of electrodes during ECG recordings can 
also produce low-voltage baseline shifts and wandering 
 baselines; thus, proper connection of the electrodes to the 

skin is essential in decreasing these artifacts. The connec-
tion is improved by proper skin preparation such as shav-
ing, cleaning with alcohol to remove body oils, and gentle 
scrubbing to remove dead skin cells. Proper cleaning of the 
electrodes to remove any gel coat should also be performed 
to allow proper contact with the skin. As with the electrodes, 
movement of the cable connecting the electrodes to the ECG 
machine’s input relative to the body of the patient can also 
produce artifacts. This is mainly seen when the cables are 
long as well as by breathing movements, and thus can be 
avoided by reducing the length of the cables and by asking 
the patients to hold their breath during the recording. 

 The 60-Hz pickup refers to the 60-Hz current that sup-
plies power to the electrical wall outlets and can cause inter-
ference with the ECG recording whether or not appliances 
are plugged in. It produces a wide and fuzzy baseline on the 
ECG that can be minimized by good electrode contact with 
the skin. Most ECG machines now have a fi ltering option to 
block such interference. In addition, high-frequency electro-
magnetic interference from instruments such as electrocau-
tery can be seen. The electrodes themselves can also store 
voltage that can interfere with the ECG recording. This 
stored voltage is known as the offset potential and is infl u-
enced by the metal used to make the electrodes and the mate-
rial used in the gel. Usually, silver–silver chloride produces 
the least interference and is most widely used in production. 

 The gel type used mainly affects signal transmission 
(electrode impedance) with only minimal contribution to 
motion artifact. Thus, inadequate amounts of electrode gel 
can enable a 60-Hz pickup interference and thus affect the 
quality of the ECG recording. Moreover, any break in the 
wires and connections between the electrode and the monitor 

  Fig. 11.17    Rhythm strip (leads II 
and V 1 ) showing wide complex 
tachycardia in a 44-year-old male 
who presented with chest pain       

1,400 ms

m/s

1,400 ms

  Fig. 11.18    Evaluation of the 
rhythm strip shows notches in the 
middle of the wide complex 
tachycardia (★) that represent 
sinus QRS complexes. This is 
diagnostic of recording artifact       
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can produce artifacts on the ECG in the form of loss of the 
ECG tracing, 60-Hz pickup, or tracing instability; such arti-
facts have been mistaken for long pauses or asystole. 
Recognizing artifacts and taking appropriate measures to 
minimize interferences with the ECG recording is important 
and will not only improve the diagnostic value of the ECG 
but also prevent unnecessary procedures that can cause more 
complications than benefi ts. 
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        Introduction 

 Cardiovascular disease (CVD) remains the leading cause 
of death for adults in the United States and is an  increasing 
 problem in developing nations as they experience a demo-
graphic transition [ 1 ]. Despite advances in treatment strategies 
and diagnostic technology, death rates for CVD are expected 
to rise by 2030 [ 2 ]. Presently, one in three adults suffers 
from coronary heart disease and CVD consumes 17 % of the 
national health expenditures in the United States [ 1 ]. Given 
the increase of cardiovascular risk factors and the aging of the 
population, the prevalence of CVD and its  associated costs are 
expected to rise without changes in  prevention or treatment 
practices. Importantly, cardiovascular disease is largely pre-
ventable through  lifestyle  modifi cations, adequate risk factor 
management, and adjunctive use of novel therapies. 

    Abstract   

 Cardiovascular disease (CVD) remains the leading cause of death in the United States and 
is largely preventable through lifestyle modifi cations and risk factor control. Primary pre-
vention seeks to prevent disease in otherwise asymptomatic individuals. CVD risk factors 
may be classifi ed as non-modifi able risk factors (age, gender, and family history) and modi-
fi able risk factors (smoking, hypertension, dyslipidemia, obesity, inactivity, and diabetes). 
Primary prevention of CVD relies heavily on lifestyle modifi cations and aggressive treat-
ment of risk factors such as hypertension and dyslipidemia. Global risk score prediction 
models include the Framingham Risk Score (FRS) that evaluates the 10-year risk of devel-
oping coronary heart disease in adults. Limitations of the FRS include underestimation of 
risk in certain populations and not accounting for lifetime CVD risk. More recently, novel 
cardiovascular risk factors such as high- sensitivity C-reactive protein (hs-CRP) have been 
shown to have additional predictive power for CVD events beyond that of traditional risk 
factors. In addition to  targeting high-risk individuals for improved risk factor control, pri-
mary prevention relies on population-based approaches to shift the population distribution 
towards greater CVD health.  
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 Primary prevention focuses on delaying or preventing dis-
ease in individuals without disease. In recent years, there has 
been mounting evidence supporting the role of primary pre-
vention as a strategy to combat the growing epidemic of car-
diovascular disease. Early identifi cation of cardiovascular 
risk factors and detection of subclinical cardiovascular dis-
ease and modifi cation of risk factors can result in substantial 
reductions in CVD incidence. 

 Risk factors that drive the growing rates of CVD can be 
classifi ed as modifi able and non-modifi able (Table  12.1 ). 
Non-modifi able risk factors include age, gender, and family 
history. Modifi able risk factors, on the other hand, include 
dyslipidemia, hypertension, obesity, inactivity, diabetes, and 
smoking. Other biomarkers such as C-reactive protein (CRP) 
or imaging approaches such as coronary artery calcium 
(CAC), and carotid intima-media thickness (CIMIT) can fur-
ther guide in the early detection of cardiovascular risk [ 3 ].

   The worldwide INTERHEART study, a large prospective 
study which represented patients from 52 countries, identi-
fi ed nine potentially modifi able risk factors that accounted 
for over 90 % of the population attributable risk for fi rst 
myocardial infarction (MI) in men and 94 % of this risk in 
women [ 4 ]. These risk factors include diet, smoking, hyper-
tension, dyslipidemia, physical inactivity, abdominal obe-
sity, psychosocial factors, diabetes mellitus, and alcohol use. 

 Effective primary prevention requires an assessment of risk 
to categorize patients for the selection of the most appropriate 
interventions. Estimating cardiovascular risk over a period of 
10 years has often relied on the Framingham Risk Score (FRS). 
The major independent risk factors for coronary heart disease 
(CHD) according to this risk score are cigarette smoking, 
hypertension, hypercholesterolemia, diabetes, and age. The 
Framingham Heart study and others have convincingly demon-
strated the importance of these risk factors to CVD risk [ 5 ,  6 ]. 
More recently, the lack of global and lifetime risk estimates has 
proven to be a major limitations of traditional risk scores.  

    Pathophysiology 

 Trials of lipid lowering and glucose and hypertension control, as 
well as recent studies exploring the role of infl ammation in heart 
disease, have added to our understanding of the pathophysiol-
ogy and prevention of coronary atherosclerosis. Aggressive risk 

factor control and lifestyle modifi cation serve as the mainstay 
for the primary prevention of cardiovascular disease [ 7 ]. 

 Risk factors drive the pathophysiology of cardiovascular 
disease. Age is the strongest predictor of CVD risk with over 
90 % of all CVD deaths occurring in adults over 65 years of 
age [ 8 ]. However, studies such as the Pathologic Determinants 
of Atherosclerosis in Youth (PDAY), have shown that athero-
sclerosis begins as early as in childhood and progresses into 
adolescents and young adulthood, largely due to underlying 
risk factors [ 9 ]. Similarly, male gender confers an increased 
risk of CVD prevalence and mortality, namely because CVD 
typically occurs 10 years later in women, which is thought to 
be a consequence of the protective effects of estrogen [ 10 ]. 
Family history is also an important independent risk factor 
for CVD. A recent cohort study of 20,000 adults showed that 
approximately 15 % of cases of CHD were independently 
attributable to family history [ 11 ]. 

    Hypertension 

 Hypertension is a very common problem, with over 76 mil-
lion Americans suffering from the disease, many of whom 
are unaware of the diagnosis [ 1 ]. Hypertension is generally 
described as a systolic pressure ≥140 mmHg and/or diastolic 
pressure ≥90 mmHg [ 12 ]. However, even patients with 
 systolic blood pressures ≥120 mmHg and/or diastolic blood 
pressure ≥80 mmHg are at increased cardiovascular risk. 

 Most adults have essential hypertension with no identifi -
able cause. Secondary causes of hypertension include sleep 
apnea, chronic kidney disease, medication-related (particu-
larly steroids), renovascular disease, thyroid disease, pheo-
chromocytoma, primary hyperaldosteronism, and Cushing’s 
syndrome. Hypertension is a well-established risk factor for 
numerous adverse cardiovascular events including stroke, 
coronary heart disease, peripheral vascular disease, MI, and 
congestive heart failure [ 12 ]. 

 In the INTERHEART study, hypertension accounted for 
18 % of the attributable risk for a fi rst MI, with an even 
greater impact for women [ 4 ].  

    Dyslipidemia 

 It is well-established that the higher the level of serum choles-
terol, the higher the risk of CVD in both men and women [ 13 ]. 
Elevated serum cholesterol is a crucial factor for the develop-
ment of atherosclerosis. Epidemiologic investigations have 
demonstrated a direct relationship between total cholesterol 
(TC) and low-density lipoprotein cholesterol (LDL-C) in both 
men and women [ 1 ]. Risk of CHD is inversely related to serum 
high-density lipoprotein cholesterol (HDL-C). The probability 
of MI rises by 25 % for each 5 mg/dL increase in the mean 
value of LDL-C for men and women [ 5 ,  6 ,  14 ]. On the other 

   Table 12.1    Cardiovascular risk factors   

 Modifi able  Non-modifi able 

 Smoking  Age 
 Diabetes  Family history 
 Hypertension  Gender 
 Dyslipidemia 
 Obesity 
 Inactivity 
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hand, high serum HDL-C has been shown to be atheroprotec-
tive, namely through reverse cholesterol transport via apolipo-
protein A-1 and modulation of infl ammation [ 15 ]. 
Epidemiological studies link low HDL-C levels with increase 
risk of incident cardiovascular events [ 3 ,  16 ,  17 ]. In general, 
high HDL-C levels (≥60 mg/dL) are protective, whereas low 
HDL-C levels (≤40 mg/dL in men and ≤50 mg/dL in women) 
are independent risk  factors for CVD. 

 Evidence of the role of triglycerides (TGs) in CHD is 
mixed. It is thought that high TGs are a modest independent 
risk factor for CHD mortality [ 18 ,  19 ]. In women, non- 
fasting TG levels have are associated with incident cardio-
vascular events, controlling for other traditional risk factors 
[ 20 ,  21 ]. Hypertriglyceridemia is also one of the criteria for 
the diagnosis of the metabolic syndrome.  

    Smoking 

 Smoking is one of the strongest risk factors for CVD, result-
ing in a threefold increase in the risk of MI [ 22 ]. Passive or 
secondhand smoke exposure also increases CHD in a dose-
response relationship [ 23 ]. Smoking cessation confers a sig-
nifi cant reduction in the risk of MI [ 24 ,  25 ]. Despite 
signifi cant progress in smoking cessation efforts, in 2010 
over 21 % of men and 17 % of women over 18 years of age 
were smokers [ 1 ].  

    Diabetes Mellitus 

 The entire spectrum of insulin resistance and impaired glu-
cose tolerance is associated with an increased risk of CHD. 
The metabolic syndrome, which comprises a cluster of risk 
factors, signifi cantly increases the risk of CHD. In fact, dia-
betes is considered a CHD-equivalent risk factor, since dia-
betics have similar risk of subsequent MI as nondiabetics 
with a prior MI [ 26 ,  27 ]. Diabetes is the strongest cardiovas-
cular risk factor in women [ 10 ]. Paralleling the growing bur-
den of obesity, diabetes is becoming an increasingly common 
problem, with an estimated lifetime risk of 40 % for 
Americans. Complications from diabetes include both 
microvascular complications (retinopathy, neuropathy, and 
nephropathy) and macrovascular complications (CHD, 
peripheral artery disease, and stroke). 

 Metabolic syndrome is defi ned as three or more of the 
following [ 28 ]:
    1.    Abdominal obesity (waist circumference >40 in. in men 

and >35 in. in women)   
   2.    TGs ≥150 mg/dL   
   3.    SBP ≥130 or DBP ≥85 (or pharmacologic treatment for 

hypertension)   
   4.    HDL-C ≤40 mg/dL in men or ≤50 mg/dL in women   
   5.    Fasting glucose ≥110 mg/dL    

      Obesity 

 The American Heart Association (AHA) defi nes obesity as a 
major risk factor for CVD. Overweight is defi ned as a total 
body mass index (BMI) ≥25 kg/m 2  whereas obesity is defi ned 
as a BMI ≥30 kg/m 2 . Obesity is associated with a 50 % 
increase in CVD mortality [ 29 ]. Abdominal adiposity poses 
a particularly risk as it predisposes to diabetes, elevated tri-
glycerides, and a prothrombotic state. Recent estimates show 
that at least two-thirds of adults in the United States are 
 overweight or obese (Fig.  12.1 ) [ 1 ].

        Diagnosis 

    Cardiovascular Risk Scores 

 Preventive efforts should target each major modifi able risk 
factor discussed above. The Framingham Heart Study estab-
lished the primary risk factors for CVD, which serve as pri-
mary targets for therapeutic agents. The Framingham Risk 
Score (FRS) is the most widely employed tool to estimate 
the risk of CHD. It incorporates six traditional risk factors 
for CVD (age, sex, TC, HDL-C, blood pressure, and ciga-
rette smoking) [ 5 ,  6 ]. The Framingham Risk Calculator can 
be used to assess a patient’s 10-year absolute risk of CHD 
and, on that basis, to categorize the patient as being at high, 
intermediate, or low risk. 

 However, the FRS has several limitations including the 
absence of consideration of family history and lifetime risk, 
as well as lack of generalizability to more diverse popula-
tions [ 30 – 32 ]. The FRS may underestimate CVD risk, par-
ticularly in women who may have nontraditional risk factors. 
To enhance risk prediction, additional classifi cation schemes 
include the Reynolds Risk Score (RRS), which has been 
used to predict the 10-year CHD risk for women using the 
Women’s Health Initiative cohort [ 33 ]. It adds family history 
of heart attack before age 60 and novel biochemical 
markers.  

    Screening the Asymptomatic Patient 
for Cardiovascular Disease 

 Primary prevention relies on screening for heart disease 
before disease is present. Patients who are considered high 
risk by traditional methods benefi t from aggressive risk fac-
tor control. Many risk scores have not been validated in 
younger populations and may grossly underestimate risk in 
certain populations. Although younger adults may have low 
10-year CVD risk, their lifetime risk may be quite high. 

 Current primary prevention guidelines from the American 
Heart Association (AHA) recommend that, beginning at age 
20, all adults should undergo routine screening for 
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 cardiovascular risk factors including smoking status, diet, 
physical activity, and alcohol intake [ 34 ]. Blood pressure, 
BMI, and waist circumference should be measured at each 
visit, occurring at least every 2 years. Screening for hyper-
glycemia and dyslipidemia should occur according to each 
patient’s risk, at least every 5 years or at 2-year intervals if 
risk factors are present. These guidelines recommend global 
risk estimation for CHD risk for all adults over age 40, typi-
cally with the FRS.  

    Novel Risk Factors 

 Although there are many different markers of infl ammation 
that are associated with CVD risk, high-sensitivity C-reactive 
Protein (hs-CRP) remains the most powerful predictor of 
future cardiovascular risk [ 3 ,  35 – 42 ]. In large prospective 
cohort studies, higher levels of hs-CRP are associated with 
increased rates of MI, stroke, and sudden cardiac death [ 35 ]. 
This has led to the recognition that systemic infl ammation 
plays a role in the pathogenesis of cardiovascular disease. 

 Because of limitations posed by traditional risk prediction 
models, hs-CRP can be applied for clinical cardiovascular 
risk assessment in primary prevention. Hs-CRP levels can be 
categorized into three clinically relevant categories: <1 mg/L 
as low risk, 1–3 mg/L as intermediate risk, and levels 
>3 mg/L as high risk for future cardiovascular events. 
According to a joint statement by the AHA and Centers for 
Disease Control and Prevention, individuals at intermediate 
risk by global risk assessment may benefi t from measure-
ment of hs-CRP [ 14 ]. Measurement of hs-CRP may guide 
some practitioners to initiate statin therapy after consider-
ation of patient risk. Canadian guidelines similarly recom-
mend screening for hs-CRP measurements for primary 

prevention of CVD in individuals considered to be of inter-
mediate risk by the FRS [ 43 ]. 

 Screening asymptomatic adults for subclinical disease 
with noninvasive tests such as the ankle-brachial index 
(ABI), coronary artery calcium (CAC), and carotid artery 
intima-media thickness (CIMIT) may add incremental value 
to risk prediction models [ 32 ] yet remain controversial as 
screening tools for asymptomatic adults [ 44 ]. According to 
the American College of Cardiology Foundation (ACCF)/
AHA 2010 guidelines, measurement of CIMIT and ABI may 
be reasonable for adults at intermediate risk for CHD. 
Measurement of CAC may be reasonable in intermediate- 
risk adults and diabetics over 40 years of age [ 45 ]. On the 
other hand, the US Preventive Services Task Force reports 
insuffi cient evidence to recommend any of these screening 
modalities for early identifi cation of atherosclerosis in 
asymptomatic adults [ 44 ].   

    Management 

    Ideal Cardiovascular Health 

 The AHA has defi ned a goal of “ideal cardiovascular health” 
that seeks to reduce cardiac and stroke mortality 20 % by 
2020 [ 1 ]. There are seven health behaviors and factors that 
defi ne “ideal cardiovascular health”; these include not smok-
ing, BMI <25 kg/m 2 , moderate exercise, a healthy diet, and 
maintenance of normal values of cholesterol, fasting glu-
cose, and blood pressure (Fig.  12.2 ). Meeting all seven crite-
ria established by the AHA for optimal CVD health may 
prevent 59 % of all deaths, 64 % of those from cardiovascu-
lar disease, and 63 % of those from ischemic heart disease 
over a roughly 20-year period [ 46 ].

Obesity trends* among U.S. adults

(* BMI ≥ 30, or ∼30 lb overweight for 5′ 4′′ person)

No data <10 % 10–14 % 15–19 % 20–24 % 25–29 % ≥30 %

BRFSS, 2010

  Fig. 12.1    National Obesity 
Trends, 2010 (Source: 
Behavioral risk factor 
surveillance system, CDC)       
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        Risk Factor Management 

    Smoking 

 Smoking remains the leading cause of preventable death and 
disability. All clinicians should regularly screen their patients 
for smoking status. Based on individual assessment, patients 
should be given information on smoking cessation services, 
counseling, and referral to a specialist or pharmacotherapy [ 34 ].  

    Obesity 

 Obesity portends signifi cant cardiovascular risk both inde-
pendently and through its effect on several modifi able risk 
factors including hypertension and the entire spectrum of 
insulin resistance. Individuals who are overweight should be 
counseled on physical activity and nutrition programs geared 
towards caloric restriction. For individuals with morbid obe-
sity (BMI >40 kg/m 2 ), bariatric surgery appears to be a 
promising solution to reduce overall mortality and concomi-
tant CVD risk factors [ 47 ].  

    Inactivity 

 The AHA recommends moderate-intensity exercise for 
150 min or vigorous-intensity exercise for 75 min a week 
[ 1 ]. Clinicians should counsel their patients on these guide-
lines and encourage physical activity based on an individu-
al’s comorbidities.  

    Hypertension 

 The goals of antihypertensive therapy include reducing car-
diovascular and renal morbidity and mortality. Most adults 
with elevated blood pressure benefi t from a combination of 
lifestyle and pharmacologic therapy. The treatment algo-
rithm for the treatment of hypertension according to the 
Joint National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood Pressure (JNC 7) 
guidelines is outlined in Table  12.2  [ 12 ]. Notably, in the 
absence of specifi c indications for other drug classes, thia-
zide diuretics are recommended as fi rst-line treatment for 
hypertensive patients. Compelling indications for choosing 
other drug classes as fi rst-line monotherapy are described in 
Table  12.3 .

        Dyslipidemia 

 A 10 % decrease in total cholesterol is associated with an 
approximately 10–15 % reduction in CHD mortality [ 3 ,  13 ]. 
The 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitors (statins) are the most widely studied lipid- lowering 
agents and lower LDL cholesterol by approximately 20–50 % 
while lowering TGs and raising HDL-C to a lesser extent. 

 Numerous, large, randomized primary prevention trials 
have shown that statin therapy is effective in lowering CVD 
events. The West of Scotland Coronary Prevention Study 
(WOSCOPS) was a randomized, placebo-controlled trial of 
6,595 patients with elevated total cholesterol. At 5 years, the 
pravastatin group had a 29 % reduction in nonfatal MIs 

Healthy diet*

*Healthy diet includes: Sodium <1.5 g/day; sugar sweetened beverages <36 oz/
week; ≥4.5 cups of fruits and vegetables/day; ≥ two 3.5 oz servings of oily fish/week; ≥ three 1 oz
servings of whole grains/day

Not smoking

Body mass
index

<25 kg/m2

Total
cholesterol
<200 mg/dL Exercising at

moderate intensity
>150 min/week

Blood pressure
<120/80 mmHg

Fasting blood 
glucose

<100 mg/dL

Ideal
cardiovascular

health

  Fig. 12.2    Ideal 
cardiovascular health [ 1 ]       
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( p  < 0.001) [ 48 ]. Similarly, the Air Force/Texas Coronary 
Atherosclerosis Prevention Study (AFCAPS/TexCAPS) 
showed that for men and women with below average choles-
terol, lovastatin reduced the risk for acute major coronary 
events by 37 % [ 49 ]. The atorvastatin versus placebo arm of 
the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) 
also showed that the atorvastatin group had a signifi cant 
reduction in nonfatal MI in hypertensive patients with nor-
mal cholesterol levels and was terminated prematurely given 
this signifi cant benefi t [ 50 ]. 

 More recently, the Collaborative Atorvastatin Diabetes 
Study (CARDS) enrolled patients with Type 2 diabetes and 
randomized them to a low dose of atorvastatin or placebo 
[ 51 ]. The trial was terminated early due to a 37 % reduction 
in the primary endpoint of cardiovascular events in patients 
randomized to receive atorvastatin. 

 Prior studies have demonstrated that pharmacological 
reduction of TG levels may substantially reduce CVD events 

[ 18 ,  19 ]. However, the highly publicized AIM-HIGH trial 
demonstrated the lack of mortality benefi t of elevating serum 
HDL levels and lowering TGs with high-dose niacin for 
patients already on statin therapy [ 52 ].  

    Statins 

 The Justifi cation for the Use of Statins in Prevention: An 
Intervention Evaluating Rosuvastatin (JUPITER) trial inves-
tigated the effects of rosuvastatin in primary prevention of 
CVD [ 53 ]. The study enrolled 18,000 adults (men ≥50 years 
of age and women ≥60) with LDL cholesterol levels 
<130 mg/dL and high-sensitivity CRP levels >2.0 mg/dL and 
randomized them to 20 mg of rosuvastatin or placebo. The 
study found a 44 % reduction in cardiovascular events in the 
treatment group, independent of effects on LDL-C. Risk 
reductions with statins have proved similar for members of 
racial and ethnic minority groups [ 39 ]. This suggests that 
statins have additional benefi ts, independent of LDL lower-
ing, in reducing CVD risk.  

    Diabetes Mellitus 

 In a large randomized multicenter trial, intensive glycemic 
control (HgA1c <6 %) did not improve mortality, likely due 
to more episodes of hypoglycemia [ 54 ]. Current guidelines 
suggest targeting glucose levels in diabetics to a HgA1c 
<7 % with fasting plasma glucose levels <110 mg/dL and 
more stringent control of concomitant risk factors of hyper-
tension and dyslipidemia. Blood pressure goals for diabetics 
are <130/80 mmHg and LDL-C goal of <100 mg/dL [ 34 ].  

   Table 12.2    JNC 7 classifi cation and management of blood pressure   

 Blood pressure classifi cation  Initial recommended therapy  Second line therapy 

  Normotensive   No therapy 
  SBP <120 mmHg 
  DBP <80 mmHg 
  Prehypertension   Lifestyle modifi cation; consider starting medication 

if compelling indication 
 Optimize dosages and/or add additional drug categories 

  SBP 130–140 mmHg  Consider consultation with specialist 
  DBP 80–90 mmHg 
  Stage I hypertension   Thiazide-type diuretics 
  SBP 140–159 mmHg  May consider ACE inhibitor, ARB, β(beta)-blocker, 

and CCB, if compelling indication   DBP 90–99 mmHg 
  Stage II hypertension   Drug combination 
  SBP ≥160 mmHg   Thiazide + ACE inhibitor or ARB 
  DBP ≥100 mmHg   Thiazide + β-blocker or CCB 

  Adapted from Chobanian et al. [ 12 ] 
  SBP  systolic blood pressure,  DBP  diastolic blood pressure,  ACE  angiotensin-converting enzyme,  ARB  angiotensin receptor blocker,  CCB  calcium 
channel blocker  

   Table 12.3    Compelling indications for specifi c antihypertensive drug 
classes   

 Indication  Recommended drug classes 

 Coronary artery disease  Beta-blocker, diuretic, ACE inhibitors, 
CCB 

 Diabetes mellitus  Diuretic, B-blocker, ACE inhibitor, 
ARB, CCB 

 Chronic kidney disease  ACE inhibitor, ARB 
 Heart failure  Diuretic, beta-blocker, ACE inhibitor, 

ARB, aldosterone antagonist 
 Post-myocardial infarction  Beta-blocker, ACE inhibitor, 

aldosterone antagonist 
 Poststroke prevention  Diuretic, ACE inhibitor 

   ACE  angiotensin-converting enzyme,  ARB  angiotensin receptor 
blocker,  CCB  calcium channel blocker  

F. Rodriguez and J.M. Foody



155

    Other Pharmacological Agents 

 Aspirin irreversibly inhibits platelet-dependent enzyme 
cyclooxygenase (COX), thus inhibiting the synthesis of 
prostaglandins. Platelet activation and aggregation is thought 
to play a critical role in onset of MI and stroke. Antiplatelet 
therapy plays a key role in the treatment and prevention of 
CVD. Aspirin may be used for primary prevention but the 
balance between benefi ts and risks of bleeding must be care-
fully considered. The Antithrombotic Trialists’ (ATT) 
Collaboration conducted a meta-analysis and found that the 
use of aspirin resulted in a 12 % reduction in composite 
 vascular events with a concomitant increase in risk of 
 gastrointestinal side effects and extracranial bleeds [ 55 ]. 
Low-dose aspirin is therefore recommended for moderate- 
and high- risk patients, particularly in those with a 10-year 
CHD risk ≥10 %, after consideration of bleeding risks.   

    Individual Versus Population Risk 

    The Polypill 

 The current medical paradigm focuses on identifying high- risk 
individuals and treating their individual risk factors. Population-
based approaches, on the other hand, seek to control risk in a 
large number of people, resulting in an overall larger scale suc-
cess for society and an overall smaller individual benefi t. This 
approach was popularized by epidemiologist Geoffrey Rose 
who suggested that a population- based approach might result 
in the greatest reduction in risk by shifting the population dis-
tribution towards greater overall health [ 56 ]. 

 Similarly, Wald and colleagues have applied this same rea-
soning towards the concept of the “polypill,” which combines 
medications to lower lipids and blood pressure,  yielding an 
estimated 80 % reduction in overall CVD risk [ 57 ]. Currently, 
clinical trials with polypills are ongoing in the developing 
world. The double-blinded Indian Polycap Study (TIPS) 
showed that a combination pill could signifi cantly reduce 
blood pressure and LDL-C in middle-aged adults without 
preexisting CVD [ 58 ]. Similarly, a feasibility study of a 
polypill containing aspirin, simvastatin, lisinopril, and hydro-
chlorothiazide has already been conducted in Sri Lanka and 
shows high acceptability among patients and physicians [ 59 ].  

    Population-Based Approach for CVD 
Prevention 

 Numerous trials have shown the benefi t of pharmacologi-
cal treatment of CVD risk factors including dyslipidemia 

and hypertension. However, the majority of CVD events 
occur in the population with average or mildly elevated 
risk. Therefore, population strategies are necessary to com-
plement our current medical model of high-risk strategies, 
which target high-risk individuals, while ignoring most of 
the truly “at-risk” population [ 60 ]. Implementing primor-
dial prevention at the societal level includes policies and 
regulations that optimize an individual’s environment to 
promote CVD health. For example, raising tobacco excise 
taxes, reducing sodium in the food supply, and promoting 
an environment that allows for physical activity throughout 
the day can all have a remarkable impact on a large seg-
ment of the population [ 52 ]. National policy initiatives are 
ongoing to create healthier communities, worksites, and 
schools [ 61 ].    

    Summary of AHA Guidelines 

 See Table  12.4 .

 Key Points 

•     Cardiovascular disease (CVD) represents the num-
ber 1 cause of morbidity and mortality in the 
United States and is largely preventable through 
lifestyle modifi cation and control of CVD risk 
factors.  

•   Risk factors may be used in risk assessment to pre-
dict future cardiovascular events and serve as key 
targets for interventions to lower CVD risk.  

•   Non-modifi able risk factors include age, gender, 
and family history. Modifi able risk factors include 
smoking, obesity, inactivity, dyslipidemia, hyper-
tension, and diabetes.  

•   The Framingham Risk Score uses age, sex, total 
cholesterol, high-density lipoprotein, blood pres-
sure, and cigarette smoking to predict the 10-year 
risk for coronary heart disease.  

•   Novel cardiovascular risk factors such as high-sen-
sitivity C-reactive protein (hs-CRP) may be used to 
guide clinical therapy when patients are considered 
intermediate risk by traditional screening 
methods.  

•   In addition to targeting high-risk individuals, 
population- based approaches targeting healthier 
choices are essential to shift the population distribu-
tion towards greater CVD health.    
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  Abbreviations 

   3VD    Three-vessel coronary disease   
  ACS    Acute coronary syndrome   
  CAD    Coronary artery disease   
  CFR    Coronary fl ow reserve   
  DSE    Dobutamine stress echocardiogram   
  FFR    Fractional fl ow reserve   
  LAD    Left anterior descending coronary artery   
  LCx    Left circumfl ex coronary artery   
  LHR    Lung-to-heart ratio   
  LM    Left main   
  MPI    Myocardial perfusion imaging   
  MSI    Mental stress ischemia   
  NPV    Negative predictive value   

  PET    Positron emission tomography   
  PPV    Positive predictive value   
  RCA    Right coronary artery   
  SPECT    Single photon emission computed tomography   
  TID    Transient ischemic dilation   

         Introduction 

 In a 1998 American College of Cardiology/American Heart 
Association (ACC/AHA meeting on Practice Guidelines and 
Quality of Care, the task force referred back to Hippocratic 
writings from 400 B.C.:

  If a physician fi nds himself in diffi culties on occasion over a 
patient … he should urge the calling in of others, in order to 
learn by consultation the truth about the case. … For when a 
diseased condition is stubborn … one must not be self- 
confi dent … it is no mistaken idea to call in a consultant [ 1 ]. 

   As such, our modern cardiology consultant must assist 
in the cardiovascular decision making for patients who 
have multiple comorbidities with competing medical 
needs. 

    Abstract   

 The ability of nuclear cardiology techniques to assess myocardial perfusion is vital in the 
cardiology consultants’ evaluation of patients with suspected or known coronary artery 
disease. This chapter will begin with a description of the physiologic principles underlying 
perfusion imaging. With this intellectual framework, the consultant can employ nuclear 
cardiology techniques to assist in the diagnosis of coronary artery disease, to assess 
 cardiovascular prognosis and risk stratifi cation, and to guide medical and revascularization 
strategies in the management of coronary artery disease. This chapter concludes with an 
overview of the performance of nuclear cardiology tests.  

  Keywords 

   Myocardial perfusion imaging (MPI)   •   Single photon emission computed tomography 
(SPECT)   •   Positron emission tomography (PET)   •   Exercise stress test   •   Vasodilator stress 
test   •   Bayes theorem  
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 An effective cardiology consultant employs diagnostic 
testing to support decision making and to guide management. 
Each cardiovascular diagnostic test answers particular clini-
cal questions, is associated with a ratio of risks and benefi ts, 
and must be interpreted in the context of the consultant’s 
assessment of the likelihood of having disease. This chapter 
will begin with a description of the physiologic principles 
underlying perfusion imaging, followed by a discussion of 
the clinical questions addressed by nuclear cardiology and an 
overview of the performance of nuclear cardiology tests.  

   A Brief History of Nuclear Cardiology 

 Noninvasive cardiovascular imaging began in the 1970s with 
the advent of thallium (Tl)-201 planar imaging to image resting 
coronary blood fl ow [ 2 ]. The rapid evolution of modern cardi-
ology has been inspired by a desire to directly visualize disease 
in the heart. The early nuclear cardiology experiments were 
performed at the bedside to understand the concepts of resting 
blood fl ow and blood fl ow during chest pain in patients hospi-
talized in the intensive care unit with chest discomfort [ 3 ]. 

 The diagnostic accuracy of nuclear cardiology has 
advanced with the use of 3-dimensional (3D) single photon 
emission computed tomography (SPECT) and positron emis-
sion tomography (PET) imaging, gated imaging, and the 
recent introduction of solid-state cameras. In the past few 
years, solid-state detector cameras using cadmium zinc tel-
luride have been introduced which has improved spatial reso-
lution (4.3–4.9 mm vs. 9–11 mm), increased count detection, 
and allowed for more rapid imaging acquisition (5–6 min vs. 
14–15 min) as compared to traditional SPECT cameras. 

 In the decade prior to the advent of nuclear cardiology, 
coronary angiography was developed to visualize coronary 
anatomy. What followed was the central dogma that (1) more 
severe stenoses result in worse angina and (2) a higher num-
ber of stenoses translate into a greater risk of myocardial 
damage. While intuitive, this framework cannot explain why 
there might be asymptomatic patients who have multiple sig-
nifi cant stenoses on angiogram and why a patient might pres-
ent with acute vessel occlusion in the absence of a history of 
signifi cant angina. These discrepancies make clear that the 
functional signifi cance of any given coronary stenosis lies in 
the complementary relationship of anatomy (coronary) with 
physiology (stress MPI and stress echocardiography). 
Nuclear cardiology techniques are therefore indispensible 
for the evaluation of ischemic coronary artery disease (CAD).  

   Physiology of Stress Myocardial 
Perfusion Imaging 

 Myocardial perfusion imaging (MPI) is a powerful nonin-
vasive tool to assess myocardial perfusion and myocardial 
cell function. In a resting heart without signifi cant 

 coronary  stenosis, there is homogenous uptake of the 
nuclear tracer in all segments of the myocardium, refl ec-
tive of normal perfusion. Normal coronary perfusion is 
1–2 cc/kg/min. 

 Under stress conditions, normal coronary arteries dilate to 
accommodate an increase in blood fl ow. Exercise induces 
hyperemia and increases coronary blood fl ow by 2–2.5 times 
above baseline levels. Under vasodilator stress, with adenos-
ine or dipyridamole, the epicardial coronary vessels dilate to 
accommodate an increase in fl ow four to fi ve times above 
resting values. In the absence of coronary artery stenosis, 
stressors will increase coronary blood fl ow equally in all 
coronary vascular territories. The stress perfusion images of 
the myocardium will continue to have a homogenous 
appearance. 

 This augmented coronary fl ow in response to a stressor is 
called coronary fl ow reserve (CFR) [ 4 ]. CFR is defi ned as 
the ratio of maximum coronary blood fl ow under stress con-
ditions to coronary blood fl ow at rest (Fig.  13.1 ).

   Clinical evaluation of the relevance of a particular coro-
nary artery stenosis deemed to be critical often refl ects the 
competency of autoregulatory mechanisms, which includes 
post-stenotic dilation of the microvascular system. This 
results in a lowered distal microvascular resistance in the 
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  Fig. 13.1    Coronary perfusion. Schematic representation of the princi-
ple of rest/stress myocardial perfusion imaging. ( Top ) two branches of 
a coronary artery are shown; one is normal ( left ) and one has a signifi -
cant stenosis ( right ). ( Middle ) myocardial perfusion images of the ter-
ritories supplied by the two branches. ( Bottom ) schematic representation 
of coronary blood fl ow in the branches at rest and during stress. At rest, 
myocardial blood fl ow is equal in the two branches. When myocardial 
radiotracer is injected at rest, uptake is homogenous (normal image). 
During exercise stress, coronary blood fl ow increases 2.0–2.5 times in 
the normal branch, but not to the same extent in the stenosed branch, 
resulting in heterogeneous distribution of blood fl ow (abnormal image 
with a myocardial perfusion defect) [ 3 ]       
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presence of a severe stenosis, which promotes an increase in 
regional blood fl ow and volume. The inability of a particu-
lar vascular bed in the presence of a suspected critical epi-
cardial stenosis to increase fl ow to a myocardial stressor 
refl ects the functional signifi cance of that particular 
stenosis. 

 The reduced distal arterial perfusion pressure allows 
maintenance of normal  resting  blood fl ow. In the presence 
of a >50 % luminal narrowing in an epicardial coronary 
artery, there may be adequate blood fl ow in resting condi-
tions due to distal microvasculature dilation. Under stress, 
however, there is a failure to augment coronary fl ow since 
the distal vasculature may already be maximally dilated. 
The myocardium subtended by the stenotic coronary artery 
may receive relatively less coronary blood fl ow when com-
pared to a myocardial wall that is supplied by a non-stenotic 
vessel. Clinically we term the latter as “blunted CFR.” The 
myocardium supplied by the stenotic coronary artery will 
appear less bright than the myocardium supplied by the nor-
mal coronary artery. CFR decreases as severity of stenosis 
increases. 

 Ischemia is represented by a decrease in tracer activity 
under stress conditions, which is seen in a coronary territory 
that appeared normal under rest conditions. This is called a 
reversible perfusion defect (Fig.  13.2 ). On the other hand, a 
fi xed defect represents an infarction or scar. The stress 
images will demonstrate heterogeneous tracer activity, which 
will appear unchanged on rest imaging (Fig.  13.3 ). Resting 
coronary blood fl ow is not altered until there is at least an 
85 % luminal narrowing [ 5 ].

    As a corollary to CFR, there are invasive physiologic 
techniques to measure both (1) blood velocity and (2) pres-
sure drop across a stenosis. In the more common of the two 
techniques, an intracoronary pressure wire is employed to 
record the pressure drop across a stenosis. The ratio between 
the pressures distal to a stenosis in relation to the pressure 
proximal to a stenosis is expressed as fractional fl ow reserve 
(FFR). The FFR is measured at rest and after maximal hyper-
emia, as induced by adenosine. Studies have demonstrated 
the CFR reduction and FFR reduction are linearly related to 
each other, and both are related to the severity of narrowing 
on conventional angiography [ 6 ]. In another study, CFR and 
FFR measurements were divergent in over 10 % of mid- 
LAD lesions [ 7 ]. It was hypothesized that FFR captured the 
focal effect of a single stenosis, while CFR was a global 
assessment of disease along the entire artery. 

 In the current practice of clinical nuclear cardiology, 
absolute coronary blood fl ow is not measured in SPECT 
studies. Instead, we qualitatively or semiquantitatively assess 
for heterogeneity in the myocardial images. Regardless, we 
continue to use CFR as a construct to understand heterogene-
ity in scintigraphic activity. PET MPI allows for quantifi ca-
tion of absolute blood fl ow and calculation of CFR. The use 
of CFR in PET is well described in the literature and will 
likely become a clinical tool in the future [ 8 ]. It offers 

 promise for evaluation of microvascular disease and assess-
ment of multivessel CAD.  

   Image Interpretation 

 Perfusion images may be interpreted qualitatively, semiquan-
titatively, or through the use of computer-aided quantitative 
analysis. All three approaches have been compared to coro-
nary angiography, which is the current gold standard for iden-
tifi cation of CAD. One must recognize that coronary 
angiography is an anatomic assessment of a stenosis. In com-
parison, MPI offers noninvasive assessment of the physiologic 
signifi cance of a coronary plaque. MPI can identify perfusion 
defects, localize the ischemia, and assess the severity in fl ow 
limitation and the amount of jeopardized myocardium [ 9 ]. 

 Perfusion defects are described in terms of location, size, 
severity, reversibility, and coronary artery disease pattern 
[ 10 ] (Table  13.1 ). The location of the defect is described 
using a standardized 17-segment model, similar to what is 
used in the other cardiac imaging modalities. In addition, 
other image features will be described: left ventricular size, 
right ventricular size, ratio of lung uptake to heart uptake 
(LHR), transient ischemic dilation (TID), and extra-cardiac 
tracer uptake.

   Semiquantitative scoring of perfusion is expressed as sum 
stress score (SSS), sum rest score (SRS), and a sum differ-
ence score (SDS). In SPECT imaging, the SSS grading sys-
tem of perfusion defects is normal <4, mildly abnormal 4–8, 
moderately abnormal 9–13, and severely abnormal ≥14. 
Automated programs can also score a % stress perfusion 
defect, % rest perfusion defect, and % reversibility. 

 In clinical practice, it is not uncommon that coronary 
angiography fails to identify a signifi cant coronary stenosis 
to explain heterogeneity in perfusion seen on MPI. This has 
been described in the literature in settings of endothelial dys-
function, diffuse noncritical disease, and other myopathic 
processes beyond CAD (Fig.  13.4 ).

      Role of Nuclear Cardiology 
to Address Clinical Questions 

 Nuclear cardiology techniques are employed to assess myo-
cardial blood fl ow, myocardial metabolism, and ventricular 
function. As such, the cardiology consultant will utilize the 
tools of nuclear cardiology to aid in answering questions of:
  1. Diagnosis 

•   To investigate the presence of CAD in a patient sus-
pected of having CAD based upon symptoms and with 
an intermediate pretest probability of CAD  

•   To detect preclinical disease in the asymptomatic 
patient  

•   To evaluate for an underlying ischemic etiology in a 
patient with systolic dysfunction/cardiomyopathy   

13 The Role of Cardiovascular Nuclear Imaging in Clinical Consultation
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  Fig. 13.2    SPECT ischemia, reversible defect. A 61-year-old male 
with a history of hypertension and dyslipidemia who presented with 
exertional chest discomfort. He exercised on a modifi ed Bruce pro-
tocol for 8 min achieving an estimated workload of 7 METs and a 
peak heart rate of 101 % of maximum predicted heart rate for age. 
He had a normal blood pressure response to exercise. His exercise 
ECG demonstrated 1.5 mm upsloping ST segment depressions in 
the inferior and lateral leads, along with 1.5 mm ST segment eleva-
tion in leads V1 and aVR. He developed chest pain at 4 min into 
exercise, which resolved by 4 min into recovery. He underwent a 
same day imaging protocol, with 10.7 mCi of 99m-Tc at rest fol-
lowed by injection of 29.4 mCi of 99m-Tc at peak stress. Perfusion 

imaging is displayed in oblique slices. Short axis slices ( rows 1 – 4 ) 
are displayed from apex to base, with the stress images above and 
the rest images below. Vertical long axis slices ( rows 5 – 6 ) display 
the anterior and inferior walls, from the septum to lateral wall. 
Horizontal long axis slices ( rows 7 – 8 ) display the septal and lateral 
walls, from inferior to anterior aspects of the left ventricle. There is 
a large area of severely decreased scintigraphic activity in the mid-
anterior wall, all 4 apical segments, and the true apex, which is seen 
on the stress images and completely improves on the rest images. 
This is suggestive of ischemia in the left anterior descending coro-
nary artery territory. There is also evidence of transient ischemic 
dilation (TID ratio 1.24)       
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  Fig. 13.3    SPECT infarction, fi xed defect. A 78-year-old male with 
abdominal aortic aneurysm, dyslipidemia, and obstructive sleep apnea 
who presented with complaint of shortness of breath. He exercised on 
a Bruce protocol for 5 min. He achieved an estimated workload of 6 
METs and a peak heart rate of 85 % of maximum predicted heart rate 
for age. His blood pressure response to exercise was blunted. His exer-
cise ECG demonstrated 2 mm horizontal ST segment depressions in 
the inferior and lateral leads, along with 1.5 mm ST segment elevation 
in leads V1 and aVR. Exercise was terminated for shortness of breath. 

He underwent a same day imaging protocol, with 11.9 mCi of 99m-Tc 
at rest followed by injection of 32 mCi of 99m-Tc at peak stress. 
Perfusion imaging is displayed in oblique slices. There is a large area 
of moderately decreased scintigraphic activity in the entire inferior 
wall and basal to mid-inferolateral wall, which is seen on stress 
images and only partially improves on rest images. This is suggestive 
of infarct in the right coronary artery territory, along with mild peri-
infarct ischemia. The gated images demonstrated inferior wall 
hypokinesis       
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  2. Prognosis 
•   Risk stratifi cation in patients with established CAD 

(chronic ischemic disease)  
•   In the setting of a normal MPI  
•   Preoperative risk stratifi cation prior to noncardiac 

surgery  
•   Risk stratifi cation following acute coronary syndrome 

in a patient with low thrombolysis in myocardial 
infarction (TIMI) score or in a patient with incomplete 
revascularization (following myocardial infarction 
(MI) and following revascularization)   

  3. Guide Management 
•   To guide management in patients with known CAD 

who has had a change in symptoms (chronic ischemic 
heart disease)  

•   To demonstrate location and extent of perfusion 
defects to guide medical management and revascular-
ization strategies  

•   To assess for viability in myocardial segments with regional 
wall motion abnormalities and reduced perfusion  

•   Future direction: guide invasive heart failure interven-
tions such as CRT  

•   Non-CAD: assess for disease activity in sarcoidosis 
and others. To assess for mental stress ischemia and 
stress- induced cardiomyopathy    

 The appropriate use of nuclear cardiology studies has 
been summarized in guidelines as below: 

   Diagnosis of CAD: Initial Investigation for 
the Presence of CAD in a Patient Suspected 
to Have CAD Based Upon Symptoms and an 
Intermediate Pretest Probability of CAD 

 Stress MPI is appropriate as initial investigation for the pres-
ence of CAD in a patient suspected to have CAD based upon 

A. Location of perfusion defect

Short axis

Apical 

13 7 1

15

LAD

B. Size of perfusion defect C. Severity of perfusion defect by five-point scoring

0Normal perfusion

Mild reduction in counts
(not definitely abnormal)

Moderate reduction in counts
(definitely abnormal)

Severe reduction in counts

Absent uptake

Sum rest score (SRS): infarction
Sum stress score (SSS): ischemia + infarction

Sum difference score (SDS) = SRS–SSS = ischemia

1

2

3

4

Small Medium Large Severity Score

RCA LCX

10 4

14
8 2 6

9
3

16

12

11 5

Mid Mid

17

Basal

Vertical
long axis

10. Mid inferior

11. Mid inferolateral

12. Mid anterolateral

13. Apical anterior

14. Apical septal

15. Apical inferior

16. Apical lateral

17. Apex

< 10 %

myocardium

1–2 segments

D. Reversibility of perfusion defect and clinical correlate

Ischemia

Infarction/scar

Scar with peri-infarct ischemia

Reversible

Persistent/fixed

Mixed

E. Semi-quantitative scoring
of perfusion

10–20 %

myocardium

3–4 segments

>20 %

myocardium

>4 segments

Basal anteroseptal2.

Basal anterior1.

Basal inferoseptal3.

4. Basal inferior

Basal anterolateral6.

Mid anterior7.

Mid anteroseptal8.

Mid infreroseptal9.

Basal inferolateral5.

   Table 13.1    Semiquantitative scoring and quantitative scoring. Image 
interpretation involves a description of ( A ) location of perfusion defect 
by 17-segment model and coronary artery distribution, ( B ) size of per-
fusion defect as described quantitatively (% of myocardium) or 

 semiquantitatively (number of myocardial segments), ( C ) severity of 
perfusion defect, and ( D ) reversibility of the perfusion defect and 
( E ) by semiquantitative scoring of perfusion with summation of  number 
of segments and severity score for each segment [ 10 ]       
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symptoms and if the patient has an intermediate pretest prob-
ability of CAD [ 11 ]. 

 A simplifi ed summary of the Bayes theorem is that an initial 
belief plus new data results in an improved belief [ 12 ] 
(Fig.  13.5 ). This is aptly applied to nuclear cardiology stress 
testing. The consultant defi nes the initial estimate of the likeli-

hood of CAD based upon the patient’s clinical history. This 
pretest probability determines the need for noninvasive testing 
or even the need to proceed directly to cardiac catheterization. 
Given that nuclear cardiology has a certain rate of false-positive 
and false-negative fi ndings, the interpretation of the test results 
is strongly infl uenced by the pretest  probability of disease.

  Fig. 13.4    SPECT of cardiomyopathy. A 57-year-old male with hyper-
tension and dyslipidemia who presents for preoperative cardiovascular 
risk assessment with complaints of dyspnea with minimal exertion. He 
exercised on a Bruce protocol for 6 min achieving an estimated work-
load of 6 METs and a peak heart rate of 89 % of maximum predicted 
heart rate for age. His exercise ECG was nondiagnostic because of base-
line ECG abnormalities. Exercise was terminated for shortness of 
breath. He underwent a same day imaging protocol, with 13 mCi of 

99m-Tc at rest followed by injection of 32 mCi of 99m-Tc at peak 
stress. Perfusion imaging is displayed in oblique slices. The left ventri-
cle is enlarged. There is intense extra-cardiac tracer uptake adjacent to 
the inferior wall. There is a small area of mildly decreased scintigraphic 
activity in the true apex, which is fi xed. Gated SPECT imaging demon-
strated severely reduced left ventricular systolic function with global 
hypokinesis. A coronary angiogram did not demonstrate coronary artery 
disease. The presumptive diagnosis is nonischemic cardiomyopathy       
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   If a patient has a very high pretest likelihood (>90 %), 
noninvasive testing is only recommended for assessing car-
diac prognosis. If the patient’s pretest likelihood is very low 
(<10 %) such as an asymptomatic patient with 1 or no risk fac-
tors, diagnostic stress testing is not recommended. In patients 
whose pretest probability is within a low range (10–20 %), 
an exercise ECG would be a fi rst step since a negative test 
would indicate a very low likelihood of CAD. For patients 
within the intermediate pretest probability range of CAD 
(20–80 %), a negative exercise ECG alone is unlikely to pro-
vide suffi cient diagnostic accuracy. Thus, an exercise ECG 
with stress myocardial perfusion imaging is recommended. 

 There are a number of algorithms which incorporate age, 
gender, symptoms, resting ECG fi ndings, and other cardiac 
risk factors to assess the likelihood of CAD in the symptom-
atic patient [ 14 – 16 ] (Table  13.2 ). Determination of pretest 
probability also aids in understanding the false-positive and 
false-negative rate for interpretation of the stress test data [ 18 ].

      Diagnostic Accuracy of Myocardial 
Perfusion Imaging 

 The diagnostic accuracy of MPI is determined by how it per-
forms when compared to angiographic detection of a 
50–70 % stenosis. The signifi cance of this degree of stenosis 
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  Fig. 13.5    Bayes theorem. Bayes theorem incorporates pretest proba-
bility and posttest probability to assess the likelihood of coronary artery 
disease with ECG and MPS, using sensitivities of 68 and 92 %, respec-
tively, and specifi cities of 77 and 88 %, respectively. Curved lines from 
top to bottom represent MPS+, ECG+, ECG–, and MPS– (Adapted 
from[ 13 ]). ( A ) Low risk: 45-year-old female with dyslipidemia who has 
non-anginal chest pain. Pretest probability of 5 %. ( B ) Intermediate 
risk: 55-year-old male with tobacco use and family history who has 
atypical angina. Pretest probability 45 %. ( C ) High risk: 65 year old 
male with >3 cardiovascular risk factors and typical angina. Pretest 
probability >80 %       

Scoring method
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9 points
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6 points
40–55 years
50–65 years

Typical angina
5 points

Atypical angina
3 points

Nonanginal
1 point

Male/unknown
0 point

1 point each

Positive
– 3 points

Negative
+ 3 points

Hypertension
Smoking
Hyperlipidemia
Family history
Obesity

2 points

Symptoms

Estrogen status

Diabetes

Low probability: 0–8 points Intermediate probability: 9–15 points High probability: 16–24 points

Age, years

30–39

40–49

50–59

60–69

Men

0.05

0.14

0.22

0.28

Women

0.01

0.03

0.08

0.19

Women

0.04

0.13

0.32

0.54

Women

0.26

0.55

0.79

0.91

Men

0.22

0.46

0.59

0.67

Men

0.70

0.87

0.92

0.94

Non-anginal CP Atypical angina Typical anginaa

b

       Probability categories: very low risk <10 %, low risk 10–20 %, intermediate risk 20–80 %, and high risk >80 %  

  Table 13.2    Estimation of pretest probability. Determination of pretest probability by ( A ) type of chest pain, age, and gender and by ( B ) scoring 
system to account for cardiovascular risk factors [ 15 ,  17 ]  
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is extrapolated from animal models, which demonstrated a 
blunted CFR at 50 % narrowing. First, we must recall that 
angiography addresses a question of anatomy, which is dis-
tinct from the physiologic answer that is derived from MPI. 
Second, we use a dichotomous defi nition of CAD (stenosis 
>50–70 %) in our discussion of MPI test performance, which 
then defi nes CAD pathology as that of plaque encroachment, 
rather than our modern understanding, which incorporates 
endothelial dysfunction, and a natural history that is punctu-
ated by plaque instability and rupture. 

 Test performance is described in relation to a gold stan-
dard, which is coronary angiography in the case of CAD:
•     Sensitivity : test’s ability to “rule out” disease if test is 

negative.  
•    Specifi city : test’s ability to “rule in” disease if positive.  
•    Predictive accuracy : percentage of test responses (both 

positive and negative) that are true. This measures test 
characteristics and disease prevalence.    
 In a review of 1,441 patients from 6 different studies, 

exercise 201-Tl SPECT MPI was compared to coronary 
angiography with a sensitivity of 90 % (82–98 %): single 
vessel disease 83 %, two-vessel disease 93 %, and three- 
vessel disease 95 % [ 19 ]. The specifi city of the MPI was 
70 % (43–91 %). This study had a high normalcy rate (89 %), 
which was defi ned as the rate of normal perfusion studies in 
patients with a <5 % likelihood of CAD based on the clinical 
and ECG stress data. 

 When 201-Tl MPI is compared to 99m-technetium (Tc), 
99m-Tc MPI studies are associated with an increase in 

 sensitivity (90 % vs. 82 %), an increase in specifi city (93 % 
vs. 80 %), and an increase in the normalcy rate (100 % vs. 
77 %) [ 20 ]. Based on these observations, 99m-Tc perfusion 
agents are the more commonly used radiotracers. Attenuation 
correction with transmission or computed tomography (CT) 
improves specifi city and accuracy, but use of attenuation cor-
rection does not alter test sensitivity. 

 To compare the test performance of different stress modali-
ties, Garber et al. performed a meta-analysis to evaluate test 
performance in patients with an intermediate pretest probabil-
ity for the presence of CAD (25–75 %) [ 21 ] (Table  13.3 ). In 
general, SPECT MPI had a higher sensitivity, but a lower spec-
ifi city than stress echocardiogram. PET MPI demonstrated 
both a higher sensitivity and a higher specifi city compared 
SPECT MPI, but this was associated with increased cost.

   Imaging characteristics that improve test sensitivity include 
known or extensive CAD, high-grade coronary stenosis, proxi-
mal location of stenosis, and the presence of wall motion abnor-
malities. Factors that diminish the sensitivity for detection of 
CAD include single vessel disease, left circumfl ex stenosis, 
branch vessel stenosis, distal stenosis, mild stenosis (<50 %), 
inadequate HR response during exercise, and concurrent anti-
anginal therapy. Importantly, the method for inducing ischemia 
(exercise vs. pharmacologic)  does not  have a large effect on the 
diagnostic accuracy of the imaging study. Stress test accuracy is 
dependent on the patient population characteristics and varies 
by ethnicity, gender, pretest probability of disease, presence of 
left bundle branch block (LBBB), and presence of left ventricu-
lar hypertrophy (LVH) and in diabetes.  

   Table 13.3    ACC/AHA appropriateness criteria   

 Diagnostic test 
 Sensitivity 
(range) a  

 Specifi city 
(range) a  

 Studies  Patients 

 Patients with 
coronary 
disease 

 Sensitivity for left 
main or three- vessel 
disease  Studies  Patients 

  n   %   n  

 Planar thallium imaging  0.79 
(0.70–0.94) 

 0.73 
(0.43–0.97) 

 6  510  66  0.93  2  72 

 Single-photon emission 
computed tomography 

 0.88 
(0.73–0.98) 

 0.77 
(0.53–0.96) 

 8  628  70  0.98  3  92 

 Echocardiography b   0.76 
(0.40–1.00) 

 0.88 
(0.80–0.95) 

 10  1,174  64  0.94  4  115 

 Positron emission 
tomography 

 0.91 
(0.69–1.00) 

 0.82 
(0.73–0.88) 

 3  206  68  Not available 

 Exercise 
electrocardiography c  

 0.68  0.77  132  24,074  66  0.86  48 

  2009 ACC/AHA appropriateness guidelines on radionuclide imaging, appropriate use category  A  appropriate,  U  uncertain,  I  inappropriate, Score 
(1–9) [ 22 ] 
  a Range of sensitivity and specifi city reported in individual studies 
  b Test characteristics for echocardiography are based on pooled studies of dobutamine, dipyridamole, and exercise as stressors. Pooling only studies 
that used dobutamine as a stressor gave similar results, with a sensitivity of 0.76 and a specifi city of 0.87 for all coronary disease 
  c Sensitivity of exercise electrocardiography for detection of all coronary artery disease is based on a meta-analysis that included 144 studies for 
estimates of sensitivity and 132 studies for specifi city. Exercise electrocardiography results for sensitivity in left main and three-vessel disease 
were based on another meta-analysis. No studies of positron emission tomography reported sensitivity for left main and three-vessel disease  

13 The Role of Cardiovascular Nuclear Imaging in Clinical Consultation



168

   Diagnosis: Detection of Preclinical 
Disease in the Asymptomatic Patient 

 Asymptomatic patients have a low pretest probably of sig-
nifi cant CAD and are generally not screened using stress 
testing. The risk of developing CAD over the next 10 years 
can be estimated using the Framingham risk score [ 23 ]. 
Asymptomatic patients with a moderate or high risk of CAD 
may be considered for stress testing in specifi c situations, 
such as airline pilots. Asymptomatic patients can be catego-
rized into risk categories: high risk (>5 % annual mortality), 
intermediate risk (1–5 % annual mortality), or low risk (<1 % 
annual mortality).  

   Diagnosis of CAD: Evaluation of an Underlying 
Ischemic Etiology in a Patient with Systolic 
Dysfunction/Cardiomyopathy 

 Of the fi ve million cases of heart failure, it is estimated that 
60–70 % of these patients have CAD [ 24 ]. Patients with LV 
systolic dysfunction, which is attributable to CAD, have a 
worse prognosis than those with nonischemic cardiomyopa-
thy. It is imperative to distinguish between LV dysfunction, 
which is causally related to CAD from LV dysfunction, 
which coexists with CAD. At present, guidelines recom-
mend coronary angiography in patients who present with 
heart failure and angina. 

 Interestingly, only a minority of patients with both CAD 
and LV dysfunction who have residual myocardial viability 
experience angina [ 25 ]. The IMAGINE (Investigation of 
Myocardial Gated SPECT Imaging) study evaluated 201 
patients hospitalized with new-onset heart failure who under-
went stress MPI using 99m-Tc. A sum stress score >3 had a 
sensitivity of 96 % for ischemic cardiomyopathy. The abnor-
malities on an MPI illustrate the pathology of scar, repetitive 
stunning, and hibernation, which underlie the myopathy. 
While a negative study might rule out an ischemic etiology, 
a small number of false-negative studies can occur in the set-
ting of balanced ischemia [ 26 ].  

   Diagnosis: Stress-Induced Cardiomyopathy 
and Mental Stress-Induced Ischemia 

 Reversible myocardial stunning in response to emotional 
stress, takotsubo cardiomyopathy (TC), represents the 
extreme in a spectrum of processes by which mental/psycho-
logical stress can profoundly and acutely affect myocardial 
performance and myocardial perfusion. 

 The clinical presentation of TC is associated with mark-
edly increased serum catecholamine levels accompanying a 
transient and profound decrease in left ventricular systolic 

function with no angiographic evidence of signifi cant coro-
nary artery disease [ 27 ]. Most of the case series typically 
describe the absence of signifi cant coronary disease, though 
TIMI frame counts have demonstrated signifi cant abnormal-
ities in coronary fl ow as compared to controls [ 28 ,  29 ]. While 
the pathophysiology of this entity is unknown, mechanisms 
involving multivessel coronary vasospasm, abnormalities in 
coronary microvascular function, and/or catecholamine- 
mediated cardiotoxicity have been proposed. 

 SPECT myocardial perfusion imaging of these patients 
[ 30 ,  31 ] consistently shows impairment immediately after 
hospital admission, with considerable improvement at 3–5 
days. PET studies with N-13 and fl udeoxyglucose (FDG) 
have documented a regional transient decrease in myocardial 
blood fl ow and coronary fl ow reserve during the acute phase 
of TC that completely resolved after 3 months [ 32 ].  

   Prognosis: Risk Stratifi cation in Patients with 
Established CAD (Chronic Ischemic Disease) 

 When the stress modality is exercise, exercise variables can 
help refi ne the pretest probability of disease but can also aid 
in risk stratifi cation for prediction of future cardiovascular 
(CV) events. Exercise predictors of poor prognosis include a 
poor exercise capacity (<5 metabolic equivalents (METs)), 
exercise-induced angina especially if it occurs at a low work-
load, abnormal peak systolic blood pressure (<130 mmHg) 
or a fall in systolic blood pressure from resting value, and 
chronotropic incompetence [ 33 ,  34 ]. 

 The Duke Treadmill Score (DTS) is a commonly used 
tool to assess prognosis. It was derived from a cohort of 
2,758 patients with a median age of 49 years who present for 
an exercise treadmill test (ETT) for evaluation of chest pain 
and were also referred for angiography. Patients with prior 
revascularization and recent MI were excluded [ 35 ].
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  The low-risk group demonstrated a 97 % 5-year survival. 
On angiogram, 60 % of low-risk patients had no coronary 
stenosis ≥75 % [ 36 ]. On the other hand, the high-risk group 
demonstrated a 65 % 5-year survival, and 74 % of patients 
were found to have three-vessel disease or left main disease 
on angiogram. 

 MPI performed with exercise stress and with adenosine or 
dipyridamole stress is comparable in ability to risk stratify 
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patients, but patients that undergo pharmacologic stress are 
at higher risk for subsequent cardiac events than those 
patients that are able to exercise [ 37 ]. The prognostic value 
of regadenoson has not been evaluated but is likely similar to 
that of adenosine. 

 The presence/extent of perfusion defects on MPI provides 
additional prognostic information [ 38 ]. High-risk features 
associated with negative prognosis in patients with known CAD:
•    Extensive ischemia involving >20 % of the left ventricle  
•   Defects in more than one coronary territory, suggestive of 

multivessel disease  
•   Amount of myocardial scar  
•   Transient or persistent LV dilation (TID)  
•   Resting LVEF <40 %  
•   Increased lung uptake of 201-Tl or 99m-Tc, which is a 

marker of exercise-induced LV dysfunction    
 In 5,183 patients with known or suspected CAD who 

were followed for mean of 1.8 years, there was a graded rela-
tionship between the severity of MPI abnormality and sur-
vival. Normal, mildly abnormal, moderately abnormal, and 
severely abnormal MPI results were associated with cardiac 
death rates of 0.5, 2.7, 2.9, and 4.2 %, respectively [ 38 ]. 

 The degree of inducible ischemia may help determine 
which patients will have a survival benefi t from revascular-
ization. In a retrospective study of >10,000 patients without 
prior MI or revascularization who underwent MPI, powerful 
predictors of revascularization within 2 months after MPI 
included inducible ischemia and anginal symptoms. After 
adjusting for non-randomization, cardiac mortality was 
lower in patients with moderate to severe ischemia (>10 % of 
myocardium) who underwent revascularization. Mortality 
was signifi cantly lower in patients with no or mild ischemia 
(<10 % of myocardium) who were managed medically [ 39 ].  

   Prognosis: In the Setting of Normal 
Myocardial Perfusion Imaging 

 Normal perfusion can identify a group of patients that is at 
low risk for cardiac events. In patients with suspected CAD, 
normal perfusion on nuclear imaging is associated with a 
negative predictive value of cardiac death and MI of 99 % 
(95 % confi dence interval [CI] 98.5–99.0) over 3 years of 
follow-up. The annualized event rate was 0.45 % per year 
[ 40 ]. In patients with abnormal exercise ECG, a normal MPI 
is still associated with a benign prognosis. In 156 patients 
with a positive ETT but normal MPI, there were no deaths or 
nonfatal MIs at 34 months of follow-up [ 41 ]. 

 The prognosis of a normal scan is slightly worse in 
patients with diabetes, in older patients, and in patients with 
cardiac enlargement [ 42 ]. In a patient population with known 
CAD by angiography, a normal MPI was associated with an 
annualized event rate of 0.9 % [ 43 ].  

   Prognosis in Special Populations: 
Diabetes and Female Gender 

 Patients with diabetes have a two- to eight-fold increased 
prevalence of cardiovascular disease as compared to those 
without diabetes, thus increasing the pretest probability of 
CAD. In a series of 1,271 diabetics, the annual cardiovascu-
lar event rate was 1–2 % in those with a normal MPI, 2–4 % 
with a mildly abnormal MPI, 7 % in those with a moderate–
severely abnormal MPI, and 22 % in those who were unable 
to exercise and had a large perfusion defect [ 44 ]. While there 
are no evidence-based guidelines to support screening 
asymptomatic individuals with diabetes, 20–25 % of asymp-
tomatic diabetics will demonstrate perfusion abnormalities 
on MPI. This must be appreciated in the context that diabet-
ics often have variant presentations of angina and that the 
presence of silent ischemia is associated with a worse prog-
nosis. Randomized controlled trials of screening in the 
asymptomatic diabetics have failed to demonstrate a reduc-
tion in event rates in those randomized to MPI [ 45 ]. 

 Special consideration must also be paid to the assessment 
of CAD in women. Gender and menopausal status are impor-
tant considerations for determination of pretest probability 
of CAD. Several studies have supported improvement in the 
diagnostic accuracy of stress MPI over ETT without imag-
ing, because of a high false-positive rate of ETT in women as 
compared to men. Some of the historical limitations that 
reduced diagnostic accuracy of MPI in women, such as 
breast attenuation and limited spatial resolution in small 
hearts, are now less problematic because current nuclear car-
diology techniques incorporate attenuation correction, prone 
imaging, electrocardiogram (ECG) gating, PET imaging, 
and new solid-state SPECT cameras [ 46 ].  

   Prognosis: Cardiovascular Preoperative Risk 
Stratifi cation Prior to Noncardiac Surgery 

 The cardiology consultant is frequently asked to assess car-
diovascular risk in the preoperative patient prior to noncar-
diac surgery. Noninvasive imaging is an adjunctive tool to 
evaluate patients who are deemed intermediate risk by clini-
cal criteria and by risk indices, such as the revised cardiac 
risk index (RCRI) [ 47 ]. Noninvasive testing is useful in a 
small segment of preoperative patients who are undergoing 
elective surgery and have a stable cardiovascular condition. 
Patients with active conditions (unstable angina, decompen-
sated heart failure, severe valvular stenosis, ventricular 
arrhythmias) should be managed according to ACC/AHA 
guidelines. 

 Overall, stress testing in the preoperative period has a 
high negative predictive value (80–90 %), but a low positive 
predictive value (6–67 %) for detection of death and nonfatal 
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MI [ 48 ]. As such, stress testing is useful for identifying low- 
risk patients but is poor at predicting which high-risk patients 
will have events. 

 Exercise stress testing provides important information 
about functional tolerance. It has been shown that exercise 
tolerance is a stronger predictor of perioperative outcomes 
than ischemic ECG changes [ 49 ]. The inability to reach 
>85 % of maximal predicted heart rate (MPHR) is associated 
with high risk for perioperative CV events, even in the 
absence of ECG changes [ 50 ]. When exercise ECG is per-
formed in the absence of imaging, the sensitivity and speci-
fi city are 74 and 69 % for perioperative death and nonfatal 
MI [ 51 ]. 

 The addition of imaging to exercise MPI allows for iden-
tifi cation of high-risk imaging features, such as reversible 
large anterior wall defect, multiple reversible defects, isch-
emia at a low heart rate, extensive stress-induced wall motion 
abnormalities, and transient ischemic dilation. In the correct 
clinical context, these high-risk imaging features may war-
rant referral to coronary angiography. 

 In regards to patients referred prior to aortic surgery, exer-
cise has been demonstrated to be safe in patients with 
abdominal aortic aneurysm (AAA) <6 cm in diameter or if 
the aneurysm is asymptomatic [ 52 ]. 

 Vasodilator stress with imaging is appropriate for patients 
who cannot exercise or have a LBBB. Selection between 
dobutamine stress echocardiogram (DSE) and vasodilator 
MPI may be determined by local expertise. In a meta- analysis 
of fi ve studies including 1,410 patients referred prior to vas-
cular surgery, the test characteristics of dipyridamole MPI 
included a sensitivity 85 % and a specifi city 60 % with nega-
tive predictive value (NPV) of 98 %, but a positive predictive 
value (PPV) of only 18 % [ 49 ]. DSE has a similar effi cacy as 
vasodilator MPI with a sensitivity of 85 % and a specifi city 
of 70 % [ 51 ]. 

 Overall, MPI may be considered in intermediate-risk 
patients who are to undergo intermediate- or high-risk sur-
gery. In patients undergoing vascular surgery, the NPV is 
96–100 % for prediction of postoperative cardiac death and 
MI, but the PPV is only 4–20 %. Although, perfusion mark-
ers of high risk include a large area of ischemia, perfusion 
defects in multiple vascular territories, LV dilation, and 
increased lung 201-Tl uptake, it has not been conclusively 
demonstrated that angiography and revascularization 
improve perioperative outcomes. 

 Rather than a simplifi ed interpretation of an imaging test 
as presence/absence of ischemia, there is value in determin-
ing the extent of reversible ischemia, also referred to as 
“jeopardized myocardium.” In a meta-analysis of nine stud-
ies of preoperative patients, the probability of cardiac death 
and MI rose in a graded relationship to the amount of jeopar-
dized myocardium: 3–4 % event rate in those with normal 
imaging or only fi xed defects, 9 % event rate in those with 

<20 % of myocardium at risk, 18 % event rate in those with 
30–49 % of myocardium at risk, and 45 % event rate in those 
with >50 % of myocardium at risk [ 53 ]. 

 Taken together, preoperative stress testing has a high NPV 
for predicting events following surgery, but has limited PPV. 

 There has been some published literature that questions 
the utility of preoperative stress testing. The Dutch 
Echocardiographic Cardiac Risk Evaluation Applying Stress 
Echocardiography (DECREASE) II trial enrolled 770 
patients scheduled to undergo major vascular surgery 
awith1-2 RCRI risk factors and randomized subjects to phar-
macologic stress testing or no testing. All patients received 
perioperative beta-blockers for strict heart rate control. A 
patient was referred for revascularization if there was a mod-
erate amount of ischemia. There was no signifi cant differ-
ence in a combined endpoint of cardiac death and nonfatal 
MI (1.8 % vs. 2.3 %, p 0.78) [ 54 ].  

   Prognosis: Risk Stratifi cation Following Acute 
Coronary Syndrome in a Patient with Low TIMI 
Score or in a Patient with Incomplete 
Revascularization (Following MI and Following 
Revascularization) 

 The majority of patients who present with non-ST elevation 
myocardial infarction or unstable angina (NSTEMI/USA) 
are referred to the catheterization lab either immediately or 
within 48 h or presentation. In these patients, predischarge 
stress testing has a limited role. 

 Assessment for residual ischemia is performed in patients 
who did not receive revascularization. In these patients, 
stress testing is useful (1) to detect amount of residual isch-
emia and (2) to assess functional tolerance prior to an exer-
cise prescription. In an early series of 158 patients who 
underwent exercise planar 201-Tl MPI studies within 4 
weeks after hospital discharge for chest pain, a reversible 
perfusion defect was associated with a 21 % risk of death and 
nonfatal MI within a year, as compared to a 2 % risk associ-
ated with normal MPI imaging [ 55 ]. In patients who did not 
undergo revascularization or underwent partial revascular-
ization, exercise testing is safe in the absence of heart failure 
or anginal symptoms in the 12–24 h preceding the stress test.  

   Guide Management: In Patients with Known 
CAD Who Have Had a Change in Symptoms 
(Chronic Ischemic Disease) with Goals to (1) 
Ameliorate of Symptoms and (2) Change 
Natural History of Disease 

 Nuclear cardiology is often employed in the patient with 
chronic CAD to assess if a change in symptoms may be 
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attributed to a worsening of coronary perfusion, as demon-
strated on MPI. MPI is able to identify the extent, severity, 
and location of ischemia. As such, MPI results may aid in 
decision making to refer for possible revascularization as 
compared to intensifi cation of medical therapy. 

 When anatomic assessment with angiography demon-
strates intermediate lesions or stenoses in multiple vascular 
territories, MPI may provide a “perfusion road map” to illus-
trate the physiologic signifi cance of a coronary lesion or may 
help to identify the culprit stenosis. Several interventional 
trials of FFR have demonstrated revascularization that is 
guided by physiologic assessment of coronary stenosis 
results in improvement in patient outcomes. A similar intel-
lectual framework argues for the use of MPI to direct revas-
cularization strategies, though future studies may help 
strengthen this connection between CFR-directed revascu-
larization and patient outcomes. 

 Given that MPI assesses heterogeneity of fl ow between 
different vascular territories, identifi cation of left main (LM) 
disease and 3-vessel disease (3VD) can prove diffi cult 
because all 3 coronary territories may have an equal reduc-
tion in coronary perfusion. While rare, identifi cation of LM 
disease or 3VD has important prognostic and management 
implications because of a demonstrated improvement in sur-
vival with revascularization. Although, LM/3VD implies a 
large extent of jeopardized myocardium, the SPECT images 
may appear normal in 19 % of cases and demonstrate perfu-
sion abnormalities in all 3coronary territories in only 29 % of 
scans [ 56 ,  57 ]. Possible explanations for this phenomenon 
include balanced ischemia throughout the myocardium, pla-
teau of tracer uptake at high fl ow rates which may mask any 
disparity in CFR, inability of SPECT to quantify absolute 
blood fl ow, and soft tissue attenuation which may produce a 
false-negative homogenous appearance [ 58 ]. 

 Since SPECT underestimates the extent and severity of 
the perfusion defect, ancillary fi ndings have additive value in 
predicting the presence of severe CAD and can be used to 
improve the accurate identifi cation of these patients to 83 % 
[ 59 ]. These fi ndings include:
•    Increased pulmonary uptake of tracer, which is expressed 

as lung-to-heart ratio (LHR), due to stress-induced 
increase in left ventricular end diastolic pressure (LVEDP) 
and pulmonary capillary pressure (PCWP)  

•   Transient ischemic dilation (TID) due to (1) a true physi-
cal increase in LV cavity size following stress or (2) 
apparent LV dilation from diffuse subendocardial hypo-
perfusion following stress  

•   Increase in right ventricular tracer uptake following stress  
•   Exercise-induced systolic dysfunction with a fall in 

 post- stress left ventricular (LV) EF >5 % compared to rest 
LV EF  

•   Blood pressure A blunted blood pressure response to 
exercise or a fall in blood pressure with exercise  

•   Exercise-induced ST segment changes: ST segment 
depressions occurring at a low workload, ST depressions 
which persist for a prolonged duration, or ST segment 
elevations     

   Guide Management: Identifi cation of the 
Location and Extent of Perfusion Defects 
to Guide Medical Management and 
Revascularization Strategies 

 While early noninvasive testing does not play in a high-risk 
patient, MPI may be helpful in assessing the presence of 
ischemia and the need for early invasive therapy in patients 
with less acutely ill patients or those with low TIMI risk 
scores who present with ACS. 

 In a patient who presents to the emergency room with 
chest pain and a nondiagnostic ECG, injection of radioiso-
tope within 2 h of chest pain can demonstrate abnormal rest 
perfusion. Studies have demonstrated that rest perfusion in 
this patient population has a high NPV and has been demon-
strated to reduce hospitalization rates. 

 Management of the patient with NSTEMI requires a con-
tinuous process of risk stratifi cation to reassess appropriate-
ness of medical management as compared to early 
revascularization. Vasodilator MPI can provide reliable 
information about the presence of signifi cant coronary steno-
sis early in the care of an ACS patient. In 170 patients who 
were managed medically for NSTEMI and underwent vaso-
dilator MPI after 24 h of resolution of chest pain, the MPI 
was safe and had a sensitivity and specifi city of 91 and 79 % 
for detection of >70 % coronary stenosis when compared to 
angiography that was performed within 2 months of the 
NSTEMI presentation [ 60 ]. As opposed to exercise MPI, 
vasodilator MPI allows for safe and early identifi cation of 
ischemic burden. Submaximal exercise MPI tends to under-
estimate the severity and presence of CAD in this patient 
population. Moderate to large or multiple areas of reversible 
ischemia serve as an indication for referral to angiography 
with possible revascularization. Similar to other patient pop-
ulations, the lack of ischemia on MPI is associated with an 
excellent long-term prognosis. 

 In higher risk populations, MPI remains useful in the fol-
lowing circumstances:
•    ST elevation myocardial infarction (STEMI): identifi ca-

tion of jeopardized myocardium. Repeat studies can dem-
onstrate salvaged myocardium and residual infarct size.  

•   Post-MI: assessment of infarct size and residual peri- 
infarct ischemia.  

•   Following CABG: SPECT MPI retains diagnostic and 
prognostic accuracy.    
 Of note, periprocedural perfusion defects can still be 

visualized on MPI in the fi rst 4–6 weeks following 
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 revascularization and as such are considered false-positive 
studies. In addition, routine testing is not indicated in the fi rst 
2 years following revascularization in the asymptomatic 
patient.  

   Guide Therapy: Assessment for Viability 
in Myocardial Segments with Regional Wall 
Motion Abnormalities and Reduced Perfusion 

 Left ventricular systolic dysfunction results from a spectrum of 
pathophysiologies: necrosis/scar, hibernation, and myocardial 
stunning. Nuclear cardiology and other noninvasive imaging 
techniques (dobutamine echocardiography, delayed enhance-
ment imaging using cardiac MRI) are used to assess myocardial 
viability. Viability assessment seeks to identify dysfunctional 
myocardium that will improve with successful revasculariza-
tion to achieve (1) improvement in survival, (2) improvement in 
regional and global systolic function, (3) improvement in func-
tional class and quality of life, and (4) reduction in heart failure 
admissions and risk of sudden cardiac death. 

 For detection of viability, nuclear cardiology techniques 
can demonstrate cell membrane integrity (201-Tl imaging), 
intact mitochondrial function (99m-Tc), and preserved myo-
cardial metabolism (PET 18-FDG). The 201-Tl technique 
employs stress-redistribution imaging, with possible late 
redistribution imaging at 18–24 h. Late redistribution has a 
high PPV (~95 %) for identifi cation of segments that will 
improve with revascularization but has a limited ability to 
demonstrate lack of viability in defects that remain fi xed on 
late redistribution imaging. This can be improved with a 
reinjection protocol [ 61 ]. 

 PET imaging is a more robust nuclear tool for assessment of 
viability because it is able to assess both perfusion and metabo-
lism simultaneously (Fig.  13.6 ). Under ischemic/hibernating 
conditions, myocytes preferentially take up glucose rather than 
free fatty acids. As such, fl uorine-18-labeled FDG acts as a 
glucose analog and is localized to hibernating myocardium. 
FDG images are compared to Rb-82 perfusion images. Using 
PET, we categorize abnormal myocardium as follows:
•     Perfusion-metabolism  matched  defect: concordant 

 reduction in both myocardial blood fl ow and FDG is 
 considered irreversibly injured/nonviable. Associated 
with a 20 % chance of functional improvement following 
revascularization.  

•   Perfusion-metabolism  mismatch : FDG relatively pre-
served or increased despite perfusion defect is considered 
ischemic but viable. Associated with 80–85 % chance of 
functional improvement following revascularization.  

•   Perfusion-metabolism  reverse mismatch : preserved per-
fusion in the absence of increased FDG uptake. Can either 
represent poor glucose preparation or represent viable 
 tissue [ 62 ,  63 ].    

 In a meta-analysis of 24 studies of CAD patients with sys-
tolic dysfunction, revascularization in patients with demon-
strated viability was associated with an 80 % reduction in 
annual mortality when compared to medical therapy alone [ 64 ].   

   Nuclear Cardiology in the Matrix 
of Multimodality Imaging 

 There are a variety of tests available for the noninvasive diag-
nosis of CAD: stress echocardiography, myocardial perfusion 
imaging, coronary artery calcifi cation (CAC), cardiac com-
puted tomography angiography (CCTA), and perfusion MRI. 

 The detection of CAC has been demonstrated to provide 
incremental prognostic and diagnostic information to MPI, 
most notably in patients with severe multivessel CAD and in 
patients with a higher pretest probability of CAD [ 65 ]. 
SPECT and PET cameras with CT for attenuation correction 
allow for assessment of a calcium score, but this requires an 
additional ~1 mSv of radiation exposure. While CAC does 
not provide information about obstructive stenosis or loca-
tion of CAD, the CAC-based Agatston score is linearly asso-
ciated with presence and degree of inducible ischemia. In 
observational studies, approximately 30 % of patients with 
CAC scores of ≥400 had inducible ischemia on stress MPI, 
whereas only11% of patients with an Agatston score >1,000 
demonstrated a normal MPI [ 66 ]. 

 In comparison, CCTA has been shown to have a high sen-
sitivity and specifi city when compared to angiography, but it 
is an anatomic study (rather than functional study) and has 
limited diagnostic accuracy in patients with an Agatston 
score ≥400. The selection of noninvasive testing for diagno-
sis and prognosis is dependent on the pretest probability of 
disease, ability to exercise, patient comorbidities, and the 
balance of risk and benefi t of studies.  

   Test Performance 

 An understanding of the performance of MPI informs our 
clinical use of the test and our appreciation of its limitations. 
In simplifi ed terms, an MPI is performed by injection of a 
radioisotope. Delivery of the radioisotope to the myocardium 
is approximately proportional to coronary blood fl ow deliv-
ery to the myocardium, though this exact relationship varies 
by tracer. The isotope is extracted from the blood by viable 
myocytes and retained inside the myocyte for some period of 
time. Myocyte uptake of the radioisotope depends upon coro-
nary perfusion and the presence of myocardial cells to retain 
tracer. Depending on the tracer, this is related to membrane 
integrity and/or the presence of viable myocardial cells. 

 Photons are emitted from the myocardium in proportion 
to the magnitude of tracer uptake such that photon emission 
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from the myocardium is proportional to perfusion. The 
gamma photons collide with a detector crystal in the stan-
dard gamma camera where they are absorbed and converted 

into a visible light event, called a scintillation event. 
Scintillation events are detected by a photomultiplier tube. 
This information is converted into digital data to represent 

  Fig. 13.6    PET FDG to assess viability. A 58-year-old female with 
multiple cardiac risk factors with new-onset heart failure symptoms. 
Initial echo demonstrated moderate LV systolic dysfunction and her 
coronary angiogram demonstrated 3-vessel coronary artery disease. 
She was referred for PET-FDG to assess for myocardial viability prior 
to revascularization. She initially underwent rest perfusion with Rb-82 
45 mCi, as represented on the top row for each of the cuts. She has 
perfusion defects in both the LAD and LCx territory. Next, she was 
given 25 g oral glucose followed by 18 units of regular insulin to opti-
mize myocardial glucose uptake, which allowed stabilization of fi nger 
sticks at 150 mg/dl without the need of a euglycemic insulin clamp. 

She was injected with FDG 10 mCi and imaged after 1 h, as repre-
sented on the bottom row for each of the cuts. There is a medium-sized 
matched severe perfusion defect involving the apical LV segments and 
LV apex with modestly preserved metabolism, representing a prior MI 
in the distal left anterior descending (LAD) coronary arteryterritory 
with signifi cant residual viable myocardium in the rest of the LAD 
coronary territory. There is a matched large/severe defect involving the 
mid and basal inferior and inferolateral walls showing concordant 
reduction in FDG uptake, suggestive of prior MI in the left circumfl ex 
or right coronary artery coronary territory with minimal peri-infarct 
viability       
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magnitude and location of uptake. The image is processed 
and fi ltered prior to interpretation.  

   Radionuclide Tracers 

 There are 3 common tracers used in clinical nuclear cardiol-
ogy: thallium-201- and 2technetium-99m-labeled tracers, 
sestamibi (Cardiolite), and tetrofosmin (Myoview). 

 Thallium-201 (201-Tl) was developed in the 1970s as the 
fi rst tracer used for clinical MPI. Given that 201-Tl is a potas-
sium analog, the uptake of 201-Tl requires the presence of an 
intact transport system and electrochemical gradient, along 
with an intact cell membrane. Redistribution of 201-Tl begins 
within 10–15 min and is related to the concentration gradient 
and the presence of functioning myocytes. This property allows 
201-Tl to assess for presence of hibernating myocardium. 

 Since their introduction in the 1990s, the 299m-Tc- labeled 
perfusion agents, sestamibi and tetrofosmin, are now com-
monly used in clinical nuclear cardiology. 99m-Tc is a mon-
ovalent hydrophilic cation whose uptake depends on coronary 
blood fl ow along with plasma and mitochondrial- derived 
membrane electrochemical gradient. In comparison to 201-
Tl, 99m-Tc has a higher photon energy of 140 keV (vs. 201-
Tl 70–80 keV), which results in better spatial resolution with 
less attenuation and scatter. 99m-Tc provides improved 
image quality in women and obese patients since there is less 
soft tissue attenuation as compared to 201-Tl. 99m-Tc has a 
shorter half-life than 201-Tl (6 h vs. 72 h) which permits a 
higher dose to be administered while maintaining adequate 
counts in the image, resulting in a lower radiation dose than 
thallium. The minimal redistribution of 99m-Tc allows 
greater fl exibility when imaging. Imaging can be performed 
at 10 min but also up to 4 h after injection. 

 Higher counts and lack of redistribution permits ECG- 
triggered gated acquisition for assessment of LV systolic func-
tion, which is acquired simultaneous with the perfusion 
information. Unfortunately, 99m-Tc has a lower fi rst-pass 
extraction (60 %) compared to 201-Tl (85 %), which attenu-
ates a linear relationship of tracer uptake with coronary perfu-
sion. In addition, 99m-Tc is cleared by the liver and concentrated 
by the gallbladder. After injection, patients are imaged after a 
time delay (30–60 min following pharmacologic stress and 
10–45 min following exercise stress) to reduce GI tracer activ-
ity so that the inferior wall can be accurately assessed.  

   Nuclear Cardiology Imaging Protocols 

 Selection of a nuclear imaging protocol depends upon patient 
characteristics, the pretest probability of CAD in that patient, 
and local variation in practice. Depending on the protocol, 

the test takes 2–4 h over 1–2 days. On most SPECT cameras, 
the imaging component of the test requires that a patient lie 
fl at and still for 15–20 min with arms up. Acquisition time 
and patient positioning is changing with the introduction of 
solid-state cardiac-specifi c cameras. 

 A one-day split-dose protocol is performed with stress 
imaging followed by rest or the alternative sequence of rest fol-
lowed by stress imaging. The fi rst study is performed with 
administration of low-dose radioisotope at 8–10 mCi. The sec-
ond study is performed 1.5–2.5 h after the fi rst injection to 
minimize contamination between the two injections. The sec-
ond study is performed with high-dose radiotracer at 20–30 mCi. 

 In obese patients that weigh >250 lb, the single-isotope 
study is performed over 2 days so that both the fi rst and sec-
ond studies, regardless of sequence, can be performed with 
administration of high-dose radioisotope (20–30 mCi). This 
allows for adequate counts on both the rest and stress images. 

 As an alternative, stress-only imaging may be appropriate 
in patients who (1) have no known history of CAD or (2) 
have a history of CAD but no prior MI or CABG and in 
patients who are imaged on a system with attenuation correc-
tion. If a stress-only perfusion study is completely normal or 
completely abnormal, no rest imaging may be required. The 
benefi ts of stress-only imaging are increased effi ciency and 
reduction in radiation dose. When stress-only imaging is 
combined with exercise, a normal study is associated with a 
<1 % annual event rate, which is equivalent to a normal 
1-day stress/rest split-dose protocol [ 67 ]. 

 The use of single-isotope studies provides fl exibility in 
the nuclear lab for the performance of different protocols 
depending on lab and patient needs. Single-isotope studies 
improve the ease of interpretation and evaluation of transient 
ischemic dilation, allow use of attenuation correction which 
has been validated in 99m-Tc studies, and reduce the radia-
tion exposure, as compared to a dual-isotope protocol. In 
comparison, a dual-isotope study is performed with adminis-
tration of 3 mCi of 201-Tl at rest with imaging after 10 min 
followed by administration of 25–30 mCi of 99m-Tc at stress 
with imaging after 30–60 min [ 68 ]. The dual-isotope study 
can take advantage of the redistribution properties of 201-Tl 
to assess for viability in a region of apparent myocardial scar. 

 Physicians who order nuclear stress tests must be cogni-
zant of the dosage of radiation and work with specialists in 
nuclear cardiology to deliver care in accordance with the As 
Low As Reasonably Achievable (ALARA) philosophy. The 
estimated doses for nuclear cardiology protocols are as 
follows:
•    Single-isotope rest/stress 99m-Tc: 8–10 mSv  
•   Stress-only 99m-Tc: 7 mSv  
•   Single-isotope rest/stress 201-Tl: 18–20 mSv  
•   Dual-isotope imaging: 25–30 mSv  
•   PET rest/stress 82-Rb: 4–6 mSv [ 69 ]    
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 In comparison, a chest x-ray is 0.1 mSv, a diagnostic 
 coronary angiogram is 4–15 mSv, and environmental 
 exposure for the average American is 3 mSv per year.  

   Stress Modality 

 The selection of the stress modality (exercise, vasodilator, 
inotropic) is based upon a patient’s comorbidities and a 
patient’s ability to exercise to a high enough level to produce 
meaningful results. 

   Exercise Stress 

 Treadmill and bicycle stress is the preferred form of stress 
since exercise provides a link between symptoms and evi-
dence of ischemia. Exercise testing offers information about 
functional capacity, stress-induced ECG changes, and 
hemodynamic responses to physical activity, which all 
shape our understanding of the pretest probability for CAD 
and inform our interpretation of the nuclear perfusion 
images. 

 Exercise is appropriate in patients that have the ability to 
exercise and achieve an adequate heart rate (defi ned as 
≥85 % of age-predicted MPHR), rate pressure product (RPP) 
≥20 K (defi ned as product of peak systolic blood pressure 
(SBP) and heart rate (HR)), or workload (defi ned as ≥80 % 
functional aerobic capacity). Unfortunately, the sensitivity of 
the stress study to rule out myocardial ischemia is reduced in 
patients that are unable to achieve a peak heart rate ≥85 % of 
MPHR if the test is otherwise negative for chest pain or ECG 
changes. 

 Inadequate exercise may lead to an underestimation of the 
presence and severity of CAD [ 70 ]. In patients who fail to 
achieve adequate exercise levels, there is a signifi cantly 
lower rate of detection of single vessel coronary disease 
(35 % vs. 56 %), 2-vessel disease (58 % vs. 80 %), and 
3- vessel disease (56 % vs. 88 %) [ 71 ]. In addition, the sensi-
tivity for detection of ischemia falls if exercise duration is 
<6 min (<7 METs) on a Bruce protocol (89 % vs. 66 %, 
 p  < 0.01) [ 72 ]. 

 Importantly, a low functional tolerance (<6 METs) is 
associated with a fourfold increased risk of cardiac mortality 
[ 73 ]. The inability to exercise, as in an amputee, must be 
distinguished from a patient that is unable to adequately 
exercise due to low functional tolerance. 

 In patients with LBBB on baseline ECG, vasodilator 
stress may be preferable to exercise because of an increased 
likelihood of a false-positive perfusion defect in the sep-
tum with exercise stress in the absence of LAD disease 
[ 74 ,  75 ].  

   Vasodilator Stress Agents 

 In patients who are unable to perform an exercise stress test, 
vasodilator stress offers diagnostic accuracy that is compa-
rable to exercise. The vasodilator agents in current clinical 
use are dipyridamole, adenosine, and regadenoson. 

 Vasodilators act through adenosine receptors on vascular 
smooth muscle cells and endothelial cells to enhance arterial 
dilation and increase coronary blood fl ow. Unlike exercise, 
which induces a myocardial oxygen demand-fl ow mismatch 
to evaluate for heterogeneous CFR, vasodilators manipulate 
the homeostatic response to evaluate for heterogeneity in 
CFR. Importantly, the diagnostic accuracy of vasodilator 
stress MPI is comparable to exercise MPI and is equivalent 
among the different vasodilator stress agents [ 76 ,  77 ]. 

 Patients will experience fewer side effects with vasodilator 
agents that selectively act on the A2A adenosine receptor 
(regadenoson) and that have a shorter half-life (adenosine and 
regadenoson). Side effects from vasodilators are common 
(shortness of breath, dizziness, palpitations, transient heart 
block, and nausea), but serious complications remain rare. 
Because of selectivity, tolerability, and ease of use, regadeno-
son is now becoming the vasodilator stress agent of choice. 

 Vasodilators may be used along with exercise in patients 
whom exercise information is additive but are unable to 
achieve an adequate exercise level [ 78 ]. Exercise will improve 
tolerability of the vasodilator agents and will improve image 
quality because of reduced GI tracer contamination. 

 Caffeine and certain medications act as adenosine recep-
tor antagonists and may reduce the hemodynamic response 
to the vasodilator stress agents and increase the likelihood of 
a false-negative stress perfusion [ 79 ]. Therefore, patients are 
instructed to refrain from caffeine for 12–24 h and to hold 
methylxanthines and dipyridamole for the 48 h preceding 
their stress test. Other studies have demonstrated a less 
prominent effect of caffeine, though small studies suggest 
that caffeine may be ingested up to 2 h prior to a regadenoson 
stress without a reduction in diagnostic accuracy of the MPI 
[ 80 ]. Of note, vasodilator stress agents are contraindicated in 
patients with resting hypotension, 2nd-degree atrioventricu-
lar (AV) block/Mobitz II, or 3rd-degree AV block without 
pacing. In addition, caution must be exercised with the use of 
adenosine and dipyridamole in the setting of bronchospastic 
airway disease. Regadenoson has been shown to be safe in 
mild–moderate asthma [ 81 ].  

   Inotropic/Adrenergic Stress Agent 

 In patients in whom exercise and vasodilator stress is not 
appropriate, a consultant may consider dobutamine stress 
MPI. Dobutamine is an inotropic and adrenergic stress 
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agent. Similar to exercise, dobutamine increases heart rate, 
blood pressure, and coronary blood fl ow. Like exercise, 
 perfusion abnormalities induced by dobutamine are the 
result of ischemia in contrast to perfusion abnormalities 
from vasodilators, which are the result of induced fl ow 
 heterogeneity. Dobutamine is inappropriate in patients 
with poorly controlled hypertension, signifi cant aortic aneu-
rysm or poorly controlled supraventricular or ventricular 
arrhythmias.  

   Choice of Pharmacologic Stress Agent 

 Exercise is the preferable stress modality for the multiple 
reasons outlined above. Vasodilator MPI or dobutamine 
echocardiogram may be appropriate in patients who are 
unable to walk, have a LBBB, or have a paced rhythm, 
unless the patient is known to return to native rhythm with 
exercise. Pharmacologic stress (adenosine MPI, dipyridam-
ole MPI, and dobutamine echo) was evaluated in a meta-
analysis of 82 studies enrolling 10,817 patients and 
demonstrated similar sensitivity and specifi city for detection 
of CAD when compared to the gold standard of coronary 
angiography [ 82 ]. Regadenoson stress MPI correlates well 
with adenosine MPI [ 77 ]. 

 Chest pain and ECG changes occur less often during 
vasodilator stress than exercise stress. Given that vasodila-
tor MPI studies cannot provide important prognostic indi-
cators such as functional capacity and hemodynamic 
response to exercise, an increased signifi cance is placed 
upon superior SPECT image quality, reproducibility, and 
interpretability. Given the limitations of vasodilator MPI, 
one might consider the performance of a submaximal 
treadmill test in conjunction with a vasodilator MPI to min-
imize vasodilator- associated side effects, to improve image 
quality, and to provide prognostic exercise information 
[ 83 ,  84 ].  

   Medical Management Prior to Stress 
Myocardial Perfusion Imaging 

 The decision to withhold cardiovascular medications prior to 
stress MPI must be individualized to the patient and to the 
clinical question. When calcium channel blockers, nitrates, 
and beta-blockers are taken 24–48 h prior to vasodilator 
MPI, the MPI may underestimate the extent and severity of 
perfusion defects [ 85 ]. If the MPI is for the initial diagnosis 
of CAD, the consultant might hold antianginal and AV nodal 
agents. On the other hand, if the MPI is employed to assess 
new symptoms or burden of ischemia in a patient with known 
CAD, the consultant might continue all cardiovascular medi-
cines on the morning of the exam.   

   ECG-Gated Imaging 

 In patients with a regular heart rhythm, ECG-gated imaging 
can be performed simultaneous with 99m-Tc SPECT imag-
ing and 82-Rb PET imaging to allow for the assessment of 
LV systolic function and regional wall motion. 

 Automated programs calculate LV ejection fraction and 
are highly reproducible. The normal LVEF by SPECT is 
≥45 %. Of note, a normal LVEF is not comparable between 
different cardiac imaging modalities since they vary in tem-
poral and spatial resolution, nor is it comparable across dif-
ferent processing software. Gated LVEF may be inaccurate 
in the setting of an arrhythmia or in small-sized hearts. 
Unfortunately, if a wall has severely reduced or absent 
counts, the automated LVEF cannot be calculated, and the 
LV systolic function will be reported by qualitative assess-
ment. In SPECT MPI, post-stress LVEF will typically be 
equal to or higher than the rest LVEF. In moderate to severe 
stress-induced ischemia, myocardial stunning may cause a 
drop in LVEF, and this post-stress LVEF may be more than 
5 % lower than resting LVEF [ 86 ]. 

 Normal regional systolic function is depicted as 
 brightening of the myocardial walls. Brightness, or count 
recovery, is a function of radiotracer concentration and wall 
thickness. Wall motion is helpful adjunctive information in 
the interpretation of photopenic regions on perfusion images. 
Semiquantitative programs score wall motion and wall thick-
ening. Myocardial scar may demonstrate reduced wall 
motion. Normal wall motion will be seen in normal myocar-
dium, ischemic regions, apical thinning, and regions with 
soft tissue attenuation and scatter.  

   Comparison to Positron Emission 
Tomography (PET) Imaging 

 PET offers an alternative to SPECT, with improved image 
quality because of greater counts, less attenuation, and 
improvement in spatial resolution. The growth of PET MPI 
has been hampered by cost, limited availability of PET scan-
ners, and inability to perform exercise stress. 

 In a similar fashion to SPECT imaging, the underlying 
principle of PET is the injection of a radiotracer into the 
bloodstream, which is extracted from the blood by viable 
myocytes. A PET radiotracer stabilizes by emission of a 
positron, called beta decay. The positron travels a few milli-
meters before it collides with an electron. This collision 
causes annihilation of the positron and electron and conver-
sion to two gamma rays, which have an energy of 511 keV. 
At the camera head, the gamma rays create a scintillation 
event, which is detected by the photomultiplier tube. 
Localization in the  X  and  Y  planes relies upon intrinsic 
 collimation from two gamma rays. 
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 The radiotracer is labeled with a positron-emitting isotope 
and has characteristics identical to naturally occurring ele-
ments, such as oxygen, nitrogen, carbon, and fl uoride. Most 
PET perfusion radiotracers are produced by on-site cyclo-
trons and have short half-lives, such as N-13 and O-15. The 
advent of generator-produced PET tracers made the clinical 
use of PET myocardial imaging more feasible. Rubidium-82 
(Rb-82) has become a common clinically used myocardial 
perfusion agent that is generator-produced. Rb-82 is a cation 
with similar properties to potassium and thallium. Myocyte 
uptake of Rb-82 refl ects absolute blood fl ow, but its uptake 
plateaus under more hyperemic conditions. 

 Compared to SPECT imaging, PET perfusion studies have 
a higher spatial resolution that improves the diagnostic accu-
racy of the study along with improved attenuation and scatter 
correction [ 87 ]. This makes PET perfusion a compelling test 
in patients that may have limitations with soft tissue attenua-
tion and scatter on SPECT, such as obese patients and women. 
Rb-82 has a short half-life (72 s), which shortens study dura-
tion and limits the need for a delay between injection and 
imaging, as there is in SPECT imaging. Unfortunately, a short 
half-life limits the stress modality to only pharmacologic 
stress. Currently, there are new  18  F-fl urpiridaz radiotracers in 
clinical trials, which will expand PET perfusion to include 
exercise stress as well. While F-18 has a longer half-life when 
compared to Rb-82, it has much improved spatial resolution 
and better image quality as compared to Rb-82 [ 88 ]. 

 PET perfusion tracers allow quantifi cation of absolute 
myocardial blood fl ow and calculation of CFR. It has been 
demonstrated that estimates of CFR are inversely related to 
the severity of a coronary stenosis [ 89 ]. Small studies have 
demonstrated that quantifi cation of CFR improves the iden-
tifi cation of and the extent of CAD and improves risk strati-
fi cation, but CFR cannot distinguish between epicardial 
disease and microvascular dysfunction [ 90 ,  91 ]. 

 In addition to perfusion assessment, nuclear imaging 
allows for evaluation of cardiac metabolism. The most com-
mon application is PET imaging of glucose metabolism 
using radiotracer 18-F-fl uoro-2-deoxyglucose (18-FDG) to 
assess for myocardial viability. 18-FDG can also be used to 
assess for evidence of active myocardial infl ammation in the 
setting of cardiac sarcoidosis. Viability assessment will be 
discussed below. Other metabolic tracers used in clinical 
research allow for assessment of fatty acid uptake (SPECT 
123-1 and BMIPP, PET C11 palmitate), assessment of glu-
cose uptake (PET 11-C glucose), and assessment of oxygen 
utilization (PET 15-0 and 11-C acetate).  

   Blood Pool Imaging 

 Radionuclide ventriculography (RVG) is also called 
multiple- gated cardiac blood pool imaging (MUGA) and 
equilibrium radionuclide angiography (ERNA). It is a highly 

reproducible and accurate method to assess global and 
regional LV systolic function. RVG is performed either by 
injection with Tc-ppm pertechnetate or by in vitro labeling 
of the patient’s blood. Imaging is usually performed as equi-
librium RVG in which data is accumulated over a 5–10 min 
period, but imaging can also be performed as fi rst-pass RVG 
in which case the tracer is imaged during right-sided, pulmo-
nary and left-sided cardiac transit over a small number of 
cardiac cycles. The primary clinical use of RVG is in serial 
monitoring of LV systolic function in patients receiving car-
diotoxic medications such as anthracyclines for malignancy.      
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 Introduction

Noninvasive imaging in cardiology has revolutionized the 
diagnosis and management of many cardiovascular diseases. 
It provides useful and often critical diagnostic information to 
guide management at a fraction of the risk of invasive proce-
dures. Cardiac computed tomography (CT), cardiac mag-
netic resonance imaging (MRI), nuclear cardiology, and 
echocardiography all have unique and overlapping advan-
tages and disadvantages in terms of diagnostic potential, 
practicality, availability, cost, and risk. Echocardiography 
remains the least expensive, most widely accessible, and 
most frequently used imaging modality in cardiology with 

the least risk to the patient. Echocardiography can be used to 
evaluate almost any cardiovascular disease process and pro-
vide structural/anatomical, functional, and hemodynamic 
information in real time at the patient’s bedside. It can be 
used in both stable and critically ill patients. Two-dimensional 
(2D) imaging provides thin slice tomographic views of the 
heart from which anatomy, structure, and function can be 
determined. Doppler echocardiography provides assessment 
of function, flow, and pressures. Transesophageal echocar-
diography (TEE) provides an additional approach for inter-
rogating cardiac structure and function with ultrasound and 
often provides enhanced resolution of structures in patients 
who have poor precordial acoustic windows. TEE is also 
used to guide management in the operating room and cardiac 
catheterization laboratories [1, 2]. Dynamic testing with 
stress echocardiography can provide crucial diagnostic and 
prognostic information in patients with established or sus-
pected coronary artery disease, valvular disease, or symp-
toms with an unclear etiology. A detailed discussion of 
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echocardiography is beyond the scope of this chapter, which 
will focus instead on a general overview of echocardio-
graphic techniques important for consultative cardiology.

 Ordering and Interpreting Echocardiograms

There has been a dramatic increase in the use of cardiovascu-
lar imaging in health care. This increase is also accompanied 
by the potential for the inappropriate use and/or overuse of 
these imaging resources. In addition, it has been recognized 
that inappropriately ordered nontoxic imaging procedures, 
such as echocardiography, can lead to other tests or interven-
tions which could harm patients. In response to these con-
cerns, the American College of Cardiology Foundation 
(ACCF) in partnership with the American Society of 
Echocardiography (ASE) and other relevant specialty orga-
nizations published Appropriate Use Criteria for specific 
modalities. In 2011, these societies published a comprehen-
sive report on Appropriate Use Criteria (AUC) for echocar-
diography covering TTE, TEE, and stress echocardiography 
[3]. The AUC are intended to guide ordering of echocardio-
grams by medical providers but are also explicitly intended 
to guide payers in deciding whether to cover echocardio-
graphic procedures. Although exhaustive in scope, the AUC 
essentially classifies echocardiograms as inappropriate if the 
results do not have the potential to change clinical manage-
ment, if the study is performed as a routine follow-up when 
there are no changes in the clinical condition and for screen-
ing purposes in the absence of signs or symptoms of cardio-
vascular disease. Echocardiography to evaluate signs and 
symptoms of cardiovascular disease, to detect structural 
changes in certain disease states, and to establish indications 
for specific therapies is appropriate. A number of indications 
are of uncertain or unclassified appropriateness because 
there is inadequate evidence. Because TEE provides 
improved spatial resolution (since the TEE probe is located 
directly behind the left atrium with minimal soft tissue sepa-
rating the probe from the myocardium), TEE is indicated 
when TTE views are inadequate or as the first test when TTE 
is unlikely to be able to answer the clinical question (e.g., 
excluding left atrial appendage thrombus prior to cardiover-
sion, since TTE does not visualize the left atrial appendage 
well). TTE and TEE are complimentary. While TEE can pro-
vide superior resolution of most cardiac structures, it is 
sometimes inferior to TTE in visualizing anterior structures 
such as the LV apex, the RV, and the pulmonic valve. 
Furthermore, Doppler interrogation of valves is usually 
superior with TTE. TEE is a semi-invasive procedure which 
requires conscious sedation in most cases. Complications are 
rare but include risks of esophageal intubation (dental 
trauma, esophageal trauma/perforation, bleeding, aspiration) 
and risks of conscious sedation (hypoxia, hypotension, 

arrhythmias). Intracardiac echo (ICE) involves placement of 
a catheter with an attached miniature echo probe through the 
venous system into the right heart. ICE is primarily used to 
guide transseptal puncture during left atrial ablation 
 procedures for atrial fibrillation and to position atrial septal 
closure devices. However, it can also be used to examine the 
left atrial appendage for thrombus prior to cardioversion [4].

In addition to appropriately ordering echocardiograms, 
medical providers should take care to provide accurate and 
adequate information in the clinical order. Sonographers 
will often focus on specific structures that are known to be 
of clinical importance based, in part, on the stated indica-
tion for the echocardiogram. If the ordering provider sup-
plies erroneous information, there is a chance that 
inadequate images will be obtained. Similarly, echocar-
diographers often rely on the clinical indication to direct 
specific interpretations.

When reading echocardiogram reports and considering 
what to do with their findings, it is important for the medical 
provider to note overall technical quality and statements 
about the visualization of specific structures of interest. The 
findings should be compared to prior echo reports and other 
imaging. If something does not make sense, it is reasonable 
to personally review images with the echocardiographer. In 
some cases it is helpful to seek a second opinion.

 Echocardiographic Techniques

M-mode imaging sends and receives a single beam of ultra-
sound. The resulting single scan line is plotted over time to 
show movement of structures. M-mode has very high tempo-
ral and spatial resolution and is useful for tracking fine move-
ments and making measurements. The accuracy of these 
measurements is frequently compromised when the M-mode 
interrogation angle is not perpendicular to the imaged struc-
tures, leading to an overestimate. In 2D imaging, the trans-
ducer sends out and receives a series of scan lines over an arc 
of 90°. Real-time images constructed from these lines are 
displayed to make a moving picture of the heart. 2D tempo-
ral and spacial resolution has improved to rival that of 
M-mode but is still compromised when patients have poor 
acoustic windows (e.g., lung disease, obesity, post-cardiac 
surgery).

Types of Doppler ultrasound include continuous wave (CW) 
and pulsed wave (PW) (collectively called “spectral Doppler”), 
color Doppler, and tissue Doppler. CW Doppler uses two ultra-
sound crystals—one continuously transmitting and the other 
continuously receiving. Advantages include the fact that very 
high velocities can be measured because sampling is continuous. 
Drawbacks include the fact that signals from the entire length of 
the ultrasound beam are recorded rendering accurate spatial 
localization of specific velocities impossible. It is crucial to align 
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Doppler ultrasound beams as parallel as possible to flow to 
resolve the peak velocities. In contrast, PW Doppler uses a single 
crystal to transmit a pulse of ultrasound and, after a specified 
time interval (determined by depth of interest), the crystal 
receives the reflected/backscattered signals. The transmit-wait- 
receive cycle time (pulse repetition frequency (PRF), number of 
pulses transmitted per second) increases with increasing depths 
of interest. PW allows one to determine the velocities at a spe-
cific location but it cannot resolve high velocity signals. Color 
Doppler uses PW Doppler techniques. Hence, it has same advan-
tages and disadvantages as PW Doppler. Color Doppler places 
multiple sample volumes along multiple sampling lines generat-
ing a 2D anatomical image of movement, whether of blood or 
tissue. Velocities are displayed using a set color scale. Spatial 
pattern of flow is the focus of color Doppler rather than veloci-
ties; hence, valuable information can be gained despite imperfect 
interrogation angles. Color Doppler allows for assessment of 
spatial/anatomical location, speed, and direction of motion. In 
general, red color denotes movement towards the transducer, 
blue denotes movement away from the transducer, and white, 
yellow, or green signal turbulent flow. Tissue Doppler imaging 
(TDI) records the motion of tissue rather than blood cells. 
Therefore, the echo machine settings are changed to allow for the 
detection of lower velocity signals from tissue movement (usu-
ally <30 cm/s) which is in contrast to the velocities measured for 
blood (up to 800 cm/s). TDI uses the PW Doppler technique to 
acquire data from specific locations in the myocardium. The 
common locations sampled clinically include the septal and lat-
eral mitral valve (MV) annulus and the lateral tricuspid valve 
(TV) annulus for assessment of LV diastolic function and RV 
systolic function.

Three-dimensional (3D) echocardiography allows the 
contemporaneous visualization of cardiac structures and 
their relationship to each other. In general, it provides more 
accurate measurements of ventricular volumes and mass 
than 2D echocardiography [5]. 3D TEE is particularly useful 
in characterizing MV pathology (Fig. 14.1, Video 14.1). 
Precise definition of the origin and cause of regurgitant jets 
and accurate planimetry of the MV diastolic orifice are pos-
sible. However, since the resolution of current systems is 
relatively low, fine structures are often seen better with 2D 
imaging. Suboptimal 2D images generally portend inade-
quate 3D images. Single beat 3D acquisitions have a limited 
field of view. The large-field, “full-volume” 3D acquisitions 
consist of 4–6 pyramids of data acquired in 4–6 separate car-
diac cycles which are “stitched” together, leading to artifacts 
in the setting of arrhythmias, deep breathing, and cardiac 
translational motion. Acquisition, analysis, and interpreta-
tion of 3D datasets require specialized training [6].

Contrast agents used in echocardiography consist of agi-
tated saline and synthetic microbubbles. Both sources of 
bubbles are good reflectors of ultrasound waves and generate 
strong signals, leading to bright contrast in the heart 

 chambers. Agitated saline is composed of air mixed with 
saline, producing bubbles which can be injected into the 
right side of the heart. These bubbles are trapped in the pul-
monary capillaries and will not pass into the left heart unless 
there is an intracardiac or intrapulmonary shunt. The appear-
ance of bubbles in the left side of the heart within 5 cardiac 
cycles of right-sided opacification and increase in left-sided 
bubbles in the release phase of Valsalva suggest intracardiac 
shunting. Left-sided bubbles appearing after 5 cycles denote 
intrapulmonary shunting. Synthetic microbubble contrast 
agents consist of an inert gas inside of a protein or lipid shell. 
Contrast agents are about the size of red blood cells and 
therefore traverse the pulmonary capillaries, opacifying the 
left side of the heart. Contrast agents can improve delinea-
tion of wall motion and measurement of LVEF in patients 
with suboptimal echocardiographic images. Both types of 
contrast agents can also be used to augment Doppler signals, 
such as the TV regurgitant jet [7].

Speckle tracking is a new echocardiographic technique 
that tracks unique patterns of echo-bright speckles in the 
myocardium. Tracking the displacement and velocity of 
these speckles over the cardiac cycle allows the calculation 
of myocardial strain (motion of a myocardial segment rela-
tive to its position at rest) and strain rate. The clinical 
 applications of speckle tracking are still under investigation, 
but it has been used to assess systolic function, wall motion, 

Fig. 14.1 Mitral valve in 3D. Three-dimensional transesophageal 
echocardiographic images of the mitral valve from the “surgeon’s 
view”—the left atrial perspective. The anterior leaflet is on top and the 
posterior leaflet is on the bottom. This technique provides a unique per-
spective from which to evaluate all scallops of the mitral valve leaf-
lets—from left (lateral) to right (medial) aspects of the posterior leaflet, 
P1, P2, and P3, and the corresponding scallops of the anterior leaflet, 
A1, A2, and A3. In this patient there is also a medial commissural leaf-
let (CL) which located at the intersection of the anterior and posterior 
leaflets. The video demonstrates prolapse of the P2 segment (middle 
portion of the posterior leaflet) and P3 (medial or rightward portion of 
the posterior leaflet)
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diastolic function, left atrial function, and dyssynchrony. 
Speckle tracking requires high-resolution images which are 
not possible on all patients [8].

 Basic TTE and TEE Views

A basic knowledge of what can be visualized in the common 
TTE and TEE views may help the cardiovascular consultant 
in ordering, interpreting, and using information from echo-
cardiography (Table 14.1).

 Specific Uses of Echocardiography

 Chamber Quantification

 Left Ventricle
Various types of echocardiographic characteristics of spe-
cific disease states have been characterized for the left ven-
tricle (LV) (Fig. 14.2, Videos 14.2a and 14.2b) (Fig. 14.3, 
Videos 14.3a and 14.3b). Echocardiographic measures of 
LV chamber size, geometry, wall thickness, and function 
are strong independent predictors of morbidity and mortal-
ity and, as such, play a significant role in cardiovascular 

Table 14.1 Main transthoracic and transesophageal echocardiography views and anatomy

View Left heart anatomy Right heart anatomy Extracardiac anatomy

TTE: parasternal  
long-axis view

Aortic valve right and noncoronary cusps Muscular RVOT Aortic root
MV anterior and posterior leaflets Sinuses of Valsalva
Mitral subvalvular structures Sinotubular junction
LA Ascending aorta (proximal 

3–4 cm)
Coronary sinus RPA
LV (anterior septum and inferolateral  
wall)

Descending aorta (short axis)
Intrapericardial space (fat, fluid)
Intrapleural space (pleural 
effusion)

TTE: parasternal RV inflow 
view

RV IVC entering RA inferior to 
coronary sinusRA

TV anterior and posterior
Moderator band
Coronary sinus entering RA  
(near TV annulus)
Eustachian valve (junction of  
IVC and RA)

TTE: parasternal TV outflow 
view

RVOT
PV
Pulmonary artery

TTE: short-axis view
 Aortic valve level All three aortic valve leaflets (right, left, 

and noncoronary cusps)
RVOT Pulmonary artery

LA TV septal and anterior leaflets
Interatrial septum RV inflow

RA
Interatrial septum

 Mitral valve level Segments (scallops) of anterior (A1, A2, 
A3) and posterior (P1, P2, P3) MV leaflets
Medial and lateral MV commissures

  Mid-ventricular (papillary 
muscle) level:

Medial and lateral papillary muscles Posterior pericardium

  Chamber quantification 
and LV function

LV wall segments (mid): anterior, 
anterolateral, inferolateral, inferior, 
inferoseptum, anteroseptum

  Abnormal septal motion 
(RV volume/pressure 
overload, conduction 
disease, prior cardiac 
surgery, pericardial disease)

Interventricular septum

 Apical level LV wall apical segments: anterior, lateral, 
inferior, and septal
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disease diagnosis, management, risk stratification, and 
prognosis [9].

Several different methods are available to quantify the LV. 
Dimensional measurements using M-mode echocardiogra-
phy allow calculation of LV internal diameters during sys-

tole and diastole, septal and posterior wall thickness, 
fractional shortening, and ejection fraction. Dimensions are 
measured in a single plane, leading to inaccuracies in con-
verting linear measurements into 3D volumes. Volumetric 
measurements rely on high-resolution 2D apical 2-and 

View Left heart anatomy Right heart anatomy Extracardiac anatomy

TTE: apical 4-chamber view LV wall segments: anterolateral, 
inferoseptum, apex

RV free wall Right upper pulmonary vein

MV anterior and posterior leaflets and 
annulus

TV septal leaflet (adjacent to 
septum) and anterior or 
posterior leaflet

Descending aorta (lateral to LA)

LA RA
Interatrial septum

TTE: apical 5-chamber view Spectral Doppler of aortic valve
TTE: apical 2-chamber view LV (anterior and inferior walls) Long axis of descending aorta 

(adjacent to posterior wall of LA)MV (anterior leaflet)
LA

TTE: apical long-axis view Identical to PLAX RVOT Aortic root
LV (anteroseptum, inferolateral walls)
LVOT
Aortic valve
Mitral valve
LA

TTE: subcostal view LV (septum, anterolateral walls) RV free wall IVC size and collapsibility (RA 
pressure)

LA RA Hepatic veins (RA pressure, 
pericardial diseases, TR)Interatrial septum (best TTE view)

TTE: suprasternal notch 
view

Superior portion of LA (inferior to 
pulmonary arteries)

Ascending aorta
Aortic arch
Proximal descending aorta
Origins of brachiocephalic artery
Left common carotid
Subclavian artery
SVC (adjacent to ascending 
aorta)
RPA inferior to arch

TEE: mid-esophageal 
position

LV wall segments RV free wall Pulmonary veins
MV anterior and posterior leaflets and 
annulus

TV septal leaflet (adjacent to 
septum) and anterior or 
posterior leaflet

Aortic root

LA RA Sinus of Valsalva
Left atrial appendage RA appendage Ascending aorta
Interatrial septum Coronary sinus Pulmonary artery

SVC
IVC

TEE: transgastric position LV short axis RV short axis IVC
Sub-mitral apparatus Spectral Doppler of pulmonic 

valve
Pericardium

Spectral Doppler of aortic valve

TTE transthoracic echocardiogram, TEE transesophageal echocardiogram, RVOT right ventricular outflow tract, LV left ventricle, RV right ven-
tricle, RA right atrium, TV tricuspid valve, IVC inferior vena cava, PV pulmonic valve, LA left atrium, MV mitral valve, PLAX parasternal long-axis 
view, SAX short-axis view, TR tricuspid regurgitation, RVOT right ventricular outflow tract, LVOT left ventricular outflow tract, RPA right pulmo-
nary artery, SVC superior vena cava, IVC inferior vena cava

Table 14.1 (continued)
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4-chamber views with good endocardial border definition for 
tracing the cavity. These measurements can also be made 
from specific TEE views. End-systolic (ESV) and end-dia-
stolic volumes (EDV) can be calculated using the modified 
Simpson’s rule, which calculates the total LV volume in sys-
tole and diastole by dividing them into disks. Each disk has a 
specific area and height, from which can be calculated the 
disk volume. The LV volume is the summation of these 
disks. The area-length method can be used when endocardial 
definition is inadequate. This method assumed the LV is bul-
let shaped. The mid-LV cross-sectional area is measured via 
planimetry and the length of the LV is taken from a line 
drawn from the MV annulus to the apex in the 4-chamber 

view. Measurements are performed in end diastole and end 
systole. EDV and ESV are calculated from both these meth-
ods as

 
EF EDV ESV EDV= -( ) /  

Foreshortening of the chambers (failing to obtain an 
imaging plane that visualizes the true long and short axes of 
a chamber) is a significant pitfall which can be overcome by 
using 3D imaging.

LV mass is a strong independent predictor of outcome and 
response to therapy. LV mass can be calculated using M-mode, 
2D, or 3D approaches and is based on the subtraction of the LV 

a b

Fig. 14.2 Stress-induced cardiomyopathy. (a) Apical 4-chamber view 
demonstrates akinesis of the mid chamber to the apex, consistent with 
either multivessel coronary ischemia or stress-induced cardiomyopathy 

(Takotsubo). (b) Several weeks later, repeat echocardiography demon-
strates complete resolution of the wall motion abnormalities, consistent 
with a diagnosis of stress-induced cardiomyopathy

a b

Fig. 14.3 Echodensity filling the left ventricle. (a) The left ventricle is 
filled from the mid wall to the apex with a large echodensity. The dif-
ferential diagnosis included thrombus and endocardial fibroelastosis. 
(b) However, color Doppler demonstrated flow within the echodensity 

(small arrows) and highlighted deep crypts (large arrow). These mor-
phological findings are consistent with non-compaction 
cardiomyopathy
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cavity volume from the total volume surrounded by the LV epicar-
dium. This technique provides the LV muscle volume. This vol-
ume is converted to mass by multiplying by the myocardial density. 
Although calculations can be based on either linear M-mode or 2D 
measurements, 3D measurements provide the best accuracy when 
endocardial definition is adequate.

Chamber remodeling refers to the size, geometry, wall 
thickness, and functional changes that occur over time in 
response to various physiological and pathological states. 
These remodeling processes can occur to any chamber of the 
heart, though LV remodeling has garnered the most atten-
tion. LV remodeling provides diagnostic and prognostic util-
ity in the clinical setting in addition to acting as a surrogate 
endpoint for animal and human clinical intervention trials. 
Relative wall thickness (RWT) incorporates measures of 
wall thickness and chamber diameter. This formula is based 
on the linear measurements:

 
RWT PWTd LVIDd= ´( )2 /  

where PWTd = posterior wall thickness in diastole and 
LVIDd = left ventricular internal diameter in diastole. This 
formula allows one to classify increases in LV mass.

Concentric hypertrophy is marked by increased LV mass 
due primarily to increased wall thickness, while eccentric 
hypertrophy is characterized by increased LV mass from 
enlargement of the LV chamber. Compensatory remodeling in 
chronic pressure overload states (e.g., hypertension, aortic ste-
nosis) usually results in concentric hypertrophy (increased 
wall thickness, normal cavity volume and a preserved EF with 
an increased RWT and increased LV mass). Compensatory 
remodeling also occurs in chronic volume overload states 
(e.g., severe mitral or aortic regurgitation) and usually results 
in eccentric hypertrophy (increased chamber diameter out of 
proportion to increased wall thickness).

Concentric remodeling consists of increased wall thick-
ness with normal LV mass and represents physiological 
remodeling. It is found in athletes’ hearts in response to 
chronic increased levels of activity, but it can also be seen in 
chronic hypertension associated with high peripheral resis-
tance, increased arterial stiffness, and reduced cardiac index. 
The transition to pathological remodeling involves progres-
sive dilatation and shape change of the LV resulting in sig-
nificant changes in chamber geometry and reduced systolic 
and diastolic function. Pathological LV remodeling repre-
sents the final downstream pathway common to pressure 
overload, volume overload, many cardiomyopathic pro-
cesses, and myocardial infarction.

 Left Atrium
Left atrial (LA) size represents a powerful independent 
 predictor of outcomes and provides essential diagnostic infor-

mation about left-sided filling pressures, LV diastolic func-
tion, and MV function [10]. LA size can be measured using 
linear methods from the parasternal long axis. A more accu-
rate method, however, takes into account the fact that the LA 
can dilate in multiple different directions. Left atrial volume 
is measured in ways similar to LV volumes. Wherever possi-
ble, LA volume should be indexed to body mass index. Newer 
techniques such as speckle tracking have been used to quan-
tify left atrial function but require further validation [10].

 Right Ventricle, Right Atrium,  
and Pulmonary Artery
Right ventricular (RV) chamber dilatation and RV systolic 
dysfunction have been shown to be strong independent pre-
dictors of outcome, morbidity, and mortality. RV geometry is 
complex; it is a crescent-shaped structure which wraps 
around the LV. 2D visualization of the RV and, therefore, 
area/length measurements are highly sensitive to probe posi-
tion with significant inter- and intraobserver variability. 
Therefore, assessment of RV structure and function requires 
an integrated approach utilizing several different approaches 
and multiple views. The important parameters include (1) 
RV free-wall thickness as a marker of RV hypertrophy, (2) 
RV chamber dimensions, (3) septal motion (indicative of RV 
volume and/or pressure overload, constrictive physiology, 
left bundle branch block (LBBB), pacing), and (4) RV frac-
tional area change and tricuspid annular plane systolic excur-
sion (TAPSE) as markers of systolic function. RV free-wall 
thickness can be measured from 2D or M-mode in the para-
sternal long-axis (PLAX) or subcostal views. RV chamber 
dimensions include the right ventricular outflow tract 
(RVOT) diameter (short-axis (SAX) view), the RV longitudi-
nal length, and the basal and mid diameters (apical 4- chamber 
view). RV fractional area change is akin to measurements of 
the LVEF except that area, rather than volume, is used, with 
normal values from 32 to 60 %. TAPSE measures RV longi-
tudinal motion during systole (approximately 70 % of RV 
systolic function occurs in the longitudinal direction) and 
can be measured in the apical 4-chamber view using M-mode 
or 2D techniques. Right atrial size is also measured as an 
area with enlargement defined as area >18 cm2. The pulmo-
nary artery dimension is measured in the SAX view at the 
level of the ascending aorta [11].

 Aorta
While echocardiography cannot visualize the entire aorta, many 
sections of the aorta can be measured and assessed for dissec-
tion, calcification, atherosclerotic plaques, and intramural 
hematomas. Using the TTE PLAX views, the maximal diame-
ter of the aortic root at the sinuses of Valsalva and the sinotubu-
lar junction are easily seen. The aortic arch can be visualized by 
placing the echo transducer in the suprasternal notch. 2D and 
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Doppler interrogation of the proximal descending aorta can be 
used to assess for aortic coarctation. Portions of the descending 
thoracic aorta can be seen posterior to the LA in PLAX and api-
cal 2-chamber views. The proximal portion of the abdominal 
aorta can be seen in the subcostal view. Aortic root dilatation at 
the sinus of Valsalva is defined by an echo-derived diameter 
greater than the 95 % confidence interval of the reference popu-
lation, indexed to age and body surface area.2 Aneurysms of 
other segments can be determined when the segment is larger 
than contiguous segments of apparently normal size. 
Enlargement of the root and ascending aorta should trigger 
careful assessment of the aortic valve, as bicuspid valves are 
associated with aortopathy. Approximately 3–4 cm of the 
ascending aorta can also be visualized.

In dissection, echocardiography identifies a flap separat-
ing the true from the false lumen (the true lumen expands 
during systole). Color Doppler can detect differential flow 
on either side of the flap (or thrombus in the false lumen) and 
intimal tears with flow from the true into the false lumen. 
Important other findings include hemopericardium, aortic 
regurgitation, and ventricular dysfunction (possibly signify-
ing obstruction of coronary arteries). TTE is 77–80 % sensi-
tive and 93–96 % specific for identifying proximal aortic 
dissection. TEE usually is superior in assessing size and ath-
eromatous disease of every section of the aorta, except the 
abdominal aorta and a small portion of the superior aspect of 
the ascending aorta (where the trachea and left mainstem 
bronchus may interfere with visualization). It is 88–98 % 
sensitive and 90–95 % specific for identifying proximal aor-
tic dissection [12]. TEE has an advantage over CT and MRI 
of the aorta in that it can be performed at bedside in unstable 
patients and is able to determine mobility of atheromatous 
plaques. TEE can differentiate intramural hematomas 
(smooth luminal surface crescent-shaped) from dissections 
with thrombus (intimal flap, non-crescent-shaped) and 
thrombus or plaque (irregular surface).

 Echocardiographic Assessment  
of Diastolic Function

The clinical importance of identifying and quantifying the 
severity of diastolic dysfunction and the presence of elevated 
left heart filling pressures has been demonstrated in many 
trials. Parameters of diastolic dysfunction are strong inde-
pendent predictors of morbidity and mortality in heart failure 
patients and have also been shown to predict the future 
development of heart failure in asymptomatic patients. Left 
ventricular hypertrophy (LVH) and increased LV mass are 
associated with and predictive of diastolic dysfunction and 
adverse outcomes [13]. The presence of severe diastolic dys-
function correlates more strongly with symptoms in heart 
failure patients than ejection fraction [14].

Echocardiography plays a central role in assessing dia-
stolic function; methods for evaluating diastolic function 
and left-sided filling pressures have been standardized [15]. 
The most important goals when assessing diastolic function 
are to determine the grade of diastolic dysfunction and 
whether there are normal or elevated left-sided filling pres-
sures (Table 14.2). Whether the LVEF is preserved or 
decreased impacts the evaluation of diastolic function. 
Patients with systolic dysfunction almost always have some 
degree of diastolic dysfunction. Structural diastolic param-
eters include LA size/LA volume, LVH, and LV mass. 
Volumetric measurement of LA size, in particular, should 
be a standard part of diastolic functional assessment, though 
it can reflect disease processes besides diastolic dysfunc-
tion, such as atrial fibrillation, mitral regurgitation and ste-
nosis, and heart transplantation. Functional measures 
include mitral valve inflow Doppler parameters. These 
parameters include the ratio of peak early diastolic filling 
velocity (E wave) to peak atrial contraction filling velocity 
(A wave) and deceleration time of the E wave (a short time 
indicates fast equalization of LA and LV pressures, sug-
gesting high LV filling pressures). Supporting measures of 
diastolic function are necessary in many cases, because a 
so-called “pseudonormal” pattern of mitral E velocity and 
E/A ratio exists, indicative of moderate diastolic dysfunc-
tion. These other measures include the ratio of peak sys-
tolic to diastolic velocity from spectral Doppler recording 
in the pulmonary veins, the LA size index, the difference 
between the duration of mitral inflow and pulmonary vein 
flow reversal during atrial contraction, flow propagation 
from the mitral annulus to the LV apex, and the pulmonary 
artery systolic pressure. MV annular early diastolic relax-
ation velocity measured from tissue Doppler imaging (e′ or 
ea) provides an assessment of diastolic ventricular compli-
ance. Using a combination of these parameters, one can 
classify patients as having normal diastolic function or 
mild, moderate, or severe diastolic dysfunction. The ratio 
of E to e′ can also be used as a measure of left atrial pres-
sure (< or >/= 15 mmHg), in combination with other 
measurements.

 “Echo Swan”

Various echocardiographic techniques have been used to 
estimate cardiac hemodynamics. The “echo swan” approach 
can provide estimates of filling pressure which correlate with 
specific invasive hemodynamic values (pulmonary artery 
systolic, mean and diastolic pressures, pulmonary vascular 
resistance) or ranges of pressures (right atrial pressure) or 
provide an estimate above or below a certain value (pulmo-
nary capillary wedge pressure, LV end-diastolic pressure) 
(Table 14.3).
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 Echocardiography of Valves

Echocardiographic modalities play an integral role in the 
identification, structural and functional evaluation, and 
serial monitoring of patients with valvular heart disease. 
These modalities establish the presence and etiology of a 
valve abnormality and estimate the severity of valvular 
dysfunction. Echocardiography also provides an assess-
ment of the hemodynamic and functional consequences of 
valvulopathies on cardiac structure and function. 

Guidelines on the assessment of valve stenosis [16] and 
regurgitation [17] emphasize the importance of employing 
a comprehensive and integrated approach to aim for con-
cordance between the different parameters assessed 
(Table 14.4). Explanations for discordance should be 
sought. Echocardiography also plays a central role in the 
evaluation of prosthetic valve function. Echocardiographic 
techniques can help detect and distinguish between pros-
thetic valve obstruction (pannus, thrombosis) and patient-
prosthetic valve mismatch and provide a comprehensive 

Reference values supporting diastolic dysfunctiona

Females Males

Structural parameters:
LA volume index (2- or 4-chamber 
view), ml/m2

≥34 ≥34

LV septal wall thickness, cm >0.9 cm >1.0
LV posterior wall thickness, cm >0.9 cm >1.0
LV mass index, g/m2 >95 >102

Reference values
Normal

Functional parameters:
Mitral valve E/A ratio ≥1–<2*
Mitral E wave velocity, cm/s ≤50*
Mitral valve E wave Deceleration 
time (DT)

160–200 ms*

Pulmonary vein systolic/diastolic 
inflow velocity ratio

>1

Septal E′ ≥8
Lateral E′ ≥10
Septal E/E′ (left sided filling 
pressures)

≤8

Lateral E/E′ (left sided filling 
pressures)

≤8

*Also seen in “pseudonormal” 
pattern
↑Left-sided filling pressures 
(in patients with normal EF)

Grade of diastolic dysfunction

Likely ↑Filling pressures Grade 1 (mild) Grade 2 (moderate) Grade 3 (severe)

E/A ratio ≥1 Septal E′ <8 Septal E′ <8 Septal E′ <8
LAVI ≥34 ml/m2 Lateral E′ <10 Lateral E′ <10 Lateral E′ <10
Septal E/E′ >15 LAVI ≥34 ml/m2 LAVI ≥34 ml/m2 LAVI ≥34 ml/m2

Lateral E/E′ >12 E/A ratio <0.8 E/A ratio 0.8–1.5 E/A ratio ≥2
Av E/E′ >13 DT >200 ms DT 160–200 ms DT <160 ms
↑Left-sided filling pressures  
(in patients with low EF)
Likely ↑Filling pressures ↑ Filling pressures

E/A ratio ≥1 – <2 E/A >2
E/A <1 and E Vmax >50 ms DT <150 ms
E/E′ (avg E′) >15 E/E′ >15
Pulmonary S/D ratio <1

LA left atrium, LV left ventricle, LAVI left atrial volume index, DT deceleration time, EF ejection fraction, 
E early rapid filling wave, A filling wave due to atrial contraction, E/A ratio ratio of early rapid to atrial 
filling, S/D ratio pulmonary vein systolic/diastolic peak velocity ratio, E′ early diastolic tissue Doppler 
velocity, Av average
aNagueh et al. [15]

Table 14.2 Simplified 
echocardiographic assessment of 
diastolic function
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assessment of regurgitation (valvular vs. perivalvular, 
detection and characterization of valve dehiscence). 3D 
TEE has proven particularly helpful for characterization of 
MV prosthetic dysfunction.

 Valvular Stenosis
Assessing the severity of valvular stenosis by echocardiogra-
phy involves the measurement of peak and mean gradients 
and valve areas. A detailed description of echo calculations 
is beyond the scope of this chapter, but there are two impor-
tant simple equations that should be understood. From the 
modified Bernoulli equation (pressure = 4 × velocity2), pres-
sure gradients across an orifice can be estimated. Thus, spec-
tral Doppler velocities can be used to measure diastolic, 
systolic, and mean pressures across an orifice. Mean and 
peak pressure gradients are useful for assessing the severity 
of stenotic lesions (particularly aortic, mitral, pulmonic, and 
tricuspid valve stenosis and LV/LV outflow tract (OT) 
obstruction). The flow volume equation (Fig. 14.4) can be 

used to measure stenotic valve areas because the flow vol-
ume through an area proximal to the valve must equal the 
flow volume through the valve.

Aortic stenosis severity is based on three parameters: aor-
tic stenosis jet velocity, mean transaortic gradient, and aortic 
valve area (AVA) by continuity equation. Aortic jet velocity 
is measured by CW Doppler (apical, suprasternal, right 
upper sternal border) to obtain the highest velocity that is 
parallel to the ultrasound beam. The velocity profile should 
have a triangular shape with the peak in early systole with 
mild AS. As the stenosis worsens, the profile becomes 
rounded with the peak occurring at mid-systole.

The main limitations in the calculation of aortic gradients 
are misalignment of the aortic jet, inclusion of the mitral 
regurgitant jet and pressure recovery. Pressure recovery 
needs to be considered when the ascending aorta is <30 mm 
in diameter. As the aortic jet ejects through a narrow orifice, 
the flow decreases, and the kinetic energy is converted to 
potential energy and heat loss. The conversion to potential 

Hemodynamic parameter Echocardiographic equivalent

RA pressure (RAP) 2D subcostal view of IVC in long axis
Based on size of IVC and degree of collapse with inspiration, pressure 
estimated as 0–5, 6–10, or 10–20 mmHg
For simplicity, use 3, 8, and 15 mmHg

Pulmonary artery systolic 
pressure (PASP)a

CW spectral Doppler of TR velocity used to calculate peak TR pressure 
gradient (4v2)
RVSP = TR pressure gradient + RA pressure

Pulmonary artery 
diastolic pressure (PADP)

CW spectral Doppler of PR velocity (measurement taken at end diastole) used 
to calculate PR end-diastolic pressure gradient (4v2)
PADP = PR end-diastolic pressure gradient + RAP

Mean pulmonary artery 
pressure

CW of spectral Doppler of TR velocity envelope (VTI of TR envelope) to 
measure mean TR pressure gradient
PA mean pressure = mean TR gradient + RAP

Pulmonary vascular 
resistance (PVR)

Measure TR Vmax and PW spectral Doppler of RVOT flow (velocity time 
integral)
PVR = TR Vmax/(RVOT VTI × 10 + 0.16)

Pulmonary capillary 
wedge pressure (PCWP)

Mitral valve inflow E wave Vmax/ tissue Doppler of septal annulus E′ Vmax

Left atrial pressure (LAP) E/E′ < 8 → PCWP 5–12 mmHg
E/E′ >15 → PCWP >20 mmHg
CW spectral Doppler of AR (Vmax) to calculate AR pressure gradient (4v2)
LA pressure = diastolic BP – AR pressure gradient

Stroke volume (SV), 
cardiac output, and 
cardiac index (CO/CI)

PW spectral Doppler of LVOT flow (VTI of LVOT)
LVOT area = π (LVOT diameter/2)2

SV = LVOT VTI × LVOT area
SV × HR = CO
CO/BSA – CI

aSubtract pulmonic valve gradient if pulmonic valve stenosis present
RAP right atrial pressure, PASP pulmonary artery systolic pressure, PADP pulmonary artery diastolic pressure, 
2D 2 dimensional, IVC inferior vena cava, TR tricuspid regurgitation, RA right atrial, PR pulmonic regurgita-
tion, CW continuous wave Doppler, VTI velocity time integral, v velocity, RVSP right ventricular systolic pres-
sure, PA pulmonary artery, Vmax maximal velocity, E wave early diastolic filling, PCWP pulmonary capillary 
wedge pressure, AR aortic regurgitation, LA left atrial, LAP left atrial pressure, BP blood pressure, PW pulse 
wave Doppler, LVOT left ventricular outflow tract, SV stroke volume, CO cardiac output, CI cardiac index, HR 
heart rate, BSA body surface area

Table 14.3 Echocardio-
graphic hemodynamics

P.G. Haines et al.



191

Table 14.4 Echocardiographic assessment of valves

Aortic stenosis
Parameter Mild Moderate Severe

AVA (cm2) >1.5 cm 1.0–1.5 <1.0
Mean gradient mm Hg <20 20–40 >40
Aortic jet velocity (m/s) 2.6–2.9 3.0–4.0 >4.0
Indexed AVA (cm2/m2) <0.6
Mitral stenosis
Specific findings Mild Moderate Severe

MVA (cm2) >1.5 1.0–1.5 <1.0
Supportive findings

Mean gradient (mmHg) <5 5–10 >10
PASP (mmHg) <30 30–50 >50
Aortic regurgitation
Specific signs Mild Moderate Severe

Central jet width <25 % of LVOT Signs of AR > mild but no 
criteria for severe AR

Central jet width ≥65 % of LVOT

Vena contracta <0.3 cm2 Vena contracta >0.6 cm2

Supportive signs Deceleration slope >500 ms Holodiastolic flow reversal in 
descending aorta

Deceleration slope <200 ms; ≥ 
moderate LV enlargement (except 
acute AR); Holodiastolic aortic flow 
reversal in abdominal aorta

Normal LV size (except acute 
AR)
No or brief early diastolic flow 
reversal in descending aorta

Quantitative

Regurgitant volume, ml/beat <30 ml 30–59 ml >60 ml
Effective regurgitant orifice 
area, cm2

<0.10 cm2 0.10–0.29 cm2 ≥0.30 cm2

Mitral regurgitation
Specific Mild Moderate Severe

Small central jet (<20 % LA area) Signs of MR > mild present, no 
features of severe MR

Vena contracta width >0.7 cm
Vena contracta width <0.3 cm Large central jet (>40 % of LA area) 

or swirling
Pulmonary vein S wave reversal
Flail leaflet/ruptured papillary muscle

Supportive Pulmonary vein S > D Dense, triangular spectral Doppler MR 
signal

Soft density, parabolic spectral 
Doppler MR signal

E wave dominance (>1.2 m/s)

Normal LA/LV size Dilated LA/LV (except acute MR)
Quantitative

Regurgitant volume (ml/beat) <30 ml 30–59 ml ≥60 ml
Effective regurgitant orifice 
area, EROA (cm2)

<0.20 cm2 0.20–0.39 cm2 ≥0.40 cm2

Tricuspid regurgitation
Parameter Mild Moderate Severe

Morphology of valve Normal Flail leaflet/poor coaptation
RV/RA/IVC size Normal Dense, variable contour Dilated (except acute TR)
Jet density and contour Soft and parabolic Dense, triangular, early peaking
Jet area-central jets (cm2) <5 5–10 >10
Hepatic vein flow S > D S wave velocity S reversal
Tricuspid stenosisa

Specific findings Significant stenosis

Mean gradient (mmHg) ≥5

(continued)
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Area1 × TVI1 = Area2 × TVI2

Area2 = Area1 × TVI1 / TVI2

During assessment of valve disease, one is attempting to estimate
the area of the valve orifice (Area2). Hence:

Area

VTI

Volume

Fig. 14.4 The flow volume equation. Volumes of blood can be calculated by multiplying area (cm2) × integral of the Doppler velocity profile (time 
velocity integral, TVI), in cm (integral of flow over time = distance traveled by all the blood cells in a specific area over a specific time period). The 
area of a circle (π × r2 = D2 × 0.785, where r is the radius and D the diameter of the area) is multiplied by the TVI of the Doppler velocity profile to 
calculate stroke volume at that site.
Example: calculation of aortic valve area

stroke volume through aortic valve stroke volume through LVOT=

volume area TVI= ´

AVA AV LVOT area LVOTTVI TVI´ = ´

AVA LVOT diameter LVOT AVTVI TVI= ´ ´2 0 785. /

where AVA = aortic valve area, AVTVI = time velocity integral through the aortic valve, and LVOTTVI = time velocity integral of the left ventricular 
outflow tract

Inflow VTI (cm) >60
PHT (ms) ≥190
Valve area ≤1 cm2

Supportive findings

RA size ≥ moderate
Dilated IVC
Pulmonary stenosisb

Parameter Mild Moderate Severe

Peak velocity (m/s) <3 3–4 4
Peak gradient (mmHg) <36 36–64 >64
Pulmonary regurgitationc

Parameter Mild Moderate Severe

Morphology Normal Normal Normal or abnormal
Jet size (color Doppler) Thin (<10 mm) with narrow 

origin
Intermediate Large with wide origin

Jet density and deceleration 
rate (CW)

Soft, slow deceleration Dense, variable deceleration Dense, steep deceleration early 
termination of diastolic flow

aIn presence of > mild TR, estimated valve area will be underestimated. However, valve ≤1 cm2 suggests significant hemodynamic impact on the 
right heart
bPressure gradients are used to estimate severity due to the challenge in obtaining accurate pulmonary valve areas
cParameters not well validated
AVA aortic valve area, Indexed AVA indexed AVA to body surface area, MVA mitral valve area, PASP pulmonary artery systolic pressure, LVOT left 
ventricular outflow tract, AR aortic regurgitation, MR mitral regurgitation, LA left atrium, LV left ventricle, S pulmonary or hepatic vein systolic 
wave, D pulmonary or hepatic vein diastolic wave, PHT pressure halftime, IVC inferior vena cava, CW continuous wave Doppler, TR tricuspid 
regurgitation, RA right atrium, RV right ventricle, VTI velocity time integral, EROA effective regurgitant orifice area

Table 14.4 (continued)
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energy raises pressure differential across the valve, which is 
measured by echocardiography. This pressure “recovers” in 
the narrow ascending aorta when some of the kinetic energy 
is converted back to pressure, leading to a reduction in the 
pressure gradient. Echocardiography thus measures a higher 
pressure gradient than is measured invasively. Other limita-
tions of measuring the aortic valve area by echocardiography 
are the LVOT diameter, which is squared in the continuity 
equation; measurement of effective valve area rather than 
anatomic flow area, due to contraction of flow at the nar-
rowed orifice; and the changes in valve area due to flow rates 
(“pseudostenosis” in the setting of low output, in which the 
flow generated by the dysfunctional LV is unable to push 
open the aortic valve to its full extent).

In patients with LVH, especially elderly women, the aor-
tic valve area may be small due to low gradients from a small 
left ventricle and reduced stroke volume. Concurrent severe 
aortic regurgitation can increase the mean gradient and max-
imum velocity since there is increased flow across the aortic 
valve. Severe mitral regurgitation can cause reduced aortic 
flow and, therefore, reduced transaortic gradients; however, 
the valve area calculation is accurate. Mitral stenosis can 
reduce cardiac output and therefore mimic low-flow/low- 
gradient AS.

Pressure halftime (PHT) is the time it takes for the pres-
sure gradient (not the velocity) between two chambers to 
fall to half of its peak value. PHT measured from CW 
across the MV can be used to calculate MV area = 220/
PHT. This technique can be fraught with error since the 
pressure drop can be significantly affected by LA pressures 
and LV compliance and pressures. Pathologic states such 
as LVH and aortic regurgitation can decrease pressure half-
time, whereas mitral regurgitation can increase pressure 
halftime. Exercise testing can help determine the clinical 
significance of mitral stenosis. Additional parameters that 
are considered when assessing severity are LA size, LA 
thrombus formation, and pulmonary hypertension. Mitral 
stenotic area may be best calculated by 3D-guided 
planimetry.

 Valvular Regurgitation
Assessment of valvular regurgitation is often done by exam-
ining the size of the regurgitant color jet and assigning a 
semiquantitative score (e.g., mild, moderate, severe, or 1+, 
2+, 3+, 4+). Jet area in the receiving chamber is influenced 
by the morphology of the jet (central vs. wall impinging), as 
well as flow rate and velocity. Jet area is sometimes not cor-
related with severity since it is influenced by afterload, jet 
direction, and size of the receiving chamber.

There are quantitative means of assessing the effective 
regurgitant orifice area (EROA) and the regurgitant volume 
using the flow volume equation (see Table 14.4). Proximal 
isovelocity surface area (PISA), or flow convergence, is 
based on the principle that velocity of blood increases as it 
approaches an orifice, therefore forming concentric, hemi-

spheric shells. The flow through these shells is the same as 
flow through the effective orifice, the area of which can be 
solved if flow and hemispheric area are measured. Accuracy 
of the PISA technique is better for central jets as opposed to 
wall-impinging jets. It is important to obtain an accurate 
hemispheric shell to apply the equation for calculating the 
EROA. The vena contracta is the narrowest diameter of the 
color flow profile near the valve and approximates the diam-
eter of the regurgitant orifice. Vena contracta is not affected 
by flow rate or blood pressure for a fixed orifice, but the ori-
fice size may change with hemodynamics. The slope of the 
decay of pressure differential between the 2 chambers can 
also be used to assess severity of regurgitation. The greater 
the degree or regurgitation, the faster the pressure rises in the 
receiving chamber and the faster the pressure gradient will 
decay, yielding a steep slope. This method is limited by 
receiving chamber compliance and pressure.

Mitral regurgitation assessment involves jet area, 
PISA, and vena contracta. The density of CWD signal, 
mitral inflow E velocity and pulmonary vein flow rever-
sal are additional parameters used to assess severity. 
Because the imaging transducer is closer to the mitral 
valve, TEE generally provides better resolution of the 
mitral valve and the direction and degree of mitral 
regurgitation.

The parameters that are used to assess the severity of 
aortic regurgitation (AR) include PISA, regurgitant jet 
size, vena contracta, and pressure halftime. Regurgitant 
jet size is assessed in the PLAX view by taking the ratio 
of the jet width immediately below the aortic valve to the 
LVOT diameter. The measurement is limited by jet direc-
tion and jet shape. The vena contracta, also measured in 
the PLAX view, is more robust that the jet width. PISA is 
limited by image resolution in the apical views, by ascend-
ing aortic aneurysms, which distort the valve plane and by 
early diastolic timing for peak AR velocity. Aortic dia-
stolic flow reversal in the upper descending aorta or lower 
descending aorta is an additional parameter used to evalu-
ate AR severity. Holodiastolic reversal is a sign of at least 
moderate AR.

Tricuspid stenosis and pulmonic stenosis are assessed 
similarly to the left-sided lesions. Significant tricuspid 
regurgitation is usually due to RV or tricuspid annular 
dilatation secondary to pulmonary hypertension or RV 
dysfunction. PW Doppler of the hepatic veins shows 
blunting of systolic flow with moderate TR and systolic 
flow reversal with severe TR. Pathologic pulmonic regur-
gitation is usually observed in patients with structural 
right heart disease.

Echocardiography is the primary modality for the evalua-
tion of prosthetic valve stenosis and regurgitation. Although 
Doppler gradients and other measures of valve function are 
easily obtained by TTE, diagnostic 2D and 3D visualization 
of prosthetic valves often requires TEE (especially when val-
vular vegetations and paravalvular abscesses are suspected). 
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Mechanical valves cause artifacts which obscure structures 
which lie beyond the valve relative to the ultrasound trans-
ducer [18].

 Pericardial Disease and Masses

Echocardiography can be helpful in the evaluation of the eti-
ology and hemodynamic consequences of pericardial disease 
and cardiac masses and should be involved early in the diag-
nostic workup of these conditions. Cardiac masses are often 
first found on echocardiography performed for some other 
reason or for nonspecific symptoms. Certain echocardio-
graphic features such as location, size, shape, and associated 

cardiac findings can help identify the likely etiology of car-
diac masses (Fig. 14.5, Video 14.4) (Fig. 14.6, Videos 14.5a 
and 14.5b). Echocardiographic contrast plays a role in 
detecting cardiac masses in patients with difficult echocar-
diographic windows and differentiating true masses from 
artifacts [10]. Because contrast microbubbles go wherever 
red blood cells go, contrast perfusion of masses may play a 
role in determining the etiology of masses. A “dark” mass 
without microbubbles suggests thrombus, whereas a “bright” 
mass signals a vascular mass (malignancy or highly vascular 
tumor) [19]. Echocardiography plays a significant role in 
diagnosing pericardial effusion in the setting of LV rupture 
postinfarction, chest trauma, post-catheter procedures, aortic 
dissection, Dressler’s syndrome, uremia, collagen vascular 
disease, post-cardiac surgery, radiation, cancer, and infec-
tious pericarditis. Echocardiography is very useful for dif-
ferentiating between constrictive disease, restrictive disease, 
and tamponade (Table 14.5).

 Stress Echocardiography

Stress echocardiography can be used in the assessment of 
ischemia, valvular disease, dyspnea, and pulmonary hyper-
tension. For the evaluation of coronary artery disease 
(CAD), exercise echo is recommended over pharmaco-
logic stress because exercise capacity is a predictor of car-
diovascular outcomes. Dobutamine stress echo is safe for 
patients with LV dysfunction, aortic and cerebral aneu-
rysms, and implantable defibrillators. To evaluate for isch-
emia, LV wall thickening and motion is measured at rest 
and with stress and is described as normal or hyperdy-
namic, hypokinetic, akinetic, dyskinetic, or aneurysmal. In 
addition, LV shape, cavity size, and global contractility 
should be evaluated (Fig. 14.7, Video 14.6). Contrast 

Fig. 14.5 Apical mass. Zoomed view of the apex in the apical 2- chamber 
view, demonstrating a large mass (arrow). It is well circumscribed with 
smooth borders and has an echotexture similar to that of the adjacent 
myocardium. As seen in the video, there is anterior apical and inferior 
hypokinesis. These findings suggest the mass is a thrombus

a b

Fig. 14.6 Right atrial mass. (a) Apical 4-chamber view demonstrating 
a large, well-circumscribed mass in the right atrium prolapsing across 
the tricuspid valve (video). (b) Subcostal imaging demonstrated origin 

of the mass in the inferior vena cava (arrow). Pathology was consistent 
with carcinoid tumor
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agents for LV opacification are used when greater than 2 
segments are not visualized on baseline echocardiography 
[8]. Stress echocardiography is approximately 80 % sensi-
tive and 86 % specific for the detection of CAD. False 
negative results are found in patients with valvular regur-
gitation due to hyperdynamic states and in patients with 
thick walls and small cavities, since the LV volumes are 
small and there tends to be global hyperkinesis. Rapid 
declines in heart rate after treadmill exercise and before 
echo imaging, as well as difficulty in achieving an ade-
quate stress workload (common in bicycle exercise) also 
reduce the sensitivity of stress echocardiography. False 
positive results are observed in patients with hypertension 
and abnormal septal motion from LBBB and RV pacing. 
Post-sternotomy patients also often have abnormal septal 
motion. Although quantitative methods have been tested, 
wall motion analysis in stress echo is most often assessed 
subjectively, and the expertise of the sonographer and 
interpreter can affect accuracy.

Stress echo can be helpful in the evaluation of viability 
prior to revascularization. Hibernating myocardium repre-
sents reversible myocardial dysfunction. Dobutamine echo is 
utilized to evaluate contractile reserve. If any segments are 
thin (<0.5–0.6 cm) and bright, they are probably scarred and 
the chance of recovery is minimal. Improvement in the grade 
of dysfunction in two or more segments with dobutamine is 
considered evidence of viability. The test is most sensitive if 
improvement is observed with low-dose dobutamine. For 
patients who have >25 % viable myocardium, there is a high 
likelihood of improvement in function after revascularization. 
Patients with CAD and resting wall motion abnormalities 
amenable to revascularization will usually demonstrate wall 
motion improvement with low-dose dobutamine and 
 re- worsening of wall motion with high-dose dobutamine [20].

Stress echo can be used to assess diastolic function. 
Abnormalities in diastolic function appear early in the 
 ischemic process; demonstration of stress-induced diastolic 
dysfunction may uncover the etiology of dyspnea on  exertion. 

Table 14.5 Echocardiography in pericardial diseases

Pericardial effusions and tamponade Pericardial constriction
Confirmation of location fluid Assessment of diastolic dysfunction and restrictive physiology
Assessment of etiology of effusion Assessment of ventricular hemodynamics specific to constriction
Evaluation of hemodynamic impact of 
effusion

 Dissociation of intrathoracic and intracardiac pressure

Determination of safety for percutaneous 
drainage

 Increased LV-RV interdependence

Assistance with the safe percutaneous 
drainage of the effusion
Assessment of post-drainage complications 
(e.g., RV perforation)
Findings Findings
Right- or left-sided chamber collapse 
(pulmonary hypertension can prevent 
chamber collapse in the presence of 
tamponade)

Right-sided volume overload (nonspecific sign)

IVC dilatation and lack of respiratory 
collapse signifying right-sided volume 
overload

Thick, echodense pericardium (note: CT/MRI is the gold standard for assessing the pericardial 
tissue)

Significant respirophasic variation in 
tricuspid and mitral valve inflow Doppler 
velocity profiles

Abnormal septal motion (2D and M-mode)
Associated pericardial effusion
Respiratory changes in inflow velocities:
Inspiration: Expiration:

LA/LV LA/LV
↓ Mitral valve inflow velocities ↑ Mitral valve inflow velocities
↓ Pulmonary vein inflow velocities ↑ Pulmonary vein inflow velocities
RA/RV RA/RV

↑ Tricuspid valve inflow velocities ↓ Tricuspid valve inflow velocities
↑ Hepatic vein inflow velocities ↓ Hepatic vein inflow velocities, prominent 

diastolic expiratory prominent atrial reversal
Restrictive mitral valve inflow filling patters
 Increased E wave peak velocity (E/A ratio often >2)
 Decreased E wave deceleration time (DT often <160 ms)
Preserved/elevated E′ and abnormal septal E′/lateral E′ ratio (usually >1)

Abbreviations as in Tables 14.1 and 14.2. CT computed tomography, MRI magnetic resonance imaging
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Speckle tracking or tissue Doppler is used to measure delay in 
relaxation with stress and demonstrate elevation of LV filling 
pressures. During exercise, the ratio of mitral inflow velocity 
(E) to mitral annulus velocity (e′) is increased in patients with 
elevated LV filling pressures due to impaired relaxation.

Pulmonary artery pressures can be measured during 
exercise to provide information about LV diastolic func-
tion, RV systolic function and severity of mitral regurgita-
tion and mitral stenosis. Pulmonary systolic pressure greater 
than 60 mmHg during exercise is a class IIa indication for 
mitral valve surgery. For patients with mitral stenosis, stress 
echocardiography is indicated in asymptomatic patients with 
significant lesions based on hemodynamics obtained at rest 
and symptomatic patients with fairly normal resting hemo-
dynamics. Exercise-induced dyspnea, transmitral gradient 
>15 mmHg with exercise and PASP >60 mmHg with exer-
cise, is suggestive of hemodynamically significant mitral ste-
nosis which may be amenable to percutaneous valvulotomy.

Low-flow/low-gradient aortic stenosis is defined as LVEF 
<40 %, effective orifice area <1 cm2, and mean aortic gradi-
ent <30–40 mmHg. A dobutamine stress echocardiogram 
may help determine if the reduced valve area is secondary to 
a stenotic aortic valve or to reduced LV stroke volumes pre-
venting aortic valve opening. A patient with reduced EF but 
an AV velocity >4 m/s and mean aortic valve gradient 
>40 mmHg does not usually need a dobutamine stress echo-
cardiogram since these measurements are makers of severe 
aortic stenosis.

 Device Evaluation

Echocardiography is increasingly being used in patients with 
cardiac devices, including cardiac implantable electrical 
devices (such as pacemaker and defibrillators) and ventricu-
lar assist devices (VADs). Echocardiography establishes 

Fig. 14.7 Stress echocardiogram demonstrating ischemia. Comparison 
rest (upper left), stress (upper right), and recovery (lower left) 2-cham-
ber views during exercise stress echocardiography. The stress images 
demonstrate reduced ejection fraction with a mid to distal inferior wall 

motion abnormality, consistent with a significant right coronary artery 
stenosis. Recovery images demonstrate resolution of the wall motion 
abnormality
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LVEF, a key criterion for implantation of these devices, and 
can identify pathologies that can complicate device place-
ment. In the immediate post-implant period, echocardiogra-
phy is used to assess for procedural complications, 
particularly pericardial effusion and tamponade. In the long 
term, echocardiography has been used to assess how a device 
affects the heart, including remodeling induced by cardiac 
resynchronization therapy (CRT) [21] and VADs, and ven-
tricular failure from chronic right ventricular pacing. 
Echocardiographic measurements are used in some centers 
to guide optimization of CRT devices and VADs [22] 
(Fig. 14.8, Video 14.7). Investigation of suspected infection 
of device components (leads, cannulae) often requires TEE.

 Summary of Guidelines

There are many statements and guidelines produced by the 
ASE that provide technical guidance for echocardiographers 
and sonographers, but there are only a few guidelines and 
other documents addressing the use of echocardiography 
that are pertinent to cardiovascular consultation.

In 2003, the ACC/AHA/ASE produced a guideline update 
to the 1997 guideline for the clinical application of echocar-
diography [23]. Class I indications included TTE for first- 
degree relatives of patients with dilated cardiomyopathy and 
dobutamine stress echocardiography for assessment of myo-
cardial viability when required to guide revascularization. 
Class IIa indications included echocardiography for assess-
ment of LV function in postinfarction patients to guide ICD 
therapy, evaluation of patients after MAZE procedures to 
monitor LA function, and assessment of pulmonary emboli 
and suspected clots in the right atrium. Class IIb recommen-
dations included echocardiography in patients with MV dis-
ease or hypertrophic cardiomyopathy who have been on 

Fig. 14.8 LVAD imaging. Parasternal long-axis view of a patient with 
a left ventricular assist device (LVAD) set at 9,400 rpm. The video dem-
onstrates that the left ventricular (LV) ejection fraction is severely 
decreased (~10 %) and that there is no aortic valve opening. The inflow 
cannula of the LVAD is seen near the LV apex (arrow). It is normally 
positioned and is unlikely to be subject to any suction events, in which 
portions of the ventricle or the mitral apparatus are drawn into the open-
ing of the cannula, obstructing flow. The septum is neutral between the 
LV and right ventricle (RV), indicating adequate LV decompression 
from LVAD function and suggesting that there is no RV volume or pres-
sure overload

Key Points

• Echocardiography can be used to evaluate almost 
any cardiovascular disease process and provide 
structural/anatomical, functional, and hemody-
namic information in real time.

• Echocardiography for signs and symptoms of car-
diovascular disease, for the purpose of detecting 
structural changes in certain disease states, and for 
the purpose of establishing indications for specific 
therapies is appropriate.

• Take care to provide accurate and adequate indica-
tions when ordering an echocardiogram as this 

information has the potential to impact the perfor-
mance and interpretation.

• Echocardiogram findings should be compared to 
prior echo reports and other imaging reports and the 
clinical circumstances to put the findings into 
proper context.

• Echocardiographic measures of LV chamber size, 
geometry, wall thickness, and function are strong 
independent predictors of morbidity and mortality 
and, as such, play a significant role in cardiovascu-
lar disease diagnosis, management, risk stratifica-
tion, and prognosis.

• Echocardiographic assessment of LA size, RV size 
and function, aortic size, and aortic plaques pro-
vides important clinical information.

• Echocardiography is the primary modality for eval-
uating cardiac valve structure and function. 
Assessment of valvular function, especially regur-
gitation, should involve integration of multiple 
echocardiographic parameters. 3D TEE is particu-
larly useful in the assessment of mitral valve 
pathology.

• Stress echocardiography can be used in the assess-
ment of ischemia, valvular disease, dyspnea, and 
pulmonary hypertension.

• Echocardiography is increasingly being used in 
patients with cardiac devices, including cardiac 
implantable  electrical devices (such as pacemaker 
and defibrillators) and ventricular assist devices 
(VADs).
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long-term anticoagulation at therapeutic levels before car-
dioversion and assessment of late prognosis after myocardial 
infarction (≥2 years).

Echocardiography was not recommended (class III) in 
patients without MV disease or hypertrophic cardiomyop-
athy who have been on therapeutic long-term anticoagula-
tion prior to cardioversion; routine screening prior to sports 
participation in patients with normal cardiovascular history, 
electrocardiogram (ECG), and examination; and suspected 
myocardial contusion in the hemodynamically stable patient 
with a normal ECG and no abnormal cardiovascular findings.

Other recommendations, particularly those pertaining to 
valve disease, are either mirrored or superseded by later 
guidelines.

 Heart Failure

The 2005 Guidelines for the Diagnosis and Management of 
Heart Failure in Adults (focused update in 2009) [24] recom-
mends (class I) that echocardiography be performed during 
initial evaluation of patients presenting with heart failure 
symptoms for LVEF, LV size, wall thickness, and valve func-
tion (Level of Evidence: C). A class IIa recommendation was 
given for the indication of repeat measurement of EF and eval-
uation of severity of structural remodeling in patients with 
heart failure who have had a change in clinical status or expe-
rienced or recovered from a clinical event or received treatment 
that might have affect cardiac function (Level of Evidence: C).

 Valves

The 2008 focused update of the ACC/AHA 2006 Guidelines 
for the Management of Patients with Valvular Heart Disease 
[25] gives multiple indications for echocardiography. In eval-
uating murmurs, the guidelines state that echocardiography is 
indicated in the following cases: (1) asymptomatic patients 
with certain murmurs (grade 3 or louder, mid-peaking sys-
tolic, diastolic, continuous, holosystolic, late systolic, associ-
ated with ejection clicks, radiate to the neck or back) or with 
murmurs and signs or symptoms of heart failure, ischemia/
infarction, syncope, thrombotic events, endocarditis, or evi-
dence of structural heart disease (class I, Level of Evidence: 
C); (2) asymptomatic patients with murmurs and other abnor-
mal cardiac physical findings or abnormal ECG or chest 
X-ray (class IIa, Level of Evidence: C); and (3) patients with 
noncardiac signs or symptoms but in whom a cardiac basis 
cannot be excluded (class IIa, Level of Evidence: C). These 
guidelines recommend against echocardiography for patients 
who have a grade 2 or softer mid-systolic murmur identified 
as innocent or functional by an experienced observer (Level 
of Evidence: C).

In addressing specific valvulopathies, the guidelines give 
class I indications for detection and evaluation of stenosis 
and regurgitation severity and secondary effects of valve 
dysfunction (such as LV mass, size, and function in left- 
sided lesions), the reevaluation of patient with changing 
signs or symptoms, and the evaluation of hemodynamic 
changes during pregnancy (Level of Evidence: B). The rec-
ommended follow-up of asymptomatic patients is yearly for 
severe disease, 1–2 years for moderate disease, and 3–5 
years for mild disease (Level of Evidence: B), except in 
moderate to severe mitral regurgitation, in which the recom-
mended follow-up is 6 months to 1 year (Level of Evidence: 
C). Echocardiography to reevaluate pulmonary artery pres-
sures in asymptomatic patients with mitral stenosis received 
a class IIa indication (Level of Evidence: C).

For mitral stenosis, echocardiography is specifically rec-
ommended as a class I indication to assess valve morphology 
to determine suitability for percutaneous mitral valvotomy 
(Level of Evidence: B). TEE is indicated in mitral stenosis to 
evaluate for LA thrombus and to grade the severity of con-
comitant mitral regurgitation (Level of Evidence: C).

TTE or TEE is recommended (class I) in mitral regurgita-
tion to discern whether the morphology is amenable to repair 
or replacement (Level of Evidence: B). Echocardiography is 
indicated to evaluate LV size and function and valve hemody-
namics after MV replacement or repair (Level of Evidence: 
C). In contrast to the AUC, the valve guidelines recommend 
transthoracic echocardiography to detect valvular vegetations 
with or without positive blood cultures (Level of Evidence: 
B). Echocardiography is also recommended to define the 
hemodynamic severity of valvular lesions and other compli-
cations of endocarditis (Level of Evidence: B) and for reas-
sessment of high-risk patients (Level of Evidence: C) 
(Fig. 14.9, Video 14.8). The reevaluation of prosthetic valve 
endocarditis by TTE, even in the absence of clinical change, 
was given a class IIb indication (Level of Evidence: C).

Class I indications for TEE include evaluating endocardi-
tis in patients with nondiagnostic TTE (Level of Evidence: 
C) and as a first-line imaging modality in patients with pros-
thetic valve endocarditis (Level of Evidence: C) or prosthetic 
valve thrombosis, to assess valve motion and clot burden 
(Level of Evidence: B).

Exercise echocardiography for assessment of mean MV 
gradient and pulmonary artery systolic pressure to evaluate 
discrepancies between resting gradients and clinical signs 
received a class I indications (Level of Evidence: C). Exercise 
echocardiography for asymptomatic patients with severe 
mitral regurgitation to measure pulmonary artery pressure 
and regurgitation severity with exercise was considered class 
IIa (Level of Evidence: C). Dobutamine stress echocardiog-
raphy for low-flow/low-gradient aortic stenosis in the setting 
of LV dysfunction is a class IIa recommendation (Level of 
Evidence: B).
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Class III indications include exclusion of MV prolapse in 
patients without specific signs or symptoms of MV prolapse 
(Level of Evidence: B), routine evaluation of asymptomatic 
patients with MV prolapse and mild regurgitation (Level of 
Evidence: C), routine follow-up of patients with mild mitral 
regurgitation (Level of Evidence: C), and routine evaluation 
of native valve endocarditis without clinical change (Level of 
Evidence: C).

 Aorta

The 2010 ACCF/AHA Guidelines for the Diagnosis and 
Management of Patients with Thoracic Aortic Disease 
includes only a formal recommendation on technical 
aspects of aortic imaging by echocardiography but does 
mention that the primary role of TTE in following patients 
with aortopathy is in imaging disorders confined to the root, 
such as Marfan syndrome and in assessing other associated 
pathology such as bicuspid aortic valve and mitral valve 
prolapse [26].

 Appropriate Use Criteria

The 2011 AUC for echocardiography, described above, 
rates 202 indications for transthoracic, transesophageal, and 
stress echocardiography as appropriate, inappropriate, and 
of uncertain appropriateness (not enough evidence to rate). 
Table 14.6 provides a sample of the most important  indications 
for transthoracic, transesophageal, and stress echocardiogra-
phy encountered in typical cardiology  consultative practice 
and their appropriateness rating. Appropriate  indications for 
stress echocardiography to evaluate ischemic disease gener-
ally mirror those for stress testing in general.
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Fig. 14.9 Endocarditis. Parasternal long-axis zoomed view of the 
mitral valve demonstrating a very large, multilobulated and highly 
mobile echodensity on both sides and both leaflets of the mitral valve, 
consistent with endocarditis lesion

Table 14.6 Selected indications for echocardiography

Transthoracic echocardiography indications
General evaluation of cardiac structure and function

Symptoms or results from prior testing with suspected cardiac etiology Appropriate
Arrhythmias (excluding isolated premature beats) Appropriate
Signs or symptoms with history of cardiac diagnosis known to cause these symptoms (e.g., presyncope/syncope with history 
of aortic stenosis, hypertrophic cardiomyopathy, heart failure)

Appropriate

Routine general or perioperative evaluation of LV function in the absence of new or changing cardiac symptoms/signs Inappropriate
Evaluation of suspected pulmonary hypertension or routine surveillance ≥1 year of known pulmonary hypertension Appropriate
Cardiac evaluation in acute setting

Hemodynamic or respiratory instability of unclear etiology Appropriate
Evaluation of patient with chest pain, ischemic equivalent, or suspected complication of myocardial infarction Appropriate
Assessment of volume status in critically ill patient Uncertain
Evaluation of LV following acute coronary syndrome Appropriate
Suspected pulmonary embolism to establish diagnosis Inappropriate
Known acute pulmonary embolism to guide therapy Appropriate
Severe decoration injury or chest trauma Appropriate
Evaluation of valvular function

Murmur or click when there is a reasonable suspicion of valvular or structural heart disease Appropriate
Reevaluation of known native or prosthetic valvular disease when there has been change in clinical status Appropriate
Routine surveillance (≥3 year) of mild valvular stenosis without change in clinical status Appropriate
Routine surveillance (≥3 year) of mild valvular regurgitation without a change in clinical status or cardiac exam Uncertain
Routine surveillance (≥1 year) of moderate or severe valvular stenosis or regurgitation without change in clinical status Appropriate

(continued)
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        Introduction 

 Rapid development of multidetector computed tomography 
(MDCT) now enables noninvasive imaging of the fast- 
beating heart with concomitant accurate depiction of small 
coronary anatomy. Signifi cant research efforts focused on 
the appearance of coronary artery disease (CAD) and other 
cardiac structures on cardiac CT (CCT). Coronary CT angi-
ography (CCTA) characterizes the location and extent of 
CAD with high negative predictive value (NPV), allowing 
clinicians to exclude CAD with confi dence. The multiple 
practical applications for CCTA range from CAD risk 
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 stratifi cation in asymptomatic individuals to the evaluation 
of emergency department (ED) patients with acute chest 
pain. MDCT features a very rapid acquisition time and is a 
suitable alternative to magnetic resonance imaging (MRI) in 
depiction of cardiac structures and surveillance of congenital 
heart disease. Extensive comparison studies are under way to 
assess the complementary role of CT alongside other estab-
lished modalities such as echocardiography, cardiac scintig-
raphy, and conventional angiography.  

    Coding and Indications 

    CPT Codes 

 As of 2010, four permanent category I Current Procedural 
Terminology (CPT) codes encompass the appropriate uses 
of CCT:
•    75571 – Noncontrast CT for coronary calcium 

measurement  
•   75572 – Contrast CT imaging of cardiac structure and 

morphology  
•   75573 – Contrast CT evaluation for congenital heart 

disease  
•   75574 – CCTA with evaluation of coronary arteries in 

patients with or without bypass grafts     

    Training 

 A CCT reader with suffi cient level of expertise is a require-
ment for any practice offering cardiac imaging. The 
American College of Cardiology Foundation (ACCF) and 
American Heart Association (AHA) defi ned three levels of 
training:
•    Level 1 – Introductory training to CCT  
•   Level 2 – Required for independent performance and 

interpretation of CCT. Requires interpretation of 150 
CCTs  

•   Level 3 – Highest level of training suitable for the director 
of a CCT section with the ability to manage both the tech-
nical and personnel aspects of image acquisition. Requires 
interpretation of 300 contrast and 100 noncontrast CCTs     

    Guidelines 

 The ACCF/AHA along with other key specialty societies cre-
ated consensus statements outlining the appropriate use criteria 
for coronary artery calcium (CAC) scans in 2007 and CCTA in 
2010 [ 1 ,  2 ]. For each of the numerous clinical indications 
examined, the documents assigned one of 3 ratings for the 
appropriateness of CAC or CCTA: inappropriate, uncertain, 
and appropriate. CAC scans are appropriate in the evaluation of 

low-risk patients presenting with atypical cardiac symptoms 
and asymptomatic intermediate-risk patients (low risk, <10 % 
10-year risk of cardiac events; intermediate risk, 10–20 %; 
high risk, >20 %). There are 35 clinical indications in which 
CCTA is an appropriate modality (along with 29 uncertain and 
29 inappropriate), and several representative clinical applica-
tions are listed below. The European Society of Cardiology 
(ESC) has also supported the use of CCTA to exclude acute 
coronary syndromes (ACS) or other causes of chest pain in 
select scenarios. The American College of Radiology (ACR) 
has compared CCT to competing imaging modalities in several 
clinical situations with similar conclusions.  

    Common Clinical Applications of CCTA 

     1.    Acute Chest Pain 
 CCTA can reliably exclude CAD in low- or intermediate- 
risk patients (NPV 99 %) and facilitate triage of ED 
patients with acute chest pain when initial cardiac bio-
markers and ECG are negative or nondiagnostic for acute 
myocardial injury. Patients with suspected pulmonary 
embolism or aortic dissection can alternatively undergo a 
“triple rule-out” protocol for additional coverage of the 
pulmonary arteries and thoracic aorta.   

   2.    Chronic Stable Chest Pain with Inconclusive Stress Test 
 Low- or intermediate-risk patients with equivocal stress 
test results can undergo CCTA for evaluation of CAD as 
the high NPV of CCTA makes it an ideal follow- up diag-
nostic test to avoid the procedural risk of invasive coro-
nary angiography.   

   3.    Congestive Heart Failure (CHF) 
 MDCT enables exclusion of ischemic heart disease as a 
potentially reversible cause of CHF. It also allows the 
measurement of ejection fraction and analysis of regional 
left ventricular wall motion function.   

   4.    Preoperative Assessment 
 CCTA is an acceptable alternative to stress test or myo-
cardial perfusion single-photon emission computed 
tomography (SPECT) for preoperative assessment of 
low- to intermediate-risk patients prior to noncoronary 
cardiac surgery.   

   5.    Bypass Graft Assessment 
 CCTA is useful to demonstrate patency of bypass grafts 
and can potentially diagnose graft stenoses in selected 
patients.   

   6.    Coronary Stent Assessment 
 In a symptomatic patient, CCTA may be useful in the 
evaluation of stent patency with stents of certain types 
and a stent diameter of at least 3 mm.   

   7.    Evaluation of Cardiac Structures 
 Pre-procedure planning, e.g., atrial fi brillation ablation, 
and delineation of the course of coronary arteries can be 
reasonably achieved with CCT.       
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    Multidetector Row CT (MDCT) 

    Scanner Technology 

 While historical data on coronary calcium scoring and CCTA 
have been obtained using electron beam CT (EBCT), MDCT 
technology continued to evolve and now represents the state-
of- the-art noninvasive imaging modality of the coronary 
arteries. MDCT scanners are characterized primarily by the 
number of slices, also known as the number of detectors or 
channels on which CT attenuation data is gathered. The 
thickness of each detector determines the intrinsic spatial 
resolution of the scanner along the z-axis. Typical CCT stud-
ies are obtained on a 64- to 320-slice scanner with submilli-
meter spatial resolution of 0.5–0.75 mm, while the  x - y  or 
“in-plane” resolution is usually 0.4–0.5 mm. A scan time of 
10 s on a 64-slice scanner covers a 10–12 cm fi eld of view; 
less than 0.5 s on a 320-slice scanner allows up to 16 cm 
coverage. Low gantry rotation time of at most 330–500 ms 
(64-slice to 320-slice MDCT) is necessary to minimize car-
diac motion artifact. The baseline temporal resolution is 
equal to about one-half the gantry rotation time. Dual-source 
CT, with two x-ray tubes and two corresponding detectors 
mounted onto the rotating gantry with an angular offset of 
90°, offers a theoretical temporal resolution of 83 ms. 

 Two types of scanning modes are used in CCT: axial and 
helical (spiral). In the axial scanning mode, the table moves 
in a stepwise fashion with data acquisition occurring only 
when the table is stationary. No interpolation of imaging data 
is necessary. In contrast, with helical scanning the CT tube is 
on during continuous table movement, generating source 
data along a spiral path around the patient. Since detector 
channels receive projection data from multiple contiguous 
slices of the patient, an algorithm is required that uses inter-
polation to recreate data in axial slices. Pitch refers to the 
degree of overlap of the x-ray beam as it rotates around the 
moving patient and is defi ned as the amount of table feed per 
beam width. While standard CT uses a pitch of around 1, a 
low pitch of 0.15–0.3 (high overlap) is required for electro-
cardiogram (ECG)-gated CCT. The evolution of MDCT 
technology led to an increase in the number of slices (64- 
slice scanner in 2004, 320-slices scanner in 2008) as well as 
the introduction of dual-source CT and high-defi nition CT. 
Modern CT scanning techniques aim to strike a balance 
between diagnostic image quality and limiting radiation 
exposure to patients.  

    Radiation Dose and Safety 

 From 1980 to 2006, medical radiation dose to the US popula-
tion increased sixfold (0.53–3.0 mSv per capita per year) as 
reported by the National Council on Radiation Protection 
and Measurements (NCRP). Nuclear cardiology accounted 

for 56 % and CCT accounted for 15 % of the effective dose 
from diagnostic and interventional sources. Rising utiliza-
tion of cardiac imaging led to concerns about the carcino-
genic risks of ionizing radiation. The Biological Effects of 
Ionizing Radiation (BEIR) VII report states that current evi-
dence best supports a linear no-threshold (LNT) between 
radiation dose and cancer risk, suggesting that any exposure 
to ionizing radiation presents a risk [ 3 ]. Physicians who 
order CCT must be aware of the effects of radiation in the 
body and the potential ramifi cations. 

 Absorbed radiation is directly related to both determinis-
tic and stochastic effects. Deterministic effects are predict-
able outcomes that occur once a threshold dose is met. 
Signifi cant deterministic effects occur at high radiation doses 
(e.g., skin erythema at 3–6 Gy) which are well above doses 
typical for noninvasive CCT. In comparison, an individual’s 
risk for stochastic effects are random and cannot be pre-
dicted. With increasing dose, the probability of these effects 
increases while the severity remains unchanged. Stochastic 
effects can be further divided into genetic and carcinogenic 
effects. A relationship has not been found between radiation 
exposures of parents and the potential genetic effects in their 
children. 

 The principal concern with diagnostic doses of radiation 
is increased risk of malignancy. Radiation protection is based 
on the assumption that there is no radiation dose at which 
stochastic effects do not occur (i.e., LNT model). The onset 
of cancer after radiation exposure has long latency periods of 
5–15 years for leukemia and 20–60 years for solid tumors, 
which makes it diffi cult to establish a direct relationship. 
Organs with high cellular turnover are particularly suscepti-
ble, i.e., bone marrow, colon, lung, female breast, stomach, 
and children’s thyroid gland. Radiation-induced cancers 
pose a greater concern for young and female patients, 
whereas the benefi t/risk ratio of CCT is greater for older and 
male patients. 

 Absorbed doses that cause stochastic and deterministic 
effects are infl uenced by the type of radiation and the sensi-
tivity of tissue to radiation. Equivalent dose (H) takes into 
account the type of radiation by multiplying the absorbed 
dose (D) by a radiation weighting factor ( W  R ) to give a unit 
in Sieverts (Sv). Gamma rays and x-rays, utilized by nuclear 
cardiology and CCT respectively, both have a  W  R  equal to 1. 
To adjust for nonuniform radiation exposure, effective dose 
(E) incorporates the radiosensitivity of each organ by multi-
plying the equivalent dose by an organ weighting factor  w , 
summed over all exposed organs. Lung and breast are among 
the most radiosensitive organs ( w  = 0.12) within the irradi-
ated region during a CCT, while the thyroid is moderately 
sensitive ( w  = 0.04). 

 CCTA and CAC scans generate dose information in the 
form of CTDI vol  and DLP, which are dose estimates derived 
from phantom simulation. CTDI vol  quantifi es the amount of 
radiation for a standardized volume of the scan without 
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 factoring scan length, whereas DLP is the product of CTDI vol  
and scan length. DLP (in units mGy · cm) can be converted 
to effective dose by applying a E/DLP conversion factor 
for the type of CT examination performed, which is 
0.014 mSv · mGy −1  · cm −1  for CCT. 

 Effective dose allows comparison of stochastic risk 
between exams of varying nonuniform exposures. An excess 
relative risk of stochastic effects at 5 ± 1 %/Sv was reported 
by the International Commission of Radiological Protection 
(ICRP). Risk calculations are averaged over both gender and 
age, making such estimates appropriate for assessing risk to 
a population but not to a specifi c patient. On an average- 
sized patient, the radiation dosage from coronary calcium 
scoring is 1–1.4 mSv. One multicenter study (PROTECTION 
I) demonstrated that the standard CCTA radiation dose to a 
typical-sized patient with BMI of 20–30 is ~12 mSv [ 4 ,  5 ]. 

 Representative effective doses to adult patients undergoing 
several sources of cardiac imaging are shown in Table  15.1 . 
The effective dose for cardiac scintigraphy varies greatly with 
the choice of radionuclide and protocol. Since diagnostic 
nuclear cardiology doses are calculated from dosimetry data 
from an anatomical model of a typical patient, care must be 
taken when assessing risk for an individual patient. Likewise, 
CCT dose can vary markedly as a function of patient habitus 
and heart rate, underlying the importance of minimizing radi-
ation dose through technique optimization.

   Several techniques to minimize CCTA dose have been 
explored and validated. Prospective-triggering and tube cur-
rent modulation protocols effectively lower radiation in 
patients with optimum heart rate control (≤55 bpm) [ 8 ]. Pre- 
patient fi lters (e.g., bow-tie fi lter) can be applied to reduce 
dose by attenuating x-ray beams at the periphery of the scan. 

Adjustments in tube voltage and current should be made 
according to the patient’s size, aiming for the settings yield-
ing the lowest dose while providing acceptable image qual-
ity. As the computational capabilities of scanners improve, 
the noise reduction achievable with iterative reconstruction 
over traditional fi ltered back projection allows for improved 
lesion conspicuity at a reduced radiation dose. For example, 
a recently published multicenter, multivendor trial has dem-
onstrated radiation dosages as low as ~2 mSv [ 9 ]. 

 Clinicians choosing CT or scintigraphic cardiac examina-
tions must weigh their utility against the potential harm of 
ionizing radiation. Carcinogenic effects remain a concern 
regardless of the dosage level. The United States Environmental 
Protection Agency (EPA) requires that all exposure situations 
to individuals and populations be maintained as low as rea-
sonably achievable (ALARA). A thorough understanding of 
the risks and benefi ts of cardiac imaging aids the clinician and 
patient in making a well- informed decision.  

    Patient Preparation 

 Each patient must be individually optimized for CCT. When 
coronary imaging is a priority, minimizing cardiac motion is 
critical to prospective-triggered synchronization of image 
acquisition and cardiac phase. Barring any contraindication, 
the patient is given an oral dose of beta-blocker (e.g., 
50–100 mg metoprolol) 1 h before the exam. A regular heart 
rate below 65 bpm produces motion-free cardiac images. 
Patients with arrhythmias such as atrial fi brillation or high 
heart rates (greater than 70 bpm) not amenable to beta- 
blockade are more suited for a retrospective-gated scan. 

 An 18- or 20-gauge intravenous line typically placed in 
the antecubital vein is needed to accommodate a fl ow rate of 
at least 4–6 mL/s. A higher iodine concentration of 370 mg 
l/mL is preferred to optimize contrast opacifi cation and 
homogeneity of coronary arteries. Experienced support staff 
should explain the potential complications of contrast media 
and address any concerns from the patient prior to the scan to 
minimize anxiety-related motion artifact. The patient is rou-
tinely given 0.4–0.8 mg nitroglycerin sublingually approxi-
mately 5 min prior to the contrast administration to take 
advantage of its fast-acting vasodilating effects on the coro-
nary arteries to maximally dilate the coronary arteries while 
minimizing the chance of vasospasm at the time of the scan.  

    Scanning Protocol 

 At the start of each scan, low-dose frontal and lateral scout 
tomograms are acquired with the patient at end inspiration. 
From these fi lms, the technologist then selects an appropriate 
fi eld of view and scan range that extends from the carina to 
2 cm below the diaphragm for a CAC scan or coronary protocol 

   Table 15.1    Comparison of radiation doses in select cardiac imaging 
procedures   

 Source 
 Typical dose 
(mSv)  Cardiac CT 

 Annual background radiation  3 
 Chest radiograph (PA)  0.02 
  13 NH 3  rest-stress  2  Calcium score 

CT 
 4.4  CCTA 

(320-slice 
volume scan) 

 Invasive coronary angiography  7 
  99m Tc Sestamibi SPECT  11 

 12  CCTA typical 
dose [ 4 ,  5 ] 

  82 Rb myocardial PET  13 
 18  CCTA 

(64-slice 
retrospective 
scan) 

 Dual isotope  201 Tl and  99m Tc 
study 

 24 

  Adapted from Einstein et al. [ 6 ,  7 ]  
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angiogram. Examinations for post-CABG evaluation or “triple 
rule-out” protocol require expanded scan ranges that include 
the top of the aortic arch and entire thorax, respectively. 

 ECG synchronization is the cornerstone of modern car-
diac CT imaging and enables data acquisition at a predefi ned 
phase of the cardiac cycle. Two methods of synchronization 
are available: retrospective gating and prospective triggering. 
In retrospective-gated scans the CT tube is continuously 
active throughout the entire cardiac cycle. The computer 
then reconstructs CT data to their corresponding phase of the 
cycle, with the 0 % phase defi ned as the start of R-R interval 
and the mid-diastolic phase typically at the 70–75 % phase. 
We routinely reconstruct retrospective CT data in phase 
increments of 10 %. Advantages of retrospective gating 
include functional information such as left ventricular ejec-
tion fraction (LVEF) calculation and wall motion assess-
ment. The retrospective technique is also appropriate in 
patients with arrhythmia or tachycardia, as the imaging win-
dow for these patients is not suitable for the prospective tech-
nique. CT dose modulation reserves the full tube current 
output for the diastolic phase and thereby reduces radiation 
dose by 30–40 % in retrospective-gated scans. 

 Prospective triggering takes advantage of the relative lack 
of coronary motion during mid-diastole. While this imaging 
window increases as the heart rate slows, the cardiac rhythm 
must be free of abnormal beats (e.g., premature ventricular 
contractions, atrial fi brillation). A 64-slice scanner with 4 cm 
of coverage requires 5–7 cardiac cycles to image the heart 
(3–4 cycles to acquire data and 2–3 cycles in between for 
table movement). In contrast, true volume CT of the heart 
(e.g., 320-slice scanner) completes a scan in the duration of 
one heartbeat without table movement. Since the total scan 
time is lower with the prospective technique, prospective- 
triggered scans led to nearly 90 % reduction in radiation dose 
compared to retrospective-gated scans [ 10 ]. Radiation expo-
sure is minimized when the scan is limited to a preset phase 
of the cardiac cycle, typically 65–81 %. Widening of the 
imaged phases (or “padding”) generates additional data for 
reconstruction at the expense of higher radiation dose. 
Therefore, one key disadvantage of prospective scans is the 
limited reconstruction options to correct imaging artifacts, 
emphasizing the need for patient optimization. 

 The patient fi rst undergoes a noncontrast scan to calculate 
the calcium score (CAC scan) in several clinical scenarios. 
Exceptions include patients with prior bypass, stent, known 
severe CAD, or recent CAC (<6 months ago). CAC scans are 
performed at 120 kVp, slice thickness of 2.5–3 mm, and 
ECG synchronization with either retrospective or prospec-
tive techniques. The superior and inferior extents of the coro-
naries can then be localized on the CAC scan in order to 
further refi ne the scan range for dedicated coronary scans 
that also helps to minimize the radiation dose exposure. 

 The peak tube voltage for CCTA is chosen among three 
common values: 80, 100, or 120 kVp. A patient with high 

BMI (e.g., >30) will require a more penetrating beam at 
120 kVp in order to limit image noise. On the other hand, 
tube voltage should be lowered in thin to average-sized 
patients as doing so substantially lowers radiation dose at 
essentially no cost to image quality (radiation dose is propor-
tional to the square of the tube voltage). 

 The scan delay or time between the start of contrast injec-
tion and the start of the scan is determined either by adminis-
tering a test bolus or bolus tracking, depending on the 
imager’s preference. A test bolus is a small amount of con-
trast injected followed by a saline bolus at the same rate as 
the primary bolus. The transit time to peak enhancement 
within an assigned vessel is determined by repeated imaging 
of the timing vessel. Diagnostic injection then proceeds using 
the derived contrast transit time. With bolus tracking, the 
entire contrast bolus and saline bolus chaser are administered 
in one run. The scanner then monitors the Hounsfi eld unit 
(HU) within an assigned region of interest (ROI) such as the 
thoracic aorta when left heart opacifi cation is desired. 
Intermittent single-slice scans are performed and the scanner 
automatically prompts the start of a scan when the threshold 
HU value has been exceeded. At our institution, the threshold 
for the descending aorta ROI is set at 180 HU for a routine 
coronary protocol. For a “triple rule-out” protocol, we place 
an additional ROI in the pulmonary artery with a threshold of 
90 HU and lower the descending aortic ROI to 140 HU 
(Fig.  15.1 ). Scan timing is further calibrated with a breath-
hold exercise and a delay chosen to minimize heart rate vari-
ability during breath holding. A breath hold of 10–15 s 
corresponds to the average scan time on a 64-slice scanner.

   Upon completion of scan, CT data is transferred from the 
gantry to the control computer to be processed using recon-
struction algorithms called kernels or “fi lters.” The choice of 
kernel depends on the clinical task and the acceptable trad-
eoff between spatial resolution and relative noise. For 
instance, evaluation of coronary plaques is optimal with a 
smooth kernel, whereas a sharp kernel improves visualiza-
tion of coronary stents at the expense of increasing noise. 
While modern CT scanners can generate reconstructions 
expeditiously with fi ltered back projection algorithms, there 
is much interest in the more computationally intensive itera-
tive reconstruction algorithm as a mean of minimizing CT 
artifacts and reducing radiation dose.  

    Image Post-processing, Pitfalls and Artifacts 

 The axial source data sent from the scanner can be further 
manipulated by advanced imaging workstations that are 
capable of 3-dimensional (3D) post-processing techniques. 
Standard axial, coronal, and sagittal projections are insuffi -
cient for detailed evaluation of the coronary arteries and 
 cardiac structures. Several 3D reconstruction methods are 
utilized in the routine analysis of CCTA: volume rendering 
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(VR), maximum intensity projection (MIP), and multiplanar 
reconstruction (MPR). Many workstations incorporate tem-
plates that enable rapid demonstration of coronary anatomy 
with these key post-processing techniques. 

 VR reconstructions display the entire of volume of data 
from a defi ned camera in space relative to the object of inter-
est. Each voxel is assigned a value for opacity according to 
its CT density such that lower-intensity voxels (lung, fat) are 
more translucent, whereas higher-intensity voxels are more 
opaque (due to contrast in coronaries and aorta). VR is useful 
for evaluating complex coronary anatomy and bypass grafts 
along with soft tissue, muscle, and bone, which may contrib-
ute to a more comprehensive understanding of pathologic 
processes. Patients and referring physicians may fi nd abnor-
malities demonstrated on VR images to be easier to 
comprehend. 

 MIP are 2-dimensional (2D) projections through a chosen 
slab of the imaged volume displaying only the highest- 
intensity pixels. It provides good anatomical overview when 
contrast-opacifi ed coronaries comprise the bulk of maximum 
intensity pixels. A weakness of MIP is the loss of 3D orienta-
tion among structures and obscuration of lower-intensity vox-
els (e.g., noncalcifi ed plaque) by higher-intensity voxels (e.g., 
calcifi ed plaque). As a result, stenosis detection using MIP is 
only appropriate in the absence of calcifi cations that cause 
blooming artifacts. A similar reconstruction called minimum 
intensity projection (MinIP) chooses lower- intensity pixels 
which may highlight myocardial perfusion defects. 

 MPR produces 2D grayscale images that display the mean 
attenuation value of all pixels in a plane through the imaged 

volume. Orthogonal planes and even curved MPR (cMPR) 
can be reconstructed. Accurate depiction of a coronary ste-
nosis requires short-axis MPR images which can be created 
manually or with software assistance (e.g., automatic center-
line extraction). MPR also produces long- and short-axis 
views of cardiac structures analogous to the standard views 
of echocardiography and cardiac magnetic resonance 
imaging. 

 CT attenuation data is organized by a 3D array of HU that 
corresponds to the attenuation value of the tissue within each 
voxel. The standard 8-bit grayscale display maps a selected 
range of HU onto 256 shades of gray. The window center 
defi nes the attenuation value that is medium in brightness on 
the grayscale. The window width determines the range of 
HU with the mean at the window center that is displayed 
within the grayscale. Voxels above or below this range are 
assigned the maximum and minimum values, respectively. A 
low window width or narrow window is useful for evaluating 
myocardium, while a wider window may be useful for calci-
fi ed lesions and coronary stents. 

 The diagnostic accuracy of CCTA studies can be reduced 
as a result of several possible pitfalls and artifacts which are 
generally minimized with optimal patient preparation. Heart 
rate control with beta-blockers and coronary arterial dilation 
with nitroglycerin both contribute to improved image quality 
by reducing cardiac motion and improving signal-to-noise 
ratio (SNR), respectively. Cardiac motion causes blurring of 
cardiac structures and coronaries, and in severe cases, the 
coronary arteries can appear duplicated. One remedy for 
 cardiac motion is to select the cardiac phase with the best 

  Fig. 15.1    Coronary computed tomography angiography – triple rule-out protocol.  Left panel : volume rendering technique (VRT) image of the 
thoracic aorta and coronary arteries.  Right panel : VRT image of the pulmonary arteries and coronary arteries       
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image quality for the structure of interest. The most motion-
free phase can occasionally be found at end systole or the 
30–40 % phase. Therefore, one potential drawback to CT 
dose modulation is the increased noise during systole, limit-
ing interpretation of systolic phase images for cardiac wall 
motion only. Evaluation of cardiac phases in increments of 
5 % rather than 10 % may be helpful for clarifying suspected 
lesions [ 11 ]. It is not unusual to repeatedly change phases 
when evaluating the segments of a coronary artery affected 
by cardiac motion. When cardiac motion is due to premature 
ventricular contractions, ECG editing can correct for any 
ectopic beat by removing the affected cycle from the 
dataset. 

 Slice misregistration artifact occurs from motion during 
axial acquisition, resulting in a straight plane of discontinu-
ity between two different slices separated in time. Such arti-
facts frequently interrupt the path of the coronaries and 
possibly creating false-positive lesions. Respiratory motion 
causes misregistration of chest wall or diaphragmatic struc-
tures, as well as blurring of pulmonary vasculature. 
Centerline analysis is often susceptible to creating “pseudo- 
lesion” at the discontinuity caused by misregistration. 

 Patient cooperation is crucial for a properly controlled 
contrast injection and subsequent diagnostic image quality. 
For instance, patient motion can displace the preset ROI dur-
ing the intermittent scans of bolus tracking, leading to a sub-
optimal scan delay time and poor opacifi cation of cardiac 
structures. The patient’s elbow must stay immobile during 
contrast injection to prevent kinking and obstruction of the 
IV fl ow. Suboptimal contrast opacifi cation of the coronaries 
results in low SNR and compromises the accuracy of the 
exam, often requiring follow-up with a repeat exam or a dif-
ferent modality. 

 Dense objects preferentially absorb low-energy x-rays, a 
phenomenon called beam hardening, leading to streak arti-
facts and areas of signal loss on CT images. Reconstructions 
created from a fi ltered back projection algorithm are particu-
larly prone to beam hardening, while iterative reconstruction 
is effective at reducing streak artifact. Calcifi cations, coronary 
stents, surgical clips and wires, and pacemaker leads all cause 
beam hardening to varying degrees on CCTA. Careful scru-
tiny of the systolic and diastolic phases can allow the cardiac 
position to move relative to the affected area of signal loss. 

 Coronary stents and calcifi cations have an apparent 
expansion in size on CT due to blooming artifacts, which 
causes overestimation of the severity of luminal stenoses. On 
smooth kernel and standard window settings, blooming arti-
facts exaggerate the size of calcifi ed plaques and obscure the 
lumen, leading to uninterpretable lesions. Techniques to 
reduce blooming artifact and improve luminal visualization 
include widening the window width, application of a sharp 
kernel, avoidance of MIP, and using thin slice MPR to mini-
mize partial volume effects.  

    Contraindications 

 Beta-blockers should be withheld in patients with signifi cant 
bradycardia (<60 bpm), atrioventricular heart block (greater 
than Mobitz type I block), hypotension (mean BP of less than 
60 mmHg), decompensated heart failure, and asthma (except 
mild intermittent asthma). In patients with contraindications 
to beta-blockers, IV diltiazem is the preferred calcium chan-
nel blocker (CCB) for rate control as other CCBs have greater 
negative inotropic effects. Contraindications to nitroglycerin 
include hypotension, recent usage of phosphodiesterase 
(PDE-V) inhibitors (treatment for erectile dysfunction and 
pulmonary hypertension) and severe aortic stenosis. 

 Before administration of CT contrast media, the patient 
should be screened for renal insuffi ciency (minimum glo-
merular fi ltration rate of 50 mL/min at our institution) or 
prior allergy to iodinated contrast. The exams of apprehen-
sive or uncooperative patients will frequently be of poor 
quality or nondiagnostic since the patient will be required to 
breath hold and remain motion-free for approximately 
10–20 s. Efforts should be made to alleviate anxiety and only 
rarely should conscious sedation be needed. An alternative 
modality should be considered in morbidly obese patients 
(BMI >40) due to a high likelihood of poor-quality scan due 
to underpenetration of photons.   

    Asymptomatic Indications 

    Coronary Arterial Calcium (CAC) (CPT: 75571) 

 Coronary arterial calcifi cation represents an integral and 
active stage of atherosclerosis. Calcium hydroxyapatite 
deposition in the coronary intima, driven by growth factors, 
indicates chronic plaque infl ammation. The degree of calcifi -
cation correlates moderately well with overall plaque area, 
but not with severity of luminal stenosis for an individual 
plaque. Also, culprit lesions in ACS are generally noncalci-
fi ed plaques that comprise 80 % of all plaques [ 12 ]. However, 
a highly calcifi ed plaque burden portends a higher overall 
risk of an obstructive lesion (>50 % stenosis). 

 In 1990, Agatston developed a scoring system for coro-
nary calcium quantifi cation with noncontrast CT scans [ 13 ]. 
Determining the CAC score fi rst involves highlighting of 
coronary calcifi cations using computer software on a dedi-
cated workstation (Fig.  15.2 ). Noncoronary calcifi cations 
such as aortic annular calcifi cation and CT densities less than 
1 mm 2  in area are excluded from the analysis. The area of 
each plaque is multiplied by a density coeffi cient that is 
determined by the maximum HU value within that region (1 
for 130–199 HU, 2 for 200–299 HU, 3 for 300–399 HU, and 
4 for 400 HU and above). The calcium score is derived from 
the summation of area/density coeffi cient products.
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   A standardized protocol historically based on EBCT and 
adapted for MDCT was devised to calculate calcium scores 
with high reproducibility. In the past, CAC scans performed 
on EBCT achieved sub-mSv doses. While radiation exposure 
is higher on MDCT, the use of a prospective-triggering tech-
nique decreases the radiation dose to 1–1.4 mSv [ 14 ]. 
Calcium scores generated from both types of CT are highly 
correlated, leading to the preferential usage of MDCT for its 
faster acquisition time and better spatial resolution [ 15 ]. 

 Calcium scores are usually divided into the following dis-
ease classes: no plaque burden for score of 0, minimal plaque 
burden for 1–10, mild plaque burden for 11–100, moderate 
plaque burden for 101–400, and extensive plaque burden for 
>400 [ 13 ]. A zero calcium score is associated with a very 
low probability of unstable plaque and obstructive lesions. 
Patients with scores less than 100 likely have minimal or 
mild luminal stenosis and a low likelihood of abnormal func-
tional exams [ 16 ]. On the other hand, scores above 400 indi-
cate that a signifi cant coronary stenosis is highly probable 
and should be further evaluated if clinically indicated. 

 Calcium scoring provides incremental and independent 
prognostic information over traditional risk stratifi cation 
strategies based on Framingham risk scores. The pretest prob-
abilities are divided into three categories: low (10-year risk of 
coronary event <10 %), intermediate (10–20 % risk), and high 
(>20 % risk) [ 17 ]. The intermediate-risk group represents 
about 25–40 % of the population. This population experi-
ences the greatest therapeutic impact, or a change in treatment 
class, from CAC testing. Additionally, multiple prospective 
studies demonstrate the independent predictive value of cal-
cium scores in predicting coronary events [ 18 ,  19 ]. Coronary 

calcium is also a valuable surrogate marker for CAD in 
patients presenting with ACS and ischemic cardiomyopathy 
[ 20 – 23 ]. 

 Results from CAC scans should be individualized beyond 
a simple score-risk relationship. The number of involved 
vessels provides incremental prognostic value and is associ-
ated with overall mortality. Data from the Multi-Ethnic 
Study of Atherosclerosis (MESA) showed that Caucasians 
have the greatest frequency and quantity of coronary arterial 
calcium, followed by Chinese, Hispanic, and African- 
Americans [ 24 ]. In a comparison of outcomes, African- 
Americans experienced the highest mortality for a given 
calcium score [ 25 ]. Serial CAC scans are not recommended 
for monitoring CAD, even in patients at high risk of 
 worsening disease. Interscan variability for the same patient 
on the same day can be over 20 %, making repeat scans unre-
liable for detecting actual disease progression [ 26 ]. 

 The AHA and ACC support the use of calcium score CT 
for asymptomatic intermediate-risk patients to determine 
their risk of developing coronary disease beyond that pre-
dicted by standard risk factor models. CAC scan is also 
appropriate in low-risk patients with a family history of pre-
mature coronary heart disease. Calcium scoring is a valuable 
adjunct to CCTA by identifying patients at risk for obstruc-
tive disease and quantifying their plaque burden. 
Incorporating calcium CT into the diagnostic arsenal for the 
management of CAD helps ensure the proper initiation of 
evidence-based therapy [ 27 ].   

    Emergent Clinical Indications 

    Acute Chest Pain (CPT: 75574) 

 CCTA is considered appropriate in the assessment of CAD in 
low- to intermediate-risk patients presenting with acute chest 
pain and possible ACS. These patients must also have nor-
mal/uninterpretable ECGs and normal/equivocal serum tro-
ponin levels. In cases where a hypercoagulable state is 
suspected (e.g., elevated  d -dimers), a “triple rule-out” can be 
performed to additionally evaluate for the possibility of pul-
monary embolism and aortic dissection. In the acute setting, 
CT angiography is most appropriately used to exclude CAD, 
and the need for invasive angiograms in patients whose like-
lihood of disease is not high [ 28 – 30 ]. 

 Hoffmann et al. demonstrated that MDCT accurately 
excludes ACS (high NPV) in the prospective evaluation of 
acute chest pain patients [ 28 ]. In patients who underwent 
invasive coronary angiography for non-ST elevation ACS, 
MDCT detected coronary stenosis at a high accuracy (sensi-
tivity 100 %, specifi city 75 %, PPV 96 %, NPV 100 %) [ 29 ]. 
Rubinshtein found no major adverse cardiac event within 1 
year for 58 patients prospectively evaluated with CCTA for 

  Fig. 15.2    Calcium score software.  Red arrow  pointing to calcifi ed 
plaques colored in yellow in the proximal left anterior descending 
(LAD) artery       
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acute chest pain [ 30 ]. An observational study by Hollander 
similarly showed a very low (<1 %) rate of cardiovascular 
events within 1 year among 481 ED patients with negative 
CCTA results [ 31 ]. 

 In a randomized study comparing CCTA and standard of 
care, Goldstein et al. demonstrated a shorter time to diagno-
sis with CT (3.4 vs. 15 h) at a lower hospital cost ($1,586 vs. 
$1,872) and that both approaches were 100 % safe [ 32 ]. In 
the CT-STAT (Coronary Computed Tomographic 
Angiography for Systematic Triage of Acute Chest Pain 
Patients to Treatment) trial, CCTA-based strategies and stan-
dard of care were compared for 750 ED patients presenting 
with acute chest pain, leading to an earlier time to diagnosis 
(3 vs. 7 h) and a lower cost of CAD diagnosis ($2,000 vs. 
$3,500) [ 33 ]. Recently published ACRIN/PA (Pennsylvania 
Department of Health and the American College of 
Radiology Imaging Network) and ROMICAT-II (Rule Out 
Myocardial Infarction Using Computer Assisted Tomography 
II) trials both affi rmed the clinical effi cacy of CCTA in the 
evaluation of ED patients with acute chest pain particularly 
in decreasing the unnecessary hospital admission rate and 
ED length of stay [ 34 ,  35 ]. 

 Evidence fi rmly supports the role of CCTA in the assess-
ment of low- to intermediate-risk ED patients with suspicion 
of ACS. CT angiography both excludes CAD with a high 
NPV and detects signifi cant stenosis at a modest PPV in this 
population. Advantages in patient throughput and cost reduc-
tion strongly encourage the use of CCTA in the initial workup 
of acute chest pain.  

    Triage Algorithm for Acute Chest Pain Patients 
Evaluated with CCTA 

 The high NPV of CCTA permits exclusion of CAD in 
patients with normal coronary arteries (no plaque burden or 
visible stenosis) or nonobstructive CAD (<50 % stenosis). In 
light of the clinical signifi cance of noncalcifi ed plaque, CT 
angiography should be performed in addition to a CAC scan 
in the assessment of emergency department (ED) patients 
with acute chest pain. CCTA should not be performed in 
patients at high pretest probability of CAD (uncertain indica-
tion), with persistent ST-segment elevation (uncertain indi-
cation) or with defi nite myocardial infarction (inappropriate 
indication). Normal results allow patients to be discharged 
from the ED without increased risk of major adverse cardiac 
events (MACE) [ 36 ]. Mild nonobstructive CAD initially 
diagnosed on CT angiography should be managed with out-
patient cardiology follow-up for risk factor modifi cation and 
initiation of medical therapy, if applicable. 

 Patients with obstructive CAD (>50 % stenosis) may 
require additional functional testing such as provocative test-
ing with stress myocardial perfusion imaging or diagnostic 

conventional angiography with fractional fl ow reserve. 
Blooming artifact from calcifi ed plaques frequently pre-
cludes accurate luminal assessment and results in false- 
positive or uninterpretable lesions. Potential solutions 
include using sharp kernel and thinner MPR slices to reduce 
artifact. Obstructive lesions with >70 % stenosis or >50 % in 
the left main artery in the setting of acute chest pain may 
need to be interrogated with cardiac catheterization for fur-
ther diagnosis and potential intervention (Fig.  15.3 ).

   While careful attention is paid to coronary assessment, a 
number of noncoronary pathologies can present in acutely 
symptomatic patients. Other causes of chest pain include, but 
are not limited to, pneumonia, pulmonary embolism, rib 
fracture, pneumothorax, aortic dissection, and pericardial 
disease. Therefore, reconstructions with full fi eld of view to 
include the lung fi elds should be routinely assessed for any 
disease that may infl uence patient management.   

    Nonemergent Clinical Indications 

    Pulmonary Vein Morphology (CPT: 75572) 

 Noninvasive cardiac imaging is essential for visualizing pul-
monary veins (PV) and guiding electrophysiological proce-
dures in patients with atrial fi brillation. Advantages of CCTA 
for this indication include accurate and reproducible delinea-
tion of the left atrium, pulmonary venous anatomy, and adja-
cent structures (Fig.  15.4 ). Quantitative measurements of the 
pulmonary ostia and branching distances are reliably calcu-
lated on MPR images. Pre-procedural CT also provides a 
baseline comparison in the assessment for posttreatment 
complications.

   The underlying cause of atrial fi brillation is the presence 
of ectopic electrical foci, frequently originating in the PV 
[ 37 ]. A detailed analysis of PV on MDCT includes the num-
ber of PV, the presence of supernumerary PV or common 
pulmonary trunk, distance to fi rst-order branch point, and 
PV ostial measurements. Relevant information regarding left 
atrium (LA) includes LA size, presence or absence of left 
atrial appendage thrombus, and confi guration of the inter-
atrial septum. When a left atrial appendage thrombus is sus-
pected, a short delayed scan (1–2 min) should be performed 
to distinguish between mixing artifact and actual thrombus. 

 The presence of any anomalous venous drainage, such as 
partial anomalous pulmonary venous return and persistent 
left superior vena cava, should be reported. The anatomic 
locations of the esophagus and descending aorta with respect 
to the LA should be discussed to minimize post-ablation 
complications such as atrioesophageal fi stula. In the 
 postoperative CT, evaluation for pulmonary vein thrombosis 
and stenosis is greatly aided by a pre-ablation CT for direct 
comparison. 

15 The Role of Coronary Computed Tomography Angiography in Cardiology Consultation



212

3D VRT

Acute
coronary
syndrome

(plaque rupture
with thrombus)

Normal
coronary

artery

2D MIP 2D MPR cross section

  Fig. 15.3    CCTA – post-processing methods. The use of all three post-
processing techniques, e.g., volume rendering technique ( VRT ), maxi-
mum intensity projection ( MIP ), and multiplanar reformatting ( MPR ), 

in the assessment of a patient with normal coronaries ( blue arrows ) and 
a patient with acute coronary syndrome with plaque rupture and throm-
bosis ( red arrows )       

  Fig. 15.4    CCTA in the evaluation of pulmonary veins.  Left panel : vol-
ume rendering technique (VRT) image of the left atrium and pulmonary 
veins.  Right panel : multiplanar reformatting (MPR) image of a large 

left atrium and left atrial appendage thrombus ( blue arrow ) – a contra-
indication for atrial fi brillation ablation       
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 The scan protocol for atrial fi brillation pre-ablation is 
adjusted for pulmonary vein opacifi cation by timing the con-
trast for peak enhancement of the left atrium. Cardiac CT for 
pulmonary vein mapping can be performed at a lower tube 
current and higher slice thickness to reduce radiation expo-
sure. CT images can also be fused with electroanatomic 
maps to be used by the electrophysiologist during procedures 
[ 38 ,  39 ]. The resultant savings in fl uoroscopic time, in addi-
tion to steady improvements in dose-lowering CT  technology, 
further supports the use of CCTA for PV mapping.  

    Coronary Anomalies (CPT: 75574 or 75573) 

 Congenital anomalies of a coronary artery occur at an inci-
dence of 0.6–1.3 % in invasive coronary angiography 
series [ 40 ]. The majority of coronary variants are benign, 
hemodynamically stable incidental fi ndings on CCTA per-
formed for other indications. Nevertheless, malignant cor-
onary variants need to be recognized as they are thought to 
be the second most common cause of sudden cardiac death 
in young  athletes [ 41 ,  42 ]. CCTA has the ability to depict 
coronary anatomy at high spatial resolution and distin-
guish between benign and malignant morphology 
[ 43 – 45 ]. 

 The left and right sinuses of Valsalva give rise to the left 
main (LCA) and right coronary (RCA) arteries, respectively. 
The LCA or RCA ostium can have unusually high or low 
takeoffs of more than 1 cm from the sinotubular junction. 
Another anomaly occurs when the LCA is absent, leading to 
the left anterior descending (LAD) and left circumfl ex (LCX) 
arteries having separate ostia from the left sinus of Valsalva. 
Rarely, the RCA origin is absent and results in a condition 

called single coronary artery syndrome. Precise anatomic 
description of these variations can often facilitate cannula-
tion on coronary angiography. 

 Coronary arteries with origins at an abnormal aortic sinus 
will adopt an anomalous course. Left-sided arteries (LCA, 
LAD, LCX) can have an aberrant origin from the right sinus, 
and, likewise, the RCA can arise from the left sinus 
(Fig.  15.5 ). Several courses can follow from the aberrant ori-
gin, including posteroinferior to the aortic root (retroaortic), 
between the aorta and pulmonary artery (interarterial) and 
anterior to the pulmonary trunk (prepulmonic). A retroaortic 
anomalous course of the LCX or RCA occupies the normally 
vessel-free space between the noncoronary sinus and the 
atria. An interarterial course is a malignant variant that poses 
a risk of exertion-related sudden cardiac death, thought to be 
due to compression of the coronary artery by the great 
 vessels during a high-output state. Coronary arteries with 
retroaortic or prepulmonic course do not have this risk and 
are considered benign entities [ 46 ]. The proximal portion of 
an anomalous coronary should be examined carefully for 
any kinking or intramural segments, which may affect surgi-
cal approach.

   A pulmonary arterial origin of the LCA, otherwise known 
as an anomalous LCA from the pulmonary artery (ALCAPA) 
or Bland-White-Garland syndrome, most commonly pres-
ents in infancy with volume overload and heart failure. 
ALCAPA patients rarely survive to adulthood and can pres-
ent with ACS, heart failure, or coronary steal phenomenon 
[ 47 ,  48 ]. In contrast, a pulmonary arterial origin of the RCA, 
LAD, and LCX may be clinically silent [ 49 ,  50 ]. Variations 
of coronary arteries originating from other abnormal 
 locations, such as the “noncoronary” sinus, thoracic aorta, or 
aortic arch vessels have been described. 

  Fig. 15.5    Coronary anomalies.  Left panel : maximum intensity projec-
tion (MIP) image of anomalous right coronary artery (RCA) ( blue 
arrow ) from left coronary sinus with slit-like opening of the origin of 
the RCA.  Middle panel : volume rendering technique (VRT) image of a 

large RCA coronary aneurysm ( blue arrow ) – unusually large RCA 
compared to left anterior descending (LAD) ( green arrow ) in VRT. 
 Right panel : VRT image of a small left main to main pulmonary artery 
fi stula ( white arrow )       
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 A myocardial bridge is a common coronary anomaly 
defi ned by an intramyocardial course of a normally epicar-
dial coronary artery segment. This most commonly occurs at 
the mid-segment of the LAD, followed by the LCX and 
RCA. The bridging can be superfi cial where the artery con-
tacts the myocardium or deep where the coronary segment is 
completely encased by the myocardium. While a myocardial 
bridge in isolation is not thought to be clinically signifi cant, 
its potential role in causing coronary ischemia is under 
debate [ 51 ]. Luminal stenosis of the intramyocardial seg-
ment may be observed on CCTA and confi rmed on invasive 
angiography, although diastolic coronary blood fl ow is infre-
quently compromised. An intraluminal or intracavitary 
course is comparatively rare and can complicate cardiac sur-
gical procedures. 

 Coronary artery aneurysms are characterized by dilation 
of the coronary diameter to greater than 1.5 times the normal 
adjacent segments (Fig.  15.5 ). Coronary artery fi stulas occur 
from an abnormal termination of coronary arteries into car-
diac chambers, pulmonary vessels, or the coronary sinus. 
Smaller fi stulas are rarely hemodynamically signifi cant 
(Fig.  15.5 ), whereas coronary steal phenomenon and myo-
cardial ischemia may manifest in larger fi stulas that warrant 
endovascular or surgical intervention [ 52 ,  53 ]. 

 CCTA is a rapid, noninvasive exam capable of defi ning 
coronary anatomy and adjacent cardiac structures. High spa-
tial and contrast resolution make MDCT the modality of 
choice for characterizing abnormal coronary arteries. In 
patients for whom x-ray exposure is a concern, radiation 
dose can be lowered by decreasing tube settings and increas-
ing slice thickness without loss of diagnostic accuracy. The 
clinical value of CCTA in evaluating coronary anomalies lies 
in its ability to distinguish between benign variants and 
abnormalities that require aggressive intervention.  

    Congenital Heart Disease (CPT: 75573) 

 The assessment of congenital heart disease (CHD) requires a 
multimodality approach that can include cardiac CT. While 
MRI and echocardiography offer functional and dynamic 
information about the cardiac defect without the use of ion-
izing radiation, CT provides superior spatial resolution in 
return for radiation exposure [ 54 ]. 

 Understanding the clinical objective and type of CHD 
being evaluated is critical to choosing the proper CT 
scan  protocol. One determinant for contrast timing is the 
 anticipated shunt physiology. For example, left heart opaci-
fi cation demonstrates left-to-right shunts and right heart 
opacifi cation shows right-to-left shunts. Right-to-left shunts 
in cyanotic CHD are seen in tetralogy of Fallot (TOF), 
transposition of the great arteries (TGA), and Eisenmenger 
syndrome. Acyanotic CHD in the setting of increased pul-
monary vascularity raises the possibility of a left-to-right 
shunt, including ventricular septal defect (VSD), patent duc-
tus arteriosus (PDA), atrioventricular septal defect (AVSD), 
partial anomalous pulmonary venous return (PAPVR), and 
atrial septal defect (ASD) (Fig.  15.6 ). Signifi cant left-to-
right shunt physiology often manifests with CT evidence of 
volume overload, such as pulmonary arterial enlargement, 
fl attening or leftward bowing of the interventricular septum, 
and enlargement of the right heart chambers. Arterial phase 
imaging is appropriate for assessing abnormal vessels in the 
systemic circulation, e.g., coronary anomaly, major aorto-
pulmonary collateral arteries, and coarctation of the aorta 
(CoA).

   When CHD is suspected, an appropriate imaging range 
that fully covers the involved anatomy should be chosen 
(e.g., aortic arch to diaphragm for evaluation of CoA and 
PDA). Restriction of the scan length to only what is  necessary 

  Fig. 15.6    Congenital heart disease.  Left panel : multiplanar reformat-
ting (MPR) image of a large secundum atrial septal defect ( blue arrow ) 
with contrast crossing the defect between the left and right atrium indi-
cating left-to-right shunt.  Middle panel : MPR image of a unicuspid aor-

tic valve with calcifi cation of the aortic commissure ( blue arrow ).  Right 
panel : maximum intensity projection (MIP) image of coarctation of the 
aorta with poststenotic dilatation ( blue arrow )       
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for diagnosis is important for radiation dose consideration. 
Other strategies to reduce CT dose include using non-gated 
CT for pediatric patients, ECG-tube current modulation and 
lowering tube potential to 80 kVp for pediatric patients and 
100 kVp for adult patients of average BMI [ 55 ]. On occa-
sion, CHD is incidentally discovered on a cardiac CT per-
formed for other indications. Lesions such as ASD, mitral 
valve prolapse, aortic valvular anomalies (bicuspid or uni-
cuspid aortic valve), and, less commonly, CoA and PDA can 
be initially diagnosed during a routine CCTA evaluation 
(Fig.  15.6 ). A fundamental understanding CT protocols and 
congenital cardiac abnormalities is essential to optimize the 
complementary role of cardiac CT in the diagnosis and long- 
term evaluation of CHD.  

    Coronary Artery Bypass Graft Assessment 
(CPT: 75574) 

 The use of CCTA in the setting of prior bypass grafting is 
considered appropriate in symptomatic patients with typical 
angina and for localization of bypass grafts prior to redo sur-
gery. Bypass graft patency and occlusion are diagnosed on 
CCTA with very high accuracy (above 95 % sensitivity and 
specifi city in most studies) [ 56 – 58 ]. Note that the use of CT 
angiography in asymptomatic patients with prior CABG is 
considered uncertain (CABG over 5 years ago) or inappro-
priate (CABG less than 5 years ago). 

 The scan range is extended to include the entire course of 
bypass grafts, their origin from the aortic arch (venous 
grafts) or subclavian arteries (internal mammary grafts). 
Beta- blockade and a prospective-triggered scan are recom-
mended to decrease radiation dose. Sharp kernel can improve 
visualization of heavily calcifi ed vessels. If available, the 
use of iterative reconstruction improves SNR and reduces 
metallic artifact. 

 On CCTA images, coronary bypass graft patency is con-
fi rmed by direct visualization of intravascular contrast. 
Arterial grafts generally have higher patency rates compared 
to venous grafts [ 59 ]. The presence of internal mammary 
artery (IMA) grafts can be quickly verifi ed by noting the 
absence of a normally located IMA within the chest wall 
adjacent to the lateral borders of the sternum. A thorough 
analysis of bypass grafts should include MPR to evaluate the 
graft and anastomosis for stenosis/occlusion. Curved MPR 
with centerline analysis is helpful to show the entire course 
of the graft in a single plane [ 60 ]. Volume rendered images 
are useful for provide a broad overview of the bypass graft 
course (Fig.  15.7 ). The order of venous graft implantation 
along the ascending aorta is such that the bypass graft to the 
RCA territory is earliest and most inferior, followed by 
grafts to the LAD territory and then LCX. Occasionally, a 
vein graft may be a “jump” graft with both a side-to-side 
anastomosis at its midcourse and an end-to-side 
anastomosis.

   Potential diagnostic diffi culty lies in obscuration of the 
lumen by streak artifacts caused by ostial markers, surgical 
clips, and sternotomy wires. Metal artifacts cause beam 
hardening that may possibly be misinterpreted as luminal 
disease. Evaluating the affected region in different cardiac 
phases may show the graft moving away from the metallic 
density. Contrast opacifi cation of native coronaries near the 
anastomotic site is also a sign of graft patency, although it 
can alternatively represent collateral fl ow. Assessment of 
the native coronary arteries is usually limited due to severe 
plaque burden and small vessel diameters contributing to a 
high false-positive rate [ 61 ]. An occluded graft can some-
times be directly visualized or assumed by the confi gura-
tion of residual surgical clips, while invasive angiography 
simply shows nonopacifi cation of the graft [ 62 ]. Aneurysms 
and pseudoaneurysms of the saphenous vein graft are rare 
and potentially lethal complications well depicted on CT. 

  Fig. 15.7    CCTA of bypass 
grafts.  Left panel : volume 
rendering technique (VRT) of 
left internal mammary artery 
( LIMA ) ( blue arrow ) to distal left 
anterior descending (LAD) 
( yellow arrow ).  Right panel : 
VRT of saphenous vein graft 
( SVG ) ( white arrow ) to obtuse 
marginal (OM) traversing across 
the main pulmonary artery       
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 Evaluation of bypass grafts is highly accurate on MDCT, 
despite potential problems from metal artifact. Invasive coro-
nary angiography remains the traditional gold standard for 
graft assessment with CCTA serving as a valuable noninva-
sive alternative.  

    Coronary Stent and Left Main Patency (CPT: 
75574) 

 Coronary stents are the mainstay of current revascularization 
therapy. With invasive angiography as the gold standard, 
CCTA plays a complementary role in the assessment of in- 
stent restenosis. However, the varying types and sizes of 
coronary stents result in inconsistent diagnostic accuracy of 
CCTA with a high rate of false positives. According to the 
2010 Appropriateness Criteria, the only appropriate indica-
tion for CCTA is in an asymptomatic patient with LCA stents 
of at least 3.0 mm diameter. Evaluation of symptomatic 
patients and patients with a stent diameter of less than 
3.0 mm is considered uncertain and inappropriate indica-
tions, respectively. 

 A number of technical limitations can affect the evalua-
tion of coronary stents including motion, metallic blooming, 
and beam hardening artifacts [ 63 ]. The patient’s heart rate 
should be controlled in order to minimize motion artifacts. 
Metallic blooming artifact causes the stent walls to appear 

thicker and limits assessment of the lumen. Beam hardening 
artifacts increase intraluminal noise and further impair diag-
nostic accuracy. Depending on stent material and size, these 
artifacts may prevent the direct visualization of intraluminal 
contrast needed to confi rm stent patency [ 64 ,  65 ]. 

 Several techniques are available to optimize stent visual-
ization on CCTA. The stent is placed in the imaging plane 
using thin MPR to reduce volume averaging and maximize 
spatial resolution at the cost of increased noise (Fig.  15.8 ). 
The minimum slice thickness available should be selected. 
Sharp kernel and widened window width both reduce bloom-
ing artifacts and improve luminal examination. Decreasing 
slice increment or spacing (increasing slice overlap) may also 
be benefi cial.

   Indirect evidence of stent fi lling may be present. 
Intracoronary opacifi cation immediately distal to the stent is 
associated with stent patency, but is also observed in retro-
grade fi lling via collateral fl ow [ 66 ]. Whereas dense circum-
ferential aortic annular calcifi cations and porcelain aorta pose 
a challenge for invasive angiography, LCA ostial patency can 
be readily confi rmed on CCTA (Fig.  15.8 ). The absence of 
intraluminal stent opacifi cation and distal fl ow is diagnostic 
of in-stent restenosis. Additionally, the native coronary arter-
ies should be routinely assessed for disease progression. 

 With proper patient selection and imaging techniques, 
CCTA is a powerful noninvasive tool in the management 
of asymptomatic patients with certain coronary stents. 

  Fig. 15.8    CCTA of coronary stents and calcifi ed aortic annulus.  Left 
panel : multiplanar reformatting (MPR) image of 2 patent stents ( blue 
arrows ) in a large obtuse marginal (OM) branch.  Right panel : maxi-

mum intensity projection (MIP) image of densely calcifi ed aortic annu-
lus ( blue arrow ) and left main (LM) ( yellow arrow )       
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Appropriateness ratings of other clinical scenarios may 
change as CT technology continues to develop.   

    Future CT Applications 

    CT Perfusion (CTP) 

 CTP is an exciting new development in advanced CCT imag-
ing. The concept is based on calculations of myocardial 
blood fl ow and myocardial blood volume before and after 
pharmacological stress, typically using a vasodilator [ 67 –
 69 ]. The most intriguing aspect of CTP is the ability to com-
bine both an anatomical test (CCTA) and a functional test 
(i.e., stress and rest perfusion) in one exam versus the current 
requirement of two diagnostic exams to determine anatomy 
and function. Currently, a major weakness of CCTA is its 
inability to accurately diagnose patients with known CAD or 
signifi cant coronary artery lesions; it is hopeful that the addi-
tion of a functional exam such as CTP will help improve the 
diagnostic accuracy of coronary CTA in patients with 
obstructive disease. At this moment, this imaging technique 
is still considered an investigative tool and more large-scale 
clinical trial data on outcomes and clinical effectiveness are 
needed to justify its use in everyday clinical practice.  

    Plaque Analysis 

 While CCTA readily distinguishes between noncalcifi ed and 
calcifi ed plaques, efforts to further characterize noncalcifi ed 
plaque yielded mixed results. Comparison with intravascular 
ultrasound showed that CCTA underestimates noncalcifi ed 
and mixed plaque volume and overestimates calcifi ed plaque 
volume [ 70 ]. Another study found good concordance 
between IVUS and dual-source CT noncalcifi ed plaque 
quantifi cation when an automated wall segmentation algo-
rithm was applied to the CCTA data [ 71 ]. Development of an 
accurate approach to noncalcifi ed plaque quantifi cation with 
MDCT will potentially lead to an improved risk stratifi cation 
model based on the noncalcifi ed plaque volume [ 72 ,  73 ]. 

 Plaque characterization using CCTA attempts to identify 
vulnerable plaques that are at higher risk of rupturing. Culprit 
lesions in ACS tend to be lipid-rich plaques as opposed to 
fi brous plaques. Lipid-rich plaques generally demonstrate lower 
attenuation values than fi brous plaques. However, there is sub-
stantial overlap between the HU measurements for the two types 
of plaques [ 74 ]. Other plaque characteristics associated with 
ACS include greater remodeling and larger plaque size [ 75 ]. 

 Quantifi cation, characterization, and prognostication 
based on CCTA appearance of noncalcifi ed plaques are 
 currently limited. While the presence of nonobstructive 

 noncalcifi ed plaque is predictive of all-cause mortality, at 
present CCTA for the purpose of risk stratifi cation is not jus-
tifi ed. Ongoing investigative efforts strive to more accurately 
delineate the coronary arterial wall and assess plaque 
burden.   

    Summary 

 CAD is the leading cause of death in the United States. 
Early detection and treatment of patients with vulnerable 
atherosclerotic plaques remain the holy grail of modern day 
medicine. CAC and CCTA are the one-two punch of diag-
nostic cardiac imaging. On one hand, CAC provides impor-
tant information on CAD risk stratifi cation and prognosis in 
asymptomatic individuals. On the other hand, the extremely 
high NPV of CCTA allows rapid exclusion of signifi cant 
obstructive CAD in symptomatic individuals. CCTA is also 
a versatile noninvasive diagnostic imaging tool for the eval-
uation of native coronary arteries and bypass graft. Patients 
with atrial fi brillation routinely undergo CCT for pre- or 
post-ablation evaluation of cardiac structure. CCTA is also 
the imaging modality of choice for the initial evaluation of 
a suspected coronary anomaly or coronary fi stula. The 
major Achilles’ heel of CCTA includes radiation exposure, 
the need for a contrast agent, and the lack of functional and 
dynamic information. Further improvements in scanner 
design and detector technology directly address these draw-
backs and are likely to signifi cantly lower the radiation 
exposure, ultimately allowing for more creative applica-
tions of CCTA such as for CTP and plaque analysis. Slowly 
but surely, CCTA has become an integral part of the diag-
nostic tools commonly used by cardiology consultant.      

 Key Points 

•     Coronary computed tomography angiography 
(CCTA) is the most accurate noninvasive imaging 
modality for ruling out obstructive coronary artery 
disease.  

•   Coronary artery calcium score is useful in the 
reclassifi cation of coronary artery disease risk in 
asymptomatic individuals.  

•   CCTA is safe and cost-effective in the emergency 
department triage of acute chest pain.  

•   CCTA is valuable for the pre- and post-procedure 
evaluation of cardiac structure and morphology as 
well as native, bypassed, or stented coronary 
arteries.  

•   CCTA is indicated for the evaluation of complex 
congenital heart disease and coronary anomalies.    
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    Abstract 

   Cardiovascular magnetic resonance imaging (CMR) has emerged as a powerful, 
 multipurpose, noninvasive imaging modality of great value to cardiac consultants who are 
asked increasingly to evaluate increasingly complex cases of cardiac anatomy and 
 pathophysiology. CMR, unlike other imaging modalities that require ionizing radiation, is 
extremely safe and suited for the evaluation of both congenital and acquired cardiac 
 diseases. CMR is the gold standard for the evaluation of global systolic function, abnormal 
tissue characteristics, and myocardial viability. This chapter will review key fundamental 
principles in MR physics that form the basis of MR imaging followed by a brief discussion 
of image acquisition and signal processing that are unique for CMR. Basic CMR pulse 
sequences and common clinical applications of these sequences will be discussed including 
the use of fl ow/velocity encoding sequences in the quantitative analysis of fl ow and 
 myocardial stress imaging. The chapter will also touch on the common roles of CMR in the 
assessment of restrictive, dilated, and hypertrophic cardiomyopathies, valvular heart 
 disease, congestive heart failure, myocarditis, cardiac neoplasms, pericardial disease, and 
congenital heart disease. Technical and patient safety issues will also be reviewed. To date, 
CMR remains a relatively time-consuming and technically diffi cult imaging modality and 
is not commonly available. Future improvement in hardware and software as well as 
 simplifying image post-processing will improve the availability of CMR and allow it to be 
performed on even more challenging patients.  
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        Introduction 

 In 1945, Bloch and Purcell separately developed the 
 technique of nuclear magnetic resonance (NMR) spectros-
copy to analyze the composition of different chemical com-
pounds [ 1 ]. This Nobel prize-winning concept was introduced 
into the medical and pharmaceutical communities during the 
1960s and 1970s through the contributions of Damadian, 
Lauterbur, and other investigators [ 2 ]. The transition from 
the single dimension of NMR spectroscopy to the second 
dimension of spatial orientation formed the foundation of 
today’s magnetic resonance imaging (MRI). 

 Cardiovascular magnetic resonance imaging (CMR) has 
emerged as a robust noninvasive technique for the assess-
ment of global systolic function, myocardial viability, val-
vular pathology, and congenital heart diseases. Although 
CMR is performed using the same basic concepts of a regu-
lar MRI, one of the biggest differences is the challenge of 
overcoming cardiac and respiratory motion to acquire high-
quality images. A complete review of CMR physics is 
beyond the scope of this chapter. Therefore, this chapter 
focuses mainly on the clinical applications of CMR in a ter-
tiary cardiac referral environment while offering a brief 
review of the basic principles of MR physics, image acquisi-
tion, and common CMR pulse sequences. In addition, this 
chapter touches on the practical aspects of patient care, 
including gating techniques, patient comfort, and contrain-
dications to MRI.  

    Basic Principles of MRI: MRI Physics 

 The physics of generating MRI is based on the random 
 distribution of water and fat protons ( 1 H) within the body and 
the spin of those protons. Hydrogen is the most prevalent 
charged element in living tissues. The magnetic fi eld created 
by a spinning proton is known as the magnetic dipole moment 
and is in the direction perpendicular to the rotation of the 
spin (Fig.  16.1 ). In the body, all the hydrogen protons nor-
mally spin in a random fashion, and the sum of all the mag-
netic dipole moments cancel each other out. When an 
external magnetic fi eld (Bo) is applied, the axes of the mag-
netic dipole moments will align in one of two energy states 
based on quantum mechanics. A dipole moment is consid-
ered parallel if it is aligned along the direction of Bo and 
antiparallel if opposite to the direction of Bo (Fig.  16.2 ). The 
longitudinal magnetization created by placing protons in an 
external magnetic fi eld cannot be detected by the receiving 
MR coils. In order to detect the physical presence of the pro-
tons in a given body of tissue, the longitudinal magnetization 
(aligned along the  z -axis) of the protons must be forced into 
the  x - y  plane. This is accomplished by the introduction of a 
weak electromagnetic wave or radiofrequency (RF) pulse. 
The frequency of the RF pulse must match the precise fre-
quency of the spinning protons (i.e., Larmor frequency), in 

order for the longitudinal magnetization to be “fl ipped.” 
The fl ip angle (θ), an MRI parameter, is the degree from the 
 z -axis that the longitudinal magnetization has been tipped. 
Its magnitude is dependent on both the frequency and dura-
tion of the RF pulse and typically ranges between <90° and 
180°, depending on the clinical application [ 2 ]. After the RF 
pulse is applied, the longitudinal magnetization is dimin-
ished and a new magnetization, called  transverse magnetiza-
tion , is generated by the precession of the protons in the  x - y  
plane. Immediately after the transient RF pulse is turned off, 
exponential recovery and decay of the longitudinal and 
transverse magnetizations, respectively, occurs. The preces-
sion of protons in the  x - y  plane produces an MR signal, 
known as the  free induction decay  (FID), which also decom-
poses exponentially. The frequency of these signals is then 
determined using a Fourier transform and the amplitude in 
relation with time is calculated. MRI pulse sequences are 
programmed to sample, store, and process the FID signal so 
as to eventually reconstruct the MR image.

       Relaxation Time and MR Contrast 

 The recovery of the longitudinal magnetization and the decay 
of transverse magnetization after the application of the RF 
pulse are commonly referred to as “relaxation” times – i.e., 

Bo

  Fig. 16.1    A spinning proton with its own magnetic dipole moment 
 circling around an external magnetic fi eld (B0)       
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the time it takes for spins to return to their lowest energy 
states. The longitudinal relaxation time (T1) is the time it 
takes for spins to realign along the  z -axis (recovery of the 
longitudinal magnetization) or to give up the energy gained 
from the RF pulse excitation to the surrounding environ-
ment. T1 is thus dependent on interactions between the spins 
and the surrounding environment and is also known as the 
lattice relaxation. For myocardium, the T1 is approximately 
900 ms at 1.5-T fi eld strength (and is less in a weaker mag-
netic fi eld). The time it takes for the decay of the transverse 
magnetization is denoted by T2 relaxation (transverse relax-
ation). T2 relaxation is an exponential decay process caused 
by the dephasing of spins in the  x - y  plane or the randomiza-
tion of the phase of the spinning protons. This is secondary 
to the interactions between neighboring spins themselves 
(also known as spin–spin relaxation). The T2 for myocar-
dium is about 80 ms. In reality, the FID (decay of the trans-
verse magnetization) occurs at a much faster rate than that 
represented by the T2 time. This is the result of additional 
factors contributing to dephasing of the spins – namely, 
the fi xed inhomogeneity of the external magnetic fi eld and 

cardiac respiratory motions. Therefore, T2* (T2 “star”) is 
the relaxation time that takes into account the T2 effect, the 
fi eld inhomogeneity, and other environment factors, repre-
senting a more accurate measure of the FID. Different tissues 
have unique T1, T2, and T2* relaxations (Fig.  16.3 ). These 
unique physical properties of various tissues are used by the 
MRI technology to generate image contrasts, and the various 
pulse sequences are optimized to aid tissue characterization 
by focusing on the specifi c relaxation property of the tissue 
of interest, giving rise to the terms “T1 or T2 weighting.”

       Image Acquisition and Signal Processing 

 The sampled FID is the electromagnetic signal emanating 
from the entire body while in the magnet and does not con-
tain any information regarding the specifi c position in the 
body from which the signal is coming. For an image to be 
created, signals must go through a series of complicated spa-
tial encoding steps and signal processing. The fi rst important 
step is the use of gradients to encode MR signals spatially. A 
 gradient  is a magnetic fi eld that has a nonuniform distribu-
tion and shows a linear increase in fi eld strength from one 
end to the other. The gradient is generated by gradient coils 
embedded in the main magnet bore. Typically, three gradi-
ents are created in the  x ,  y , and  z  directions; they are referred 
to as Gx, Gy, and Gz (Fig.  16.4 ). Gz, which runs in the cra-
niocaudal direction, is referred to as the  slice-select gradient , 
as MRI slices are based on the selection of the appropriate 
bandwidth that correlates to the frequency associated along 
the Gz gradient. Gx, which runs in the left-right direction, is 
known as the  frequency-encoding gradient  and is usually 
turned on during the readout of the echo. For this reason, it is 
sometimes referred to as the readout gradient. Gy, which 

Bo off Bo on

No net magnetization Net magnetization

  Fig. 16.2    In the body, all the hydrogen protons are normally spinning 
in a random fashion, and all the magnetic dipole moments, in sum, can-
cel each other out, resulting in no net magnetization (B0 off). When an 
external magnetic fi eld (B0 on) is applied, the axes of the magnetic 
dipole moments will align in one of two energy states, either parallel or 
antiparallel, based on quantum mechanics       

Magnetization

T1

Recovery of longitudinal Mo

Decay of transverse M1

T2
T2*

Time

  Fig. 16.3    Three types of relaxation time (T1, T2, and T2*). T1 relax-
ation is the time it takes for spins to realign along the  z -axis (recovery 
of the longitudinal magnetization, Mo) or to give up the energy gained 
from the RF pulse excitation to the surrounding environment. T2 relax-
ation is an exponential decay process caused by dephasing of spins in 
the  x - y  plane or the randomization of the phase of the spinning protons. 
T2* relaxation is the relaxation time that takes into account both the T2 
effect, the fi eld inhomogeneity, and other environment factors       
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runs in the anteroposterior direction, is known as the 
 phase- encoding gradient. The three gradients are turned on 
and off at specifi c times to properly encode MR signals 
 spatially. The assignments above are commonly used 
today, but in reality they are arbitrary and may be altered 
depending on the patient’s orientation.

   Once the MR signals are read, they are placed in a data 
matrix known as k-space. The stored data or signals are in 
the frequency domain and, thus, they do not correlate with 
the actual MR image itself. In order to reconstruct the actual 
image, the Fourier transformation is applied to data in 
k-space to form the resultant MR image for clinical use.  

    Basic Cardiac Sequences 

 A pulse sequence is a series of computer instructions and 
algorithms that prepare and generate a MR signal. Pulse 
sequences utilize a series of RF pulses and various magnetic 
gradients to enhance or suppress tissue signals in order to 
obtain images with the desired contrast. There are many 
pulse sequences, of which spin-echo (SE) and gradient- 
recalled echo (GRE) sequences are the most commonly uti-
lized in cardiac imaging.  

    Spin-Echo (“Dark Blood” Sequence) 

 The basic SE pulse sequence consists of a 90° excitation RF 
pulse followed by one or more 180° refocusing pulses. Recall 
that after the RF pulse is turned off, the FID (the MR signal) 

rapidly decomposes due to T2* effects (Fig.  16.5 ). 
The  purpose of the 180° pulse is to allow the spins in the 
transverse plane (which are actively dephasing) to rephrase 
and reform the signal, thus the term  echo . The time between 
the 90° excitation RF pulse and the echo is denoted as  time of 
echo  (TE). This dual pair of excitation and rephasing pulses 
may be repeated as further spatial encoding is applied (via 
gradients). The time between one 90° RF pulse to the next 
90° RF pulse is known as the  time to repetition  (TR). TE and 
TR times may be set by the computer and enhance important 
contrast characteristics between tissues being imaged based 
on the tissue’s T1 and T2 characteristics (i.e., T1 and T2 
weighting). In general, in SE sequences, short TE and TR 
times favor T1 weighting, whereas long TE and TR times 
favor T2 weighting.

   SE sequences are also referred to as “dark blood” imaging 
because rapidly fl owing blood moves out of the slice being 
excited and thus does not receive the 180° refocusing pulse. 
Therefore, no echo is formed and the moving-blood signal 
void is represented as a dark image. In that regard, SE 
sequences provide great contrast between the blood pool and 
the surrounding tissues; as a result, they are commonly used 
in assessing cardiovascular morphology such as the pericar-
dium, mediastinum, myocardium, and great vessels.  

    Gradient-Recalled Echo 
(“Bright Blood” Sequence) 

 GRE sequences utilize a series of slice-selective RF pulses 
that have fl ip angles α (usually much less than the 90° used 

Gy

Gx Frequency-encoding

Phase-encoding

Slice-select
Gz

  Fig. 16.4    Three gradients are created by embedding the gradient coils 
in the main magnet bore. The gradients are arranged in the  x ,  y , and  z  
directions and are referred to as Gx, Gy, and Gz. Gz, which runs in the 
craniocaudal direction, is referred to as the slice-select gradient, as MRI 
slices are based on the selection of the appropriate bandwidth that cor-

relates to the frequency associated along the Gz gradient. Gx, which 
runs in the left-right direction, is known as the frequency-encoding gra-
dient and is usually turned on during the readout of the echo (also 
known as “readout” gradient). Gy, which runs in the anteroposterior 
direction, is known as the phase-encoding gradient       
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in SE sequences) (Fig.  16.6 ). Because of the smaller fl ip 
angles, the recovery of longitudinal magnetization is faster 
and thus allows for much shorter TR and scanning times. 
In addition, no 180° refocusing pulses are used; instead, 

active dephasing and rephasing of the transverse 
 magnetization are accomplished by the use of dual-polar-
ity readout gradients to regenerate the FID. Because of the 
repeated use of multiple small fl ip-angled RF pulses that 

90°

RF

Gz

Gy

Gx

FID

TE

TR

180° 90° 180°  Fig. 16.5    Diagram of a typical 
spin-echo (SE) pulse sequence 
with its 90° excitation RF pulse 
followed by one or more 180° 
refocusing pulses. The time 
between the 90° excitation RF 
pulse and the echo is denoted as 
 TE  (time of echo). The time 
between one 90° RF to the next 
90° RF is known as the  TR  
(time to repetition)       

α α

RF

Gz

Gy

Gx

FID

TE

TR

  Fig. 16.6    Diagram of a typical 
GRE pulse sequence utilizing a 
series of slice-selective RF pulses 
that have a fl ip angle of α-degrees 
(usually much less than the 90° 
used in spin-echo sequences)       
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are slice selective,  fl owing blood, which was initially 
 outside of the imaging plane and thus has not been affected 
by the excitation, will have a higher longitudinal magneti-
zation component to be fl ipped in the subsequent RF pulse. 
Compared to the stationary surrounding environment, 
which has been experiencing multiple fl ip-angle excita-
tions, blood will carry higher signal intensity; thus, GRE 
sequences produce images that display fl owing blood as 
bright.

   The shorter scanning time afforded by the GRE 
sequences makes them ideal for imaging protocols where 
temporal resolution is of paramount importance. A variant 
of the basic GRE sequence is known as  echo-planar imag-
ing  (EPI). In this sequence, instead of just one echo being 
recalled, a full set of rapid phase-encoded GREs are recalled 
through the use of a series of oscillating frequency-encod-
ing gradients. EPI allows for a greater signal-to-noise ratio 
(SNR) and can dramatically reduce the imaging time (or 
increase temporal resolution) depending on the length of 
the echo train. Currently, GRE sequences are utilized rou-
tinely in assessing ventricular function, cardiac perfusion, 
coronary artery imaging, valvular motion, and turbulent 
fl ow. 

 Other pulse sequences that are employed in cardiac imag-
ing are not discussed in this chapter. Suffi ce to say that a 
good number of these sequences are simply variations of the 
SE and GRE sequences that allow for a greater reduction in 
scan time or that selectively enhance or null specifi c tissues 
of interest in order to achieve better contrast.  

    Technical Issues and Patient Safety 

 Unlike other organs in the body, the heart is constantly in 
motion due to a combination of its own pulsation and the 
patient’s respiratory activity. Cardiac motion can be “frozen” 
in time by using electrocardiographic (ECG) gating. The 
acquisition of data for a specifi c image spans many cardiac 
cycles. The most commonly used method is known as ECG- 
gated k-space segmentation. The limitations of ECG gating 
may be related to arrhythmia and artifacts (magneto- 
hydrodynamic effects). In these situations, vector ECG or 
peripheral pulse gating may be used. In peripheral pulse gat-
ing, the images are not acquired at the same time in the car-
diac cycle as in ECG gating because of the delay between the 
R wave and the transmitted pulse. 

 Various methods are used to suppress respiratory motion 
artifacts. Of these, the most commonly used is breath hold-
ing, which usually occurs at end-expiration and can take 30 s 
or longer. Many patients with respiratory conditions, pulmo-
nary hypertension, or heart failure may fi nd it diffi cult to 
hold their breath long enough for the image to be acquired; 

in such cases, respiratory bellows gating may be used. This 
technique involves placement of air-fi lled bellows between 
the chest wall and a rigid structure. A circumferential belt 
detects pressure changes due to chest wall movement, 
enabling acquisitions to be timed to a specifi c part of the 
pressure curve. A more advanced respiratory gating system 
involves navigator echoes. In this technique, RF excitations 
in high-contrast interfaces, such as the liver/lung or cardiac/
lung borders, are used to gauge respiratory motion. 
Acquisition of images is then timed to a specifi c reference 
value in a manner similar to the technique of respiratory bel-
lows gating. 

 As the clinical use of cardiovascular imaging is increas-
ing, issues of patient safety should be highlighted. Safe MRI 
practice involves performing tests for the appropriate indica-
tion, detailed patient screening for absolute and relative con-
traindications, and common and fatal adverse reactions. 
Powerful magnetic fi elds can be hazardous due to their 
potential to move and/or dislodge metallic objects. RF fi elds 
can generate heat in metallic electrodes, wires, or devices. 
Cardiac patients with cardiac pacemakers, thermodilution 
catheters, and/or automatic implantable cardioverter defi bril-
lators (AICDs) cannot be exposed to an MR environment 
without detailed pre-assessment. These devices may contain 
ferromagnetic material that can react to the magnetic fi eld 
generated by the scanner which can alter the device settings. 
Sternal wires, modern mechanical prosthetic heart valves, 
and coronary stents are not contraindications for MR. 
Table  16.1  summarizes the recommendations for the perfor-
mance of MR in patients with implantable devices, and 
Table  16.2  summarizes the absolute and relative contraindi-
cations to MR [ 3 – 5 ].

    Physicians should also be aware of the possibility of 
adverse reactions to contrast medium that may be used for 
the procedure. MRI contrast medium is based on gadolin-
ium chelates which are very well tolerated by most patients 
with a reported frequency of acute adverse events after 
appropriate intravenous injection as 0.07–2.4 % [ 3 ]. 
Table  16.3  lists the acute events, and Table  16.4  summarizes 
the risk factors for adverse reactions to gadolinium. Adverse 
reactions considered “allergic” are rare with a reported fre-
quency ranging from 0.004 to 0.7 %. The most common 
symptoms of these reactions include rash, hives, urticaria, 
and, more rarely, bronchospasm. The incidence of critical 
life-threatening anaphylactoid or nonallergic anaphylactic 
reactions is 0.001–0.01 % [ 3 ]. There were fi ve cases of criti-
cal adverse reactions to gadolinium in a case series of 
687,000 patients studied. The American College of 
Radiology Manual on Contrast Media [ 3 ] recommends 
patients with previous reactions who require future gadolin-
ium-based contrast material to be premedicated similarly to 
the protocol used for iodinated contrast media. This includes 
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premedication with antihistamines and corticosteroids 
12–24 h before administration of gadolinium. Fatal reac-
tions have occurred following gadolinium but are exceed-
ingly rare [ 3 ].

    Non-acute adverse reactions to gadolinium include 
 nephrogenic systemic fi brosis (NSF) which is a sclerosing 
disease that most commonly involves the skin but can involve 
other organs including the esophagus, heart, skeletal mus-
cles, and lungs. The most common initial reaction includes 
pruritis with or without skin thickening. The symptoms can 
develop acutely and progress rapidly resulting in contrac-
tures and immobility. NSF is rare in an otherwise healthy 
patient. The strongest association and the highest number of 
reported cases are in patients with acute, acute-on-chronic, 
or chronic severe (GFR <30 ml/min/1.73 m 2 ) to end-stage 
kidney  disease (GFR <15 ml/min/1.73 m 2 ). Other risk fac-
tors for NSF include high doses of gadolinium, metabolic 
acidosis, medications that increase the risk for metabolic 
 acidosis, hypercalcemia, hyperphosphatemia, elevated serum 
iron levels, immunosuppression, high-dose erythropoietin 
therapy, vasculopathy, and infection [ 3 ].  

   Table 16.1    Recommendations for the performance of magnetic 
 resonance imaging (MR) examinations in patients with pacemakers 
or implantable cardiac defi brillators (ICDs)   

  General recommendations:  
 Advanced Cardiac Life Support (ACLS) support available 
 MR examination of non-pacemaker-dependent patients is 
discouraged and should be considered only in cases in which there is 
a strong clinical indication and the benefi ts clearly outweigh the risks 
 MR examination of pacemaker-dependent patients should not be 
performed unless there are highly compelling circumstances and the 
benefi ts clearly outweigh the risks 
 MR examination of patients with ICDs should not be performed 
unless there are highly compelling circumstances and the benefi ts 
clearly outweigh the risks 
 Scanning should only be performed at extremely experienced centers 
with expertise in MR imaging and electrophysiology 
 Establish and document the risk-benefi t ratio for the patient 
 Obtain written and verbal informed consent. Written informed consent 
should specifi cally list the possibilities of (1) pacemaker/ICD 
dysfunction, (2) pacemaker/ICD damage, (3) arrhythmia, and (4) death 
 A physician with ACLS and pacemaker/ICD expertise should decide 
whether it is necessary to reprogram the pacemaker/ICD before the 
MR examination and should be in attendance for the entire study 
 A person with expertise in MR physics and safety should be involved 
with the scan to optimally plan to minimize risk. Consideration 
should be given to using scanning parameters (e.g., lowest radio 
frequency power levels, weakest/slowest necessary gradient 
magnetic fi elds) that are believed to minimize study risk 
  Pre-scanning steps outside the MR environment:  
 For non-pacemaker-dependent patients, pretest pacemaker functions 
 For pacemaker-dependent patients, pretest pacemaker functions and 
reprogram to asynchronous mode 
 For patients with ICDs, pretest ICD functions and disable therapy 
and detection for tachycardia/bradycardia modes 
 The patient’s heart rhythm and vital signs should be monitored 
throughout the MR procedure 
 Appropriate personnel and a code cart including a defi brillator must 
be available throughout the procedure to address an adverse event 
 Maintain visual and voice contact with the patient throughout the 
procedure 
 Instruct the patient to alert the MR system operator to any unusual 
sensations or problems 
  After the examination:  
 For non-pacemaker-dependent patients, a physician with 
electrophysiological expertise should interrogate the pacemaker and 
reprogram as needed 
 For pacemaker-dependent patients, a physician with 
electrophysiological expertise should interrogate the pacemaker 
function and reprogram the pacemaker 
 For patients with ICDs, a physician with electrophysiological 
expertise should perform post-scan device reprogramming and 
defi brillation threshold testing 

  Adapted from Levin et al. [ 4 ]  

   Table 16.2    Safety concerns with magnetic resonance imaging   

 Caution and/or contraindications 

 Central nervous system aneurysm clips 
 Cochlear implant 
 Implanted neural stimulator 
 Implanted cardiac pacemaker or defi brillator 
 Insulin pump 
 Ocular foreign body (e.g., metal shavings) 
 Metal shrapnel or bullet 
 Other implanted medical devices (e.g., drug infusion ports) 
 Pregnant women (patients who are uncertain as to whether they are 
pregnant will be required to have a screening urine or blood 
pregnancy test) 

  Adapted from Levin et al. [ 4 ] 
 Note: Cardiac MR is safe with atrial septal defect/patent foramen ovale 
closure devices, coronary stents, most prosthetic heart valves, joint 
replacements and sternal wires  

   Table 16.3    Common acute adverse events following use of 
 intravenous gadolinium   

 Coldness/warmth/pain at injection site 
 Nausea and/or vomiting 
 Headache 
 Paraesthesias 
 Dizziness 
 Itching 

   Table 16.4    Risk factors for adverse reactions to gadolinium   

 Previous reaction to gadolinium 
 Frequency of acute adverse reactions is approximately eight times 
higher, and second reactions can be more severe than the previous 
reaction 
 History of asthma and various other allergies, including to other 
medications or foods are also at greater risk, with reports of adverse 
reaction rates as high as 3.7 % 
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    Common Clinical Consultative Roles 
of Cardiac MRI 

 Following is a list of Current Procedural Terminology (CPT) 
codes to encompass the appropriate use of cardiac MRI in 
clinical practice:
   75557 = Cardiac magnetic resonance imaging for morphol-

ogy and function without contrast material(s) and further 
sequences  

  75558 = 75557 + fl ow/velocity quantifi cation  
  75559 = 75557 + stress imaging  
  75560 = 75557 + fl ow/velocity quantifi cation and stress imaging  
  75561 = Cardiac magnetic resonance imaging for morphol-

ogy and function without contrast material(s) followed by 
contrast material(s) and further sequences  

  75562 = 75561 + fl ow/velocity quantifi cation  
  75563 = 75561 + stress imaging  
  75564 = 75561 + fl ow/velocity quantifi cation and stress imaging      

    Heart Failure 

 The assessment of cardiac function is essential in the 
 diagnosis, follow-up, and management of heart disease in 
patients with left ventricular and right ventricular (RV) 
 dysfunction [ 6 ]. Moreover, the accurate assessment of RV 
functional parameters are important in the long-term follow-
up of many congenital heart diseases (CHD) [ 7 ], arrhythmo-
genic right ventricular cardiomyopathy (ARVC), and 
primary pulmonary hypertension [ 6 ]. As CMR provides 
more accurate determination of parameters of cardiac func-
tion compared to planar imaging methods (e.g., echocardiog-
raphy and ventriculography) due to its superior spatial and 
temporal resolution as well as signal-to-noise (SNR) and 
contrast-to-noise ratios (CNR) [ 8 ], it is currently accepted as 
the “gold standard technique” for the quantifi cation of ven-
tricular volumes and ejection fraction [ 9 ]. 

 Pulse sequences commonly used for acquisition of vol-
ume datasets are segmented  k- space turbo gradient echo 
(TGE) and the newer steady-state free precession techniques 
(SSFP). Measurements of ventricular volumes between TGE 
and SSFP pulse sequences have been compared in several 
studies [ 10 ,  11 ]. These comparisons demonstrated a system-
atic difference between the two techniques, with SSFP yield-
ing larger end-diastolic volumes (EDV) and end-systolic 
volumes (ESV) and smaller LV mass measurements than 
TGE [ 6 ]. The difference between these techniques is a result 
of the improved contrast and hence border defi nition at the 
endocardial border in SSFP imaging. As a result, SSFP has 
become the pulse sequence of choice for cine CMR [ 6 ]. 

 Reduced cardiac function leads to decreased blood 
 velocity and increased blood transit times. Dynamic imaging 
by fi rst-pass perfusion (FPP) using CMR is able to visualize 
and record the transit time of gadolinium from the RV to the 

LV cavity [ 12 ]. Prolonged blood fl ow between cardiac 
 cavities may indicate impaired cardiac function and is 
inversely related to cardiac output. Peak ventricular transit 
time measured with CMR is an easy tool for functional 
description of cardiac function in subjects with normal car-
diac functional parameters and in patients with impaired car-
diac pump function using CMR fi rst-pass perfusion imaging. 
Peak ventricular transit time (PVTT) is signifi cantly pro-
longed in patients with heart failure, and the degree of pro-
longation shows a strong association to EDV, ESV, and left 
ventricular ejection fraction (LVEF). Consequently, the right-
to-left PVTT is a valuable tool for assessment of cardiac 
function using CMR. The automated curve analysis facili-
tates a high reproducibility of measurements and, possibly, 
more precise interpretation of overall heart function [ 12 ].  

    Evaluation of Cardiomyopathy 

    Restrictive Cardiomyopathy 

 Restrictive cardiomyopathy is characterized by abnormal 
diastolic function of the ventricles with relatively intact and 
in some cases hyperdynamic systolic function. The restric-
tive abnormality of ventricular function can result from myo-
cardial or endomyocardial disease [ 13 ], due to amyloidosis, 
hemochromatosis, glycogen deposition, and fi brosis of 
diverse etiologies [ 14 ]. Restrictive cardiomyopathy fre-
quently is complicated by mitral and tricuspid regurgitation 
and biatrial enlargement which can be demonstrated and 
quantifi ed by using cine CMR (Fig.  16.7 ) [ 15 ].

    Amyloidosis  is a common cause of restrictive cardiomy-
opathy associated with a poor prognosis [ 16 ]. In cardiac 
amyloidosis, CMR shows a characteristic pattern of abnor-
mal myocardial and blood-pool gadolinium kinetics coupled 
with global subendocardial late enhancement [ 17 ]. CMR 
demonstrates high myocardial gadolinium concentrations 
early after injection and global subendocardial late gadolin-
ium enhancement. These fi ndings are of diagnostic value in 
this relatively rare condition [ 17 ]. 

  Sarcoidosis  is a multisystem granulomatous disorder of 
unknown etiology. Myocardial lesions of sarcoidosis are 
found in 20–60 % of autopsies [ 18 ]. However, the diagnostic 
yield of endomyocardial biopsy for cardiac sarcoidosis using 
myocardial biopsy is less than 50 % due to the nonuniform 
distribution of the sarcoid granulomas. Delayed Enhancement 
Cardiac Magnetic Resonance (DE-CMR) is more than twice 
as sensitive for detecting cardiac involvement in sarcoidosis 
(Fig.  16.8 ) [ 18 ].

   In patients with known or suspected  hemochromatosis  
with iron deposition in the myocardium, T2* mapping may 
be performed to exclude the presence of cardiac siderosis. 
In addition, the T2* CMR technique is also valuable for the 
estimation of myocardial iron deposition [ 19 ].  
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    Dilated Cardiomyopathy 

 Dilated cardiomyopathy (DC) is characterized by abnormal 
dilatation of all four chambers of the heart in association 
with systolic dysfunction (Fig.  16.9 ). CMR is particularly 
useful for the quantitative evaluation of RV and LV  volumes, 

RV and LVEF, and mass and wall stress as well as for 
 monitoring functional status of the LV over time in patients 
with DC [ 20 – 22 ]. Short-axis CMR also has been used to 
defi ne the 3-dimensional functional geometry of the LV by 
determining systolic wall thickening at multiple levels from 
base to apex. In the normal left ventricle, an increasing gra-
dient in wall thickening from apex to base is present, 
whereas in patients with DC, this gradient is absent [ 20 –
 23 ]. Furthermore, CMR may provide important insight into 
the potential cause of the DC by defi ning cardiac tissue 
characteristics, e.g., the presence of myocardial edema in 
T2-weighted images, the presence of abnormal tissue or 
fatty infi ltration of the myocardium in T1- and T2-weighted 
dark blood images with and without fat saturation, the pres-
ence and pattern of myocardial scar or fi brosis in delayed 
hyperenhancement images, and abnormal myocardial 
uptake of contrast during fi rst-pass perfusion study 
(Fig.  16.9 ).

       Hypertrophic Cardiomyopathy 

 Hypertrophic cardiomyopathy (HCM) is most commonly 
characterized by asymmetrical thickening of the septal myo-
cardium (ASH) often creating an outfl ow obstruction 
(Fig.  16.10 ). CMR allows a better morphological assessment 
of the degree and extent of LV hypertrophy than echocar-
diography in HCM due to its superior CNR and SNR in spite 
of its relatively inferior temporal resolution compared to 
echocardiography. Functional assessment of HCM can be 

  Fig. 16.7    Restrictive cardiomyopathy. Signifi cant concentric myocar-
dial thickening throughout the left ventricle ( blue arrows ) and associ-
ated mitral regurgitation ( red arrow  pointing to the jet)       

  Fig. 16.8    Cardiac sarcoidosis. The presence of diffuse sarcoid granulomatous nodules in the left ventricular septum and lateral wall ( red arrows ) 
on delayed hyperenhancement imaging       
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performed by using CMR to demonstrate characteristics of 
the left ventricle, such as outfl ow tract obstruction and 
 systolic anterior motion of the mitral valve (SAM), and to 
assess the severity of mitral regurgitation [ 24 ]. CMR allows 
reliable and reproducible quantifi cation of LV mass, wall 

stress, ventricular volumes, and EF in these patients [ 24 ] 
instantaneously and longitudinally. Similar to its LV coun-
terpart, RV outfl ow tract hypertrophy can also lead to out-
fl ow tract obstruction in the case of the RV infundibular 
stenosis (Fig.  16.10 ).

  Fig. 16.9    ( Left panel ) Dilated cardiomyopathy. Bright blood image 
of a dilated left ventricle due to coronary artery disease. Anterior wall 
( red arrows ) is thin and aneurysmal resulting from previous infarction. 
( Right panel ) Dilated right ventricle due to atrialization of the right 

ventricle in Ebstein’s anomaly). Red arrow points to the abnormal 
 displacement of the tricuspid valve toward the right ventricular ( RV ) 
apex.  RA  right atrium       

  Fig. 16.10    Right ventricular ( RV ) infundibular stenosis ( left panel ) with high-velocity jet in the RV outfl ow tract ( red arrow ). Hypertrophic car-
diomyopathy (HCM,  right panel ) with abnormal thickening of the LV septum ( red arrow )       
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        Myocarditis 

 Several CMR pulses sequences have been used to evaluate 
patients with suspected acute myocarditis [ 16 ]. Friedrich 
et al. [ 25 ] demonstrated that early in the time course of the 
disease, the site and extent of infl ammation within the myo-
cardium can be defi ned by contrast-enhanced T1-weighted 
MR images [ 15 ]. Newer DE-MRI techniques provide an 
order of magnitude improvement in both SNR and CNR for 
detecting acutely and chronically injured myocardium com-
pared with older spin-echo techniques.  

    Cardiac Tumors and Masses 

 CMR is particularly suited for the assessment of cardiac 
masses. In addition to having a large fi eld of view that 
allows imaging of the paracardiac space and the great ves-
sels, CMR, because of its multiplanar capability, is able to 
assess tissue characteristics, blood fl ow, and contrast 
enhancement of masses [ 26 ]. In addition, ECG gating 
allows for freezing of heart motion and permits high-qual-
ity and accurate imaging of tumor morphology and compo-
sition [ 27 ]. Typical CMR features of cardiac masses are 
presented on Table  16.5 . CMR has higher sensitivity and 
specifi city (88 and 99 %, respectively) than transthoracic 
echocardiography (23 and 96 %) and transesophageal 

echocardiography (40 and 96 %), respectively, for the 
 diagnosis of LV thrombus (Fig.  16.11 ) [ 33 ].

        Pericardial Diseases 

 Normal pericardial thickness is 2 mm or less. A thickness of  
greater than 4 mm suggests pericardial constriction, and a 
thickness of greater than 6 mm has a high specifi city for 
 constriction [ 34 ]. Computed tomography (CT), especially 
ultrafast and cine-gated CT, and CMR are the imaging 

   Table 16.5    Typical CMR features of common benign and malignant 
cardiac masses   

 Myxomas  Most commonly atrial septal origin, pedunculated, 
hypointense signal intensity in gradient-recalled echo 
images, contrast enhancement, no effusion, or infi ltration 

 Fibromas  Left heart location 
 Homogenous tissue, composition, hypointense signal 
intensity in T1- and T2-weighted images, no contrast 
enhancement, caval, infi ltration in 50 % 

 Lipomas  Hyperintense signal intensity in T1- and T2-weighted 
images 

 Thrombi  Typical location left atrial appendage, especially with 
dilated atrium, atrial fi brillation, no effusion, or 
infi ltration 
 No contrast enhancement, hypointense on gradient-
recalled echo images [ 28 – 32 ] 

  Fig. 16.11    Eosinophilic endomyocarditis. The left ventricular apex is 
covered with eosinophils and mural thrombi. Bright blood image of the 
left ventricle (LV) ( left panel ) showing apical thickening of the LV ( red 
arrow ) and mitral regurgitation ( blue arrow ). First-pass myocardial 

perfusion image ( right panel ) showing 3 layers, normal myocardium 
( red arrow ), eosinophlic infi ltration of the myocardium ( blue arrow ), 
and mural thrombus ( green arrow )       
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modalities most commonly used to assess pericardial 
 thickness [ 35 ]. The choice of CT or CMR depends on the 
clinical question, the age of the patient and local expertise, 
and availability of the advanced imaging equipment. In gen-
eral, a particular advantage of CT imaging is the ability to 
delineate pericardial calcifi cation accurately and compre-
hensively [ 36 ], while CMR is free of ionizing radiation but 
takes signifi cantly longer time to acquire the images and 
requires more cooperation of the subject during a rather 
lengthy examination. 

    Constrictive Pericarditis 

 Pericardial constriction is best assessed using a combination 
of turbo spin-echo (TSE) morphology and steady-state free 
precession (SSFP) cine imaging [ 16 ]. The key advantage of 
TSE over conventional SE sequences is that acquisition time 
is substantially shorter, allowing an image to be acquired 
during a single breath hold. SSFP cine is also useful in evalu-
ating the pericardium because it can provide both high spa-
tial resolution and dynamic functional information. Real-time 
CMR can be used to demonstrate ventricular interdepen-
dence, a hemodynamic hallmark of pericardial constriction. 
Abnormal ventricular septal wall motion during inspiration 
appears to be helpful in distinguishing between constrictive 
pericarditis and restrictive cardiomyopathy [ 37 ].  

    Pericardial Effusion 

 The MR technique is very sensitive for identifying 
 generalized or localized pericardial effusions and appears to 
be superior to echocardiography in defi ning the nature and 
extent of pericardial effusion (Fig.  16.12 ) [ 38 ]. A nonhemor-
rhagic effusion has low intensity on T1-weighted spin-echo 
images and high intensity on T2-weighted spin-echo and 
gradient-echo images [ 38 ]. Complex effusions may appear 
heterogeneous and darker on T2 and SSFP imaging [ 16 ].

        Valvular Heart Diseases 
(Structure and Flow Analysis) 

 Cine balanced steady-state free precession (b-SSFP) images 
can visualize changes in valvular anatomy as well as valvular 
motion and alterations in ventricular function. Masses on 
valves such as vegetations, thrombi, or tumors may be fur-
ther characterized by additional T1-weighted (T1w) or T2w 
sequences if their size is suffi ciently large [ 39 ]. Non-cine, 
T1w, and T2w sequences based on gradient-recalled echo 
(GRE) or turbospin-echo (TSE) techniques with or without 
fat suppression are also benefi cial for the assessment of 
extracardiac anatomy and the thoracic vasculature [ 39 ]. 

Dephasing of moving spins under a magnetic fi eld gradient 
can also be used for quantifi cation of fl ow [ 39 ]. 

    Valvular Stenosis 

 CMR provides a good visual tool for the qualitative 
 assessment of valvular stenosis (Fig.  16.13 ). Valve area, 
 transvalvular pressure gradient, and peak antegrade velocity 
are standard measures in CMR used to describe the severity 
of valvular stenosis. Narrowing of the valvular orifi ce leads 
to an increased pressure gradient and, thus, increased fl ow 
velocities across the stenotic valve [ 39 ]. Data from fl ow 
velocity measurements can therefore be used for calculation 
of the transvalvular pressure gradient and the effective open-
ing of the valve also referred to as physiological valve area 
[ 39 ]. Calculated values for physiological aortic valve area 
are typically smaller than the anatomic valve area due to con-
traction of fl ow in the narrowed orifi ce [ 40 ]. It is important to 
image the aortic valve in the correct short-axis plane across 
the valve leafl et tips for planimetric measurements on cine 
MRI and velocity measurements on velocity-encoded MRI 
(VENC-MRI) [ 41 ].

       Valvular Regurgitation 

 Regurgitant jet area, regurgitant volume, and regurgitant 
fraction are the most important parameters used to describe 

  Fig. 16.12    Pericardial effusion. Large right ventricle and atrium due to 
severe primary pulmonary hypertension. Signifi cant tricuspid regurgi-
tation ( red arrow ) and circumferential mild to moderate pericardial 
effusion ( blue arrow )       

 

M.H. Musani et al.



233

the severity of valvular regurgitation (Fig.  16.13 ) [ 39 ]. 
Visualization of fl ow disturbances by signal void is useful for 
detecting valvular regurgitation and assessing the direction 
and origin of jets [ 39 ]. With this technique, sensitivities of 
90 % and specifi cities of almost 100 % are reported for 
detection of aortic [ 42 – 44 ] and mitral regurgitation [ 42 ,  44 –
 46 ] in comparison to color Doppler echocardiography and 
cardiac catheterization. Velocity mapping and fl ow quantifi -
cation by phase-contrast MRI allow for a direct measure-
ment of regurgitant fl ow. The method has been successfully 
applied to quantify antegrade and retrograde fl ow volumes in 
the aorta and pulmonary artery and is considered the proce-
dure of choice for quantifying valve regurgitation. Reported 
accuracy rates are 84 and 89 % for regurgitant volume and 
regurgitant fraction in aortic regurgitation [ 47 – 50 ] and 78 
and 76 % in pulmonary regurgitation, respectively [ 51 ].   

    Congenital Heart Diseases 

 Cardiac MR imaging is an essential modality for the 
 evaluation of many patients with congenital heart disease 
because of  (a)  its proven quantitative accuracy and reproduc-
ibility in the evaluation of ventricular size and blood fl ow 
[ 52 – 55 ] and  (b)  its ability to delineate extracardiac structures 
without ionizing radiation [ 56 ]. At present, this is usually 
accomplished by using a series of predominantly planar 
pulse sequences, including 2-dimensional (2D) cine phase-
contrast and 2-D cine balanced steady-state free precession 
sequences [ 56 ] (Fig.  16.14 ).

   Cardiac MRI aids in evaluation of the severity of 
 intracardiac shunts by measuring fl ow across the pulmonic 

and aortic valves (Qp/Qs). While quantitative analysis is 
used to characterize these lesions, direct visualization of the 
morphology of shunts and valvular leaks can be diffi cult 
with the planar pulse sequences that are typically used [ 56 ]. 

 Future advances such as 4-dimensional (4-D) phase- 
contrast MR imaging has the potential to address some of the 
limitations of conventional cardiac MR imaging by simulta-
neously capturing a volume of time-varying anatomic data 
and a vector fi eld of motion, which can be used to evaluate 

  Fig. 16.13    Valvular heart disease. Rheumatic mitral stenosis ( left panel ) with thickening of the mitral valve leafl ets ( red arrow ). Signifi cant aortic 
regurgitation ( right panel ) with a large regurgitant jet appears as a large jet of signal drop-off returning to the left ventricular cavity ( red arrow )       

  Fig. 16.14    Congenital heart disease. Large ventricular septal defect 
( red arrow ) in a patient with Eisenmenger syndrome       
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blood fl ow [ 57 ]. In addition to its quantitative value, 
with velocity-fusion visualization, the compressed-sensing 
parallel- imaging 4-D phase-contrast sequence can augment 
conventional CMR imaging by improving sensitivity for and 
depiction of hemodynamically signifi cant shunts and valvu-
lar regurgitation [ 56 ].  

    Viability of Myocardium 

 Identifying viable myocardium in a patient with congestive 
heart failure related to coronary artery disease or after myo-
cardial infarction (MI) is of utmost clinical importance. 
CMR has been an important diagnostic tool in assessing 
myocardial viability. The following CMR methods are used 
to assess myocardial viability: (a) resting assessment of left 
ventricular (LV) end-diastolic wall thickness (EDWT), (b) 
low-dose dobutamine (LDD) stress assessment of contractile 
reserve, and (c) delayed contrast enhancement (DE) to assess 
for scar tissue [ 58 – 60 ]. DE MRI provides the highest sensi-
tivity and NPV (95 and 90 %) for predicting functional 
improvement after revascularization of hibernating myocar-
dium of any technique in clinical practice (i.e., positron 
emission tomography (PET) (92 and 87 %), rest- redistribution 
thallium-201-SPECT (87 and 79 %), technetium-99 m 
sestamibi- SPECT (83 and 76 %), and dobutamine stress 
echocardiography (DSE) (80 and 83 %)). Similarly, LDD 
CMR provides the highest specifi city and positive predictive 
value (91 and 93 %) compared to other modalities, including 
PET (63 and 74 %), rest-redistribution thallium-201-SPECT 
(54 and 67 %), technetium-99 m sestamibi-SPECT (65 and 
74 %), and DSE (78 and 75 %) [ 61 ]. 

 DE MRI is used to create images with high contrast 
between abnormal myocardial tissue, which generally accu-
mulates excess gadolinium, and normal tissue in which gad-
olinium concentration is low (Fig.  16.15 ). This is currently 
best achieved using a segmented, gradient-refocused echo 
(GRE) imaging engine with inversion recovery pre-pulse 
modifi er to provide very strong T1 weighting [ 60 ,  62 – 64 ].

       Stress Testing 

 MR imaging is being increasingly used to assess myocardial 
perfusion [ 65 ,  66 ]. Recent studies [ 67 ,  68 ] suggest that the 
diagnostic accuracy of this method is comparable to, or even 
better than, that of SPECT. One advantage of contrast 
material- enhanced cardiac MR imaging over SPECT is that 
it lends itself to quantitative measurement of fi rst-pass myo-
cardial perfusion [ 69 – 71 ]. Tarroni et al. [ 72 ] demonstrated 
that despite the extreme dynamic nature of contrast-enhanced 
CMR image sequences and respiratory motion, near- 
automated frame-by-frame detection of myocardial seg-
ments and high-quality quantifi cation of myocardial contrast 
is feasible both at rest and during vasodilator stress. 

 First-pass perfusion (FFP) MRI during adenosine vasodi-
latation is rapidly becoming the stress test of choice in clini-
cal CMR centers [ 16 ]. FFP was introduced in 1991 [ 73 ] and 
is now widely accepted as a part of routine clinical CMR 
examinations [ 74 – 77 ]. FPP increases the myocardium signal 
intensity, allowing a better visualization of impaired myocar-
dial blood fl ow in patients with vascular disease [ 74 – 77 ]. 
Perfusion MRI has excellent spatial resolution, lack of 
 ionizing radiation, and a shorter test time which makes it a 

  Fig. 16.15    Cardiac viability. Delayed hyperenhancement images showing four-chamber view ( left panel ) and short-axis view ( right panel ) of an 
extensive lateral wall transmural myocardial infarction with nonviable scar ( red arrow )       
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valuable test for assessment of the myocardium. Stress 
 perfusion MRI has shown good correlation with radionu-
clide imaging and coronary angiography [ 16 ]. High-dose 
dobutamine stress MRI is superior to DSE [ 78 ].  

    Coronary Artery Evaluation 

 Although published data support the ability of CMR to 
directly visualize a coronary artery stenosis [ 79 ], this capa-
bility is not currently being used in most centers. Currently, 
CMR evaluation of the coronary arteries is generally limited 
to the evaluation of anomalous origins of coronary arteries in 
children or young adults. Because of its high temporal reso-
lution, CMR does not require oral or intravenous β-blockade 
for coronary imaging.      
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     Sudden cardiac death (SCD) is the most common cause of 
death worldwide, accounting for approximately 250,000–
300,000 deaths annually in the United States [ 1 ]. Robust 
clinical evidence supports the use of implantable cardiac 
defi brillators (ICDs) in multiple well-defi ned patient popula-
tions. The recent decline in the incidence of SCD is partially 

due to the use of the ICD in primary and secondary preven-
tion of SCD [ 1 ,  2 ]. As ICD therapy has become a vital aspect 
of cardiac care, it is now increasingly important for the gen-
eral cardiologist to fully appreciate its clinical role in pre-
venting SCD, as well as to recognize its potential limitations. 
This chapter will attempt to provide the reader with a practi-
cal understanding of ICD indications, outcomes, complica-
tions, and limitations within a framework of the latest clinical 
evidence and guidelines. 

    Evidence-Based Guidelines 

 The randomized clinical trials showing ICD benefi t are clas-
sifi ed into two categories: primary and secondary prevention 
of SCD. There are numerous studies to support the guide-
lines for ICD therapy in common conditions, such as isch-
emic and nonischemic dilated cardiomyopathy (NIDCM). 

    Abstract  

  Internal cardioverter defi brillator (ICD) therapy is extremely effective in terminating ven-
tricular tachycardia or ventricular fi brillation (VT/VF) and reducing total mortality in select 
populations. Common indications for ICDs include survival of prior cardiac arrest, unex-
plained syncope with inducible VT/VF on electrophysiology study, ischemic cardiomyopa-
thy with EF ≤30 % in patients who are more than 40 days post-myocardial infarction, and 
cardiomyopathy (ischemic or nonischemic) with EF ≤35 % and New York Heart Association 
(NYHA) Class II–III heart failure symptoms. ICDs may also be indicated in certain indi-
viduals from special populations who suffer from inherited conditions which predispose to 
sudden cardiac death such as hypertrophic cardiomyopathy, long QT syndrome, Brugada 
syndrome, arrhythmogenic right ventricular dysplasia, catecholaminergic polymorphic 
ventricular tachycardia, and cardiac sarcoidosis.  
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The results of these clinical trials are summarized in 
Tables  17.1  and  17.2 . However, for less common cardiovas-
cular conditions, such as the inherited sudden death syn-
dromes, ICD indications are based largely on observational 
data and/or expert opinion as randomized controlled trials 
have not been performed.

    Guideline documents in general list indications for treat-
ments as Class I, Class IIA, Class IIB, and Class III [ 4 ]. Class 
I is defi ned as the treatment being useful that the benefi t greatly 
outweighs the risk and the treatment should be administered. 
Class IIA indicates that the benefi t outweighs the risk and it is 
reasonable to administer the treatment. Class IIB means that 
the benefi t probably outweighs the risk and that the treatment 
may be considered. Class III specifi es that the risk outweighs 
the benefi t and the treatment should not be performed. 

    Secondary Prevention Guidelines 

 It has long been observed that survivors of sudden cardiac 
arrest (with documented VT or VF) are at signifi cantly greater 
risk of future SCD [ 5 ,  6 ]. The results of three seminal trials 
have confi rmed these original observations and have led to 

the acceptance of ICD therapy as defi nitive therapy for survi-
vors of SCD in the absence of reversible factors [ 7 – 9 ]. The 
AVID trial (antiarrhythmics vs. implantable defi brillators), 
which is the largest of these studies, showed a 7 % reduction 
in the absolute risk of total mortality with ICDs compared to 
antiarrhythmic drug therapy at 2 years of follow- up [ 7 ]. This 
study has resulted in a Class I recommendation for ICD with 
Level of evidence A in survivors of cardiac arrest due to VT/
VF without any reversible causes [ 4 ]. Importantly, VT/VF 
that occurs within 48 h of an acute myocardial infarction 
(AMI) is not an indication for an ICD for secondary preven-
tion, since this is thought to be a reversible condition due to 
acute ischemia [ 4 ]. However, if VT/VF occurs after 48 h of an 
AMI, an ICD may be considered if a cardiac catheterization 
does not reveal a signifi cant culprit vessel occlusion [ 4 ]. ICDs 
are also indicated for individuals with sustained VT in the 
setting of structural heart disease (Class I, Level of evidence 
B), as well as for patients with sustained VT with normal or 
near-normal LVEF (Class IIA, Level of evidence C) [ 4 ]. 

 ICD therapy is also appropriate in selected patients with 
unexplained syncope. The CIDS trial (Canadian Implantable 
Defi brillator Study) included patients with unexplained syn-
cope and showed that a positive electrophysiology (EP) 

    Table 17.1    Primary prevention ICD trials   

 Trial (year 
published) 

 Follow-up 
analysis 
(years) 

 Patients 
( n ) 

 LVEF 
(%)  Study population 

 All-cause mortality  Benefi t 

 Hazard 
ratio   P -value 

 Control 
(%)  ICD (%)  RelRR  AbsRR 

 MADIT (1996)  2  196  ≤35  Prior MI, NSVT, 
positive EPS 

 32  13  −59 %  19 %  0.46  0.009 

 MADIT II 
(2002) 

 2  1,232  ≤30  Prior MI 
(>1 month) 

 22  16  −28 %  −6 %  0.69  0.016 

 MUSTT (1999)  5  1,397  ≤40 %  Prior MI, NSVT, 
positive EPS 

 55  24  −58 %  −31 %  0.77  0.005 

 SCD-HeFT 
(2,005)) 

 5  1,676  ≤35  Prior MI (52 %) 
or NICM (48 %) 

 36  29  −23 %  −7 %  0.77  0.007 

 DEFINITE 
(2004) 

 2.5  485  ≤35  NICM, NSVT, 
PVC’s 

 14  8  −44 %  −6 %  0.65  0.08 

 CABG-Patch 
(1997) 

 2.5  900  ≤36  CABG, positive 
SAECG 

 18  18  N/A  N/A  1.07  0.63 

 DINAMIT 
(2004) 

 2.5  674  ≤35  Recent MI 
(6–40 days, mean 
18 days), 
abnormal HRV 

 17  19  N/A  N/A  1.08  0.66 

 IRIS (2009)  2.5  898  ≤40  Recent MI 
(<30 days, mean 
13 days), HR 
>90, or NSVT 

 25  26  N/A  N/A  0.82  0.78 

  Obtained, with permission, from Estes [ 3 ] and publisher 
  CABG  indicates coronary artery bypass grafting,  CABG-Patch  coronary artery bypass graft-patch  CI  confi dence interval,  DEFINITE  defi brillators 
in nonischemic cardiomyopathy treatment evaluation  DINAMIT  defi brillator in acute myocardial infarction trial,  EP  electrophysiological study, 
 HR  heart rate,  HRV  heart rate variability,  LVEF  left ventricular ejection fraction,  MADIT I  multicenter automatic defi brillator implantation trial I, 
 MADIT II  multicenter automatic defi brillator implantation trial II,  MI  myocardial infarction,  MUSTT  multicenter unsustained tachycardia trial, 
 NICM  nonischemic cardiomyopathy,  NSVT  nonsustained ventricular tachycardia,  PVCs  premature ventricular complexes,  SAECG  signal-averaged 
electrocardiogram,  SCD-HeFT  sudden cardiac death in heart failure trial, and  VT  ventricular tachycardia,  RelRR  relative risk reduction,  AbsRR  
absolute risk reduction  
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study in this group predicted future ventricular tachyarrhyth-
mic events; furthermore, these patients attained mortality 
benefi t from an ICD placement if they had a positive EP 
study [ 8 ]. As such, an ICD is recommended in survivors of 
unexplained syncope with inducible VT/VF during an EP 
study (Class I, Level of evidence B) [ 4 ]. In addition, ICD 
therapy is considered reasonable for NIDCM patients with 
unexplained syncope (Class IIA, Level of evidence C) [ 4 ].  

    Primary Prevention Guidelines 

 ICD therapy for a primary prevention strategy is typically 
differentiated by an ischemic or nonischemic cause of car-
diomyopathy. Further risk stratifi cation is primarily depen-
dent on left ventricular ejection fraction (LVEF) and New 
York Heart Association (NYHA) functional class. Of note, 
the recommendations for ICD therapy for either of these eti-
ologies requires the patient to be on optimal medical therapy 
with a life expectancy of at least 1 year [ 4 ].  

    Ischemic Cardiomyopathy 

 ICD guidelines for the ischemic cardiomyopathy (ICM) 
patient population are based on the results of a multitude of 
large randomized trials (see Table  17.1 ). The landmark 
MADIT II (Multicenter Automatic Defi brillator Implantation 
Trial) showed a 30 % relative risk reduction in mortality in 
ICM patients with an LVEF ≤30 % who had an ICD 
 compared to patients without an ICD [ 10 ]. Based on this, an 

ICD is recommended for ICM patients with an LVEF ≤30 % 
and NYHA functional Class I heart failure (Class I indica-
tion, Level of evidence A) [ 4 ]. For patients with ICM and 
LVEF ≤35 %, an ICD is recommended only if their NYHA 
functional class is II–III (Class I indication, Level of evi-
dence A) [ 4 ]. However, if the LVEF is ≤40 % in the ischemic 
patient population, then further risk stratifi cation with an 
electrophysiology (EP) study has been shown to predict SCD 
in the MUST (Multicenter Unsustained Tachycardia) trial 
[ 11 ]. As such, for ischemic patients with an LVEF ≤40 %, 
the guidelines provide a Class I (Level of evidence B) recom-
mendation for ICD therapy if the patient has inducible VT or 
VF during an EP study, as well as documented nonsustained 
ventricular tachycardia (NSVT) [ 4 ]. 

 The ICD indications for primary prevention for ischemic 
cardiomyopathy (ICM) patients require the patient to be at 
least 40 days post-myocardial infarction [ 4 ]. This is because 
a low LVEF alone within 40 days of myocardial infarction 
(MI) has not been shown to identify patients at risk of SCD 
in excess of their total mortality [ 12 ,  13 ]. Furthermore, the 
ICD has not been demonstrated to confer a mortality benefi t 
in patients immediately after a transmural MI. This observa-
tion is also in agreement with subgroup analyses of larger 
ICD trials, which show that the benefi t of an ICD increases 
as time from MI to ICD implant increases [ 14 ]. The 
DINAMIT study (Defi brillator in Acute Myocardial 
Infarction Trial) and IRIS trial (Immediate Risk-Stratifi cation 
Improves Survival) randomized high-risk patients immedi-
ately after an MI to guideline-based medical therapy with or 
without an ICD [ 12 ,  13 ]. Neither trial demonstrated survival 
benefi t with ICD placement in patients with depressed LVEF 

   Table 17.2    Secondary prevention ICD Trials   

 Trial (year 
published) 

 Follow-up 
analysis 
(years) 

 Patients 
( n )  Study population  LVEF (%) 

 All-cause mortality  Benefi t 

 Hazard 
ratio   P -value 

 Control 
(%)  ICD (%) 

 RelRR 
(%)  AbsRR (%) 

 AVID (1997)  2  1,016  VF, VT with 
syncope, or VT 
with EF ≤40 % 

 32 ± 13  25  18  −27  −7  0.62  0.012 

 CASH (2000)  9  191  VF, VT  46 ± 18  44  36  −23  −8  0.76  0.081 
(1-sided 
analysis) 

 CIDS (2000)  2  659  VF, VT with 
syncope, VT with 
symptoms and 
EF ≤ 35 %, 
unmonitored 
syncope with 
subsequent 
inducible VT on 
EP study 

 34 ± 14  21  15  −30  −6  0.82  0.142 

  Obtained, with permission, from Estes [ 3 ] and publisher 
  AVID  indicates antiarrhythmics vs. implantable defi brillators,  CASH  cardiac arrest study Hamburg,  CIDS  Canadian implantable defi brillator study, 
 VT  ventricular tachycardia,  VF  ventricular fi brillation,  EF  ejection fraction,  EP  electrophysiology,  LVEF  left ventricular ejection fraction,  RelRR  
relative risk reduction,  AbsRR  absolute risk reduction  
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up to 40 days after an acute MI [ 12 ,  13 ]. Interestingly, the 
ICD patients of both of these trials demonstrated a signifi -
cant reduction in arrhythmic death within the fi rst 40 days 
post-MI [ 12 ,  13 ]. However, this was offset by an increase in 
non-arrhythmic mortality [ 12 ,  13 ]. The VALIANT (Valsartan 
in Acute Myocardial Infarction Trial) study also demon-
strated that the highest risk of SCD is in the fi rst 30 days after 
an acute MI [ 15 ]. 

 The reasons for the lack of survival benefi t with early risk 
stratifi cation and ICD intervention in post-MI patients in 
both the DINAMIT and IRIS trials remain unknown [ 3 ]. 
However, recent autopsy observations of patients experienc-
ing sudden cardiac arrest in the immediate post-MI period 
indicate that there is a high frequency of cardiac rupture or 
recurrent MI in the fi rst month after the index MI, whereas 
arrhythmic deaths become more likely subsequently [ 16 ]. 
This may help to explain the lack of benefi t of early ICD 
therapy after MI. 

 Another possible strategy to prevent SCD in patients with 
LV dysfunction due to an acute MI may be via wearable car-
diac defi brillators. Analysis of clinical registries demonstrates 
that therapy from noninvasive vest defi brillators is effi cacious 
in the detection and termination of VT/VF [ 17 ]. The potential 
benefi t of this strategy is further highlighted by the results of 
the HAT (Home Automated External Defi brillator Trial), 
which demonstrated no survival benefi t from home auto-
mated external defi brillators (AEDs) in high- risk post-MI 
patients compared to conventional resuscitation methods 
[ 18 ]. While there is a reasonable rationale for a strategy of 
short-term use of noninvasive vest defi brillation in high-risk 
post-MI patients, this approach remains to be evaluated in 
appropriately designed prospective trials. The VEST (Vest 
Prevention of Early Sudden Death Trial) is a multicenter, ran-
domized, controlled study that is currently under way to 
determine whether a wearable defi brillator vest reduces death 
in the fi rst 2 months following an acute MI [ 19 ].  

    Nonischemic Dilated Cardiomyopathy 

 Unlike ICM, the clinical trial data to support ICD therapy for 
NIDCM is less robust mainly due to the relatively smaller 
study populations. As such, the ICD guideline recommenda-
tions for NIDCM patients are based on a lower level of evi-
dence. The SCD-HeFT (Sudden Cardiac Death-Heart Failure 
Trial) studied both ICM and NIDCM patients with an LVEF 
≤35 % and showed a relative risk reduction of 23 % in the 
ICD group vs. placebo [ 20 ]. Although the relative risk 
 reduction for death was similar in both ICM and NIDCM 
groups, the absolute mortality benefi t was greater in the 
NIDCM population [ 20 ]. The DEFINITE trial (Defi brillator 
Implantation in Patients with Nonischemic Dilated 
Cardiomyopathy) was a relatively small study, but the only 

one to evaluate a pure NIDCM cohort in a prospective ran-
domized fashion [ 21 ]. The DEFINITE trial showed that 
ICDs signifi cantly reduced the risk of sudden death from 
arrhythmia in NIDCM patients and was associated with a 
nonsignifi cant reduction in all-cause mortality [ 21 ]. These 
trials served as the basis for a recommendation for ICD ther-
apy for primary prevention in the NIDCM population with 
an LVEF ≤35 % and NYHA functional Class II–III (Class I 
indication, Level of evidence B) [ 4 ]. Clinical evidence for 
ICD therapy is weaker for NYHA functional Class I patients 
in this NIDCM cohort with an LVEF ≤35 %; as such, a Class 
IIB (Level of evidence C) indication for ICD implant is given 
for this patient group [ 4 ]. Importantly, ICD therapy for pri-
mary prevention is not recommended in NIDCM patients 
with an LVEF of >35 %.   

    Other Populations 

 Several less common diseases are known to increase the risk 
of SCD. These include acquired, congenital, and inherited 
conditions. However, due to the low incidence of these 
 diseases, there are no randomized clinical trials large enough 
to effectively study these high-risk groups. As such, the ICD 
indications for this cohort in the practice guidelines are 
derived from registries and expert opinion. For secondary 
prevention, there is strong agreement that these high-risk 
patients who survive cardiac arrest should receive an ICD 
(Class I, Level of evidence A) [ 4 ]. However, the role of ICD 
therapy for primary prevention of SCD in these patients is 
less clear. The following discussion will focus on primary 
prevention strategies for hypertrophic cardiomyopathy 
(HCM), arrhythmogenic right ventricular dysplasia (ARVD), 
Brugada syndrome, long QT syndrome (LQTS), catechol-
aminergic polymorphic ventricular tachycardia (CPVT), and 
cardiac sarcoidosis. 

    Hypertrophic Cardiomyopathy 

 Hypertrophic cardiomyopathy is one of the most well-known 
inheritable causes of SCD. However, not all patients with 
HCM are at risk of sudden death. Further risk stratifi cation 
for primary prevention of SCD in the HCM population is 
based on the following fi ve risk factors: (1) family history of 
SCD, (2) maximum LV wall thickness >30 mm, (3) history 
of unexplained syncope, (4) nonsustained ventricular tachy-
cardia (NSVT), and (5) decrease in blood pressure during 
exercise [ 22 ]. The fi rst three of these risk factors are consid-
ered more signifi cant than the latter two [ 22 ]. Accordingly, 
the most recent HCM expert consensus statement recom-
mends an ICD for HCM patients with either a family history 
of SCD, LV wall thickness of 30 mm or more, or a history of 
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unexplained syncope (Class IIA, Level of evidence C) [ 22 ]. 
For HCM patients with isolated NSVT or decrease in BP 
during exercise, it is considered reasonable to implant an 
ICD for primary prevention (Class IIB, Level of evidence C) 
[ 22 ]. Importantly, the degree of left ventricular outfl ow tract 
(LVOT) obstruction is not considered a risk factor for SCD 
and, as such, should not be used in isolation as a reason to 
implant an ICD for primary prevention [ 4 ,  22 ].  

    Arrhythmogenic Right Ventricular Dysplasia 

 Arrhythmogenic right ventricular dysplasia (ARVD) is a rare 
inheritable disorder that results in fi brofatty deposition in the 
RV and, possibly, the LV. It is characterized by ventricular 
arrhythmias and SCD in young patients with few or no prior 
symptoms. Clinical registries have shown the following risk 
factors to predict SCD: (1) syncope due to VT, (2) evidence 
of extensive RV disease, (3) LV involvement, and (4) poly-
morphic VT and RV apical aneurysm [ 4 ]. ICD implantation 
for primary prevention of SCD is reasonable in ARVD if one 
or more of the aforementioned risk factors are present (Class 
IIA, Level of evidence C) [ 4 ]. Interestingly, family history of 
ARVD was not found to increase the risk of SCD and, there-
fore, is not an indication for ICD implantation [ 22 – 24 ].  

    Brugada Syndrome 

 Brugada syndrome has received much publicity since its orig-
inal description from Spain in 1992 [ 25 ]. When to implant an 
ICD in an asymptomatic patient with Brugada syndrome 

remains a challenge, as the low prevalence of this disease pre-
cludes studying the survival benefi t of ICDs in a randomized 
fashion. Nonetheless, there have been a series of case cohorts 
that serve as the basis for the management strategies provided 
in the guideline documents regarding the primary prevention 
of sudden death in Brugada syndrome [ 26 ,  27 ]. According to 
the ACC/AHA 2008 guidelines, an ICD is recommended for 
primary prevention with a Class IIA indication (Level of evi-
dence C) if the patient has one of the following risk factors: 
(1) symptomatic VT or (2) unexplained syncope (Table  17.3 ) 
[ 4 ]. Of note, family history of Brugada syndrome is not con-
sidered an indication for ICD placement [ 4 ].

   Further risk stratifi cation of Brugada syndrome with an 
EP study remains an area of much debate. According to 
European guidelines, an EP study is recommended for fur-
ther risk stratifi cation in asymptomatic patients with Brugada 
syndrome; [ 28 ] if the EP study demonstrates the patient is 
inducible for VT/VF, then a Class IIA recommendation is 
provided for placement of an ICD [ 28 ]. In contrast, the 2008 
ACC/AHA guidelines do not recommend an EP study to 
 predict SCD in asymptomatic patients with Brugada syn-
drome [ 4 ]. This suggestion has been supported by several 
subsequent studies that show a very poor positive predictive 
value of VT/VF inducibility during an EP study in identify-
ing patients at risk of SCD [ 29 – 31 ].  

    Congenital Long QT Syndrome 

 Congenital long QT syndrome (LQTS) is another inherit-
able condition that increases the risk of sudden death. 
 Beta- blockers are generally recommended as fi rst-line 

   Table 17.3    ICD indications for common conditions based on 2008 ACC/AHA/HRS guidelines [ 4 ]   

 Indication  Classifi cation  Level of evidence  Supporting studies 

 Survivors of cardiac arrest due to VT or VF without reversible causes  Class I  A  AVID, CASH, CIDS 
 Structural heart disease and sustained VT  Class I  B  AVID, CASH, CIDS 
 Syncope of undetermined origin with inducible VT/VF during EP study  Class I  B  CIDS 
 Unexplained syncope with signifi cant LV dysfunction and NICM  Class IIa  C  Expert opinion 
 Syncope with structural heart disease and negative invasive and noninvasive 
studies 

 Class IIb  C  Expert opinion 

 ICM with LVEF ≤30 %, at least 40 days post-MI regardless of NYHA 
functional class 

 Class I  A  MADIT II 

 ICM with LVEF ≤35 %, at least 40 days post-MI with NYHA Class II–III 
symptoms 

 Class I  A  SCD-HeFT 

 ICM with LVEF ≤40 % with NSVT and inducible VT/VF at EP study  Class I  B  MADIT, MUSTT 
 NICM with LVEF ≤35 % and NYHA Class II–III symptoms  Class I  A  SCD-HeFT 
 NICM with LVEF ≤35 % and NYHA Class I symptoms  Class IIb  C  Expert opinion 
 Sustained VT with normal or near-normal LV function  Class IIa  C  Expert opinion 

   VT  indicates ventricular tachycardia,  VF  ventricular fi brillation,  AVID  antiarrhythmics vs. implantable defi brillators,  CASH  cardiac arrest study 
Hamburg,  CIDS  Canadian implantable defi brillator study,  MADIT  multicenter automatic defi brillator implantation trial,  MADIT II  multicenter 
automatic defi brillator implantation trial II,  SCD-HeFT  sudden cardiac death in heart failure trial,  MUSTT  multicenter unsustained tachycardia 
trial,  NSVT  nonsustained VT,  NYHA  New York Heart Association,  EP  electrophysiology,  NICM  nonischemic cardiomyopathy,  MI  myocardial 
infarction  
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 therapy for patients who are asymptomatic or those with 
syncope not on beta-blockers [ 4 ]. However, for congenital 
LQTS patients who experience syncope and/or VT while 
on beta-blockers, the guidelines provide a Class IIA rec-
ommendation (Level of evidence B) for ICD implantation 
for primary prevention [ 4 ]. For LQTS types 2 and 3 (which 
are associated with a greater risk of SCD than LQTS type 
1), it is considered reasonable to implant an ICD for pri-
mary prevention regardless of beta-blocker therapy (Class 
IIB, Level of evidence B) [ 4 ]. ICD therapy is not indicated 
for patients with only a family history of LQTS or SCD, or 
for those with a LQTS genotype without a prolonged QT 
interval.  

    Catecholaminergic Polymorphic 
Ventricular Tachycardia 

 Catecholaminergic polymorphic ventricular tachycardia 
(CPVT) is another rare genetic condition that increases the 
risk of SCD via triggered activity from delayed afterdepolar-
ization, similar to the pathophysiology of digoxin toxicity 
[ 32 ]. Beta-blockers are considered fi rst-line therapy for 
asymptomatic individuals diagnosed with CPVT [ 4 ]. 
However, if a patient with CPVT develops unexplained syn-
cope or sustained VT while on beta-blockers, then an ICD is 
indicated for primary prevention (Class IIA, Level of evi-
dence C) [ 4 ]. ICD therapy is not indicated for primary pre-
vention for patients who develop symptoms without prior 
beta-blocker treatment [ 4 ].  

    Cardiac Sarcoidosis 

 Cardiac sarcoidosis can result in SCD, as sarcoid granulo-
mas in the ventricular myocardium can lead to abnormal 
automaticity or cause reentrant ventricular arrhythmias [ 33 ]. 
These granulomas may be identifi ed as scars on cardiac mag-
netic resonance imaging (MRI) via late gadolinium enhance-
ment [ 34 ]. No specifi c ICD indications exist for cardiac 
sarcoidosis. However, the 2006 ACC/AHA practice guide-
lines state that “spontaneous VT, severe LV dysfunction, and 
severe intraventricular conduction disturbance warrant ICD 
and/or pacemaker therapy as appropriate.” [ 35 ] In the 2008 
ACC/AHA guideline update, a Class IIB (Level of evidence 
C) recommendation was given for ICD placement for car-
diac sarcoidosis regardless of the presence of VT or heart 
failure [ 4 ]. Although no guidelines exist for risk stratifi cation 
of cardiac sarcoidosis via cardiac MRI, one promising study 
has shown late gadolinium enhancement on cardiac MRI to 
be strongly predictive of SCD [ 34 ]. Larger randomized trials 
are needed to determine if cardiac MRI should be used to 
guide ICD therapy in this population.  

    Cardiac Resynchronization Therapy Guidelines 

 Cardiac resynchronization therapy (CRT) is defi ned as 
biventricular pacing in patients with interventricular dyssyn-
chrony, which can be caused by bundle branch block or inter-
ventricular conduction delay. The LV is usually paced by 
placing a pacing lead into a branch vessel of the coronary 
sinus. The seminal trials studied CRT in patients with LVEF 
≤35 % with NYHA functional Class III or IV and a QRS 
duration of ≥120 ms [ 36 – 38 ]. These studies demonstrated 
CRT to improve heart failure symptoms, increase LVEF, 
reduce heart failure hospitalizations, and improve survival 
[ 36 – 38 ]. As such, CRT with or without an ICD is recom-
mended for patients with an LVEF ≤35 % with NYHA func-
tional Class III or IV and a QRS duration of ≥120 ms (Class 
I, Level of evidence A) [ 4 ]. Based on evidence that chronic 
right ventricular pacing can also cause interventricular dys-
synchrony [ 39 ] and exacerbate heart failure [ 40 ], CRT is also 
indicated in individuals with an LVEF ≤35 % who require 
frequent ventricular pacing in the setting of NYHA Class 
III–IV heart failure (Class IIA indication, Level of evidence 
C) or NYHA Class I–II heart failure (Class IIB indication, 
Level of evidence C) [ 4 ]. 

 More recently, trials have demonstrated CRT benefi t in 
even milder degrees of heart failure. Specifi cally, data 
from the REVERSE trial (Resynchronization Reverses 
Remodeling in Systolic Left Ventricular Dysfunction) [ 41 ], 
MADIT-CRT (Multicenter Automatic Defi brillator Implan-
tation Trial with Cardiac Resynchronization Therapy) [ 42 ], 
and RAFT (Resynchronization Defi brillation for Ambulatory 
Heart Failure Trial) [ 43 ] have demonstrated that CRT ther-
apy in patients with NYHA functional Class I or II symp-
toms can improve LVEF [ 41 ], reduce hospitalizations [ 42 ], 
and improve mortality [ 43 ]. A meta-analysis of these studies 
has confi rmed these fi ndings [ 44 ]. Importantly, the majority 
of CRT benefi t in these studies was in patients with QRS 
durations ≥150 ms and those with LBBB [ 41 – 43 ]. These tri-
als were published after the last ACC/AHA ICD guideline 
update in 2008 and, as such, are not included in this docu-
ment. However, the European guideline update in 2010 rec-
ommended CRT therapy for patients with an LVEF ≤35 % 
with NYHA Class II heart failure and a QRS duration of 
≥150 ms (Class I, Level of evidence A) [ 45 ]. Note that the 
European guidelines do not recommend CRT therapy in 
NYHA Class I heart failure patients, since this population 
was not well represented in the trials [ 41 – 43 ]. Further guid-
ance on CRT therapy in NYHA Class I and II heart failure 
patients will be provided by the ACC/AHA ICD guideline 
update to be released in 2012. 

 Approximately one-third of patients do not derive benefi t 
from biventricular pacing [ 46 ]. Initially smaller studies sug-
gested that interventricular dyssynchrony diagnosed by 
echocardiography would identify potential responders to 
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CRT. However, a more recent large multicenter study failed 
to show the benefi t of any echocardiographic measure of 
dyssynchrony in predicting response to CRT [ 47 ]. As such, 
it is currently unclear if the presence of dyssynchrony on 
echocardiogram is useful in identifying patients who will 
benefi t from CRT. Nevertheless, a sub-study of the MADIT-
CRT demonstrated the predictive power of the combined 
assessment of the following factors in identifying CRT 
responders: (1) female sex, (2) nonischemic origin, (3) left 
bundle branch block, (4) QRS ≥150 ms, (5) prior heart fail-
ure hospitalization, (6) left ventricular end-diastolic volume 
≥125 mL/m 2 , and (7) left atrial volume <40 mL/m 2  [ 46 ]. 
More studies are needed to establish predictors of CRT 
response.   

    ICD Implantation Outcomes 

    Incidence of Complications 

 Although ICDs have been shown to effectively prevent SCD, 
there are a variety of complications that may occur after ICD 
placement. ICD-related adverse events may be defi ned as 
major or minor. Major complications include death, cardiac 
arrest, cardiac perforation, pericardial tamponade, stroke, 
MI, valve injury, coronary venous dissection, hemothorax, 
and pneumothorax. Minor complications include conduction 
block, pocket hematoma, lead dislodgement, peripheral 
nerve injury, and infection related to the device. Data from 
national registries has demonstrated the periprocedural inci-
dence of any complication (major or minor) to be 
 approximately 2–3 % after ICD placement [ 48 ]. The major-
ity of these complications are minor and tend to be pocket 
hematomas (~ 0.7 %), lead dislodgements (~0.5 %), and 
infections (0.1–0.5 %) [ 48 – 50 ]. The incidence of major peri-
procedural complications is very low (<1 %) [ 48 ,  49 ], with 
pneumothorax, death of any cause, cardiac arrest, stroke, and 
MI being the main contributors, accounting for approxi-
mately 0.36, 0.2, 0.3, 0.05, and 0.02 % of the major peripro-
cedural complications, respectively [ 48 ,  49 ]. 

 Of note, these complication rates are derived from 
national registries, which are limited by the assessment of 
only in-hospital outcomes. When analysis is extended to 
include long-term follow-up, studies show an increase in 
complication rates that is comprised mainly of mechanical 
issues with the lead; [ 50 ] this includes lead dislodgement, 
lead malfunction, or device protrusion which has a 7–8 % 
incidence at 90 days [ 50 ]. An incremental increase in infec-
tion is also seen with longer follow-up, with an incidence of 
approximately 2 % at 90 days [ 50 ]. Despite this increase in 
long-term complication rate, the majority of postoperative 
complications continue to occur during the index hospital 
stay [ 50 ].  

    ICD-Related Infections 

 With the recent rise in ICD implantation rates, there has been 
a concomitant increase in ICD-related infections [ 50 ,  51 ]. As 
such, this specifi c ICD complication deserves special atten-
tion. Device infections are generally categorized as pocket 
infections or deeper infections. Pocket infections involve the 
subcutaneous tissues containing the pulse generator and 
leads, but not the transvenous segment of the leads. In some 
pocket infections, a portion of the device or leads may erode 
through the overlying skin. Deeper infections involve the 
transvenous portion of the lead, which is usually associated 
with bacteremia and/or endocarditis due to vegetations on 
the lead or a valve. Coagulase negative staphylococci and 
staphylococcus aureus account for the majority of these 
infections [ 52 ]. Diagnosis requires a transesophageal echo-
cardiogram regardless of the results of transthoracic echocar-
diography (Class I, Level of evidence B) [ 53 ], 2 sets of blood 
cultures drawn prior to starting antimicrobial therapy (Class 
I, Level of evidence C) [ 53 ], as well as Gram stain and cul-
ture of the pocket tissue and lead tip at the time of explant 
(Class I, Level of evidence C) [ 53 ]. Importantly, percutane-
ous aspiration of the generator pocket is not recommended 
for diagnostic evaluation as it may result in infection of the 
ICD pocket (Class III, Level of evidence C) [ 53 ]. 

 Treatment of device-related infections begins in the pre-
operative period, as prophylactic antibiotics have been shown 
to reduce the risk of potentially serious infections [ 54 ]. A 
single dose of antibiotics with staphylococcal coverage is 
recommended to be administered 1 h prior to the procedure 
(Class I indication, Level of evidence A) [ 53 ]. Currently, 
there are no data to support the use of postoperative antibiot-
ics for prevention of infection after device implantation so 
this strategy is not recommended [ 53 ]. 

 In patients who develop superfi cial or incisional infection 
at the pocket site with no involvement of the device, hardware 
extraction is not required and 7–10 days of antibiotics with 
staphylococcal coverage is considered suffi cient [ 53 ]. In con-
trast, in addition to antibiotic therapy, complete removal of all 
hardware is strongly recommended for pocket infections (as 
evidenced by abscess formation, device erosion, or chroni-
cally draining sinus), endocarditis with or without lead 
involvement, or occult staphylococcal bacteremia (Class I, 
Level of evidence A) [ 53 ]. Complete device and lead removal 
is also reasonable in occult Gram-negative bacteremia despite 
appropriate antibiotic therapy (Class II, Level of evidence A) 
[ 53 ]. The duration of antibiotics should be 10–14 days for 
pocket site infections and 4–6 weeks for more complicated 
infections (i.e., endocarditis, septic thrombophlebitis, osteo-
myelitis, or persistent blood stream infections despite device 
removal) [ 53 ]. For patients who are not candidates for com-
plete device removal, long-term suppressive antibiotics are 
reasonable (Class IIB, Level of evidence C) [ 53 ].  
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    Predictors of Outcomes 

 In addition to appreciating potential ICD-related complica-
tions, it may be even more prudent for the clinician to recog-
nize elements in a patient’s profi le that may predict adverse 
events after ICD implantation. Several studies have deter-
mined risk factors for infectious complications after device 
placement [ 55 – 57 ]. These include (1) recent manipulation of 
the device, (2) temporary pacing prior to permanent device 
placement, (3) generator replacement, (4) diabetes mellitus, 
(5) prior treatment with anticoagulation or glucocorticoids, 
(6) heart failure, (7) renal dysfunction (GFR < 60 mL/min), 
and (8) operator inexperience [ 55 – 57 ]. Furthermore, studies 
have shown that noninfectious complications are higher with 
(1) placement of dual chamber ICDs compared to single 
chamber devices; [ 46 ] (2) non-electrophysiologist operators, 
especially cardiothoracic surgeons; [ 49 ,  50 ] (3) operator 
inexperience; [ 58 ] (4) female patients; [ 50 ] (5) chronic lung 
disease; [ 50 ] (6) dementia; [ 50 ] and (7) renal disease [ 50 ]. 

 A recent study has developed a point score to more objec-
tively determine the risk associated with ICD implantation 
[ 59 ]. The following are risk factors established by this risk 
score model: age >70 years (1 point), female (2 points), 
NYHA Class III (1 point), NYHA Class IV (3 points), atrial 
fi brillation (1 point), prior valve surgery (3 points), chronic 
lung disease (2 points), BUN >30 (2 points), reimplantation 
for reasons other than battery change (6 points), dual cham-
ber ICD type (2 points), biventricular ICD type (4 points), 
and nonelective ICD implant (3 points) [ 59 ]. The risk of any 
in-hospital complication increased from 0.6 % among 
patients with a score of less than 5–8.4 % among the patients 
with greater than 19 risk points [ 59 ]. Recognition of these 
predictors of complications is crucial for minimizing postop-
erative complications.   

    ICD Shocks and Therapy 

    Prognostic Impact of ICD Shocks 

 Despite the proven survival benefi ts of ICDs in patients at 
risk of SCD, ICD therapy comes at a cost. Recent studies 
have demonstrated that ICD shocks, whether appropriate or 
inappropriate, can increase heart failure events and worsen 
mortality [ 60 ,  61 ]. It was initially felt that the deleterious 
effects of ICD discharges were a refl ection of a sicker patient 
population who has a higher baseline risk of death. However, 
a recent study has revealed that the mortality risk associated 
with ICD shocks is independent of the patient’s baseline risk 
of death as estimated by the Seattle Heart Failure Model 
[ 62 ]. The underlying mechanism to explain why an ICD 
shock would increase the risk of death is unclear, but may be 
related to myocardial damage induced by ICD shocks [ 63 ]. 
Certainly, older literature has described adverse cellular, 
 tissue, and cardiac mechanical responses to large electric 

currents during defi brillation shocks in animals and humans 
[ 64 – 66 ]. Since ICD discharges are associated with worsened 
heart failure outcomes, an ICD shock should serve as an 
opportunity for clinicians to intensify and optimize heart 
failure therapy [ 63 ]. In addition to causing increased mortal-
ity and heart failure, ICD shocks are also perceived as exqui-
sitely painful, resulting in serious psychological sequelae 
(such as depression, anxiety, anger and post-traumatic stress 
disorder) which may also worsen quality of life [ 63 ].  

    Antitachycardia Pacing 

 Given the harmful effects of ICD shocks, it is paramount to 
implement device programming to minimize ICD shocks. One 
approach to achieve this goal is via anti-tachycardia pacing 
(ATP). ATP therapies have been shown to terminate reentrant 
ventricular arrhythmias using short, rapid bursts of pacing [ 67 , 
 68 ]. It is important to note that ATP is not effective in treating 
VF as this is not a reentrant rhythm. Based on the results of 
two large trials [ 67 ,  68 ], ATP is now routinely used to termi-
nate VT (<188 beats/min) with an effi cacy of >90 % and a 
minimal risk (<5 %) of accelerating VT to a more unstable 
rhythm requiring a shock [ 69 ]. Due to the painless nature of 
ATP therapy, studies have shown that patients undergoing 
ATP therapy have less physical and emotional trauma com-
pared to shock therapy [ 69 ]. In addition to reducing the burden 
of ICD shocks [ 68 ], ATP has also recently been demonstrated 
to reduce total mortality compared to shock therapy [ 70 ]. This 
adds further evidence to the detrimental effects of ICD shocks 
and brings ATP  therapy to the forefront for minimizing ICD 
discharges for  ventricular arrhythmias.  

    Inappropriate Shocks 

 Inappropriate shocks comprise 10–25 % of ICD discharges 
[ 69 ]. The vast majority of inappropriate ICD therapy is due 
to atrial fi brillation (AF) and supraventricular tachycardia 
(SVT), as inappropriate shocks may be delivered if AF or an 
SVT with rapid ventricular rate falls into a device’s pro-
grammed VT or VF heart rate zone [ 69 ]. To avoid this prob-
lem, newer device algorithms have implemented SVT 
discriminators based on QRS morphology, heart rate stabil-
ity, and onset of tachycardia to distinguish between VT and 
SVT. Inappropriate ICD therapy may also be delivered due 
to oversensing resulting in QRS and T-wave double count-
ing. This issue can usually be corrected with device repro-
gramming in which T waves are “blinded” by the device; if 
this is done, then defi brillation testing is often performed to 
ensure the device is not also accidentally “blinded” to low 
amplitude ventricular fi brillation waves. Other possible 
causes of inappropriate ICD therapy are mechanical prob-
lems such as lead fracture, insulation break, and lead dis-
lodgement. This should be suspected in patients  presenting 
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with multiple shocks in rapid succession and can be confi rmed 
by device interrogation demonstrating a change in lead imped-
ance and often a failure to sense or capture appropriately.  

    Remote Monitoring 

 According to the most recent expert consensus statement 
from the ACC/AHA/HRS [ 71 ], patients should be followed 
every 3–5 months after ICD implantation and more fre-
quently as battery approaches elective replacement. This 
results in numerous patient visits and can place signifi cant 
strain to the workfl ow in an outpatient clinic. Although trans-
telephonic monitoring has been present for many years, its 
utility has been limited by its ability to provide only basic 
information on battery status and capture thresholds. More 
recently, home transmitters have been developed by most 
device manufacturers that allow full interrogation of the 
ICD, either manually by the patient waving a telemetry wand 
or automatically on a predefi ned periodic basis via a wireless 
Internet-based telemetry system [ 72 ]. This information is 
then sent by the transmitter to the physician via e-mail, fax, 
text message, or phone. In addition, the data is stored in a 
central server where it can be accessed by the physician via 
the Internet. This is referred to as remote monitoring. The 
data available from these remote monitoring systems is 
detailed and equivalent to the level of information that could 
be obtained manually from the device at the outpatient clinic 
[ 72 ]. Two recent trials have demonstrated that not only is 
remote monitoring safe and effective, but it also results in (1) 
less frequent offi ce visits, (2) more rapid recognition of 

 clinical events, and (3) decreased time to clinical action of an 
arrhythmia event or issue with ICD lead or generator [ 73 ,  74 ]. 
Although the use of remote monitoring is not discussed in 
the 2008 ACC/AHA guideline update [ 4 ], remote monitor-
ing of ICDs and pacemakers may become an important ele-
ment of device management in the future.  

    Limitations of Current Risk Stratifi cation 
Techniques for SCD 

 Although ICDs are extremely effective at detecting and ter-
minating VT/VF, identifying individuals who should receive 
this therapy remains challenging. Impaired LVEF and heart 
failure are certainly sensitive indices of SCD risk [ 10 ,  20 ] 
and serve as a guide for current ICD indications. However, 
these parameters identify populations in whom absolute 
arrhythmic events are low [ 2 ]. Herein lies the dilemma: the 
absolute number of SCDs is highest in patients who have 
unrecognized CAD with normal LVEF or are at low risk of 
CAD or heart failure based on conventional risk markers [ 2 ], 
yet the cumulative incidence of SCD in this population is 
very low [ 2 ]. Prophylactic ICD placement in this very large 
population is precluded by the inability to accurately identify 
these individuals [ 2 ]. In contrast, the presence of LV dys-
function and heart failure identifi es patients with highest 
incidence of SCD, but misses the majority of patients who 
will suffer SCD, since most individuals who experience car-
diac arrest have a normal LVEF [ 2 ]. This concept is illus-
trated in Fig.  17.1 . The failure of LV dysfunction to predict 
SCD in the vast majority of patients who will suffer this 

Population subgroup

Absolute numberPercent

Incidence Events

General population

High-risk for CAD;
no clinical events

Prior coronary event

EF<30 %; heart failure

Cardiac arrest survivor

Arrhythmia risk markers,
post-myocardial infarction

0 10 20 30 0 150,000

MADIT I, MUSTT

MADIT II, SCD-HeFT

AVID, CIDS, CASH

300,000

  Fig. 17.1    Comparison of incidence and absolute number of SCD anu-
ally within different populations. Obtained, with permission, from 
Myeburg et al. [ 2 ]. With recognition of increasingly improved risk fac-
tors, the incidence of SCD increases, but is accompanied by a progres-
sive decrease in total events in each group. This occurs because each risk 

factors identifi es a smaller population subgroup and, therefore, a smaller 
number of events; it also lowers the denominator pool and results in a 
higher SCD incidence. In contrast, the highest number of SCD events 
occur in the lower risk population. Since this population is very large, 
there is a higher denominator pool producing a lower incidence of SCD       
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event highlights the weakness of LVEF as a marker of SCD. 
Newer methods of risk stratifi cation are sorely needed to 
identify people in the general population at risk of SCD who 
have a normal LVEF and are at low risk of CAD. Such a 

paradigm shift would impact the public health issue of SCD 
in a much greater fashion than does the current emphasis 
given to the small, very high-risk patient population studied 
in the randomized clinical trials to date.        

 Key Points 

•     ICD therapy is extremely effective in terminating VT/
VF and reducing total mortality in select populations.  

•   Common indications for ICDs include survival of prior 
cardiac arrest, unexplained syncope with inducible 
VT/VF on EPS, ICM with EF ≤30 % who are more 
than 40 days post-MI, and cardiomyopathy (ICM or 
NIDCM) with EF ≤35 % and NYHA Class II–III heart 
failure symptoms.  

•   ICDs may also be indicated in certain individuals from 
special populations who suffer from inherited condi-
tions which predispose to SCD, such as HCM, long 
QT syndrome, Brugada syndrome, ARVD, CPVT, and 
cardiac sarcoidosis (Table  17.4 ).

•      CRT devices have also been shown to improve mortal-
ity, reduce heart failure hospitalizations, and improve 
quality of life in selected individuals with cardiomy-
opathy and interventricular dyssynchrony, even with 
only mild symptoms of heart failure.  

•   Despite its effectiveness in terminating VT/VF, ICDs 
are limited by potential procedural complications, the 
risk of psychological trauma, heart failure, and death 
associated with ICD shocks.  

•   Effi cient use of ICDs is further limited by the lack of 
reliable markers to predict cardiac arrest in the large 
majority of patients who suffer SCD with a normal 
LVEF.    

   Table 17.4    ICD indications in special populations   

 Indication  Classifi cation 
 Level of 
evidence 

 Supporting 
studies 

 Congenital heart disease with prior cardiac arrest without a reversible cause  Class I a   B  Expert opinion 
 Congenital heart disease with symptomatic sustained VT with normal invasive 
hemodynamics and negative EP study 

 Class I a   C  Expert opinion 

 Congenital heart disease and unexplained syncope with either impaired ventricular 
function or inducible VT/VF on EP study 

 Class IIa a   C  Expert opinion 

 Congenital heart disease with recurrent syncope and systemic ventricular dysfunction 
when invasive and noninvasive studies fail to identify a cause 

 Class IIb a   C  Expert opinion 

 HCM with >1 of the following risks: family history of SCD, LV wall thickness 
≥30 mm, unexplained syncope 

 Class IIa b   C  Expert opinion 

 HCM with ≥1 of the following risks: isolated NSVT, decrease in BP during exercise  Class IIb b   C  Expert opinion 
 ARVD with ≥1 of the following risk factors: syncope due to VT, extensive RV disease, 
LV involvement, polymorphic VT, RV apical aneurysm 

 Class IIa a   C  Expert opinion 

 Long QT syndrome with syncope or VT while on beta-blockers  Class IIa a   B  Expert opinion 
 Brugada syndrome with unexplained syncope or VT  Class IIa a   C  Expert opinion 
 CPVT with syncope or VT while on beta-blockers  Class IIa a   C  Expert opinion 
 Cardiac sarcoidosis, giant cell myocarditis, or Chagas disease  Class IIa a   C  Expert opinion 
 Nonhospitalized patient awaiting cardiac transplantation  Class IIa a   C  Expert opinion 
 Familial cardiomyopathy associated with SCD  Class IIb a   C  Expert opinion 
 LV noncompaction  Class IIb a   C  Expert opinion 

   a Based on 2008 ACC/AHA/HRS Guidelines [ 4 ] 
  b Based on 2011 ACC/AHA Guidelines [ 22 ] 
  EP  indicates electrophysiology,  SCD  sudden cardiac death,  HCM  hypertrophic cardiomyopathy,  ARVD  arrhythmogenic right ventricular 
dysplasia  
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    Abstract   

 Cardiovascular disease (CVD) is the leading cause of death among women, causing more 
annual deaths than cancer, accidents, Alzheimer’s disease, and respiratory diseases com-
bined. Recent data suggest that CVD causes approximately one death per minute among 
women living in the United States. Somewhat surprisingly, although cardiovascular disease 
claims more women’s lives each year than it does for men, women actually have lower rates 
of both obstructive coronary disease and depressed left ventricular function. Though great 
strides have been made in reducing the overall burden of cardiovascular disease, the 
improvement among women has lagged behind that of men, and the prevalence of 
 cardiovascular disease in young women is actually on the rise. A number of differences 
exist in the effects of risk factors for and the presentation of cardiovascular disease in 
women. Overall, women are more likely to present without chest pain than men, and mor-
tality in the setting of myocardial infarction is higher among women than similarly aged 
men, a difference that is particularly pronounced among young women. Despite a lesser 
burden of obstructive coronary disease, however, women have worse outcomes than men. 
Women face higher myocardial infarction-related mortality and are more frequently hospi-
talized for heart failure exacerbations. This disconnect between the burden of obstructive 
coronary disease and outcomes has led to the recognition that the pathophysiology of coro-
nary disease among women is quite heterogeneous with microvascular dysfunction, a more 
common explanation than previously recognized. Additional cardiovascular conditions 
unique to or more common in women include stress cardiomyopathy and cardiovascular 
disease associated with rheumatologic conditions.  
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        Introduction 

 Cardiovascular disease (CVD) is the leading cause of death 
among women, causing more deaths each year than cancer, 
accidents, Alzheimer’s disease, and respiratory diseases 
combined [ 1 ]. Indeed, data from 2007 suggest that CVD 
causes approximately one death per minute among women 
living in the United States [ 2 ]. One in 30 deaths among 
females is due to breast cancer, whereas 1 in 6.4 is due to 
heart disease [ 2 ]. 

 Though great strides have been made in reducing the 
overall burden of cardiovascular disease, the improved prog-
nosis among women has lagged behind that of men. Indeed, 
cardiovascular disease is actually becoming more prevalent 
among younger women [ 3 ]. Overall, women are more likely 
to present without chest pain than men, and mortality in the 
setting of myocardial infarction is higher among women than 
similarly aged men, a difference that is particularly pro-
nounced among young women [ 4 ]. 

 Somewhat surprisingly, although cardiovascular disease 
claims more women’s lives each year than it does men’s, 
women actually have lower rates of both obstructive coro-
nary disease and depressed left ventricular (LV) function 
[ 5 ]. Up to 50 % of women who present with chest pain and 
undergo coronary angiography have normal or only slightly 
abnormal, coronary arteries, compared to only 17 % of men 
[ 6 ]. Despite a lesser burden of obstructive coronary disease, 
however, women have worse outcomes than men [ 7 ]. 
Women face higher myocardial infarction (MI)-related 
mortality and are more frequently hospitalized for heart 
failure exacerbations [ 5 ,  8 ]. This disconnect, between the 
burden of obstructive coronary disease and adverse events, 
has led to the recognition that the pathophysiology of coro-
nary disease among women is quite heterogeneous, with 
microvascular dysfunction a contributing factor for many.  

    Ischemic Heart Disease in Women 

    Epidemiology of Ischemic Heart Disease 
Among Women 

 Ischemic heart disease (IHD) affects men and women differ-
ently. Though women have a lower burden of obstructive 
coronary disease than men, women experience greater 
ischemia- related morbidity and mortality than men. Indeed, 
women present more frequently with chest pain, are more 
persistently symptomatic, are more often hospitalized, con-
sume greater healthcare resources, and have higher 
MI-related mortality and greater rates of heart failure [ 5 ,  8 ]. 
Given this ostensible disconnect between the burden of 
obstructive coronary disease and ischemia-related morbidity 
and mortality, the Women’s Ischemia Syndrome Evaluation 

(WISE) investigators have proposed the term “Ischemic 
Heart Disease,” rather than “Coronary Heart Disease,” to 
describe the nature of ischemia among women [ 5 ]. IHD is 
inclusive of women with classic obstructive epicardial dis-
ease, as well as the subset with ischemia and nonobstructive 
disease [ 5 ].  

    Risk Factors for Ischemic Heart Disease 
Among Women 

 Women’s cardiac risk stems from both traditional risk fac-
tors, as well as well as gender-specifi c factors. After their 
fi fth decade, women tend to have higher cholesterol levels 
than men, and high-density lipoprotein (HDL) tends to drop 
after menopause [ 5 ]. Obesity also affects women dispropor-
tionately [ 9 ] and is a trend that is still on the rise, with nearly 
2 out of 3 women over age 20 overweight or obese [ 2 ]. 
Increasing obesity is also contributing to the growing epi-
demic of diabetes among women. Diabetes increases wom-
en’s risk for IHD more than threefold, [ 10 ] and, interestingly, 
diabetic women have higher rates of ischemic heart disease 
mortality than diabetic men. 

 Many have also investigated how nontraditional risk fac-
tors may affect women. For instance, women have higher 
levels of the infl ammatory marker, C-reactive protein (CRP). 
Higher levels of high-sensitivity CRP correlate with increas-
ing cardiovascular risk [ 11 ]. The WISE investigators also 
noted the association of altered endogenous hormones with 
the cardiometabolic syndrome, which includes at least three 
of the following risk factors: insulin resistance, dyslipidemia 
(increased triglycerides, low HDL), hypertension, or abdom-
inal obesity [ 12 ]. They suggest that risk-factor clustering, in 
conjunction with higher levels of infl ammatory markers, 
such as CRP, may predispose women to more vascular dys-
function, both in the setting of obstructive and nonobstruc-
tive coronary artery disease, creating a distinct IHD 
phenotype among women [ 12 ]. However, these hypotheses 
warrant further investigation (Fig.  18.1 ).

       Treatment and Outcomes 

 In current practice, women with IHD are treated the same as 
men. Nevertheless, given the suggestion of a gender-specifi c 
pathophysiology of IHD among women, as well as contin-
ued evidence that women experience worse ischemia-related 
outcomes, novel treatment approaches are clearly needed for 
women. Indeed, even though it is now widely understood 
that coronary artery disease (CAD) is not just a man’s dis-
ease, recent data suggest that women with “stable” CAD 
have more MIs than men and women with acute coronary 
syndromes (ACS) have higher mortality than males [ 13 ,  14 ]. 
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Though there are some data to suggest that evidence-based 
therapies are underutilized among women with obstructive 
CAD, this discrepancy alone does not seem to explain the 
persistent gap in ischemia-related outcomes among women 
[ 15 ]. More likely, the distinct pattern of IHD among women, 
which remains incompletely understood, requires a different 
treatment paradigm than the one proven effective for obstruc-
tive CAD among men [ 13 ].   

    Cardiac Syndrome X 

 The term “Cardiac Syndrome X” was coined in 1973 to 
describe the triad of persistent angina, ischemia on stress- 
testing, and the absence of obstructive CAD on angiography 
[ 16 ]. Since then, it has become widely recognized that coro-
nary heart disease varies between men and women, both in 
its underlying pathophysiology, as well as its clinical mani-
festations. Indeed, one of the most salient differences is that 
Cardiac Syndrome X (CSX), often now referred to as “micro-
vascular disease,” occurs far more commonly among women. 
The following section will discuss the key features of micro-
vascular disease as it pertains to women, with particular 
focus upon basic epidemiology, possible etiologies, diagnos-
tic approaches, and treatment paradigms associated with this 
syndrome. 

    Epidemiology 

 Women present frequently with chest pain, but up to 50 % of 
women who undergo coronary angiography have normal or 
only slightly abnormal coronary arteries compared to only 
17 % of men [ 6 ]. Importantly, more than half of women 
without obstructive CAD continue to have chest pain after 
coronary angiography [ 5 ]. These women were, for many 
years, assumed to have “noncardiac,” chest pain. However it 
is increasingly recognized that these women likely have true 
ischemia related to impairment in the coronary microcircula-
tion [ 17 ]. Compared to asymptomatic women, women with 
persistent chest pain in the absence of obstructive disease 
have a fourfold higher cardiovascular event rate at 5 years 
than women who remain asymptomatic [ 18 ]. These women 
thus consume more healthcare resources than men owing to 
more frequent offi ce visits, diagnostic procedures, and thera-
peutic interventions and hospitalizations [ 8 ]. 

 The WISE study was a 3-phase trial initiated in 1996 to 
broadly investigate IHD among women. Much of the grow-
ing understanding of microvascular disease stems from this 
effort. Women who had undergone coronary angiography as 
part of their work-up for chest pain syndrome were enrolled; 
substudies looked particularly at women without obstructive 
coronary disease to better understand their underlying patho-
physiology, as well as to track outcomes over time [ 6 ]. 

Inflammatory
milieu

Hypertension

ObesityEstradiol

Hyperlipidemia

Normal artery and
vascular function

• Post-menopause
• Hypoestrogenemia
• PCOS
• Visceral obesity

Pre-clinical

Progressive manifestations of ischemic heart disease

Clinical

Normal artery and
abnormal

microvascular
vascular function

Subclinical
athersclerosis

Obstructive
CAD

Autoimmune
diseases

Symptomatic
manifestations

Abnormal coronary reactivity
microvascular dysfunction,
endothelial dysfunction,
metabolic changes, decreased perfusion

Positive coronary remodeling
increased wall thickness, plaque erosion,
distal embolization

  Fig. 18.1    Spectrum of ischemic heart disease in women ranging from normal arterial structure and vascular function to obstructive coronary 
artery disease (CAD) (Reproduced with permission Shaw et al. [ 5 ])       
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 It is critical to note that microvascular disease is a 
 heterogeneous disease state whose possible etiologies 
include abnormal coronary reactivity, altered pain percep-
tion, and plaque erosion/distal microembolization [ 5 ]. 
Understandably, women with microvascular disease pose a 
unique challenge to clinicians, as despite growing knowl-
edge of the potential pathophysiology, little is known about 
optimal diagnostic and therapeutic strategies.  

    Pathophysiology of Microvascular Disease 

 Several studies have examined the role of endothelial dys-
function among women with microvascular disease and sug-
gest that its presence is a marker of increased risk [ 12 ]. One 
study, for instance, studied vasomotor reactivity among 
women in the WISE study and found that impaired vasomo-
tor response to acetylcholine was associated with adverse 
cardiovascular outcomes, independent of the degree of CAD 
[ 19 ]. Another study found that patients with CSX also had 
impaired vasodilatory response, primarily in the microvascu-
lature rather than the epicardial arteries [ 20 ]. 

 Several studies have noted [ 21 ] endothelium-independent 
vasoconstriction among women with CSX induced by vaso-
dilators such as adenosine or dipyridamole, suggesting that 
an impairment in smooth muscle cell relaxation may be con-
tributory. Importantly for these women, many of whom are 
symptomatic with exercise, some studies have noted that 
exercise induces vasoconstriction rather than vasodilation. 
One study, for instance, measured coronary fl ow ratios 
among women with both exercise and dipyridamole and 
noted a subgroup of women with CSX in whom exercise 
induced distal coronary vasoconstriction and dipyridamole 
failed to elicit vasodilation [ 22 ]. 

 Microvascular dysfunction is thought to contribute to the 
distinct phenotype of IHD among women. Using intravascu-
lar ultrasound (IVUS) to measure plaque burden among 
both men and women with early CAD, it has been demon-
strated that men have signifi cantly greater epicardial ather-
oma while women exhibit more diffuse disease of the 
microcirculation [ 23 ]. 

 Some have also suggested the role of altered pain percep-
tion among women with CSX. Overall, these patients dem-
onstrate greater sensitivity to pain when presented with a 
number of different stimuli [ 17 ]. One group, for instance, 
assessed stimuli such as cardiac manipulation, pacing, and 
contrast medium among patients with CSX. They found that 
CSX patients responded to various stimuli with a much 
higher rate of their typical chest pain than other patients with 
chest pain secondary to other forms of CVD [ 24 ]. Another 
study found that 75 % of patients with CSX had abnormal 
adrenergic cardiac nerve function, suggesting a cardiac ori-
gin of chest pain among these patients [ 25 ]. 

 The WISE authors emphasize the role of sex-hormone 
variability, particularly the hypoestrogenemic state, in creat-
ing a predisposition to IHD among women [ 5 ]. It is thought 
that estrogen may be cardioprotective, which is thought to 
explain why women typically develop cardiovascular disease 
later in life. Estrogen stimulates production of HDL and 
decreases low-density lipoprotein (LDL) by stimulating 
reverse cholesterol transport [ 17 ]. Menopause thus induces a 
state of risk-factor clustering in which many women develop 
obesity, hyperlipidemia, and hypertension [ 7 ]. 

 This hypoestrogenemic state has also been directly linked 
to the abnormal vasoreactivity seen in some women with 
microvascular angina. One study, for instance, demonstrated 
that among 15 postmenopausal women with CSX, 14 exhib-
ited vasoconstriction upon receiving acetylcholine. After 
24 h of an estrogen patch, coronary reactivity testing was 
again preformed and 12 women then demonstrated a vasodi-
latory response [ 26 ]. The WISE investigators suggest that 
vascular dysfunction, in the absence of obstructive disease, is 
more common in women than among men, secondary to this 
sex-hormone variability [ 12 ]. The investigators also postu-
late that this vascular dysfunction confers a greater risk even 
among women with obstructive CAD, who have more per-
sistent symptoms post-revascularization [ 12 ].  

    Presentation 

 Although much effort has been expended to differentiate the 
angina of CSX from the chest pain of an obstructive stenosis, 
there are no convincing data to suggest a difference exists. 
One recent study, for instance, recruited 305 patients who had 
been referred for non-emergent percutaneous coronary inter-
vention (PCI) and used balloon infl ation to induce symptoms 
of ischemia. There were no sex differences in rates of chest 
pain or typical ischemic discomfort, though women did note 
a higher rate of jaw pain. Some have also observed that 
women with CSX with effort angina have symptoms that per-
sist several minutes beyond the cessation of exercise and are 
less likely to respond to nitroglycerin [ 21 ,  27 ].  

    Diagnosis 

 Microvascular disease is a diagnosis of exclusion. Only after 
coronary angiography has been performed to rule out 
obstructive CAD should the diagnosis of CSX be given to 
patients with ischemia and persistent angina. WISE study 
investigators noted that the paradigm of using diagnostic 
tools to seek the “culprit” lesion among women with micro-
vascular disease is misguided. They advocate an approach 
that uses noninvasive testing to provide independent prog-
nostic information [ 12 ]. Accurate risk assessment is possible 
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within our existing armamentarium, but distinct attention 
must be paid to functional capacity, plaque burden, extent 
and severity of perfusion abnormalities, global ventricular 
function measurements, and infl ammatory markers [ 12 ]. 
They also note that prediction models may additionally be 
strengthened by the inclusion of left ventricular hypertrophy 
because it confers a greater mortality risk among women 
than among men [ 28 ]. However, there are no data at this 
juncture to support the use of any of these markers as a 
means to improve outcomes. 

 Regarding diagnostic testing, it is critical to note that 
what we have long referred to as “false-positive” tests among 
women with chest pain and ischemic fi ndings on exercise 
testing, but no obstructive coronary disease, may indeed be 
true myocardial ischemia [ 29 ]. Though breast artifact is 
often given as an explanation for false-positive results among 
women, it is not appropriate to label perfusion abnormalities 
in the setting of nonobstructive CAD as false positives in 
women if accompanied by objective signs of ischemia, such 
as chest pain, electrocardiographic abnormalities, or reduced 
functional capacity [ 5 ]. 

 Existing imaging modalities can also be falsely negative 
among women with CSX [ 17 ]. For instance, wall motion 
abnormalities are often absent among women with chest pain 
and normal coronary arteries who have demonstrated isch-
emia on exercise treadmill testing [ 30 ]. Dobutamine stress 
echo has also been observed to be normal among women 
with microvascular or endothelial dysfunction [ 31 – 33 ]. 
Some have thus suggested that either ischemia is not opera-
tive in CSX or that our current methods of detection are not 
sensitive enough to detect smaller perfusion abnormalities 
that may exist [ 17 ]. 

 Although the optimal stress imaging method among 
women with microvascular disease is unknown, much prog-
nostic information can be gleaned from exercise testing. The 
Duke Treadmill score, which incorporates exercise capacity 
and degree of ST-segment depression, accurately predicts 
IHD-related morality among women [ 5 ]. One study of over 
5,000 asymptomatic women found that for every unit increase 
in the Duke Treadmill score, mortality rate increased by 9 %, 
whereas every additional metabolic equivalent (MET) of 
exercise capacity decreased mortality by 17 % [ 18 ].  

    Treatment 

 In the absence of a data-driven treatment paradigm and 
because CSX appears to be a heterogeneous disease state, 
risk-factor modifi cation and symptom control are the main-
stays of therapy. All women should receive typical risk- factor 
management with attention paid to blood pressure, body mass 
index, lipids, diabetes, diet, exercise, and smoking  cessation 
in accordance with the recommendations of the ACC/AHA 

guidelines for prevention of cardiovascular disease in women. 
The recommended goals for ideal cardiovascular health in 
women include blood pressure <120/80 mmHg, body mass 
index <25 kg/m 2 , fasting total cholesterol <200 mg/dL, fast-
ing blood glucose <100 mg/dL, adherence to the Dietary 
Approaches to Stop Hypertension – like eating  pattern – par-
ticipation in physical activity at recommended levels (150 
min per week), and abstinence from smoking. 

 Symptom management often proves challenging. Calcium 
channel blockers have not consistently proven effective in 
reducing symptoms, and there are no data to suggest that 
they improve coronary fl ow reserve [ 5 ,  17 ]. Nitrates, the 
mainstay of therapy for classic angina, seem less effective in 
this cohort [ 27 ]. Beta-blockers have the most demonstrated 
effi cacy for the relief of chest pain among these patients and 
are recommended as fi rst line therapy [ 5 ,  34 ]. Notably, no 
large randomized trials have been conducted among patients 
with CSX to demonstrate the ideal therapy for either optimal 
symptom management or improving long-term outcomes. 

 Some authors recommend the addition of imipramine to 
address the component of abnormal nocioception [ 17 ]. One 
study found that imipramine reduced angina without improv-
ing quality of life among 18 women with CSX who had 
failed conventional antianginal therapies [ 35 ]. Some also 
recommend therapies such as angiotensin-converting 
enzyme (ACE) inhibitors and statins which can improve 
exercise duration via nitric oxide-mediated improvements in 
coronary fl ow reserve [ 17 ,  36 ,  37 ]. Finally, although estro-
gen improves endothelial function, given the increased risk 
for cardiovascular events conferred by hormone replacement 
therapy (HRT), as well as a paucity of data on HRT among 
women with CSX, HRT is not recommended [ 17 ].   

    Heart Failure in Women 

 Heart failure (HF) is a major cause of cardiovascular 
 morbidity and mortality. Women affected by heart failure 
demonstrate distinct differences compared to men. Women 
are more likely to have nonischemic cardiomyopathies, val-
vular heart disease, hypertension, and left bundle branch 
block [ 38 ]. Women are also more likely than men to present 
at an older age, to have heart failure with preserved ejection 
fraction (HFPEF) [ 39 ], and less likely to die from heart fail-
ure compared to men [ 39 ,  40 ]. Women appear to respond 
more favorably to treatment with beta-blockers and cardiac 
resynchronization than men but have a worse prognosis with 
digoxin therapy and lower survival with implantable defi bril-
lators. Women with symptomatic systolic heart failure derive 
a signifi cant mortality benefi t from spironolactone or eplere-
none [ 41 ,  42 ]. While women with systolic dysfunction 
appear to derive a mortality benefi t from ACE inhibitors, 
there is a greater mortality reduction in men. Since women 
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were not included in the early studies of ACE-inhibition in 
systolic dysfunction, this attenuated benefi t may partially 
refl ect the smaller numbers of women studied [ 43 ]. 

 While men and women with New York Heart Association 
(NYHA) class III and IV heart failure, LV systolic dysfunc-
tion, and a wide QRS interval derive similar benefi ts from 
cardiac resynchronization therapy (CRT) in reduction in hos-
pitalization and all-cause mortality, the Providing Regional 
Observations to Study Predictors of Events in the Coronary 
Tree (PROSPECT) study found that women had a greater 
reduction in LV volumes than men [ 44 ]. In the Multicenter 
Autonomic Defi brillator Implantation Trial – Cardiac 
Resynchronization Therapy (MADIT-CRT) study, women 
with nonischemic cardiomyopathy experienced a reduction 
in risk of heart failure, death, or both and fewer heart failure 
events than do men following CRT [ 45 ]. Gender-specifi c 
forms of systolic dysfunction include Takotsubo cardiomy-
opathy and peripartum cardiomyopathy. 

    Takostubo Cardiomyopathy 

 Takotsubo cardiomyopathy (TC) was fi rst reported in Japan 
[ 46 ]. It is named after the Japanese octopus fi shing pot or 
“tako-tsubo,” which has a characteristic narrow neck and 
wide bottom. In its classic form, TC is associated with 
regional systolic dysfunction of the mid- and apical LV and 
hyperkinesis of the basal segments. It is also known as stress 
cardiomyopathy (SC) or apical ballooning syndrome (ABS). 
The clinical features, which strongly mimic an acute MI but 
without evidence of obstructive coronary disease, include 
evidence of chest pain, ST-segment elevation, cardiac bio-
marker release, and LV dysfunction [ 47 ,  48 ]. TC is more 
prevalent in postmenopausal women following a period of 
extreme emotional or physical stress. 

    Pathophysiology 
 Proposed mechanisms underlying TC include catecholamine- 
mediated cardiotoxicity, coronary vasospasm, and coronary 
microvascular dysfunction. In one of the largest prospective 
cohort studies to date ( n  = 130), 89 % of cases of TC were 
precipitated by intensely stressful emotional or physical 
events [ 49 ]. Elevated plasma catecholamine levels have been 
invoked as a cause of TC. One prospective study of 19 

patients presenting with TC due to emotional stress found 
elevated plasma catecholamine and metanephrine levels 
compared to controls presenting with an acute MI. 

 Increased sympathetic tone with transient epicardial or 
microvascular vasospasm has been proposed as a mechanism 
for TC [ 50 ]. However, the data is limited. Several small stud-
ies have shown evidence of coronary artery spasm occurring 
spontaneously or after provocative testing with acetylcholine 
or ergonovine in patients with TC [ 50 – 52 ]. Thrombolysis in 
Myocardial Infarction (TIMI) frame counts on coronary 
angiography in 16 women with TC were signifi cantly higher 
than in control patients which suggests increased coronary 
microvascular resistance in patients with TC [ 53 ]. Further 
studies are needed to delineate whether epicardial or micro-
vascular coronary alterations play a role in the pathogenesis 
of TC. 

 Direct catecholamine-induced myocyte injury has also 
been suggested as an underlying mechanism of TC. 
Endomyocardial biopsy specimens examined by light and 
electron microscopy and immunohistochemistry show evi-
dence of reversible changes which include hypertrophied, 
glycogen-rich myocytes fi lled with cellular debris with 
increased areas of fi brosis and accumulation of mononuclear 
lymphocytes [ 54 ]. Several other studies have reported simi-
lar fi ndings [ 55 ,  56 ].  

    Diagnosis 
 There is no general consensus on the diagnostic criteria for 
TC. A systematic review of 7 case series showed a higher 
incidence in postmenopausal (mean age 62–75) females 
(range 82–100 %) [ 47 ]. Symptoms can be diffi cult to distin-
guish from an ACS and include chest pain at rest, dyspnea, 
ST-segment elevation on electrocardiogram (ECG), and a 
rise in cardiac biomarkers [ 49 ]. An emotional or physical 
stressful event precedes the onset of TC in a majority of 
patients [ 57 ] (Table  18.1 ).

   A prospective study of 59 women with TC found that 
anterior ST-segment elevation (STE) is the most common 
acute abnormality on ECG (56 %) and is often accompanied 
by pathologic Q waves. The amplitude of STE is less than in 
those with acute anterior MI and reciprocal changes may be 
absent [ 57 ,  58 ]. In those without STE, diffuse T-wave inver-
sions (TWI) are the next most common fi nding on presenta-
tion [ 49 ,  58 ]. ECG changes during the recovery phase of TC 

   Table 18.1    Clinical features distinguishing Takotsubo cardiomyopathy (TC) from acute myocardial infarction (AMI) and myocarditis   

 Chest pan  Troponin  Wall motion  Recovery 

 TC  +  +  Hypokinesis to akinesis involving multiple 
coronary territories (Predilection for mid- and 
apical segments) 

 Usually complete within weeks to months 

 AMI  +  +  Distinct wall motion abnormalities confi ned to 
specifi c coronary artery distributions 

 Unlikely to occur in the absence of coronary 
revascularization 

 Myocarditis  +/−  +/−  Subtle or diffuse  Possible 
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(i.e., the period in which LV function normalizes) can include 
diffuse TWI (regardless of presenting ECG) and prolonga-
tion of the QT c  [ 58 ]. 

 A rise in cardiac troponins is seen in most patients with 
TC and can occur within 24 h of symptom onset. Biomarker 
elevation is typically less than patients with acute MI 
[ 59 – 61 ]. 

 The Mayo Clinic has proposed criteria for the diagnosis of 
TC: (1) transient hypokinesis, akinesis, or dyskinesis of the 
LV extending beyond a single epicardial vascular distribu-
tion; (2) no evidence of obstructive coronary disease or an 
acute plaque rupture; (3) new ECG abnormalities or modest 
elevation in cardiac troponin; and (4) no evidence of pheo-
chromocytoma or myocarditis [ 56 ,  60 ]. The absence of 
obstructive coronary disease on cardiac catheterization is a 
hallmark feature of TC [ 60 ]. Left ventriculography shows 
wall motion abnormalities that do not correspond to a single 
major epicardial coronary distribution. The most common 
pattern is systolic dysfunction of the mid-ventricle and apex 
with sparing of the base (Figs.  18.2  and  18.3 ). However, addi-
tional patterns have also been described [ 56 ].Two studies of 
cardiac magnetic resonance imaging in patients with TC have 
shown mid- and apical LV involvement as well as cases of 
isolated apical, mid-, or basal ballooning. Biventricular 
involvement has also been reported [ 49 ,  62 ,  63 ].

    Most cases of LV dysfunction associated with TC are 
reversible. However, a retrospective study of 100 patients 
with TC followed for 4.4 years demonstrated a recurrence 
rate of 11.4 %. Four-year survival was no different in patients 
with TC compared to an age- and gender-matched popula-
tion [ 64 ]. Short- and long-term follow-up of patients with TC 

should include surveillance echocardiography to assess LV 
function.    

    Cardiovascular Risk in Women 
with Autoimmune Disease 

 In 1976, a seminal study was published describing the 
bimodal distribution of death among patients with systemic 
lupus erythematosus (SLE). Those who die early after diag-
nosis typically die of active SLE and its associated complica-
tions; those who died later in the course of their disease died 
of cardiovascular disease [ 65 ]. This observation paved the 
way for the now widespread recognition of the increased risk 
of cardiovascular disease conferred by autoimmune diseases 
such as SLE and rheumatoid arthritis (RA). The following 
section will describe the general epidemiology of cardiovas-
cular risk among patients with SLE and RA, possible patho-
physiology, and existing diagnostic and treatment 
recommendations. For the purposes of discussion, the dis-
eases will be considered simultaneously unless explicitly 
stated otherwise. 

    Epidemiology 

 Though the treatment of autoimmune disease has substan-
tially improved in the last several decades, the mortality 
associated with cardiovascular risk has persisted. In contrast 
to earlier studies, contemporary studies suggest that cardio-
vascular disease now accounts for a substantial portion of the 

  Fig. 18.2    Transthoracic 
echocardiogram with apical 
four-chamber view of patient with 
Takotsubo at end-systole 
demonstrating apical ballooning 
( white arrow  with preserved 
contractility of the base of the 
heart ( black arrow )       
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early mortality associated with these diseases [ 66 – 68 ]. 
Patients with lupus are fi ve times more likely to have an MI 
than the general population [ 69 ]. Furthermore, cardiovascu-
lar risk exists even among patients with subclinical autoim-
mune disease, such as those with only a positive rheumatoid 
factor [ 66 ]. 

 Estimates of the excess cardiovascular risk conferred by 
autoimmune disease differ. Recent prospective data from the 
Nurses Health Study suggests that women with SLE have a 

greater than twofold increased risk of cardiovascular disease 
[ 70 ]. One study, for example, looked at a cohort of women 
with lupus and compared them to age-matched controls and 
found that women between the ages of 35 and 44 with lupus 
were more than 50 times more likely to have an MI [ 69 ]. 

 Patients with RA are also at increased risk of cardio-
vascular events. Data from the Nurses Health Study sug-
gest that the risk of cardiovascular disease among women 
with RA is twice that of those without RA. Moreover, 

  Fig. 18.3    Normal coronary angiography and apical ballooning with hypercontractile basal myocardium on left ventriculography (Reproduced 
with permission, Bybee and Prasad [ 56 ])       
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women who had had RA for at least 10 years had a 
 threefold higher rate of MI [ 71 ]. This observation is con-
sistent with the general fi nding from several studies that 
the longer the duration of disease, the greater the cardio-
vascular risk.  

    Pathophysiology 

 Historically it was believed that the increased cardiovascular 
risk seen in autoimmune disease was due to an increased preva-
lence of traditional risk factors, which were all exacerbated by 
corticosteroid therapy. Indeed, data suggest that SLE patients 
have higher rates of traditional cardiovascular risk factors, such 
as hyperlipidemia and hypertension, at a younger age [ 72 ,  73 ]. 
However, epidemiologic data also suggest that the associated 
risk exceeds that conferred by the burden of traditional risk fac-
tors alone [ 74 ]. Moreover, it has become clear that the more 
active the disease, the higher the cardiovascular risk [ 75 ]. Thus, 
although corticosteroids exacerbate insulin resistance, data 
suggest that active disease is more deleterious to patients’ car-
diovascular risk than corticosteroids themselves [ 76 ]. 

 Given that traditional risk factors do not fully account for 
the degree of cardiovascular risk conferred by both SLE and 
RA, many have investigated the role of infl ammation in 
accelerating the development of atherosclerosis. The coro-
nary calcium score, a marker for atherosclerosis, is increased 
at a younger age in asymptomatic lupus patients [ 77 ]. On 
carotid ultrasound, patients with lupus are more likely to 
have atherosclerosis. This risk did not appear to be associ-
ated with corticosteroid therapy, as those with less aggres-
sive treatment actually had a higher risk of carotid 
atherosclerosis [ 76 ]. Both studies suggest a prevalence of 
atherosclerosis around 33 % among women under 50 with 
SLE. These studies lend credence to the hypothesis that 
some of the additional risk associated with these diseases 
stems from accelerated atherosclerosis.  

    Diagnosis 

 Despite the recognition that women with both SLE and RA 
have a higher prevalence and early onset of atherosclerosis, 
there is no evidence to suggest that screening these patients 
with coronary calcium scoring or carotid ultrasound improves 
outcomes. Thus, screening asymptomatic patients for subclini-
cal atherosclerosis is not recommended at this time. For patients 
with symptoms, the diagnostic approach and the use of imag-
ing should mirror that of patients without autoimmune disease. 
However, physicians should retain a high index of suspicion for 
coronary disease among these patients who often have many 
other reasons to have shortness of breath or chest pain.  

    Management 

 Tremendous controversy exists regarding the optimal 
approach to cardiovascular risk reduction among patients 
with RA and SLE. In the absence of robust outcomes data, 
the cornerstone of prevention and treatment is aggressive 
risk factor modifi cation, as well as treatment of the underly-
ing autoimmune disease. 

 Both statins and ACE inhibitors have known anti- 
inflammatory properties. Treatment of RA patients with 
atorvastatin results in reduced disease activity, as well as 
a decrease in CRP, which is a cardiovascular risk marker 
[ 78 – 80 ]. In SLE patients, atorvastatin improves endothe-
lin-dependent vasodilation in the brachial artery [ 81 ]. 
Given that risk factor control is often predicated upon 
scoring models that do not take these diseases into 
account, some experts suggest that risk assessment incor-
porate markers of risk specific to these diseases. For 
instance, the European League Against Rheumatism 
(EULAR) recommends multiplying risk by 1.5 for RA 
patients who have at least two of the following: disease 
duration of more than 10 years, rheumatoid factor or 
anti-CCP positivity, or the presence of certain extra-
articular manifestations which typify more severe dis-
ease [ 82 ,  83 ]. For patients who are hypertensive with RA, 
EULAR recommends the use of ACE inhibitors or angio-
tensin-receptor blockers given their anti-inflammatory 
activity [ 82 ]. 

 In both SLE and RA, it is now clear that it is the disease 
itself, rather than the treatment, that contributes to premature 
atherosclerosis. For instance, among patients with SLE, 
those treated with lower doses of steroids, cyclophospha-
mide, or azathioprine have accelerated atherosclerosis pro-
gression [ 84 ,  85 ]. Although antimalarial agents, which have 
a favorable effect on risk factors such as glucose tolerance 
and lipid profi les, should theoretically mitigate cardiovascu-
lar risk, this benefi t has not been demonstrated in random-
ized trials [ 84 ]. 

 The emphasis upon treatment of disease activity to pre-
vent cardiovascular disease is similar for RA. EULAR 
emphasizes the importance of early treatment and suggests 
that both methotrexate and antitumor necrosis factor agents 
are independently associated with a decreased cardiovascu-
lar risk. One issue of particular importance for patients 
with RA is the safety of nonsteroidal anti-infl ammatory 
drugs (NSAIDs), particularly the use of selective (cyclo-
oxygenase) COX-2 inhibitors, such as celecoxib, which 
have been shown to increase the risk of cardiovascular dis-
ease [ 86 ]. There is no consensus regarding the use of 
NSAIDs or selective COX-2 inhibitors. Nevertheless, it is 
clear that as a class COX-2 inhibitors increase cardiovascu-
lar risk [ 87 ].       
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    Abstract 

   Aging is associated with diffuse changes throughout the cardiovascular system that 
 signifi cantly impact the clinical features, management, and prognosis of older patients with 
cardiovascular disease. As a result of these changes, cardiovascular reserve capacity 
declines progressively with age, while the incidence and prevalence of cardiovascular 
 diseases increase with age in both men and women. In addition, age-related changes 
 predispose older individuals to specifi c cardiovascular disorders, including systolic 
 hypertension, non-ST-segment elevation myocardial infarction, heart failure with preserved 
ejection fraction, aortic stenosis, syncope, atrial fi brillation, and sinoatrial dysfunction. 
While the management of older patients with cardiovascular disease is generally similar to 
that in younger patients, prevalent comorbid conditions, quality of life considerations, and 
personal preferences become increasingly important for ensuring patient-centered care 
in older adults. This chapter provides an overview of clinically relevant effects of 
 cardiovascular aging and discusses the pathophysiology, diagnosis, and management of 
cardiovascular conditions commonly encountered in older adults.  
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        Introduction 

 The prevalence of cardiovascular disease (CVD) increases 
progressively with age, exceeding 80 % in both men and 
women 80 years of age or older (Fig.  19.1 ) [ 1 ]. As a result, 
although individuals ≥65 years of age comprise only 13 % of 
the population in the USA, they account for over 60 % of all 
hospitalizations and over 50 % of all procedures for cardio-
vascular disorders (Table  19.1 ) [ 1 ,  2 ]. In addition, over 80 % 
of deaths attributable to CVD occur in persons over 65 years 

of age, and two-thirds occur in the 6 % of the population 
over 75 years of age [ 1 ]. Indeed, cancer is the leading cause 
of mortality among Americans up to age 75, and it is only 
after age 75 that CVD becomes the dominant cause of death 
(Fig.  19.2 ) [ 1 ]. Moreover, with the progressive aging of the 
population over the next several decades, it is anticipated 
that older adults will represent an increasing proportion of 
patients with CVD and a steadily increasing segment of the 
inpatient and outpatient populations for whom cardiology 
consultation is requested. In this regard, consultation in the 
geriatric patient is often complicated by the high prevalence 
of coexisting illnesses and the paucity of defi nitive age- 
specifi c practice guidelines. It is therefore important for the 
consultant to have an appreciation of the effects of age on 
cardiovascular structure and function and of the interactions 
between age, CVD, and common age-associated comorbid 
conditions.



268

100

90

80

70

60

50
P

er
ce

nt
 o

f p
op

ul
at

io
n

40

30

20

10

0

14.2

39.3 37.2

72.6

80.1

86.7

71.9

9.7

20–39 40–59
Age (years)

60–79 80+

Men Women

  Fig. 19.1    Prevalence 
of cardiovascular disease in adults 
≥20 years of age by age and sex a  
(National Health and Nutrition 
Examination Survey: 2005–2008; 
 a Data include coronary heart 
disease, heart failure, stroke, and 
hypertension; Source: National 
Heart, Lung, and Blood Institute)       

24
0

100

200

300

D
ea

th
s 

in
 th

ou
sa

nd
s

400

500

600

700

800

900

19

<45 45–54 55–64 65–74 75–84 Total

47 50
83

104 117
141

224

161

318

812

585

90

Age ranges (Years)
≥85

CVD Cancer

  Fig. 19.2    Cardiovascular deaths 
versus cancer deaths by age in the 
USA: 2008 (Source: National Center 
for Health Statistics)       

   Table 19.1    Major 
cardiovascular 
procedures by age   

 Age, years 

 <45  45–64  ≥65 

 No. a   %  No. a   %  No. a   % 

 Cardiac catheterization  91  (8.6)  453  (42.7)  517  (48.7) 
 Percutaneous coronary revascularization  67  (5.7)  501  (42.5)  610  (51.8) 
 Coronary bypass surgery  9  (2.2)  165  (40.7)  231  (57.0) 
 Valve procedures  15  (10.9)  34  (24.6)  89  (64.5) 
 Permanent pacemaker  11  (3.1)  59  (16.5)  288  (80.4) 
 Implanted cardioverter-defi brillator  8  (6.9)  43  (37.1)  65  (56.0) 
 Carotid endarterectomy  –  (NA)  21  (22.6)  72  (77.4) 

  Adapted from: Roger et al. [ 1 ] 
  a In thousands  
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         Pathophysiology 

 Normal aging is associated with diffuse changes in the heart 
and vasculature that signifi cantly impact the incidence, clini-
cal manifestations, response to therapeutic interventions, and 
prognosis of CVD [ 3 ,  4 ]. Major clinically relevant effects of 
aging are summarized in Table  19.2  and briefl y discussed 
below.

   A hallmark of aging is an increase in stiffness and loss of 
elasticity of the major arteries, including the aorta and great 
vessels. This results in a gradually progressive increase in 
systolic blood pressure with age [ 5 ]. Conversely, the  diastolic 
blood pressure tends to plateau in late middle age and 
declines slightly thereafter. The rise in systolic blood pres-
sure leads to an increase in impedance to left ventricular 
ejection (i.e., afterload), while the decline in diastolic pres-
sure results in a reduction in coronary artery perfusion pres-
sure. Thus, the older heart has to work harder to achieve the 
same stroke volume as a younger heart despite the potential 
reduction in coronary blood fl ow. 

 Aging is also associated with impaired early diastolic 
relaxation due to alterations in myocardial calcium metabo-
lism and transport and increased passive myocardial stiffness 

related, in part, to compensatory hypertrophy in response to 
increased afterload [ 4 ]. These changes result in characteristic 
alterations in the pattern of left ventricular diastolic fi lling 
(Fig.  19.3 ), with a decline in early fi lling coupled with aug-
mentation of atrial contraction (“atrial kick”) to maintain left 
ventricular end-diastolic volume and cardiac output. Age- 
associated changes in diastolic function result in a shift to the 
left of the normal left ventricular pressure-volume relation-
ship, such that a small increase in left ventricular diastolic 
volume (as, e.g., following a high salt meal) leads to a greater 
increase in left ventricular diastolic pressure than in younger 
individuals. These effects, in turn, predispose older patients 
to the development of heart failure with preserved ejection 
fraction (HFPEF) and atrial fi brillation (AF).

   A third effect of aging is a progressive decline in 
 responsiveness to beta-adrenergic stimulation [ 3 ,  4 ]. This 
results in an almost linear decline in maximum attainable 
sinus heart rate, often approximated by the formula: peak 
heart rate = 220 – age. Because cardiac output is the product 
of heart rate and stroke volume, the effect of age on heart rate 
also means that peak cardiac output (e.g., in response to 
 exercise) also declines progressively with age. Further, 
impaired  beta- adrenergic responsiveness also contributes to 

   Table 19.2    Principal 
effects of aging on 
cardiovascular structure 
and function   

 Increased vascular “stiffness,” impedance to left ventricular ejection and pulse wave velocity 
 Impaired left ventricular early diastolic relaxation and mid-to-late diastolic compliance 
 Diminished responsiveness to neurohumoral stimuli, especially β 1 - and β 2 -adrenergic stimulation 
 Altered myocardial energy metabolism and reduced mitochondrial ATP production capacity 
 Reduced number of sinus node pacemaker cells and impaired sinoatrial function 
 Endothelial dysfunction and vasomotor dysregulation 
 Impaired baroreceptor responsiveness 
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  Fig. 19.3    Patterns of left ventricular diastolic fi lling. In healthy 
young adults ( a ), left ventricular diastolic fi lling is characterized by a 
brief period of isovolumic relaxation ( IR ) following closure of the 
 aortic valve ( S2 ), a prominent early fi lling wave ( E ) with rapid 
 acceleration time ( AT ) and deceleration time ( DT ), and a relatively 
small atrial contraction wave ( A ). In older adults with impaired 
 relaxation and increased myocardial stiffness ( b ), the IR period is 

 prolonged, the AT and DT slopes are diminished giving rise to a lower 
amplitude E wave, and there is an augmented atrial contraction wave 
( A ) with reversal of the ratio of E:A wave amplitudes. ( c ) Indicates 
more severe diastolic dysfunction with restrictive fi lling of the ventricle 
associated with very short IR interval, narrow E-wave, and small 
A-wave; this pattern is not seen with normal aging and implies advanced 
cardiac disease       
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an age-related decline in peak contractility, and older adults 
are less able to increase ejection fraction as a mechanism to 
increase stroke volume. An age-related decline in the capac-
ity of the mitochondria to upregulate ATP production in 
response to increased demands further limits peak myocar-
dial contractility. In addition, decreased peripheral respon-
siveness to beta 2 - adrenergic stimulation results in a decline 
in peak blood fl ow to exercising muscles and to the skin. The 
latter effect reduces the older person’s capacity to eliminate 
excess heat and predisposes to heat-related disorders such as 
heat stroke. 

 Aging is associated with diffuse changes in the cardiac 
conduction system that result in a modest slowing of impulse 
conduction [ 4 ]. There is also progressive degeneration of 
sinus node pacemaker cells, such that by age 75 only about 
10 % of spontaneously depolarizing cells within the node 
retain capacity to initiate a heartbeat. Conduction of the 
impulse to atrial tissue may also be delayed by fi brosis sur-
rounding the node resulting in sinus node exit block. Taken 
together, these alterations in sinus node function contribute 
to the increasing prevalence of “sick sinus syndrome” with 
advancing age, which is the most common indication for 
pacemaker implantation in older adults [ 6 ]. In addition, myo-
cardial fi brosis in the atria and ventricles together with alter-
ations in conduction predisposes older adults to both 
supraventricular and ventricular arrhythmias, especially 
atrial fi brillation. 

 Alterations in endothelial function are another hallmark 
of vascular aging [ 3 ]. Increasing age is associated with a 
gradually progressive decline in endothelium-dependent 
vasodilation mediated primarily through diminished nitric 
oxide synthase activity and altered nitric oxide metabolism. 
Endothelial dysfunction contributes to the pathogenesis and 
progression of atherosclerosis. In addition, maximum coro-
nary blood fl ow, which is dependent, in part, on nitric oxide 

production and activity, declines with age. As a result, older 
patients have impaired capacity to augment oxygen and 
nutrient delivery to the myocardium in the setting of 
increased demands (e.g., strenuous exercise, atrial fi brilla-
tion with rapid ventricular response, or a systemic illness 
such as pneumonia). The consequent imbalance between 
oxygen supply and demand places older patients at risk for 
developing ischemia even in the absence of obstructive coro-
nary artery disease (CAD), i.e., demand ischemia. 

 Increasing age is also associated with altered autonomic 
function and refl ex responsiveness. In particular, barorecep-
tor responsiveness is impaired, as a result of which older 
adults are less able to maintain effective cerebral blood fl ow 
in response to positional changes, such as standing up 
quickly [ 7 ]. This predisposes older patients to dizziness, 
light-headedness, falls, and syncope. Furthermore, this pro-
pensity to falls and syncope is often exacerbated by many of 
the medications commonly used to treat cardiovascular con-
ditions, including diuretics, beta-blockers, and vasodilators. 

 In addition to age-related cardiovascular changes, aging 
is associated with important alterations in other organ 
 systems that impact the clinical manifestations and 
 management of older patients with CVD. Table  19.3  
 summarizes key changes in other organ systems and their 
potential implications for older cardiac patients.

       Cardiovascular Risk Factors 

    Hypertension 

 The prevalence of hypertension in Americans 75 years of age 
or older is approximately 67 % in men and 78 % in women. 
Isolated systolic hypertension accounts for over 90 % of all 
hypertension in persons ≥70 years of age [ 1 ,  5 ]. In addition, 
systolic blood pressure is the most potent risk factor for CVD 
and stroke in older adults. 

 Numerous prospective randomized clinical trials have 
demonstrated that treatment of systolic and/or diastolic 
hypertension substantially reduces cardiovascular risk in 
older adults, including persons ≥80 years of age [ 8 ,  9 ]. 
Treatment of hypertension is generally similar in older and 
younger patients. However, a recent consensus document on 
hypertension in the elderly concluded that a systolic blood 
pressure treatment threshold of ≥150 mmHg is reasonable in 
patients 80 years of age or older and that a target systolic 
blood pressure of 140–145 mmHg is also reasonable for this 
age group [ 8 ].  

    Hyperlipidemia 

 In men, total cholesterol and LDL-cholesterol levels increase 
until late middle age and then tend to level off [ 10 ]. In women, 
total cholesterol and LDL-cholesterol levels rise rapidly after 

    Table 19.3    Effects of aging on other organ systems   

 Kidneys 
  Gradual decline in glomerular fi ltration rate, ~8 cc/min/decade 
  Impaired fl uid and electrolyte homeostasis 
 Lungs 
  Reduced ventilatory capacity 
  Increased ventilation/perfusion mismatching 
 Neurohumoral system 
  Reduced cerebral perfusion autoregulatory capacity 
  Diminished refl ex responsiveness 
  Impaired thirst mechanism 
 Musculoskeletal system 
  Decreased muscle mass and strength (sarcopenia) 
  Decreased bone density (osteopenia) 
 Hemostatic system 
  Increased levels of coagulation factors 
  Increased platelet activity and aggregability 
  Increased infl ammatory cytokines and C-reactive protein 
  Increased inhibitors of fi brinolysis and angiogenesis 
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menopause and average 15–20 mg/dl higher than those in 
men after age 60. HDL-cholesterol levels average about 
10 mg/dl higher in women than in men throughout adult life. 
While the strength of association between total cholesterol 
and CAD declines with age, low HDL-cholesterol levels and 
elevated total cholesterol to HDL-cholesterol ratios remain 
independent risk factors for CAD at older age [ 11 ]. 

 Data from multiple primary and secondary prevention 
studies have shown that statins reduce cardiovascular risk in 
patients up to 80 years of age [ 12 – 14 ]. However, few patients 
over age 80 have been enrolled in these trials, and the bene-
fi ts of statin therapy, especially for primary prevention, 
remain unproven in this age group. Moreover, epidemiologic 
studies demonstrate an inverse relationship between total 
cholesterol and all-cause mortality in persons ≥85 years of 
age, a phenomenon referred to as “reverse epidemiology” 
[ 15 ,  16 ]. In addition, recent studies suggest that statins may 
be associated with memory loss and impaired quality of life 
in some individuals [ 17 ]. Therefore, use of statins in the very 
elderly should be individualized, and patients treated with 
statins should be informed about the potential for adverse 
effects.  

    Diabetes Mellitus 

 The prevalence of diabetes increases with age and approaches 
30 % in persons over age 65 [ 1 ]. The prevalence is higher in 
men than in women and higher in blacks and Hispanics than 
in whites. Diabetes is an independent risk factor for CVD in 
both older men and older women, but the relative risk associ-
ated with diabetes is higher in women than in men. The man-
agement of diabetes is similar in older and younger adults, 
except that metformin must be used more cautiously in 
elderly patients due to the age-related decline in renal 
 function [ 18 ].  

    Tobacco 

 Smoking prevalence declines with age due to survival bias 
and successful smoking cessation. However, smoking 
remains an important risk factor for CAD and stroke in older 
adults, and smoking cessation is associated with a marked 
reduction in risk in people of all ages [ 19 ]. Therefore, older 
patients who smoke should be strongly encouraged to quit. 
Support through counseling and pharmacological interven-
tions should be offered to all individuals who indicate a 
desire to quit.  

    Physical Activity 

 The frequency, duration, and intensity of physical activity 
correlate inversely with the incidence and prevalence of 

CVD in older as well as younger adults [ 20 ]. In addition, 
recent studies indicate that slow gait speed (<0.8 m/s in men, 
<0.7 m/s in women), as assessed using a standard 5 or 6 m 
walk test, is a strong independent predictor for adverse out-
comes in older patients following acute myocardial infarc-
tion (MI) or coronary bypass surgery [ 21 ,  22 ]. In the absence 
of contraindications, regular physical activity, including both 
aerobic and resistance exercises, is recommended for indi-
viduals of all ages [ 20 ]. Appropriate precautions should be 
taken to avoid falls and injuries in elderly patients participat-
ing in structured or unstructured exercise programs.  

    Obesity 

 Obesity is common among older adults; moderate or severe 
obesity adversely affects functional capacity, independence, 
and quality of life at advanced age [ 23 ].However, the rela-
tionship between obesity and CVD at very elderly age is 
uncertain, as epidemiologic studies indicate that mild to 
moderately overweight and obese individuals over 80 years 
of age have improved survival relative to persons of normal 
weight, as defi ned by a body mass index (BMI) of 18.5–
25 kg/m 2  (i.e., reverse epidemiology) [ 23 ]. There is also no 
evidence that weight loss leads to improved cardiovascular 
outcomes or all-cause mortality in the elderly. Thus, although 
it is reasonable to recommend weight loss in elderly patients 
with BMIs ≥40 kg/m 2  and in less obese individuals with sig-
nifi cant obesity-related disabilities, the value of weight loss 
in other settings requires further study before it can be rou-
tinely recommended.   

    Coronary Artery Disease 

    Pathophysiology 

 Older adults are predisposed to the development of CAD due 
to age-related arterial changes, especially increased arterial 
stiffness and impaired endothelial function, coupled with the 
rising prevalence and longer duration of hypertension, diabe-
tes, and hyperlipidemia. As a result, the incidence and preva-
lence of CAD increase progressively with age in both men 
and women. Indeed, autopsy studies in older decedents indi-
cate that up to 75 % of older adults have signifi cant CAD 
[ 24 ]. Further, older patients tend to have more diffuse and 
more severe disease than younger patients, including a sig-
nifi cantly higher prevalence of left main and triple-vessel 
CAD [ 25 ]. 

 In addition to higher CAD prevalence, several factors 
place older adults at increased risk for myocardial ischemia 
and acute MI. The age-related decline in diastolic blood 
pressure in conjunction with alterations in left ventricular 
(LV) diastolic function leads to a reduction in coronary artery 
perfusion pressure, further reducing coronary blood fl ow and 
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predisposing to demand ischemia. Alterations in the 
 hemostatic system (see Table  19.3 ) shift the intrinsic balance 
between thrombosis and fi brinolysis in favor of thrombosis 
[ 26 ]. Thus, older individuals are at increased risk for 
 thrombus formation throughout both the arterial and venous 
circulations, predisposing not only to acute MI, but also to 
stroke, atrial appendage thrombus, deep venous thrombosis, 
and pulmonary embolism.  

    Diagnosis 

 Compared to younger patients, older patients with acute or 
chronic CAD are more likely to present with atypical symp-
tomatology, such as shortness of breath without chest dis-
comfort, exertional fatigue, altered sensorium or confusion, 
neurological symptoms (e.g., dizziness or syncope), abdomi-
nal discomfort, or malaise [ 27 ,  28 ]. Indeed, after age 85, 
fewer than 50 % of patients with severe CAD or acute MI 
present with chest discomfort; the most common symptom 
in this age group is shortness of breath. In addition, older 
CAD patients are more likely than younger patients to have 
“silent” or asymptomatic ischemia, in part due to their more 
sedentary lifestyle [ 29 ]. 

 Older patients are also more likely than younger patients 
to have a nondiagnostic 12-lead electrocardiogram (ECG) at 
the time of presentation due to higher prevalence of preexist-
ing ECG abnormalities, such as bundle branch block, left 
ventricular hypertrophy, paced rhythm, and nonspecifi c ST-T 
abnormalities. Older patients with acute MI are less likely to 
present with ST-segment elevation (STEMI) than younger 
patients [ 27 ].The higher proportion of non-ST-segment ele-
vation MIs (NSTEMI) in older patients contributes to diag-
nostic delays and reduced implementation of evidence-based 
therapies. 

 Indications for stress testing are similar in older and 
younger patients [ 30 ]. However, older patients are less likely 
to be able to perform an exercise test, and it is often neces-
sary to conduct a pharmacological study to determine the 
presence and severity of CAD. The stress ECG is less likely 
to be diagnostic due to the increased prevalence of resting 
ECG abnormalities as described above. In addition, since the 
prevalence and severity of CAD increase with age, the pre-
test probability of signifi cant CAD is higher in older adults. 
As a result, the positive predictive value of stress testing is 
higher and the negative predictive value is lower (i.e., 
increased likelihood of a false negative test) in older 
 compared to younger patients (Bayes Theorem). 

 Coronary calcium scans and coronary computed tomog-
raphy (CT) angiography provide alternatives to stress testing 
for the noninvasive diagnosis of CAD. Coronary calcium 
scores increase with age but the correlation between calcium 
scores and hemodynamically signifi cant coronary stenoses 

declines with age [ 31 ]. Nonetheless, higher calcium scores 
are associated with increased risk of coronary events in older 
adults [ 32 ]. CT coronary angiograms may be diffi cult to 
interpret in older adults with extensively calcifi ed arteries. In 
addition, such scans entail a signifi cant intravenous contrast 
load with potential nephrotoxicity. In part, for these reasons, 
the role of CT angiography to evaluate older adults for CAD 
is evolving. The choice of initial noninvasive diagnostic test 
must be individualized based on the overall clinical context. 

 The indications for invasive coronary angiography are 
similar in older and younger patients. However, the risks of 
bleeding complications and contrast nephropathy increase 
with age. It is therefore essential to assess the risks and 
potential benefi ts of coronary angiography in older adults on 
an individualized basis, incorporating symptom severity, 
prognosis, goals of care, quality of life considerations, and 
personal preferences into the decision-making process. In 
general, coronary angiography is inappropriate in elderly 
individuals who are not candidates for revascularization, 
either due to prevalent comorbidities (e.g., dementia) or 
patient refusal.  

    Management 

 Elderly patients with acute coronary syndrome (ACS), 
including unstable angina, NSTEMI, and STEMI, comprise 
a high-risk subgroup as mortality rates for ACS increase in a 
curvilinear fashion with advancing age [ 27 ,  28 ]. Therefore, 
the potential benefi ts of therapeutic interventions are greater 
in older than in younger individuals. Conversely, the poten-
tial risks, especially of invasive procedures, are also higher in 
the elderly. It is therefore essential to weigh the risks and 
benefi ts before embarking on a course of treatment. 

 For patients with STEMI, fi brinolytic therapy adminis-
tered within 6–12 h of symptom onset reduces mortality at 
least up to age 85 [ 28 ]. However, the risk of intracranial hem-
orrhage (ICH) also increases with age, exceeding 1 % in 
patients 75 years of age or older [ 28 ]. In addition, the risk of 
ICH is higher with fi brin-specifi c agents (alteplase, reteplase) 
than with streptokinase [ 28 ]. Data on the use of fi brinolytic 
agents in patients ≥85 years of age are very limited. 

 Percutaneous coronary intervention (PCI) performed 
within 90–120 min of hospital arrival is more effective than 
fi brinolytic therapy in achieving reperfusion in patients with 
STEMI, although once again data are limited in patients over 
age 85 [ 28 ]. PCI is also associated with a lower risk of ICH 
but higher risk of bleeding at the arteriotomy site compared 
with fi brinolytic therapy. In patients with NSTEMI, several 
randomized trials have shown that a strategy of early inter-
vention with PCI is associated with improved outcomes rela-
tive to medical therapy, and the absolute benefi t tends to be 
greater in older patients due to higher baseline risk [ 27 ]. 
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Nonetheless, the potential benefi ts and risks of invasive 
 management vary widely in patients over 75–80 years of 
age, depending on infarct size, hemodynamic stability, left 
ventricular function, baseline functional status, and prevalent 
comorbidities, especially renal insuffi ciency, cognitive 
impairment, and frailty. These factors, along with overall 
goals of care and personal preferences, must therefore be 
taken into consideration in the decision-making process. 

 Pharmacological therapy for older patients with ACS is 
generally similar to that in younger patients, but there are 
some notable exceptions. Aspirin is of proven benefi t in 
patients ≥70 years of age [ 33 ], and the addition of clopido-
grel reduces the risk of major cardiovascular events during 
the 12-month period following hospitalization for NSTEMI, 
whether or not PCI is performed, with similar benefi ts in 
older and younger patients [ 34 ]. Prasugrel is associated with 
improved outcomes relative to clopidogrel in patients with 
ACS undergoing PCI, but the benefi ts are limited to patients 
<75 years of age and those weighing ≥60 kg; [ 35 ] therefore, 
prasugrel is not recommended for patients ≥75 years of age, 
and the dose should be reduced in patients weighing <60 kg. 
Ticagrelor is more effective than clopidogrel in patients with 
ACS with or without STEMI [ 36 ]. However, data on ticagre-
lor are limited in patients ≥75 years of age, among whom the 
benefi ts compared to clopidogrel may be attenuated. 
Glycoprotein IIb/III inhibitors improve clinical outcomes in 
selected patients with ACS up to the age of 75, but the value 
of these agents in older patients receiving dual antiplatelet 
therapy in conjunction with systemic anticoagulation is 
uncertain, whereas the risk of major bleeding is increased 
[ 37 ]. Therefore, judicious use of these agents in elderly 
patients is warranted. 

 Systemic anticoagulation with intravenous unfractionated 
heparin (UFH) is often administered to older patients with 
ACS, although the value of such therapy is unproven [ 38 ]. 
Low-molecular-weight heparins (LMWH), such as enoxapa-
rin and dalteparin, are associated with improved clinical out-
comes in older patients compared to UFH and may be 
considered the preferred therapy in the absence of contrain-
dications [ 39 ]. However, enoxaparin is not recommended in 
patients with creatinine clearance <30 cc/min, and caution is 
also advised when using dalteparin in patients with renal 
insuffi ciency or low body weight. Bivalirudin and 
fondaparinux are associated with improved clinical out-
comes and fewer major bleeding complications than either 
UFH or LMWH in older patients with ACS [ 40 – 42 ]. 
Bivalirudin is approved for patients undergoing PCI, but 
 dosage reduction is required for patients with renal insuffi -
ciency. Fondaparinux is not approved for ACS and it is con-
traindicated in patients weighing <50 kg and in those with 
creatinine clearance <30 cc/min. The roles of rivaroxaban 
and apixaban for treatment of ACS are currently under 
investigation. 

 Indications for the use of beta-blockers, nitrates, 
angiotensin- converting enzyme inhibitors (ACEI), 
angiotensin- receptor blockers (ARB), aldosterone antago-
nists, and statins for the treatment of ACS or chronic CAD 
are generally similar in older and younger patients [ 27 ,  28 ]. 
However, older patients are at increased risk for adverse 
events with all of these agents, in part due to age-related 
changes in pharmacokinetics and pharmacodynamics and in 
part due to increased risk for drug interactions as a result of 
polypharmacy. Therefore, it is prudent to start with lower 
doses and to titrate more gradually than in younger patients 
while monitoring closely for the appearance of adverse 
effects. In many cases, older patients may not tolerate 
guideline- recommended target drug dosages, which are 
based on clinical trials performed in younger and healthier 
patients. 

 In older patients with chronic stable CAD, elective PCI or 
coronary artery bypass graft (CABG) surgery should be con-
sidered in selected patients with persistent symptoms despite 
optimal medical therapy and in those with high-risk coronary 
anatomy (e.g., ≥70 % left main stenosis) who are otherwise 
suitable candidates for revascularization. However, mortality 
and major complication rates for both PCI and CABG 
increase with age, especially after age 80 [ 43 ]. For example, 
hospital mortality following elective PCI in octogenarians 
ranges from 1 to 7 % (vs. <1 % in patients < 65 years), and 
perioperative mortality for isolated elective CABG ranges 
from 5 to 10 % in patients over age 80 (vs. 1–2 % in patients 
<65 years). The risk of major bleeding with both procedures 
is also higher in the very elderly. Older patients are also at 
increased risk for atrial fi brillation, heart failure, stroke, 
respiratory disorders, renal insuffi ciency, and delirium fol-
lowing CABG. As a result, length of stay is longer, fewer 
patients are discharged home, convalescence is prolonged, 
and the likelihood of full recovery of independence and func-
tional capacity is reduced. Nonetheless, long-term results 
following both PCI and CABG in older patients are excel-
lent, with up to 90 % experiencing sustained symptomatic 
improvement and the majority reporting improved quality of 
life [ 43 ]. In addition, a recent meta-analysis of octogenarians 
undergoing CABG reported 1-, 3-, and 5-year survival rates 
of 86, 78, and 68 %, respectively [ 43 ]. Similar long-term sur-
vival rates have been reported following PCI in this age 
group.   

    Valvular Heart Disease 

    Pathophysiology 

 The prevalence of clinically signifi cant aortic, mitral, and tri-
cuspid valve disorders increases with age, in part, due to age- 
related changes in valve structure and, in part, due to the 
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rising prevalence of cardiovascular and systemic diseases 
that contribute to valve dysfunction (e.g., CAD, chronic 
 kidney disease, pulmonary hypertension). Aging is associ-
ated with fi brotic changes in the valve leafl ets and valve 
apparati that predispose to both stenotic and regurgitant 
valve disorders. Aortic stenosis (AS) severe enough to war-
rant intervention occurs in 2–3 % of adults over 75 years of 
age and is the second most common indication for major car-
diac surgery in this age group (after CABG). The prevalence 
of aortic regurgitation (AR) also increases with age, in part, 
due to dilatation of the ascending aorta related to age-related 
degenerative changes in the aortic wall. Similarly, degenera-
tive changes in the mitral valve and mitral valve annulus pre-
dispose to non- rheumatic calcifi c mitral stenosis (MS) and to 
mitral regurgitation (MR). The pulmonic and tricuspid valves 
are less susceptible to clinically important age-related 
changes, but the prevalence of pulmonic and tricuspid regur-
gitation increases with age primarily due to pulmonary 
hypertension and associated right ventricular (RV) dilatation 
and dysfunction attributable to an array of age-associated 
disorders involving the heart, lungs, and pulmonary 
vasculature.  

    Diagnosis 

 Older patients with chronic valvular heart disease are often 
asymptomatic until the disorder is at an advanced stage. In 
addition, symptoms are usually nonspecifi c and may include 
fatigue, exercise intolerance, and shortness of breath, all of 
which have a broad differential diagnosis in older individu-
als. Signs of valvular heart disease are generally similar in 
older and younger individuals with some notable exceptions. 
Carotid upstrokes are often well preserved in older adults 
with severe AS due to reduced vascular compliance and 
accelerated pulse wave velocity. An opening snap is rarely 
appreciated in older adults with non-rheumatic calcifi c MS. 
In addition, the intensity of all valvular murmurs may be 
diminished in older adults with reduced cardiac output. For 
these reasons, the clinician must maintain a high index of 
suspicion for valvular heart disease in older patients with 
unexplained symptoms or physical fi ndings suggestive of a 
valve disorder. 

 As in younger patients, transthoracic echocardiography is 
the initial diagnostic procedure of choice in older patients 
with suspected valvular heart disease [ 44 ]. In most cases, the 
transthoracic echocardiogram is suffi cient to evaluate the 
presence and severity of all valvular lesions, as well as to 
assess LV and RV size and function. In cases where  additional 
information is required, transesophageal echocardiography, 
magnetic resonance imaging, and cardiac catheterization 
provide complementary anatomical and hemodynamic infor-
mation to aid clinical decision-making. In older patients with 

valvular heart disease for whom  intervention is being consid-
ered, coronary angiography is usually indicated to assess the 
presence and severity of CAD.  

    Management 

 The role of medical therapy in the prevention and treatment 
of valvular heart disease is limited. Afterload-reducing 
agents, such as ACE inhibitors, may provide palliation in 
patients with AS, AR, and possibly MR. The value of other 
agents, such as digoxin, beta-blockers, and aldosterone 
antagonists, is unproven in the absence of specifi c indica-
tions for their use (e.g., heart failure, atrial fi brillation). 

 The rate of progression of most chronic valvular heart 
disorders is relatively slow; therefore, patients with mild to 
moderate disease can be managed conservatively, especially 
in the absence of symptoms. Older patients with more severe 
disease should be managed in accordance with current 
guidelines [ 44 ], with the caveat that consideration of valve 
repair or replacement must be undertaken in the context of 
the older patient’s overall health, relevant comorbid condi-
tions, life expectancy, goals of care, and personal prefer-
ences. In patients for whom intervention is deemed 
appropriate, surgical valve repair (if feasible) or replace-
ment with a bioprosthetic valve remains the procedure of 
choice in most cases. Importantly, the risk of valve surgery 
increases with age, especially after age 80. Perioperative 
mortality for isolated elective aortic valve replacement 
ranges from 4 to 7 % in octogenarians, while mortality for 
mitral valve surgery ranges from 5 to 15 % in this age group. 
In addition, older adults are at increased risk for heart fail-
ure, atrial fi brillation, stroke, cognitive dysfunction, infec-
tions, and pulmonary and renal complications following 
valve surgery. 

 Recently, both transcutaneous and transapical aortic valve 
replacement (TAVR) have been shown to provide excellent 
short- and intermediate-term results, including acceptable 
mortality and signifi cantly improved quality of life in older 
patients with severe AS who are judged to be at high risk for 
surgery [ 45 ,  46 ]. Additional studies of TAVR are ongoing, 
and the role of this procedure in the management of older 
patients with aortic valve disease is evolving. Similarly, 
transcutaneous mitral valve repair is an option for highly 
selected patients with severe MR [ 47 ].  

    Infective Endocarditis 

 Age-related changes in valve structure in combination with 
a rise in prevalence of conditions and procedures associated 
with bacteremia (e.g., poor dentition, respiratory and 
 urinary tract infections, cystoscopy, and colonoscopy) result 
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in a progressive increase in the incidence of infective 
 endocarditis with advancing age [ 48 ]. The diagnosis 
of  endocarditis is often diffi cult in older adults due to 
 nonspecifi c clinical manifestations. In addition, blood 
 cultures may be negative, often due to prior treatment with 
antibiotics. The causative organisms of endocarditis are 
 similar in older and younger patients, with streptococci, 
staphylococci, and enterococci being the most common 
agents, followed by gram-negative bacilli and other less 
common pathogens. Transthoracic echocardiography is 
diagnostic for vegetations in less than 50 % of cases, but the 
yield of transesophageal echocardiography approaches 
90 %. Treatment of endocarditis is similar in older and 
younger patients, but mortality is higher in the elderly. For 
this reason, advanced age per se should not be considered a 
contraindication to surgical therapy for endocarditis in 
appropriately selected patients [ 49 ].   

    Heart Failure 

    Pathophysiology 

 The net effect of cardiovascular aging is a marked reduction 
in cardiovascular reserve (Fig.  19.4 ) [ 50 ]. Thus, although 
cardiovascular performance at rest is generally well pre-
served in healthy older adults, there is a progressive decline 
in the capacity to augment cardiac output in response to 
increased demands. As a result, healthy octogenarians 
 typically have a maximum oxygen consumption (VO 2 max) 
of <20 ml O 2 /min/kg, which roughly corresponds to that of a 
middle-aged person with New York Heart Association class 
II heart failure (HF). From the clinical perspective, this 
means that elderly individuals are at markedly increased risk 

for developing HF in response to stressors that are usually 
well-tolerated in younger persons, e.g., non-ST-elevation 
ACS, atrial fi brillation, cardiac and noncardiac surgery, 
poorly controlled hypertension, anemia, pneumonia, and 
many other conditions. In addition, the prevalence rates of 
hypertension and CAD, which account for 70–80 % of HF 
cases in the USA, also increase progressively with age. It is 
therefore not surprising that the incidence and prevalence of 
HF increase exponentially with age, doubling with each 
decade after age 50 [ 51 ]. Indeed, patients ≥75 years of age 
account for approximately 50 % of all HF cases and more 
than two-thirds of all HF deaths. Moreover, HF is the most 
common cause of both hospitalization and rehospitalization 
in the Medicare age group, and it is by far the most costly 
diagnosis-related group [ 52 ]. HF is also a leading cause of 
chronic disability and loss of independence in older adults, 
and there is a strong association between HF and cognitive 
impairment [ 53 ]. Of particular note, the proportion of HF 
patients with preserved LV ejection fraction (HFPEF) 
increases strikingly with age, especially in women [ 54 ]. 
Thus, while HFPEF accounts for only about 10 % of HF 
cases in patients <65 years of age, it accounts for at least 
50 % of cases in patients ≥65 years of age, including about 
40 % of men and two-thirds of women. The dominance of 
HFPEF in women compared to men in part refl ects the fact 
that hypertension is the leading cause of HF in older women, 
whereas in older men the etiology is more balanced between 
hypertension and CAD. Also, although the incidence of HF 
is higher in men than in women at all ages, the greater lon-
gevity of women leads to an increase in the proportion of HF 
cases occurring in women with increasing age, which 
exceeds 50 % after age 80.

       Diagnosis 

 HF in older adults is both overdiagnosed and underdiag-
nosed. The cardinal symptoms of HF – effort intolerance, 
fatigue, shortness of breath, and edema – are common in the 
elderly, and these symptoms are often attributed to HF even 
when caused by other disorders. Conversely, sedentary older 
adults may not report exertional symptoms, leading patients 
and physicians alike to ascribe effort intolerance or fatigue to 
noncardiac disorders, deconditioning, or even “normal 
aging.” Further, older HF patients, especially those over 
80–85 years of age, often present with atypical symptoms, 
such as altered sensorium, irritability, or gastrointestinal dis-
turbances, such as anorexia or bloating [ 52 ]. Similarly, the 
physical fi ndings associated with HF in older adults are often 
nonspecifi c or atypical. For example, pulmonary crackles 
may be due to chronic lung disease or atelectasis, and lower 
extremity edema may be due to venous stasis or medications 
(e.g., calcium channel blockers). 
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  Fig. 19.4    Age and VO 2 max in healthy subjects [ 86 ]. Increasing age is 
associated with an accelerating decline in VO 2 max in healthy men and 
women       
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 As with symptoms and signs, fi ndings from diagnostic 
tests are less reliable in older adults. The chest radiograph 
may be diffi cult to interpret in older adults with chronic lung 
disease, marked kyphosis or inadequate inspiratory expan-
sion. Plasma B-type natriuretic peptide (BNP) and n- terminal 
pro-BNP (nt-pro-BNP) levels increase with age, especially 
in women, as well as in the presence of impaired renal func-
tion [ 55 ]. As a result, the specifi city and predictive accuracy 
of these neurohormones for diagnosing HF decline with age. 
Nonetheless, in cases of diagnostic uncertainty, a normal 
BNP or nt-pro-BNP level effectively excludes active HF, 
whereas markedly elevated levels provide strong support for 
the diagnosis. 

 As in younger patients, older patients with suspected HF 
should undergo routine laboratory studies, including blood 
tests, an electrocardiogram, and an echocardiogram to rule 
out potentially treatable disorders and to evaluate LV and RV 
systolic and diastolic function [ 56 ]. Additional evaluation, 
such as stress testing, magnetic resonance imaging, and car-
diac catheterization, should be performed on an individual-
ized basis and in accordance with existing guidelines.  

    Management 

 The principal goals of HF management in elderly patients 
are to maximize quality of life, preserve independence, 
reduce resource utilization (esp. hospitalizations), and extend 
functional survival. Basic management should include 
appropriate control of risk factors, especially hypertension, 
as well as other coexisting conditions, such as CAD, atrial 
fi brillation, thyroid disorders, and anemia. Patients should 
receive dietary counseling, including limitation of sodium 
intake to no more than 1.5–2 g/day, as well as avoidance of 
excess fl uid intake (i.e., patients with HF, renal insuffi ciency, 
or other fl uid-retaining states should not drink “8–10 glasses 
of water” everyday, as is often suggested for healthy indi-
viduals). Patients should be advised to weigh themselves on 
a daily basis and to either contact their health provider or 
self-adjust their diuretic dosages (if appropriate) if the weight 
is outside a specifi ed range. Patients should also be encour-
aged to engage in regular physical activity at a level consis-
tent with their overall health and functional capacity. Older 
HF patients in particular benefi t from resistance training in 
addition to aerobic exercise [ 57 ]. 

 Management of older HF patients is often complicated by 
the presence of multiple comorbidities, polypharmacy, cog-
nitive impairment, and socioeconomic factors that contribute 
to repetitive hospitalizations and poor clinical outcomes. 
Such patients require close follow-up, especially during peri-
ods of transition (e.g., hospital to home), and this is best 
accomplished through the use of a multidisciplinary team 
approach, most commonly coordinated by a nurse or nurse 
practitioner. Multiple studies and systematic reviews have 

confi rmed the value of multidisciplinary care in reducing 
hospitalizations and improving quality of life without 
increasing cost of care in older HF patients, especially those 
at increased risk for recurrent hospital admissions [ 58 ]. 

 Medical therapy for HF with reduced ejection fraction 
(HFREF) is generally similar in older and younger patients 
[ 56 ]. However, it should be recognized that older patients 
were markedly underrepresented in most of the large ran-
domized HF trials. Moreover, patients with major comor-
bidities (especially, advanced renal insuffi ciency) as well as 
nursing home residents were systematically excluded. 
Therefore, the generalizability of study fi ndings to patients 
of very advanced age is uncertain. This problem is further 
complicated by the fact that older patients are at increased 
risk for serious adverse effects from HF medications due to 
age-related changes in renal and hepatic function, alterations 
in drug absorption and distribution, and the potential for 
drug-drug interactions related to polypharmacy. Therefore, 
selection of HF medications for older patients must be indi-
vidualized; therapy should be initiated at low dosages and 
up-titrated very gradually, and patients should be carefully 
monitored for potential adverse events. Specifi c concerns 
related to the use of HF medications in older patients include 
increased risks for electrolyte disturbances with diuretics; 
worsening renal function and hyperkalemia with ACEIs, 
ARBs, and aldosterone antagonists (especially if used in 
combination); bradyarrhythmias with beta-blockers; and 
digitalis intoxication. 

 Device therapies, including implantable cardioverter- 
defi brillators (ICDs), cardiac resynchronization therapy 
(CRT), and ventricular assist devices (VADs), are playing an 
increasingly important role in the management of patients 
with HFREF. As a general principle, advanced age per se is 
not a contraindication to use of these procedures in appro-
priately selected patients. However, it should be recognized 
that data on the value of ICDs, CRT, and especially VADs 
in patients ≥80 years of age is quite sparse. With respect to 
ICDs, very elderly patients have a shorter life expectancy, 
lower likelihood of dying from a ventricular tachyarrhyth-
mia, higher likelihood of dying from noncardiac causes (e.g., 
pneumonia, hip fracture), and increased risk for experienc-
ing “inappropriate” ICD shocks (i.e., shocks in the absence 
of a life-threatening ventricular tachyarrhythmia) due to the 
higher incidence of AF with rapid ventricular rate relative to 
younger patients with HFREF [ 59 ]. Therefore, the benefi t-
to- risk ratio of ICDs is shifted towards the null in this age 
group. ICD implantation for primary prevention of sudden 
cardiac death in elderly patients should only be undertaken 
after a frank discussion with the patient and family about the 
potential benefi ts and risks. Limited data on CRT in patients 
over 80 years of age indicate that quality of life and exer-
cise tolerance may be signifi cantly improved in carefully 
selected patients and that benefi ts persist for at least 2 years 
[ 60 ]. Although procedural complication rates are higher in 
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this age group, CRT is a reasonable therapeutic option in 
patients with advanced HF symptoms despite optimal medi-
cal therapy. With advances in technology, VADs are increas-
ingly being considered as “destination therapy” in older 
patients with refractory HFREF [ 61 ]. Additional data are 
needed on outcomes, including quality of life and survival, as 
well as complication rates in older patients, especially those 
over 75–80 years of age, before VADs can be considered a 
standard component of the therapeutic armamentarium. 

 Medical therapy for HFPEF remains undefi ned, in part 
because the pathophysiology of this disorder has not been 
well characterized and in part because to date no therapeutic 
interventions have been shown to reduce mortality. As a 
result, treatment of HFPEF should be directed at controlling 
hypertension and other risk factors, optimization of therapy 
for CAD and AF (if applicable), and judicious use of diuretics 
to relieve congestion and minimize volume overload. 
However, since patients with HFPEF are often preload depen-
dent, over-diuresis can lead to reduced cardiac output with 
resultant prerenal azotemia and worsening renal function. 
Use of other therapies in older patients with HFPEF, includ-
ing ACEIs, ARBs, beta-blockers, and digoxin, should be indi-
vidualized based on comorbidities and symptomatic response.  

    Prevention 

 HF in older adults is associated with poor prognosis and sub-
stantial morbidity. Therefore, aggressive interventions aimed 
at preventing HF are warranted. At the present time, the most 
effective preventive measures include controlling blood 
pressure and reducing the risk of MI. Numerous studies in 
older patients with hypertension have demonstrated a marked 
reduction in incident HF with antihypertensive therapy. In 
the Hypertension in the Very Elderly Trial, for example, 
among patients 80 years of age or older, diuretic-based treat-
ment with indapamide led to a 21 % reduction in all-cause 
mortality, 30 % reduction in stroke, and 64 % reduction in 
incident HF [ 9 ]. Similarly, aspirin, statins, beta-blockers, and 
smoking cessation all reduce the risk of MI and subsequent 
HF in appropriately selected patients of all ages.   

    Arrhythmias and Conduction Disorders 

    Pathophysiology 

 As previously described, aging is associated with diffuse 
changes in the cardiac conduction system and myocardium 
that predispose older adults to the development of a wide 
range of bradyarrhythmias and conduction disorders, as well 
as both supraventricular and ventricular premature beats and 
tachyarrhythmias. Specifi cally, sinus node dysfunction, AV 
conduction disorders, and infranodal conduction blocks 

(i.e., bundle branch block, left anterior hemiblock) all 
increase in prevalence with age. In addition, the prevalence 
and frequency of atrial and ventricular premature depolariza-
tions, as well as short runs of supraventricular tachycardia 
(SVT), increase with age in both men and women, even in 
the absence of manifest structural heart disease. In contrast, 
ventricular tachycardia (fi ve or more beats) is rare in healthy 
older adults without demonstrable cardiac disease. From the 
prognostic perspective, the increasing prevalence and com-
plexity of ambient supraventricular and ventricular ectopic 
activity is generally benign. However, runs of SVT, espe-
cially during exertion, are a marker for increased risk of 
atrial fi brillation, and frequent ventricular premature beats 
are a harbinger of more serious ventricular arrhythmias in 
patients with underlying heart disease, especially CAD with 
ischemic cardiomyopathy. Finally, age-related changes in 
the sinoatrial conduction system and atrial myocardium, 
coupled with alterations in left ventricular diastolic function, 
greatly increase the propensity of older adults to develop 
atrial fi brillation, the incidence and prevalence of which 
increase exponentially with age.  

    Diagnosis 

 As with other cardiac disorders, symptoms attributable to 
arrhythmias are highly variable in older adults. Patients with 
signifi cant bradyarrhythmias, whether due to sinus node dys-
function (“sick sinus syndrome”) or AV block, are often 
asymptomatic if the effective heart rate is 40 beats/min or 
higher. Alternatively, patients may report nonspecifi c symp-
toms, such as fatigue or effort intolerance, that may be attrib-
uted to age or other factors. In more severe cases, dizziness, 
light-headedness, falls, or syncope may be the presenting 
manifestation. Similarly, patients with supraventricular or 
ventricular tachyarrhythmias may be asymptomatic or com-
plain of fatigue, palpitations, shortness of breath, light- 
headedness, falls, or syncope. 

 The diagnostic evaluation for a suspected heart rhythm 
disorder is similar in older and younger adults and should 
include a detailed physical examination, basic laboratory 
studies, and, in most cases, a 12-lead ECG. Additional evalu-
ation, determined on an individualized basis, may include an 
assessment of thyroid function, ambulatory monitoring, an 
echocardiogram, and other procedures as dictated by the 
clinical context.  

    Management 

 Initial management of older patients with symptomatic or 
otherwise clinically signifi cant bradyarrhythmias includes 
correction of any potentially reversible contributory factors, 
such as hypothyroidism or electrolyte disorders. If feasible, 
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heart-rate-lowering medications, such as beta-blockers, 
 non- dihydropyridine calcium channel antagonists, and amio-
darone, should be discontinued or the dosage should be 
reduced. Implantation of a permanent pacemaker is indicated 
in patients with symptoms directly attributable to a nonre-
versible bradyarrhythmia as well as in patients with poten-
tially life-threatening bradyarrhythmias (e.g., Mobitz type II 
2° AV block with wide QRS) even in the absence of symp-
toms [ 62 ]. Because of the rising prevalence of bradyarrhyth-
mias with age, in the USA persons over 65 years of age 
account for more than 80 % of all pacemaker implantations, 
and over 50 % occur in patients 75 years of age or older [ 63 ]. 
For patients in sinus rhythm, dual-chamber pacemakers are 
associated with lower risk for developing AF, fewer HF hos-
pitalizations, and improved quality of life compared to 
single- chamber ventricular pacemakers [ 64 ]. 

 Atrial fi brillation is the most common and clinically 
important sustained arrhythmia in older adults. The preva-
lence of AF increases steeply with age, from <1 % in indi-
viduals under age 40 to more than 10 % in those over age 80; 
the median age of AF patients in the USA is about 75 years 
[ 65 ]. AF is more common in men than in women at all ages, 
but the proportion of women increases with age. The propor-
tion of strokes attributable to AF also increases with age; in 
the Framingham Heart Study, AF accounted for 1.5 % of 
strokes in persons 50–59 years of age but 23.5 % of strokes 
in persons over 80 years of age [ 66 ]. Indeed, increasing age 
is a powerful independent risk factor for stroke in patients 
with AF, as indicated by the CHADS 2  and CHA 2 DS 2 -VASc 
stroke risk stratifi cation schemes [ 67 ,  68 ]. 

 Management of AF is generally similar in younger and 
older patients up to age 75 [ 69 ]. However, optimal manage-
ment of patients ≥75 years of age remains challenging. 
Based on the CHA 2 DS 2 -VASc score, which assigns 2 points 
for age 75 or older, all patients in this age group are at mod-
erate to high risk for stroke and are therefore candidates for 
systemic anticoagulation. In addition, the greatest benefi t of 
warfarin in reducing the absolute risk of stroke occurs in 
patients over age 75. Conversely, age is also a potent risk 
factor for bleeding complications, and the risk of major 
bleeding, including intracranial hemorrhage (ICH), is high-
est in patients of advanced age. Bleeding risk is further 
increased in older patients receiving concomitant antiplate-
let therapy (e.g., aspirin and clopidogrel for CAD) or non-
steroidal anti- infl ammatory drugs (e.g., for arthritis or 
chronic pain). Polypharmacy with frequent medication 
changes also increases the risk for drug-drug interactions 
with warfarin, thereby reducing the proportion of time that 
the international normalized ratio (INR) is maintained 
within the therapeutic range of 2.0–3.0. These concerns 
have led to consistently low warfarin utilization rates in AF 
patients ≥75 years of age, which range from 40 to 60 % in 
most studies [ 70 ,  71 ]. Nonetheless, due to the clear benefi ts 

of warfarin in high-risk AF patients, current guidelines 
advocate systemic  anticoagulation in elderly patients in the 
absence of compelling contraindications [ 69 ]. In this regard, 
high fall risk, which is the most common reason cited for 
withholding warfarin therapy in the elderly, should not be 
considered a contraindication to warfarin unless there is a 
defi nite history of signifi cant head trauma or ICH [ 72 ]. 

 Recently, dabigatran, a direct thrombin inhibitor, and 
rivaroxaban and apixaban, both of which are coagulation 
factor Xa inhibitors, have demonstrated promise as alterna-
tives to warfarin in patients with AF [ 73 – 75 ]. All three agents 
have been shown to be non-inferior to warfarin with respect 
to stroke prevention and major bleeding complications and 
superior to warfarin with respect to the risk for ICH. 
Additional advantages include ease of use (lack of need to 
monitor INR or adjust dose) and markedly fewer interactions 
with other drugs and food. Important disadvantages include 
inability to monitor effi cacy or adherence, lack of reversibil-
ity in the event that serious bleeding occurs, and substan-
tially higher cost. In addition, data on all three of these agents 
are sparse in patients over 75–80 years of age, who may be at 
increased risk for bleeding complications due to alterations 
in metabolism, volume of distribution, and elimination. 
Indeed, post-marketing data on dabigatran suggest increased 
risk for life-threatening hemorrhage in the very elderly and 
in patients weighing less than 60 kg [ 76 ]. Therefore, dabiga-
tran should be used with caution in these populations. 
Similarly, additional data are needed on the benefi ts and risks 
of rivaroxaban and apixaban in patients over75–80 years of 
age. In summary, the role of these new agents as alternatives 
to warfarin in the very elderly is evolving but has not yet 
been fully defi ned. 

 In older patients with AF who are not deemed to be suit-
able candidates for systemic anticoagulation, aspirin with or 
without clopidogrel may be considered as an alternative. 
However, aspirin alone or in combination with clopidogrel is 
clearly inferior to warfarin for stroke prevention, and the risk 
of major hemorrhage is similar with dual antiplatelet therapy 
compared to warfarin (although somewhat lower with aspi-
rin alone) [ 77 ]. In addition, there is no convincing evidence 
that either aspirin alone or aspirin plus clopidogrel is more 
effective than placebo in reducing stroke risk in AF patients 
75 years of age or older [ 78 ]. 

 Several randomized trials have shown that in patients with 
AF who are minimally symptomatic on appropriate medica-
tions, there is no utility of using anti-arrhythmic drugs in an 
attempt to maintain sinus rhythm, in part because the toxicity 
of currently available agents offsets any potential benefi ts 
[ 79 ]. In addition, a recent study showed that lenient rate con-
trol (resting heart rate <110/min) was associated with similar 
outcomes during relatively short-term follow-up compared to 
more strict rate control (resting heart rate <80/min) and 
required less medication [ 80 ]. However, in patients who 
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remain signifi cantly symptomatic despite adequate rate 
 control, efforts to maintain sinus rhythm using anti-arrhyth-
mic medications, direct-current cardioversion, catheter abla-
tion (pulmonary vein isolation), or the surgical maze procedure 
are appropriate therapeutic options [ 81 ,  82 ]. AV-node ablation 
with pacemaker implantation is also an option in selected 
patients. The role of left atrial appendage occlusive devices 
for management of AF is currently under investigation. 
Additional studies are needed on the long-term safety and 
effi cacy of all of these procedures in elderly patients. 

 The management of other supraventricular arrhythmias, 
including atrial fl utter, as well as ventricular arrhythmias, is 
generally similar in older and younger patients, but the risk 
of anti-arrhythmic drug toxicity is higher in the elderly. In 
addition, as discussed above, the use of ICDs in patients over 
80 years of age requires careful consideration of the benefi ts 
and risks, incorporating goals of care, and personal prefer-
ences into the decision-making process.   

    End-of-Life Care 

 Older patients with CVD are at increased risk for a multitude 
of complications, both cardiac and noncardiac, including 
death. Elderly individuals maintain widely divergent views 
about the use of life-sustaining interventions and other inva-
sive procedures, as well as what constitutes an acceptable 
quality of life in the context of chronic or terminal illness 
[ 83 ]. Moreover, patient surrogates, including spouses and 
physicians, are often unable to reliably predict a patient’s 
preferences under specifi c end-of-life conditions. Therefore, 
it is essential to address these issues while the patient is com-
petent and lucid. Health-care providers should be proactive 
in encouraging patients of all ages to communicate their end-
of- life preferences, to develop a living will, and to designate 
a durable power of attorney. Among other issues, these dis-
cussions should delineate preferences for discontinuing or 
disabling devices (i.e., ICDs, VADs, ventilators, feeding 
tubes) in the event that the patient is no longer able to make 
such decisions as the end of life approaches [ 84 ]. Palliative 
care and hospice services should be offered to patients with 
advanced CVD and limited life expectancy [ 85 ].      
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        Introduction 

 Vigorous exercise can transform an athlete’s entire body 
including the heart. Cardiac adaptations in athletes have 
 fascinated clinicians and scientists for over a century. 
Our understanding of the “athlete’s heart” and the key  clinical 

issues relevant to the care of the athletic patient have paral-
leled advances in cardiovascular diagnostic technology since 
initial descriptions of cardiac enlargement in trained skiers in 
the late 1800s. Contemporary concepts of the  athletic heart 
include numerous distinct morphologic,  functional, and elec-
trophysiologic changes that occur in response to training. 
While exercise promotes good health, athletes and physically 
active patients are not immune to  cardiovascular disease. 
With the increasing popularity of both recreational exercise 
and competitive athletics, the need for specialized cardiovas-
cular care for athletes has become increasingly recognized.  

    Abstract   

 With the rising popularity of recreational and competitive athletics, clinicians will benefi t 
from an understanding of the unique physiology, clinical presentations, and management of 
highly trained athletes. Cardiac enlargement in athletes has been documented since the late 
1800s and our understanding of the “athlete’s heart” continues to advance as cardiovascular 
diagnostic technology improves. The term exercise-induced cardiac remodeling has been 
used to describe the signifi cant changes in myocardial structure and function that result 
from repeated exposure to vigorous physical exercise. In clinical practice, these adaptations 
can be encountered during the physical examination and are clearly manifest on the electro-
cardiogram and during echocardiography of trained athletes. The approach to the athlete 
with symptoms including chest pain, syncope, or palpitation, all common in this popula-
tion, requires a careful medical history with thorough assessment of athlete-specifi c topics 
including training regimen, competition history, and inquiry about performance-enhancing 
agents. This review provides an up-to-date summary of the science of cardiac remodeling 
in athletes as well as an overview of common clinical issues that are encountered in the 
cardiovascular care of the athlete.  
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    Historical Overview 

 Since the late nineteenth century, there have been multiple 
descriptions of cardiac enlargement in athletes. The “father of 
modern medicine,” Sir William Osler, observed that individu-
als who underwent training had “a gradual increase in the 
capability of the heart … the large heart of athletes may be due 
to the prolonged use of their muscles, but no man becomes a 
great runner or oarsman who has not naturally a capable if not 
large heart” [ 1 ]. Many physicians in the late nineteenth and 
early twentieth centuries harbored the belief that athletic activ-
ity had deleterious effects on the heart based on calculations 
by a German cardiologist, Beneke, in 1879 describing dispro-
portionate growth of the left ventricle relative to the ascending 
aortic diameter in pediatric athletes [ 2 ]. Early reports describ-
ing the enlarged cardiac dimensions of athletes based on 
detailed physical examination were conducted in 1899 as 
Eugene Darling studied Harvard rowers [ 3 ] and Henschen 
compared Nordic skiers to sedentary individuals [ 4 ]. Both of 
these early investigators speculated that cardiac enlargement 
in athletes may refl ect acquired pathology, not benign or ben-
efi cial adaptation. Importantly, early outcomes data in athletes 
published in 1927 by Felix Deutsch and Emil Kauf at the 
Vienna Heart Station appeared to refute this notion [ 5 ]. These 
investigators used roentgenographic orthodiagraphy to dem-
onstrate that although the transverse diameter of the heart was 
enlarged in male and female athletes compared to the normal 
population, clinical follow-up of these athletes revealed no 
serious complications [ 5 ]. The introduction of newer technol-
ogies including electrocardiography (ECG), echocardiogra-
phy, and magnetic resonance imaging have enhanced the 
ability of scientists and clinicians to assess the structural and 
functional adaptations to exercise.  

    Overview of Exercise Physiology 

 Successful performance of vigorous exercise requires the 
integrated coordination of multiple organ systems includ-
ing the following: (1) uptake of oxygen in the lungs and 
pulmonary vasculature, (2) transport of oxygen and energy 
substrate by heart and systemic vasculature, and (3) oxy-
gen utilization and force generation by skeletal muscle. The 
interplay of these systems in exercise physiology has been 
reviewed previously, so this discussion will be limited to 
the key aspects of exercise physiology relevant to cardiac 
 remodeling [ 6 – 8 ]. 

 As exercise intensity increases, oxygen demand increases 
in both the myocardium and skeletal muscle. The ability to 
sustain muscular work primarily depends on the cardiovas-
cular system supplying oxygen to exercising muscle, or 
 cardiac output. The Fick equation (cardiac output = oxygen 
consumption/arteriovenous oxygen difference) quantifi es the 

direct relationship between cardiac output and oxygen con-
sumption, with both central and peripheral mechanisms 
involved. During strenuous exercise, cardiac output, the 
product of heart rate and stroke volume, can be amplifi ed 
fi vefold over resting levels. 

 While cardiac output determines the peak exercise level 
an athlete can attain, fi ve factors detailed by Astrand and 
Rodahl [ 9 ] (Table  20.1 ) also infl uence cardiac work effi -
ciency and thus impact athletic performance. Cardiac work 
becomes more effi cient as chamber size increases (within 
limits) for three reasons: initiation of contraction at larger 
volume requires minimal myocardial shortening to eject a 
given stroke volume, less energy is lost in form of friction 
and tension in a dilated heart wall, and a stretched muscle 
fi ber can provide higher tension than an unstretched one. 
This increased effi ciency is tempered by another factor 
(LaPlace’s law) because a higher myocardial fi ber tension is 
needed to sustain intraventricular pressure in an enlarged 
cardiac chamber. LaPlace’s law (wall tension = [intraven-
tricular pressure × ventricle radius]/wall thickness) demon-
strates that increases in chamber size can be modulated by 
concomitant increases in wall thickness. The last factor 
impacting work effi ciency is that larger energy losses occur 
with rapid contraction, i.e., higher heart rate. Taken together 
these cardinal features theoretically predict an athlete would 
benefi t most from a heart capable of producing a large stroke 
volume with a hypertrophied ventricular wall operating at a 
slow heart rate. The mechanical advantage a heart gains by 
remodeling to optimize work effi ciency during stress of 
exercise training is the foundation of exercise-induced car-
diac remodeling.

       Exercise-Induced Cardiac Remodeling 

 As discussed above, to meet the demands of cardiovascular 
hemodynamics during exercise, the heart remodels to maxi-
mize cardiac output. As heart rate, one of the primary 

   Table 20.1    Factors affecting cardiac work effi ciency   

 Five factors modulating cardiac work 
effi ciency 

 Effect at maximum 
workloads 

 Given stroke volume ejects with 
minimum myocardial shortening if 
contraction starts at larger volume 

 Increase 

 Dilated hearts lose less energy in heart 
wall friction and tension 

 Increase 

 Stretched muscle fi ber can provide higher 
tension than unstretched 

 Increase 

 Loss of energy when rapid contraction, 
i.e., higher heart rate 

 Increase 

 Greater heart volume higher myocardial 
fi ber tension needed to sustain 
intraventricular pressure (LaPlace’s law) 

 Decrease 
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 determinants of cardiac output, is variable, decreases with 
age, and cannot be raised with exercise training [ 10 ,  11 ], 
changes in stroke volume account for the augmentation of 
cardiac output during demands of strenuous exercise. With 
exercise the left ventricular (LV) end-diastolic volume can 
increase and the LV end-systolic volume can decrease result-
ing in an amplifi cation of stroke volume. Sympathetic ner-
vous stimulation mediates a reduction in LV end-systolic 
volume (especially in upright exercise), and multiple factors 
(heart rate, intrinsic myocardial relaxation, ventricular com-
pliance, ventricular fi lling pressures, atrial contraction, and 
extracardiac factors) determine diastolic fi lling and thus LV 
end-diastolic volume [ 6 ,  12 ]. 

 Left ventricular remodeling in response to exercise train-
ing has been well studied, from the increased voltage observed 
on ECG [ 13 ] to the left ventricular hypertrophy and LV dila-
tion seen on echocardiography [ 14 ]. Due to an extensive pre-
participation screening program, many of the published 
reference values for LV remodeling have been established in 
Italian athletes. Pelliccia et al. [ 15 ] studied 1,309 athletes 
from 38 different sports and found left ventricular end-dia-
stolic diameter (LVEDD) ranged from 38 to 66 mm in women 
and 43–70 mm in men. Markedly dilated LV chambers 
(>60 mm) were observed in 14 % of the cohort and were 
more common in endurance athletes with nearly half the ath-
letes having an LVEDD above the upper limit of normal. In 
addition, Pelliccia et al. [ 16 ] studied LV wall thickness in 947 
elite athletes, but only a small percentage (1.7 %) had LV wall 
thickness ≥13 mm (and all athletes had concomitant LV dila-
tion). Similar percentages have been seen in other studies of 
athletes and the most marked LV hypertrophy is seen more 
commonly in athletes at highest levels of exercise training, 
large body size, and Afro-Caribbean descent [ 17 ]. An LV wall 
thickness greater than 13 mm, which is rare even in athletes, 
should prompt further assessment to delineate adaptive from 
pathologic hypertrophy with consideration given to training 
status, body size, and ethnicity. 

 Various sport disciplines produce different hemodynamic 
loading conditions and thus impact exercise-induced cardiac 
remodeling differently. By altering the requirements of cardiac 
output and change in peripheral vascular resistance (PVR), 
exercise can be broadly divided into two types [ 6 ,  12 ]. Isotonic 
exercise, or endurance activities (e.g., running, cycling, swim-
ming), involves sustained elevations in cardiac output with nor-
mal or reduced PVR, which acts as a volume challenge on all 
chambers of the heart. Isometric exercise, or strength training 
activities (e.g., weight lifting, throwing events), primarily 
involves increased PVR and normal or only slightly elevated 
cardiac output. While brief, the increased PVR causes transient 
systolic hypertension and LV afterload. Many other sports, 
including soccer,  basketball, and hockey, are a mixture of 
endurance and strength  exercise. Figure  20.1  [ 12 ] depicts the 
major training-specifi c changes in LV  hypertrophy, ejection 

fraction, diastolic function, and torsion that have been observed. 
In general, strength-trained athletes develop concentric hyper-
trophy, whereas endurance-trained athletes develop eccentric 
hypertrophy [ 18 ]. Enhanced early diastolic LV fi lling has been 
extensively evaluated using 2D and tissue Doppler echocar-
diography in endurance athletes [ 17 ,  19 – 21 ], while one study 
in strength athletes has suggested impaired LV relaxation in 
American football players [ 18 ]. Functional echocardiography 
has also been used to assess the mechanics of LV systolic func-
tion [ 22 ] demonstrating that endurance athletes have increased 
apical rotation, LV torsion, and peak early diastolic untwisting 
rate [ 23 ].

   The adaptations to exercise seen in the left ventricle do 
not occur in isolation. As previously described, endurance 
exercise requires a larger volume of blood in both the left and 
right ventricle (RV), thus the RV must also remodel to 
accommodate the volume load experienced during endur-
ance training. As compared to sedentary controls, larger RV 
cavities and a trend toward thicker RV walls have been 
observed in endurance athletes on echocardiogram [ 24 ,  25 ] 
and have been confi rmed on MRI studies [ 26 ], which suggest 
that RV enlargement parallels LV enlargement. Strength 
training appears to minimally impact RV architecture. 
Multiple comparisons of RV parameters in endurance and 
strength athletes have demonstrated no signifi cant RV dila-
tion in strength athletes [ 18 ,  24 ]. The relative immunity from 
RV remodeling in strength-trained athletes may be explained 
by the mitral valve shielding the pulmonary circulation and 
right side of the heart from the stress of systemic hyperten-
sion during isometric exercise. 

 Left atrial remodeling has also been observed in several 
echocardiographic studies. The largest study, conducted in 
1,777 Italian athletes, demonstrated left atrial enlargement 
(anterior/posterior diameter >40 mm) in 20 % of athletes 
[ 27 ]. D’Andrea et al. [ 28 ] confi rmed a high prevalence of left 
atrial enlargement in endurance-trained athletes. Left atrial 
enlargement has also been associated with the cumulative 
lifetime exercise training hours [ 29 ]. The clinical implica-
tions of left atrial enlargement have been one mechanism 
postulated for the increased prevalence of atrial fi brillation 
observed in older endurance athletes.  

    Diagnosis and Management of 
Athlete- Specifi c Cardiovascular Issues 

 While trained athletes are traditionally viewed as the stan-
dard bearers of health, they are not fully protected from car-
diovascular disease. Athletes typically present to medical 
attention either as asymptomatic individuals with structural 
or functional abnormalities or after development of 
 symptoms suggestive of cardiovascular disease during sport 
participation. While general fundamentals of patient care 
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should still apply to athletes, there exist unique aspects to the 
care of the athletic population. 

 Additional components to a standard medical history are 
critical to a complete history in an athlete. The athlete’s prior 
and current training history should be obtained including 
(1) characterization of prior athletic achievements that can 
be useful in assessing the athlete’s competitive caliber as 
well as current fi tness level, (2) recent training regimen, and 
(3) plans for future competitions. The physiologic adapta-
tions involved in the “athlete’s heart” do not occur immedi-
ately and require a certain degree of training frequency and 
intensity, thus an exercise training history is critical in evalu-
ating whether the cardiovascular structural fi ndings are adap-
tive or pathologic. If the athlete is presenting with new or 
recent symptoms, it is important to assess for any changes in 
the athlete’s training habits, diet, or substance use that may 
correlate with the development of symptoms. 

 With a recent heightened awareness of sudden cardiac 
death in athletes after several highly publicized events, ath-
letes presenting for cardiology evaluation should be screened 
for diseases that increase the risk of sudden cardiac death. A 
family history of sudden cardiac death is a major risk 
 factor, and a detailed family history is essential. Specifi c 
components of the family history include any sudden or 
unexplained accidents in family members especially at a 

young age, a history of syncope, and/or any family members 
with implanted devices (e.g., pacemaker or implantable 
cardioverter-defi brillator). 

 In modern competitive athletics, pressure from media, 
sponsors, and fans for record-breaking performances has 
resulted in need to push the boundaries of athletic perfor-
mance. This has led to marked increases in the use of cutting 
edge pharmacology including the use of illicit substances. 
Thus, a comprehensive medical history in the athletic patient 
includes questions focused on drug or supplement use. As 
with all patients, athletes of all ages should be routinely 
questioned about use of illicit drugs including traditional 
drugs of abuse (marijuana, cocaine, alcohol, etc.) as well as 
use of any performance-enhancing agents (PEAs). In addi-
tion to intentional use of PEAs, it is also important to evalu-
ate the ingredient list of any supplement an athlete may be 
consuming. There is a comprehensive list of medications and 
substances banned in athletes published by The World Anti- 
Doping Agency [ 30 ], and athletes may be unintentionally 
using a banned substance in a supplement or over-the- counter 
medication. Anabolic steroids are the most widely used 
PEAs and previously have been shown to have deleterious 
cardiovascular effects such as dyslipidemia, exaggerated 
blood pressure response, and myocardial dysfunction [ 31 –
 33 ]. Sport-specifi c considerations regarding PEA use should 

Normal “pre-training”
Cardiac structure and function

Right
ventricle

Endurance
training

RV dilation
+/– Mild RVH

Eccentric
LV hypertrophy

Characteristic adaptations Characteristic adaptations

Strength
training

RV No Δ Concentric LV
hypertrophy

Left
ventricle

Mild to moderate eccentric LVH and RV dilation
Biatrial enlargement
Normal to slightly reduced resting LVEF
Normal or enhanced early LV diastolic function
Normal or enhanced LV twisting/untwisting

Mild concentric LVH but no RV remodeling
Normal to mildly enlarged left atrial size
Normal to hyperdynamic resting LVEF
Normal to slightly reduced early LV diastolic function
Compensatory increase in late LV diastolic function

  Fig. 20.1    Summary of 
ventricular remodeling during 
sustained exercise training 
highlighting the sport-specifi c 
nature of exercise-induced cardiac 
remodeling (Reprinted with 
permission from Prog Cardiovasc 
Dis 2012;54:382)       
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also be considered, for example, power sports, such as weight 
lifting or bodybuilding, tend to have higher use of anabolic 
steroids or nonsteroidal muscle mass growth stimulators 
such as human growth hormone and creatine. Long-term 
effects of the nonsteroidal muscle mass growth stimulators 
have been less studied. Athletes in endurance sports such as 
cycling have a greater likelihood of using erythropoietic 
stimulants that have been linked to complications such as 
microvascular myocardial infarction from excessive red cell 
mass. Stimulant use from prescription medications, such as 
methylphenidate, as well as over-the-counter use of caffeine 
or herbal stimulants has been increasing in competitive ath-
letes and should also be specifi cally questioned, especially in 
athletes presenting with complaints such as palpitations. 

    Chest Pain 

 Within the younger population (<35 years) of highly trained 
athletes, cardiac causes of chest pain are relatively uncom-
mon (<6 %) but can be life-threatening when present [ 34 ]. 
Table  20.1  lists clinical features that should raise concern for 
a cardiac cause of chest pain, and Table  20.2  lists cardiac 
causes of chest pain in athletes. When evaluating a population 
of athletes over age 35, these cardiovascular causes should be 
at the forefront of consideration. While regular physical exer-
tion has been linked to decreased incidence of athleroscle-
rotic coronary artery disease (CAD) [ 35 – 37 ], athletic 
individuals are still at risk of cardiac events. Indeed, CAD is 
a leading cause of exercise-related cardiac events in adults 
over age 30, with an absolute risk of sudden cardiac death 
associated with vigorous physical exertion of approximately 
1 per 200,000–250,000 healthy young individuals [ 38 ,  39 ]. A 
recent review of cardiac arrests in long-distance runners dem-
onstrated a low overall risk of cardiac arrest (incidence rate, 
0.54 per 100,000 participants) with the  highest risk group 
comprised of male marathon runners [ 38 ]. Optimal care of 
the athletic patient with CAD is still being defi ned primarily 
based upon extrapolation from guidelines for care of the gen-
eral population [ 40 ,  41 ] as well as participation guidelines for 
athletes such as the thirty seventh Bethesda Conference [ 42 ].

    In general, the care of athletes presenting with symptoms 
of potential cardiac cause, such as chest discomfort, dys-
pnea, or decreased exercise tolerance, should be evaluated 
according to contemporary guidelines [ 40 ,  41 ]. As previ-
ously described, a thorough initial evaluation of athletes pre-
senting with symptoms of chest pain should include a 
detailed history, especially a training history, family history 
of sudden death, medication, supplement, and/or PEA use 
history. It is important to note that athletes may minimize 
their symptoms to avoid being restricted from competition 
and that many athletes and medical personnel ignore 
exertion- related complaints such as chest discomfort or dys-
pnea within the fi rst 5 min of exercise (“warm-up” angina), 

exertion-related heartburn, and backache. Other key compo-
nents of the chest pain history include characterization, tim-
ing, relation to exertion, alleviating/exacerbating factors, and 
any associated symptoms. 

 Aside from atherosclerotic coronary disease, the differen-
tial diagnosis of chest pain in an athlete includes other coro-
nary artery pathologies as listed in Table  20.2 . It is important 
to have a high index of suspicion for congenital coronary 
artery anomalies because, although rare in the general popu-
lation (detected in <1 % of individuals at coronary angiogra-
phy) [ 43 ], they have been shown to account for 15–20 % of 
sudden death events in athletes [ 44 – 46 ]. There are multiple 
other potential etiologies aside from coronary pathology for 
chest pain in an athlete, and it is important to consider other 
organ systems as well as the athlete’s particular sport during 
the evaluation. Common noncardiac causes of chest pain 
include musculoskeletal disease, trauma, infectious/infl am-
matory processes, and gastroesophageal refl ux disease 
(GERD) [ 34 ,  47 ]. Table  20.3  details clinical features and 
specifi c athletes at risk for noncardiac causes of chest pain. 
Other miscellaneous and infrequent causes include sickle 

   Table 20.1    Concerning features in medical history for athlete 
 presenting with chest pain   

 Concerning clinical features in athlete with chest pain 

 Syncope or near syncope with chest pain (especially in setting of 
exercise) 
 Family history of sudden cardiac death 
 Electrocardiographic abnormalities not consistent with exercise-
induced cardiac remodeling 
 Murmur on exam consistent with aortic stenosis or hypertrophic 
cardiomyopathy 
 Personal or family history of congenital abnormalities such as 
anomalous coronary arteries 

    Table 20.2    Cardiac causes of exertional chest pain in athletes   

 Cardiac causes of chest pain in athletes 

 Coronary artery disorders 
  Atherosclerosis 
  Anomalous origin of coronary artery 
  Coronary artery dissection 
  Myocardial bridging 
 Valvular disorders 
  Aortic stenosis 
  Mitral stenosis 
  Mitral valve prolapse 
 Myocardial disorders 
  Hypertrophic cardiomyopathy 
  Myocarditis 
 Aortic disorders 
  Aortic dissection 
 Electrophysiologic disorders 
   Supraventricular arrhythmias (atrial fi brillation, Wolff-Parkinson-

White syndrome, AVNRT) 

   AVNRT  atrioventricular reentrant nodal tachycardia  
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cell disease with chest pain resulting from decreased carry-
ing capacity of erythrocytes in high-output states, pregnancy 
in the female athlete with new onset chest pain and exercise 
intolerance, use of drugs of abuse (cocaine, anabolic ste-
roids, and stimulants) [ 47 ], and eating disorders involving 
purging that can cause conditions such as esophagitis and 
Mallory-Weiss tears.

   As part of the initial diagnostic evaluation in athletes pre-
senting with chest pain, an electrocardiogram (ECG) should 
be obtained. It is important to note that athletes, especially 
endurance-trained athletes, may demonstrate more ECG 
abnormalities than are observed in more sedentary individu-
als. These features include resting sinus bradycardia, mild 
enlargement of cardiac chambers, early repolarization pat-
tern (presence of a “J wave” at the junction of the QRS and 
ST segment [ 49 ] that has been associated with increased 
prevalence after intense physical training) [ 50 ], or increased 
voltage suggestive of left ventricular hypertrophy (LVH) [ 51 , 
 52 ]. Further workup based on history and physical may 
include exercise testing, especially if exertional symptoms 
are described. As some of the characteristic ECG fi ndings in 
athletes (e.g., LVH) can lead to false-positive results during 
exercise ECG testing, the addition of an imaging modality 
such as echocardiography or nuclear scintigraphy may be 
required [ 40 ]. Exercise stress testing in athletes should be 
performed to maximal exercise capacity and not terminated 
prematurely due to heart rate. While the Bruce protocol is 
easily performed and well tolerated by most athletes, athletes 
who experience symptoms only during their particular activ-
ity may need specialized exercise testing designed to simu-
late their primary sporting activity. Further diagnostic 
evaluation of suspected CAD after initial history, examina-
tion, ECG, and exercise testing may require defi nition of 
coronary anatomy by cardiac computed tomography (CT) or 
coronary angiography. Detection of coronary anomalies and 
determination of their physiologic relevance requires the use 
of coronary imaging studies including cardiac CT, cardiac 
magnetic resonance (CMR), or conventional coronary angi-
ography coupled with exercise stress testing. 

 The diagnosis of atherosclerotic CAD is defi ned as fol-
lows: (1) history of myocardial infarction (MI); (2) history 
suggesting angina pectoris, with objective evidence of induc-
ible ischemia; or (3) coronary atherosclerosis demonstrated 
on imaging (coronary angiogram, CMR, cardiac CT) [ 42 ]. 
Once an athlete has been diagnosed with CAD, management 
consists of aggressive risk factor modifi cation and risk strati-
fi cation to guide exercise advice. Secondary prevention of an 
athlerosclerotic event involves antiplatelet therapy, antihy-
pertensive therapy, and lipid-lowering therapy [ 42 ,  43 ,  53 ]. 
As with the general population, the mainstay of antiplatelet 
therapy is aspirin with addition of thienopyridines in patients 
who have experienced an acute coronary syndrome (ACS) or 
coronary revascularization [ 54 – 56 ]. In athletes participating 

in contact sports, the potential risk of hemorrhage on dual 
antiplatelet therapy should be discussed but is not an abso-
lute contraindication to participation in certain types of 
sports [ 53 ]. For antihypertensive therapy in athletes, vasodi-
lators including angiotensin-converting enzyme inhibitors 
(ACE-I) and calcium channel blockers are the primary initial 
medications as they are usually well tolerated. Adjunctive 
diuretic therapy may be useful but should be administered 
with caution in endurance athletes prone to exertional dehy-
dration. While β (beta)-blockers have been shown to reduce 
recurrent events in patients with CAD (especially in setting 
of reduced left ventricular [LV] ejection fraction [EF]), they 
are less effective antihypertensive agents and may decrease 
athletic performance in endurance athletes. However, in ath-
letes with impaired left ventricular function, β (beta)-block-
ers may be a reasonable strategy [ 54 ]. For all patients 
following ACS, guidelines recommend β (beta)-blockers 
[ 57 ], but for athletes with preserved EF, the negative perfor-
mance effects may result in decreased adherence. Thus, use 
of β (beta)-blockers should be tailored on an individualized 
basis [ 53 ]. Lipid-lowering therapy is another core tenant of 
risk factor modifi cation and primarily involves the use of 
statins. Recommendations for goal LDL levels in athletic 
populations are the same as the general population (LDL 
<70 mg/dL following ACS or 25 % reduction from baseline) 
[ 54 ]. It must be noted that statins commonly cause myalgias, 
with an increased prevalence in physically active individuals 
[ 58 ] and athletes [ 59 ,  60 ], potentially resulting from aug-
mentation of exercise-related muscle injury. Thus, statin use 
as a maintenance medication in athletes may be diffi cult 
requiring multiple trials, different potency statins, or alterna-
tive dosing regimens. Reducing the lipid content of athero-
sclerotic plaques may help stabilize lipid-rich plaques at risk 
for exercise-induced rupture. A demonstrated benefi t has 
been shown for early aggressive statin treatment following 
an ACS event even if statin therapy later needs to be discon-
tinued [ 61 ], which has resulted in some experts recommend-
ing restriction from aggressive training and competition for 
2 years following an ACS event with reduction of LDL to 
lowest level tolerated [ 53 ]. 

 For the athletic patient with CAD as previously defi ned, 
comprehensive risk stratifi cation should be performed prior 
to returning to training or competition. Patients are deter-
mined to be at mildly increased risk if they demonstrate the 
following: (1) preserved LV EF, (2) normal exercise toler-
ance for age, (3) absence of exercise-induced ischemia or 
complex ventricular arrhythmia, (4) absence of hemodynam-
ically signifi cant stenosis (>50 % luminal narrowing), and 
(5) successful revascularization [ 42 ]. Such patients can par-
ticipate in most sports at a moderate to high-intensity level. 
In contrast, patients with high-risk features may require 
restriction to low dynamic and low/moderate static competi-
tive sports and should be counseled to avoid intensely 
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 competitive situations. Patients at substantially increased 
risk (those with impaired LV EF, evidence of exercise-
induced ischemia or complex ventricular arrhythmia, or 
hemodynamically signifi cant stenosis [luminal narrowing 
>50 %]) should be restricted to low-intensity competitive 
sports [ 42 ]. Athletes with a coronary anomaly and inducible 
myocardial ischemia should be restricted from activity until 
surgical correction [ 43 ].  

    Arrhythmia/Palpitations 

 Palpitations, the awareness of forceful, rapid, or irregular 
heartbeats, are common among trained athletes. Palpitations 
and benign arrhythmias can be found in younger (school- 
age) athletic populations and when noted are unlikely to 
require restriction from activity [ 62 ]. In contrast, the 
 complaint of palpitations in older and highly trained athletes 
is more common [ 63 ]. While the majority of palpitations are 
considered benign, certain conditions such as high premature 
ventricular contraction (PVC) burden (>2,000 PVCs in 
24 h), atrial fi brillation, and exercise-induced palpitations 
may refl ect underlying heart disease or an arrhythmia/con-
duction abnormality and should be evaluated [ 64 ]. The dif-
ferential diagnosis of possible medical conditions 
contributing to palpitations and arrhythmias in athletes 
(Table  20.4 ) is broad, and diagnosis usually relies on ECG 
documentation of arrhythmia via either long-term ambula-
tory monitoring or exercise testing. Diagnosis can be com-
plicated by the fact that both bradyarrhythmias and 
tachyarrhythmias have been documented in trained athletes.

   Athletes often demonstrate bradyarrhythmias, including 
resting sinus bradycardia (which may refl ect cardiovascular 
fi tness), junctional bradycardia, fi rst-degree atrioventricular 
(AV) block, and Mobitz type I AV block. Resting heart rates 
(HRs) during sleep may demonstrate profound bradycardia, 
which refl ects heightened parasympathetic activity or 
increased vagal tone and are not considered pathologic. It 
has also been suggested that intrinsic sinoatrial slowing may 
be a result of repeated exercise training [ 65 ,  66 ] and former 
endurance athletes may demonstrate intrinsic sinus node dis-
ease years after their peak training performances. 

 Tachyarrhythmias, particularly atrial fi brillation, can be 
the source of arrhythmia-related complaints in athletes. In 
one study of Italian elite athletes with a history of palpita-
tions, atrial fi brillation was the cause in 40 % of patients 
[ 67 ]. Multiple studies have suggested that athletes, espe-
cially older endurance sport athletes, are at increased risk of 
developing atrial fi brillation both during their periods of 
active training as well as years after their high-intensity 
training [ 67 – 71 ]. Multiple potential mechanisms have been 
postulated to account for the observed increased frequency 
of atrial fi brillation in athletes including the following: 

exercise- induced LA remodeling [ 27 ,  72 ], systemic infl am-
mation [ 70 ,  73 ], augmentation of vagal tone which shortens 
atrial refractory period facilitating reentry [ 70 ], and increased 
sympathetic activity during exercise. Other supraventricular 
arrhythmias such as AV nodal reentrant tachycardia, AV 
reciprocating tachycardia, and atrial tachycardias are not 
more common in athletes. 

 Premature atrial contractions (PACs) and PVCs as well as 
nonsustained ventricular tachycardia (NSVT), a burst of ven-
tricular activity less than 30 s with spontaneous return to 
sinus rhythm, have all been observed in trained athletes. 
Premature beats are another common reason for athletes to 
present with palpitations. As athletes are usually lean and 
felt to be “in tune” with their bodies, they may have a height-
ened sensitivity to premature beats. It is important to assess 
the frequency of PVCs on Holter monitor as well as exclude 
structural heart disease and evaluate the impact of exercise. 
The presence of structural heart disease or frequent complex 
ventricular arrhythmias during exercise in structurally nor-
mal hearts may require further testing to exclude conditions 
such as CAD, arrhythmogenic right ventricular cardiomy-
opathy (ARVC), or catecholaminergic polymorphic ventric-
ular tachycardia (CPVT) [ 74 ]. However, most patients with 
PVCs have a benign prognosis. In one study of trained Italian 
athletes, 30 % of the athletes noted to have more than 2,000 
PVCs in 24 h were found to have underlying heart disease 
[ 63 ]. In athletes without structural heart disease, especially 
those with PVCs suppressed by exercise, premature beats 
have not been related to sudden cardiac death. The frequency 
of PVCs in both the population of athletes with and without 
structural heart disease has decreased after deconditioning, 
which may be useful in treating symptomatic athletes [ 75 ]. 
Reassuring data have also been published regarding the 

   Table 20.4    Medical conditions contributing to arrhythmias   

 Medical conditions contributing to arrhythmia 

 Coronary artery disease 
 Valvular heart disease 
 Cardiomyopathy (including HCM, ARVC) 
 Pericarditis/myocarditis 
 Long QT syndrome 
 Brugada syndrome 
 Anemia 
 Electrolyte abnormalities 
 Fever 
 Thyroid abnormalities 
 Hypo- or hyperglycemia 
 Pheochromocytoma 
 Pulmonary disease (contributes to multifocal atrial tachycardia) 
 Autonomic neuropathies (e.g., postural orthostatic tachycardia 
syndrome) 

   HCM  hypertrophic cardiomyopathy,  ARVC  arrhythmogenic right ven-
tricular cardiomyopathy  
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benign nature of NSVT in athletes without structural heart 
disease [ 66 ]. US guidelines recommend no restriction on 
activity in athletes without structural heart disease or 
 symptoms [ 74 ]. 

 While no specifi c recommendations for the evaluation 
and management of palpitations in an athlete exist, guide-
lines have focused on recommendations for specifi c arrhyth-
mias [ 74 ,  76 ]. Athletes presenting with palpitations should 
have a thorough history and physical focused on timing of 
palpitations, relation to exertion, associated symptoms, fam-
ily history of sudden death, and dietary/supplement intake 
(e.g., caffeine). Table  20.5  lists the drugs and medications 
that can contribute to palpitations and/or arrhythmias in ath-
letes. Further diagnostic evaluation of the athlete with symp-
tomatic palpitations, tachyarrhythmias, or frequent PVCs 
should include an assessment for structural and valvular 
heart disease as well as exclusion of metabolic causes such 
as hyperthyroidism or hypoglycemia. With frequent or easily 
reproducible symptoms, a Holter monitor during the ath-
lete’s specifi c exercise may be useful in diagnosis. Exercise 
testing may need to be adapted to the athlete’s specifi c activ-
ity in order to simulate the conditions in which the arrhyth-
mia is experienced, for instance, mode of activity or rate of 
workload intensity may need to be altered from conventional 
exercise testing.

   Management of athletes with arrhythmias depends on the 
underlying etiology of the arrhythmia and whether it occurs 
in fast heart rate conditions (i.e., exercise) or slow heart rate 
conditions (i.e., sleep, exercise recovery). The management 
of bradyarrhythmias in the athlete primarily consists of reas-
surance and documentation of an adequate chronotropic 
response to exercise. Higher-grade AV block such as Mobitz 
II or complete heart block is unusual in athletes and should be 
considered pathologic, likely requiring a pacemaker [ 74 ,  77 ]. 

 The management of tachyarrhythmias in athletes varies 
with specifi c etiology and encompasses education, medica-
tion, and invasive treatment (catheter ablation). Athletes 
should be educated on avoidance of drugs that can precipi-
tate tachyarrhythmias (e.g., cocaine, pseudoephedrine). In 
athletes with supraventricular arrhythmias such as atrial 
fi brillation, management with nodal agents such as β (beta)-
blockers (BB) and calcium channel blockers (CCB) may 

minimize symptoms but does not affect the frequency of 
atrial fi brillation episodes. As these agents affect the heart 
rate both at rest and during exercise, they may reduce exer-
cise capacity in some individuals. In some competitive ath-
letes, it should be noted that agents such as BB may be 
banned [ 30 ]. Class Ic antiarrhythmic agents, such as fl e-
cainide or propafenone, may be effective methods of main-
taining sinus rhythm. These agents increase AV conduction, 
thus they usually require a nodal agent to counteract poten-
tial accelerated ventricular response in setting of atrial fl ut-
ter. A “pill in the pocket” strategy using either fl ecainide or 
propafenone to abort an episode of symptomatic atrial fi bril-
lation may be an attractive option for athletes who do not 
wish to take a medication daily [ 64 ]. Catheter ablation of 
some arrhythmias may be preferable to drug treatment in 
some athletes, although this has only been studied in small 
populations of athletes with atrial fi brillation [ 73 ,  78 ,  79 ]. In 
the setting of Wolff-Parkinson-White (WPW) syndrome, if 
the conduction through the accessory pathway is very rapid 
(able to conduct at heart rates greater than 240), patients are 
felt to be at risk of sudden death and curative ablation is rec-
ommended [ 80 ,  81 ]. In some cases, athletes whose arrhyth-
mia has been successfully ablated can return to athletics 
within days if an easily inducible arrhythmia prior to abla-
tion is unable to be induced post-ablation during isoprotere-
nol administration. Consensus opinions regarding return to 
play for various arrhythmias have been established [ 74 ].  

    Syncope 

 In both the athletic and general population, syncope is a 
common complaint. Syncope is defi ned as the transient loss 
of consciousness accompanied by loss of postural tone with 
spontaneous recovery. Whereas “benign” forms of syncope, 
including neurally mediated syncope (NMS), often require 
no evaluation in the general population, syncope in an athlete 
should always raise concern, especially when syncope occurs 
during exertion. Determining the specifi c cause of syncope is 
not possible in up to ~35 % of cases [ 82 ]. Thus, the most 
important aspect of evaluating a syncopal episode in an ath-
lete is to rule out underlying cardiac etiologies that can cause 
sudden cardiac death, and athletes may need to be withheld 
from athletic participation until cardiac pathology has been 
excluded [ 74 ,  76 ]. 

 The majority of syncope in athletes is unrelated to exer-
cise or occurs postexercise. As seen in one cohort of 7,568 
athletes undergoing pre-participation screening, 6.2 % of 
patients reported a syncopal episode within the last 5 years. 
In this series, most episodes were not related to exertion, 
12 % occurred post-exertion, and 1.3 % were during exercise 
[ 83 ]. The most common cause of syncope in athletes is NMS, 
and the vast majority of post-exertional syncope is neurally 

   Table 20.5    Drugs contributing to arrhythmias   

 Drugs contributing to arrhythmia 

 QT prolonging agents (antipsychotics, antibiotics, etc.) 
 Caffeine 
 Alcohol 
 Over-the-counter drugs (e.g., pseudoephedrine) 
 Supplements with stimulants (ephedra, bitter orange, guarana) 
 Anabolic steroids 
 Illicit drugs (e.g., cocaine) 
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mediated. In normal physiology, venous pooling (from 
standing, exercise, etc.) causes decreased venous return to 
the right ventricle, and the body compensates by increasing 
heart rate, contractility, and peripheral vascular resistance to 
augment cardiac output, thereby increasing preload and 
venous return [ 84 ,  85 ]. During exercise, increased sympa-
thetic stimulation raises heart rate and diastolic blood pres-
sure increasing cardiac output, which is distributed to skeletal 
muscle. This preload-dependent increase in cardiac output is 
maintained by peripheral muscle activity returning volume 
to the heart, functioning in effect as a “muscle pump.” With 
abrupt cessation of exercise, the muscle pump ceases and the 
resulting sudden fall in venous return produces a vigorous 
contraction in a relatively empty right ventricle stimulating 
mechanoreceptors that trigger a cardiac depressor refl ex 
resulting in bradycardia and hypotension [ 80 ]. Reductions in 
heart rate and blood pressure combined with decreased 
venous return ultimately cause decreased cerebral perfusion 
and syncope. 

 The history and physical examination are the most essen-
tial part of the syncope evaluation and can identify the etiol-
ogy in about 45 % of cases in which a cause is found [ 82 ]. 
Syncope during exertion has many potential causes 
(Table  20.6 ). History taking in syncope can be diffi cult 
because the patient often has some degree of amnesia for the 
event. In athletes this may be even more challenging as 
symptoms may be withheld due to fear of being removed 
from competition. Thus, it is important to question bystand-
ers and witnesses and/or obtain any medical records from 
emergency personnel. The salient historical features of a 
syncopal episode include the following: any prodrome, incit-
ing factors and the activity being undertaken prior to the epi-
sode, duration of syncope, any muscular movements during 
LOC and their initiation, and post-syncope symptoms such 
as confusion or bowel/bladder incontinence [ 86 – 90 ]. In 
addition to a detailed description of the event, a thorough 
patient history should also be obtained with particular atten-
tion to any prior history of syncope, any personal or family 
history of cardiac problems or sudden death, risk factors for 
cardiac disease, and a detailed medication list including any 
over-the-counter supplements, illicit drugs, or PEAs. 
Important factors in the physical examination of the athlete 
with syncope include complete vital signs, including ortho-
static vital signs as well as blood pressure in both upper 
extremities and one lower extremity [ 76 ]. Careful vascular 
and neurologic exams may reveal fi ndings suggestive of par-
ticular causes of syncope. Cardiac auscultation should 
include positional maneuvers such as standing, squatting, 
postexercise, and Valsalva to elicit dynamic changes seen in 
cardiomyopathies such as hypertrophic cardiomyopathy 
(HCM) or valve disease such as aortic stenosis or mitral ste-
nosis. Table  20.7  describes clinical features that may suggest 
a specifi c etiology.

    The initial evaluation of athletes with syncope always 
includes an ECG to exclude arrhythmias and cardiomyopa-
thy. Careful examination of the ECG in an athletic patient 
(Table  20.8 ) is important because several ECG fi ndings can 
be suggestive of a cardiac cause. Many features that could be 
considered abnormal in the general population are com-
monly observed in highly trained athletes and should not be 
considered as a cause of syncope [ 50 ,  91 ,  92 ].

   After the initial evaluation of history, physical, and ECG, 
there should be a low threshold for obtaining an echocardio-
gram and in the case of exertional syncope, an exercise test 
(after echocardiography) [ 76 ]. The leading causes of death in 
American athletes under age 35 include conditions that may 
present with syncope such as HCM, anomalous coronary 
arteries, myocarditis, and ARVC. An echocardiogram may 
be useful in detecting these conditions or other structural car-
diac problems [ 44 ,  45 ,  93 ]. A detailed assessment including 
left ventricular and right ventricular size and function, wall 
thickness, valve lesions, aortic root dilation, elevated right 
ventricular systolic pressure, and coronary ostia should be 
conducted. As discussed previously, exercise testing proto-
cols should simulate athlete’s training conditions to maxi-
mize likelihood of eliciting symptoms [ 80 ,  94 ]. 

 If exercise testing does not reveal any symptoms or repro-
duce syncope, long-term ambulatory ECG monitoring may 
be needed. For patients with frequent and easily reproducible 
symptoms, a Holter monitor worn for 24–48 h may be useful 
in capturing the episode. However, Holter monitoring is gen-
erally low yield when symptoms are intermittent and either 
an external event monitor or implantable loop recorder (ILR) 
is recommended. Noncompliance can be an issue with exter-
nal monitors, especially in athletes in whom the electrodes 

   Table 20.6    Differential diagnosis of exertional syncope   

 Potential causes of exercise-induced syncope 

 Aortic stenosis 
 Hypertrophic cardiomyopathy 
 Mitral stenosis 
 Pulmonary hypertension 
 Ischemia from coronary artery disease 
 Ischemia from anomalous coronary artery disease 
 Anaphylaxis 
 Brugada syndrome 
 Cardiac dilatation or depressed cardiac function 
 Catecholamine-dependent polymorphic ventricular tachycardia 
 Commotio cordis 
 Dehydration 
 Eating disorders 
 Hypoglycemia 
 Sick sinus syndrome 
 Ventricular tachycardia/ventricular fi brillation 
 Ventricular preexcitation (Wolff-Parkinson-White) 
 Vasodepressor refl ex 
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   Table 20.8    Athlete ECG abnormalities and relation to syncope   

 Observed in trained athletes/
related to training 

 Suggestive of 
arrhythmogenic syncope 

 Unrelated 
to training 

 Suggestive of 
arrhythmogenic syncope 

 Sinus bradycardia  Rare cause in athlete  Second (Mobitz II) or third- degree AV block  Yes 
 First-degree AV block  No  T-wave inversion  No 
 Incomplete right 
bundle-branch block 

 No  Pathological Q waves  Possible 

 Early repolarization  No  Left atrial enlargement  No 
 Isolated LVH criteria 
by QRS voltage 

 No  Left-axis deviation/left anterior hemiblock  Possible 

 Right-axis deviation/left posterior hemiblock  Possible 
 Right ventricular hypertrophy  Possible 
 Preexcitation (i.e., WPW syndrome)  Yes 
 Complete left bundle-branch block or right 
bundle-branch block 

 Possible 

 Abnormal QT interval  Yes 
 Brugada pattern  Yes 
 T-wave inversion V1–V3, epsilon waves, and 
ventricular late potentials (i.e., ARVC) 

 Yes 

   AV  atrioventricular,  LVH  left ventricular hypertrophy,  WPW  Wolff-Parkinson-White,  ARVC  arrhythmogenic right ventricular cardiomyopathy  

   Table 20.7    Clinical features suggestive of etiology of syncope   

 Finding on history or exam  Suggested diagnoses 

 Occurs with micturition, defecation, cough, deglutition, playing brass 
instrument, weight lifting 

 Neurally mediated syncope/situational syncope 

 Associated with throat or facial pain (glossopharyngeal or trigeminal neuralgia)  Neurally mediated syncope/neuralgia 
 Occurs within an hour after eating  Neurally mediated syncope/postprandial hypotension 
 Occurred with prolonged standing  Neurally mediated syncope/vasovagal syncope 
 Associated with pain, fear, and unpleasant sight, smell, or sound  Neurally mediated syncope/vasovagal syncope 
 Occur in warm or crowded environment  Neurally mediated syncope/vasovagal syncope 
 Well-trained athlete with structurally normal heart after exertion  Neurally mediated syncope/vasovagal syncope 
 Tonic-clonic movements short (<15 s) and occur after loss of consciousness  Neurally mediated syncope/vasovagal syncope 
 Tonic-clonic movements prolonged and initiates during or prior to loss of 
consciousness 

 Seizure 

 Syncope associated with tongue biting, aching muscles, and prolonged confusion  Seizure 
 Occurs upon standing  Orthostatic hypotension 
 Taking one or more antihypertensive medications (especially polypharmacy in elderly)  Drug-induced syncope 
 Multiple medications prolonging QT or causing bradycardia  Drug-induced syncope 
 Associated with vertigo, dysarthria, diplopia  TIA, stroke, vertebrobasilar insuffi ciency 
 Blood pressure difference between arms  Subclavian steal or aortic dissection 
 Syncope during arm exercise (e.g., painting a fence)  Subclavian steal 
 Occurs with change in position (upright to supine, bending over) +/− murmur that 
also varies with position 

 Atrial myxoma, thrombus 

 Family history of sudden cardiac death  Long QT, Brugada, HCM 
 Deaf patient who experiences syncope after effort or strong emotion  Long QT syndrome 
 Triggered by laughter or strong emotions with normal cardiac evaluation  Cataplexy 
 Child <5 years old after frustrating episode or injury  Breath holding spell 
 Diabetic who skipped meals  Hypoglycemia 

   TIA  transient ischemic attack,  HCM  hypertrophic cardiomyopathy  
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and monitor may interfere with a training regimen [ 76 ]. 
Therefore, in athletes the placement of an ILR, which is a 
subcutaneous monitor that automatically records arrhyth-
mias, may be advantageous [ 80 ]. 

 Additional diagnostic testing modalities such as tilt-table 
testing, electrophysiologic (EP) study, and advanced imag-
ing have limited roles in the evaluation of unexplained syn-
cope in athletes due to poor sensitivity and specifi city as well 
as potential for identifying abnormalities unrelated to pre-
senting symptoms. Athletes have a high rate of positive tilt 
tests, and the reproducibility of tilt tests has been markedly 
variable [ 80 ,  87 ] such that widespread use is not recom-
mended. The diagnostic utility of EP studies for evaluation 
of bradyarrhythmias is limited in athletes due to their high 
vagal tone. In tachyarrhythmias, the role of EP studies is for 
the confi rmation and treatment (via catheter ablation) of spe-
cifi c suspected etiologies [ 81 ]. The role of advanced imaging 
in syncope should likewise be limited to evaluation of spe-
cifi c suspected etiologies, such as cardiac CT to evaluate for 
anomalous origin of the coronary arteries or aortic patholo-
gies [ 80 ] or CMR for enhanced defi nition of cardiomyopa-
thies, such as HCM or ARVC [ 95 ]. 

 Management of syncope should be tailored to the specifi c 
etiology found on diagnostic testing. The focus of treatment 
in NMS involves recognition of pre-syncopal symptoms, 
avoidance of triggers, and instruction on counterpressure 
maneuvers (e.g., squatting, arm tensing, leg crossing) to 
abort orthostatic intolerance [ 81 ,  94 ,  96 ,  97 ]. In athletes with 
structurally normal hearts and NMS, volume and/or salt 
loading coupled with lower-extremity compression stock-
ings is recommended. The role of pharmacologic therapy in 
NMS is limited; the best data from randomized controlled 
trials supports the use of midodrine [ 96 ]. Due to the potential 
for devastating consequences of even benign etiologies of 
syncope, such as NMS, in athletes participating in high-risk 
activities (e.g., diving, cycling) or those with minimal pro-
drome, these athletes may require more intense therapies or 
restriction from play. According to the thirty sixth Bethesda 
Conference, athletes with syncope attributed to arrhythmias 
may return to competition after they have been asymptom-
atic for 2–3 months following treatment and evaluation by a 
physician [ 74 ]. In patients with ventricular arrhythmia where 
ablation is not curative or an ICD is placed, moderate- and 
high-intensity sports as well as contact sports are not recom-
mended [ 74 ]. However, there is variation in practice and 
some cardiologists allow sports participation for athletes 
with ICDs [ 98 ], and a large registry is currently following 
athletes with implantable devices [ 99 ]. Athletes with poten-
tially life-threatening etiologies of syncope should be 

restricted from play. While the safe return to physical activ-
ity is paramount, it is important to consider the emotional, 
social, and/or fi nancial ramifi cations from activity restriction 
in athletes.       
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       Introduction 

 Pulmonary embolism (PE) is a common and life-threatening 
cardiovascular emergency. The incidence of venous 
 thromboembolism (VTE) is increasing as the global 

 population ages [ 1 ]. Pulmonary embolism and deep vein 
thrombosis (DVT) are two clinical manifestations of VTE 
and share the same predisposing factors. In most cases, PE 
can be considered as a consequence of DVT, since approxi-
mately 50 % of patients with proximal DVT have an associ-
ated, usually asymptomatic, PE on lung scan, while DVT can 
be found in more than 70 % of patients with PE if a sensitive 
diagnostic method is utilized [ 2 ]. On the other hand, despite 
the fact that DVT and PE are manifestations of the same dis-
ease, their impact on short- and long-term outcome is differ-
ent. For example, the risk of death related to recurrent VTE 
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is signifi cantly greater in patients who initially present with 
PE than in those who present with DVT [ 3 ].  

   Epidemiology 

 Venous thromboembolism remains a major cause of morbid-
ity and mortality associated with surgery, injury, and medical 
illnesses. Hospitalized patients and nursing home residents 
account for half of all cases of VTE. In these settings, VTE 
is responsible for up to 15 % of in-hospital deaths. Pulmonary 
embolism also remains the leading direct cause of maternal 
mortality, as it accounts for up to 30 % of deaths associated 
with pregnancy and delivery. The majority of VTE-related 
in-hospital deaths are potentially preventable [ 1 ,  2 ]. 

 Overall, 23–69 cases of PE are diagnosed in the United 
States per 100,000 population-years [ 1 ,  2 ]. These fi gures 
probably underestimate the actual incidence which may be 
as high as 600,000 cases annually [ 2 ]. Moreover, these rates 
mask a considerable variation according to specifi c popula-
tions such as the elderly. Incidence rises from fewer than 5 
cases per 100,000 children aged <15 years to 450–600 cases 
per 100,000 adults aged >80 [ 4 ]. In Europe, an epidemio-
logical model derived from 6 countries with a total popula-
tion of 310.4 million yielded a PE incidence rate of 98 cases 
per 100,000 person-years. The estimated number of fatalities 
related to (although not necessarily caused by) VTE 
amounted to 370,000, or 12 % of all deaths, which corre-
sponds to more than one million annual deaths in the 
European continent [ 5 ]. According to prospective registries, 
the acute case mortality rate for PE ranges from 7 to 11 %. 
Outcome is also signifi cantly affected by age; for those aged 
65 and older, in-hospital mortality and 1-year mortality due 
to PE are 21 % and 39 %, respectively [ 4 ].  

   Pathophysiology 

 Pulmonary artery embolism is defi ned as a partial or com-
plete mechanical obstruction of a pulmonary arterial branch. 
Pulmonary embolism can occur in patients without any iden-
tifi able predisposing factors; nevertheless, in up to 80 % of 
cases, at least one predisposing factor can be identifi ed. A 
variety of acquired and hereditary disorders have been impli-
cated in the pathogenesis of VTE. These disorders can be 
classifi ed as patient-related and setting-related (environmen-
tal); VTE is currently regarded as the result of the interaction 
between patient-related and setting-related risk factors [ 2 ]. 
All prothrombotic risk factors, either patient- or 
 setting- related, affect one or more of the mechanisms 
included in the classic triad proposed by Virchow in 1856: 
venous stasis, increased blood coagulability, and endothelial 
injury or dysfunction. 

   Specifi c Risk Factors 

 Acquired risk factors for VTE include venous stasis due to 
external compression, prolonged immobilization, or incom-
petent venous valves. In addition, several acquired disorders 
including cancer and the antiphospholipid antibody syn-
drome are associated with a systemic prothrombotic tendency. 
Temporary conditions associated with acquired thrombo-
philia include pregnancy and the use of oral contraceptives or 
postmenopausal hormone replacement therapy [ 6 ]. 

 Inherited predisposing factors consist of “thrombophil-
ias” related to abnormal levels or quality of elements of the 
coagulation cascade. Genetic alterations related to thrombo-
philia can be identifi ed in up to 30 % of unselected patients 
with VTE and at least 50 % of those with familial thrombosis 
[ 7 ]. Most of them affect steps of the activated protein C path-
way. Resistance to activated protein C is almost exclusively 
caused by a single point mutation in the factor V gene. The 
latter polymorphism has 3–5 % prevalence in the general 
white population. Relative risk for VTE is increased between 
fi ve- and ten-fold in heterozygotes. Polymorphisms of the 
prothrombin gene and genetic defi ciency of protein C, pro-
tein S, or antithrombin are less frequent disorders and lead to 
a variety of genotype–phenotype interactions. Importantly, 
hereditary prothrombotic abnormalities tend to coexist with 
unpredictable but often multiplicative effect on thromboem-
bolic risk [ 6 ,  7 ]. 

 Infl ammation in the form of local injury to the vessel wall 
or cytokines released from tumors, or from injured or 
infarcted tissue, is required to trigger thrombus formation. 
Infl ammatory cytokines and platelet products stabilize 
thrombi by stimulating the synthesis of antifi brinolytic fac-
tors (plasminogen activator inhibitors) by the cells of the 
vessel wall. At the same time, however, upregulated plas-
minogen activators control and contain the thrombotic 
response, facilitating clot dissolution or organization [ 6 ]. 
Therefore, the formation of vascular thrombi and their fate 
are determined by the continuous and complex interplay 
between thrombogenic and fi brinolytic mechanisms both 
locally and systemically.  

   Origin of Thrombi in Pulmonary Embolism 

 Evidence derived from surgical and autopsy studies revealed 
that almost 90 % of pulmonary emboli originate in the lower 
extremity veins. However, intravenous substance abuse and 
the frequent use of central venous catheters in medicine have 
resulted in a signifi cant increase in the incidence of upper 
extremity venous thrombosis. Thrombi originating in the 
right atrium or ventricle are rarely the cause of PE. Finally, 
disseminated peripheral thrombosis within the small 
 muscular pulmonary arteries may occur. It is however 

S.Z. Apostolakis and S.V. Konstantinides



301

 considered a secondary phenomenon, and not the cause of 
chronic thromboembolic disease [ 8 ]. 

 Lower extremity thrombi have been shown to originate in 
the venous sinuses and valve cusp pockets of the calf, in 
areas of slow or turbulent fl ow. Locally disturbed fl ow pre-
disposes to thrombosis by impairing the clearance of coagu-
lation factors. Thrombi from the veins appear macroscopically 
as long, thin, friable structures with a shape corresponding to 
the lumen of the vessel in which they were formed. Pale lay-
ers of platelets and fi brin alternating with dark red erythro-
cyte layers can be seen on their surface corresponding to 
different stages of in situ development [ 6 ,  8 ]. In vivo, venous 
thrombi in transit can occasionally be detected by echocar-
diography. They appear as highly mobile, relatively large 
twisting masses fl oating in the right side of the heart or occa-
sionally caught in a patent foramen ovale before causing 
paradoxical embolism (Fig.  21.1 ).

      Natural History of Pulmonary Emboli 

 Following PE, the endogenous fi brinolytic mechanisms of 
the lung are capable of dissolving most thromboemboli, 
regardless of their size. If the patient survives the acute 
hemodynamic consequences, progression to chronic throm-
botic arteriopathy and chronic thromboembolic pulmonary 
hypertension is infrequent [ 9 ]. 

 An acute increase in pulmonary artery pressure is quite 
common, occurring in 60–70 % of patients with PE. The most 
detrimental consequence of PE is related to acute increase of 
right ventricular afterload which depends on the extent and 
localization of pulmonary clots. Multiple or large thrombi 
that obstruct a signifi cant proportion of the  pulmonary 

vasculature disturb right ventricular  performance. Right 
 ventricular dilatation and hypokinesia initiate a vicious 
cycle of increased myocardial oxygen demand, myocardial 
ischemia or infarction, and left ventricular preload reduc-
tion. Eventually, inability to maintain adequate cardiac out-
put leads to cardiogenic shock. Low systemic output and 
shock are the underlying mechanism leading to death after 
an acute massive PE. Thus, right ventricular dysfunction is 
the critical hemodynamic event and an important determi-
nant of the clinical presentation, course, and prognosis of 
PE. Respiratory failure is a common fi nding but is consid-
ered less relevant with respect to prognosis compared to 
hemodynamic instability [ 10 ]. 

 Pulmonary infarction is an uncommon complication of 
PE since the lung normally receives somewhat redundant 
blood supply from the bronchial arteries. Radiologically, 
pulmonary infarctions typically present as peripheral wedge- 
shaped parenchymal opacities and occur in 10–15 % of 
patients with PE.   

   Diagnosis 

   Clinical Presentation 

 The fi rst and most crucial step in the diagnosis of PE is 
 evaluating the likelihood of the disease based on clinical 
 presentation. Further selection of the appropriate diagnostic 
algorithm and the interpretation of diagnostic tests will 
depend on clinical probability of PE. In 90 % of cases, suspi-
cion of PE is raised by symptoms including shortness of 
breath, chest pain, and syncope. One or more of these symp-
toms are present in more than 90 % of patients with PE [ 2 , 
 11 ]. Chest pain, whether or not combined with dyspnea, is 
one of the most frequent presentations of PE. The pain is 
usually caused by pleural irritation due to distal emboli caus-
ing pulmonary infarction. Chest pain may also be retroster-
nal angina-like pain, which may refl ect right ventricular 
ischemia. 

 Dyspnea of rapid onset is a common symptom, especially 
in central PE. However, the onset of dyspnea may also be 
progressive over several days. In patients with preexisting 
heart failure or pulmonary disease, worsening dyspnea may 
be the only symptom suggestive of PE. Syncope is a less 
common but important presentation of PE since it may indi-
cate a severely reduced hemodynamic reserve. In the most 
severe cases, shock and arterial hypotension may be the pre-
senting syndrome. Pulmonary infarction may be associated 
with alveolar hemorrhage, sometimes accompanied by 
hemoptysis [ 3 ,  11 ]. 

 Identifi cation of predisposing factors for VTE is essen-
tial in the evaluation of the likelihood of PE. However, in 
approximately 20 % of cases, PE occurs in the absence of 

  Fig. 21.1    Echocardiographic apical four-chamber view revealing a 
thrombus of lower-extremity origin trapped in a patent foramen ovale 
( white arrow )       
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any  identifi able predisposing factors. Individual clinical 
fi ndings and common diagnostic tests are neither sensitive 
nor specifi c for the diagnosis of PE. The chest X-ray is usu-
ally abnormal, but the most frequently encountered fi ndings 
are nonspecifi c. Hypoxemia is a common fi nding in PE. 
Nevertheless, up to 20 % of patients with PE have a normal 
arterial oxygen pressure and a normal alveolar–arterial oxy-
gen gradient. Electrocardiographic (ECG) signs of RV 
strain, such as inversion of T waves in leads V1–V4, a QR 
pattern in lead V1, the classic S1Q3T3 type, and incomplete 
or complete right bundle-branch block, may be helpful, but 
they lack both sensitivity and specifi city. Moreover, such 
changes are generally associated with the more severe 
forms of PE [ 6 ].  

   Risk Stratifi cation 

 Despite the limited sensitivity and specifi city of individual 
symptoms, signs, and common tests, the combination of 
these variables, either by implicit clinical judgment or by 
the use of risk prediction schemes, makes it possible to 
stratify suspected PE patients into categories of clinical 

probability. Each stratum corresponds to an increasing 
 prevalence of PE. The posttest probability of PE depends 
not only on the characteristics of the test used but also on 
pretest probability [ 2 ]. 

 The value of implicit clinical judgment has been shown in 
several large prospective series. Nevertheless, implicit judg-
ment depends on individual physician’s experience and lacks 
standardization. Explicit clinical prediction rules have been 
developed and validated in the last years to avoid the limita-
tions of implicit clinical judgment. Explicit prediction rules 
which combine the clinical fi ndings at presentation with pre-
disposing factors have proven particularly useful in deter-
mining the clinical or pretest probability of PE. Thus use of 
these scores has been strongly recommended by medical 
societies as they may guide further diagnostic workup and 
also improve the interpretation of diagnostic procedures [ 3 ]. 

 The prediction rule developed by Wells et al. is the most 
widely used clinical diagnostic score for PE at present 
(Table  21.1 ) [ 12 ]. It has been validated extensively as a cat-
egorical (low, moderate, or high clinical probability) or 
dichotomous score (PE likely or unlikely). It is simple and 
based on easily collected information. The revised Geneva 
rule is also widely utilized in Europe (see Table  21.1 ) [ 13 ]. 

    Table 21.1    Prediction schemes currently used to stratify suspected pulmonary embolism patients into categories of clinical probability   

 Revised Geneva score [ 13 ]  Wells score [ 12 ] 

  Predisposing factors    Points    Predisposing factors    Points  
 Age >65 years  1  Previous DVT or PE  1.5 
 Previous DVT or PE  3  Surgery or immobilization the last 4 weeks  1.5 
 Surgery (under general anesthesia) or fracture 
(of the lower limbs) within 1 month 

 2  Malignancy (on treatment, treated in the 
last 6 months or palliative) 

 1 

 Active malignancy (solid or hematologic malignant 
condition, currently active or considered cured <1 year) 

 2 

  Symptoms    Symptoms  
 Unilateral lower-limb pain  3  Hemoptysis  1 
 Hemoptysis  2 
  Clinical signs    Clinical signs  
 Heart rate  Heart rate >100 min –1   1.5 
 75–94 min –1   3  Clinical signs of DVT (minimum of leg swelling 

and pain with palpation of the deep veins) 
 3 

 ≥95 min –1   5   Clinical judgment  
 Pain on lower-limb deep venous palpation 
and unilateral edema 

 4  Alternative diagnosis is less likely than PE  3 

  Interpretation  
  Clinical probability    Clinical probability (three levels)  
 Low  0–3  Low  0–1 
 Intermediate  4–10  Intermediate  2–6 
 High  ≥11  High  ≥7 

  Clinical probability (two levels)  
 PE unlikely  0–4 
 PE likely  >4 

   DVT  deep venous thrombosis,  PE  pulmonary embolism  

S.Z. Apostolakis and S.V. Konstantinides



303

Both prediction schemes have been included in the latest 
European guidelines on the diagnosis and management of 
acute PE [ 2 ]. In most validation studies, the proportion of 
patients with eventually confi rmed PE was around 10 % in 
the low probability category, 30 % in the moderate probabil-
ity category, and 65 % in the high clinical probability cate-
gory, regardless of the prediction rule used. Thus, 
classifi cation of patients into “pretest” probability categories 
either by implicit clinical judgment or by a validated predic-
tion rule is capable of further determining the choice of the 
appropriate laboratory and imaging tests to confi rm or 
exclude PE.

      Diagnostic Algorithms 

 D-dimer testing is recommended as the initial diagnostic 
step for patients with low or moderate pretest probability. 
High-sensitivity enzyme-linked immunoabsorbent assay 
(ELISA) assays have a sensitivity of 95 %. A negative 
 D -dimer result (plasma concentration <0.5 mg/L) excludes 
the presence of circulating fi brin and, consequently, the diag-
nosis of VTE. Thus, in almost 30 % of the patients with sus-
pected PE, the diagnosis can be excluded without further 
testing [ 2 ]. It must be noted however that  D -dimer tests have 
a low negative predictive value for patients with high clinical 
probability of PE. 

 Multidetector CT is recommended as the next step in 
patients with low or intermediate pretest probability and a 
positive  D -dimer test or as the initial step in patients with 
high pretest probability. Multidetector CT can safely be 
used as a single imaging test to diagnose or exclude PE in 
the majority of cases [ 14 ,  15 ]. Multidetector CT also pro-
vides potentially useful prognostic information by permit-
ting assessment of the size and thus the function of the right 
ventricle [ 16 ]. Combining CT pulmonary angiography and 
CT venography in a single procedure is not recommended, 
since it increases exposure to radiation without signifi -
cantly enhancing the predictive performance of the CT 
angiogram [ 17 ]. 

 Ventilation–perfusion lung scanning is still an alternative 
to CT angiography. It can be useful when contrast media is 
contraindicated. A normal scan safely excludes the disease. 
However, in several cases the test may yield inconclusive 
fi ndings and further testing will be required to safely exclude 
or confi rm PE. A recent randomized trial that involved 1,417 
patients randomized to CT pulmonary angiography or venti-
lation–perfusion lung scanning reported that 99 % of patients 
with suspected PE could be diagnostically managed safely 
and effectively with ventilation–perfusion scan [ 18 ]. 

 Compression ultrasonography can detect proximal DVT 
in about 20 % of patients with PE, and the yield is twice as 

high when the distal veins are also examined. The only 
 validated diagnostic criterion for DVT is incomplete com-
pressibility of the vein, which indicates the presence of a clot 
(Fig.  21.2 ). Flow criteria derived by Doppler ultrasonogra-
phy are unreliable. A positive result essentially establishes 
the diagnosis of VTE. Compression ultrasonography when 
performed in combination with single-detector CT angiogra-
phy enhances the sensitivity of the latter procedure.

   Selective pulmonary angiography is only rarely necessary 
to confi rm or exclude PE unless catheter-based treatment is 
planned. There are no data to support the use of magnetic 
resonance imaging of the pulmonary arteries for the diagno-
sis of PE. 

 For  normotensive  patients with clinically suspected PE, 
multidetector CT pulmonary angiography is currently the 
most frequently performed imaging test. CT-based algo-
rithms which have been validated in prospective manage-
ment trials emphasize the need to combine this test with 
assessment of clinical probability and  D -dimer testing 
(Fig.  21.3 ). If properly followed, the strategy illustrated in 
Fig.  21.3  permits management decisions in almost 98 % of 
the cases. The 3-month risk of recurrent VTE in patients left 
untreated after exclusion of the disease based on the above 
algorithm is as low as 1 % [ 2 ].

   Patients with suspected PE who present with arterial 
hypotension or shock constitute a medical emergency. 
Multidetector CT is the preferred diagnostic test in most 
institutions; however, bedside echocardiography demon-
strating right ventricular dysfunction may be a valuable 
alternative if CT is not immediately available or the patient is 
too unstable to be transferred to the radiology department.   

  Fig. 21.2    Compression US of the right common femoral vein 
( white arrow ). Thrombus is detected by lack of compression. Flow 
 criteria derived by Doppler ultrasonography are unreliable       
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   Treatment 

 Acute PE covers a wide spectrum of clinical severity and 
death risk. In various studies, 30-day mortality rates for 
patients with confi rmed PE vary widely from <1 to >50 % 
[ 19 ]. Accordingly, the recently updated guidelines of the 
European Society of Cardiology have introduced the terms 
high-risk and non-high-risk PE in an attempt to further guide 
treatment based on the individual’s estimated risk of adverse 
outcome (death or recurrent PE). High-risk PE is defi ned by 
the presence of hemodynamic instability clinically defi ned 
as persistent arterial hypotension (systolic blood pressure 
<90 mmHg or a systolic blood pressure drop by ≥40 mmHg 
for at least 15 min) or shock. Five percent of patients with PE 
present with high-risk features. Nevertheless, in-hospital 
mortality of high-risk PE patients exceeds 15 %. 

   Anticoagulation 

 As a general rule, anticoagulation with heparin should be 
 initiated without delay in all patients with confi rmed PE [ 20 ]. 
Due to the high mortality rates associated with untreated 
PE/VTE, anticoagulant treatment should be  considered in 
patients with an intermediate or high clinical probability 
while awaiting the results of further diagnostic confi rmation 
[ 2 ]. Several major trials have shown that low-molecular- 
weight heparins or the pentasaccharide fondaparinux is at 
least as effective and safe compared to unfractionated hepa-
rin. Therefore, low-molecular-weight heparins are currently 
the preferred anticoagulants. Route of administration, rec-
ommended dosing, and special  considerations with respect 
to heparins currently approved for treatment of PE are sum-
marized in Table  21.2  [ 21 ]. Parenteral anticoagulants are 

Suspected PE

No
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Negative

NegativeNegative

Anticoagulation
not justified

No anticoagulation or
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in selected cases

Anticoagulation
required

Positive

Positive NegativePositive

MDCT MDCT

D-dimers
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CT available 
and patient
stabilised
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  Fig. 21.3    Proposed diagnostic algorithm for patients with suspected pulmonary embolism.  PE  pulmonary embolism,  MDCT  multidetector com-
puted tomography,  RV  right ventricle       
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usually followed by the administration of oral anticoagula-
tion with vitamin K antagonists. Heparin treatment should 
be continued for at least 5–6 days with overlapping oral anti-
coagulation until the international normalized ratio has been 
within the therapeutic range (2.0–3.0) on 2 consecutive days. 
At present, low-molecular-weight heparin or fondaparinux 
is considered adequate treatment for most normotensive 
patients with low- or intermediate-risk (non-high-risk) PE. 
Low-molecular-weight heparins have not been tested and 
thus are not recommended for patients with arterial hypo-
tension or shock. In patients with renal failure, it is recom-
mended that the dose of low-molecular-weight heparins be 
adjusted according to anti-Xa levels [ 2 ]. In the subgroup of 
patients with severe renal dysfunction (defi ned as creatinine 
clearance <30 mL/min), unfractionated heparin is preferred 
as it is not eliminated by the kidneys, and in those with an 
increased risk of bleeding (congenital or acquired bleeding 
diathesis; active ulcerative or angiodysplastic gastrointesti-
nal disease; recent hemorrhagic stroke; recent brain, spinal, 
or ophthalmological surgery; diabetic retinopathy; or bac-
terial endocarditis) due to its short half-life and reversible 
anticoagulant effects.

   Due to the risk of heparin-induced thrombocytopenia 
(HIT), monitoring of the platelet count is recommended dur-
ing treatment with unfractionated or low-molecular-weight 
heparins. For unfractionated heparin, monitoring of the 
platelet count is recommended at baseline and every other 
day from days 4 to 14 or until heparin is stopped. For low-
molecular- weight heparins, monitoring is recommended at 
baseline and every 2–4 days from days 4 to 14 or until 
 heparin is stopped. The risk of heparin-induced 
 thrombocytopenia depends both on the type of heparin used 
and the clinical setting. The highest incidence has been 

reported (3–5 %) in patients following orthopedic surgery 
that received  unfractionated heparin. Medical or surgical 
patients receiving low-molecular- weight heparin have a 
reported incidence of less than 1 %. For patients receiving 
fondaparinux, the risk is probably negligible [ 22 ].  

   Thrombolysis 

 Thrombolytic agents rapidly resolve thrombus-related 
 vascular obstruction providing instant hemodynamic relief 
in the majority of patients with high-risk PE. The greatest 
benefi t is observed when treatment is provided within 48 h of 
symptom onset, but thrombolysis can still be effective in 
patients who have had symptoms for up to 14 days. 
Thrombolytic therapy carries a signifi cant bleeding risk. 
Pooled data from studies assessing various thrombolytic 
regimens indicated a 13 % cumulative rate of major bleeding 
and a 1.8 % rate of intracranial/fatal hemorrhage. Thus, the 
decision to treat a patient with thrombolysis should be based 
on balancing the risk of death from thromboembolism if the 
patient is left untreated against the risk of death from bleed-
ing if the patient is treated. In balancing the clinical benefi ts 
against the risks of thrombolysis, the presence and severity 
of right ventricular failure appears to be a critical factor. A 
meta-analysis of studies which included patients with arte-
rial hypotension or shock due to acute right ventricular fail-
ure suggested that thrombolysis effectively reduces the risk 
of death or recurrent PE in this high-risk patient group [ 23 ]. 

 Massive (high-risk) PE with cardiogenic shock or persistent 
arterial hypotension accounts for 5 % of all cases and is associ-
ated with a high risk of in-hospital death, particularly during 
the fi rst hours after admission. Patients with suspected massive 

   Table 21.2    Anticoagulant drugs for initial treatment of pulmonary embolism   

 Dosage  Route and interval  Comments 

  Unfractionated 
heparin  

 80 IU/kg of body weight as an 
intravenous bolus, followed by 
infusion at the rate of 18 IU/kg/h 

 Continuous intravenous 
infusion 

 Adjust infusion rate to maintain aPTT between 1.5 and 
2.5 times control, corresponding to therapeutic heparin 
levels (0.3–0.7 IU/mL by factor Xa inhibition) a  

  Low-molecular-weight heparins  b  
 Enoxaparin  1.0 mg/kg or  Subcutaneously every 12 h  If creatinine clearance <30 mL/min, reduce enoxaparin 

dosage to 1 mg/kg once daily; consider unfractionated 
heparin infusion as an alternative 

 1.5 mg/kg  Subcutaneously once daily c  

 Tinzaparin  175 U/kg  Subcutaneously once daily 
 Fondaparinux  5 mg (body weight <50 kg); 7.5 mg 

(body weight 50–100 kg); 10 mg 
(body weight >100 kg) 

 Subcutaneously once daily  Contraindicated if creatinine clearance <20 mL/min 

  Adapted from Konstantinides [ 21 ] 
  aPTT  partial thromboplastin time,  LMWH  low-molecular-weight heparin 
  a It is recommended to adjust the treatment dosage based on standardized nomograms such as that proposed by Raschke et al. 
  b Tinzaparin and fondaparinux are explicitly approved for treatment of acute pulmonary embolism. Enoxaparin is approved for treatment of deep 
vein thrombosis with or without pulmonary embolism 
  c Once-daily injection of enoxaparin at the dosage of 1.5 mg/kg is approved for inpatient (hospital) treatment of pulmonary embolism in the United 
States and in some, but not all, European countries  
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PE should immediately receive a weight-adjusted bolus of 
unfractionated heparin while awaiting the results of further 
diagnostic workup. If massive PE is confi rmed based on the 
diagnostic algorithms, thrombolysis should be administered 
without delay. If thrombolysis is absolutely contraindicated or 
has failed, surgical embolectomy or catheter-based thrombus 
fragmentation or suction may be a valuable alternative. 

 Use of thrombolysis in normotensive patients with PE 
is less well established. A randomized trial suggested that 
selected patients with evidence of right ventricular dys-
function and low risk of bleeding may benefi t from early 
thrombolysis [ 24 ]. The balance between benefi ts and risks 
of thrombolysis in normotensive patients with intermediate- 
risk PE, that is with right ventricular dysfunction on echo-
cardiography (or CT scan) plus a positive troponin test, 
is being addressed by the ongoing Pulmonary Embolism 
Thrombolysis (PEITHO) trial [ 25 ]. The results of this study 
will be available early 2013. 

 Several approved thrombolytic agents can be used for the 
management of acute PE (Table  21.3 ). Existing evidence 
indicates that the approved thrombolytic agents are equiva-
lent with respect to clinical outcome. It is nevertheless sen-
sible to prefer regimens with shorter infusion periods. Direct 
infusion of thrombolytic agents via a catheter in the pulmo-
nary artery has not been shown to offer any advantages over 
systemic intravenous with respect to both safety and effi cacy 
thrombolysis and is therefore not recommended [ 2 ]. In addi-
tion to a specifi c therapy, hemodynamic and respiratory sup-
port is necessary in patients with suspected or confi rmed PE 
presenting with shock or hypotension.

      Surgical and Interventional Management 

 In a prospective single-center registry of PE patients who 
underwent thrombolysis, lack of response to thrombolysis—
defi ned as both persistent clinical instability and  residual 
echocardiographic right ventricular dysfunction within the 

fi rst 36 h—was demonstrated in 8 % of the patients [ 26 ]. For 
patients with massive PE, in whom thrombolysis has failed 
or is absolutely contraindicated, surgical embolectomy—if 
available—is recommended as a lifesaving treatment option 
[ 2 ]. Alternatively, selected patients with hemodynamic 
 compromise who cannot receive thrombolytic therapy may 
be candidates for percutaneous catheter thrombectomy. 

 Inferior vena cava fi lters as a means of protection against 
recurrent VTE have been available the last four decades. 
Permanent fi lters are associated with long-term complica-
tions such as DVT and the post-thrombotic syndrome. 
Thus, their use in patients with PE is generally discour-
aged. Retrievable venous fi lters may be considered when 
both the risk of PE recurrence and the expected bleeding 
risk of anticoagulation are very high. Such situations 
include, for example, extensive thrombosis in the early 
postoperative period after neurosurgery or in pregnant 
women just prior to delivery [ 2 ].  

   Oral Anticoagulation and Secondary 
Prophylaxis 

 Anticoagulation with unfractionated heparin or low-molecular- 
weight heparin should be continued for at least 5 days. Oral 
anticoagulants (vitamin K antagonists) should be initiated as 
soon as possible in all hemodynamically stable patients, pref-
erably on the same day as heparin. Parenteral anticoagulation 
can be stopped as soon as the international normalized ratio 
(INR) has been in the therapeutic range (between 2.0 and 3.0) 
on 2 consecutive days. After a fi rst episode of “unprovoked” 
PE (i.e., in the absence of transient, reversible risk factors), 
treatment with vitamin K antagonists should be continued for 
at least 3 months; long-term treatment may be considered in 
patients with a favorable risk-to- benefi t ratio [ 27 ]. 

 Dabigatran, a direct oral thrombin inhibitor, has been 
compared with warfarin in patients with acute symptom-
atic VTE. The RE-COVER study was a double-blind, 

   Table 21.3    Thrombolysis: agents and regimens   

 Streptokinase a   250,000 U as a loading dose over 30 min, followed by 100,000 U/h over 12–24 h 
 Accelerated regimen: 1.5 million IU over 2 h b  

 Urokinase a,c   4,400 U/kg of body weight as a loading dose over 10 min, followed by 4,400 U/kg/h over 12–24 h 
 Accelerated regimen: three million U over 2 h b  

 Alteplase a   100 mg over 2 h d  
 Accelerated regimen: 0.6 mg/kg over 15 min 

 Reteplase a,e   Two bolus injections of 10 U 30 min apart 
 Tenecteplase f   30–50 mg bolus over 5–10 s adjusted for body weight 

   a Unfractionated heparin should not be infused concurrently with streptokinase or urokinase; it can be given during alteplase or reteplase 
 administration. Low-molecular-weight heparins have not been tested in combination with thrombolysis in patients with pulmonary embolism 
  b Short (2 h) infusion periods are generally recommended 
  c Urokinase available in some European countries, not in the United States 
  d FDA-approved regimen 
  e Off-label use 
  f Off-label use. This is the regimen recommended for acute myocardial infarction. Preliminary evidence suggests that it is safe and effective in 
pulmonary embolism as well  
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double- dummy, noninferiority, randomized trial, compar-
ing 6 months of treatment with dabigatran, at a fi xed dose 
of 150 mg twice daily, with dose-adjusted warfarin therapy, 
after initial parenteral anticoagulation in patients with 
symptomatic venous thromboembolism. Recurrent VTE 
occurred in 30 patients (2.4 %) given dabigatran during the 
treatment period, as compared to 27 patients (2.1 %) given 
warfarin ( P  < 0.001 for noninferiority). Major bleeding was 
reported in 20 patients (1.6 %) allocated to the dabigatran 
group compared to 24 patients (1.9 %) allocated to the con-
trol group. The RE-COVER study thus showed that dabiga-
tran, given after a “not-so-brief” period (mean, 11 days) of 
parenteral anticoagulation, was as effective and as safe as 
warfarin for the treatment of VTE [ 28 ]. 

 Rivaroxaban, an oral factor Xa inhibitor, has been com-
pared with standard treatment in patients with acute VTE. 
The arm of the study including patients with acute deep vein 
thrombosis, EINSTEIN-DVT, was an open-label, random-
ized, event-driven, noninferiority study that compared oral 
rivaroxaban alone with subcutaneous enoxaparin followed 
by a vitamin K antagonist for 3, 6, or 12 months [ 29 ]. 
Recurrent VTE occurred in 36 patients (2.1 %) given rivar-
oxaban as compared to 51 (3.0 %) given standard therapy 
( P  < 0.001 for noninferiority). In the recently published 
EINSTEIN-PE study which enrolled 4,832 patients, a fi xed- 
dose regimen of rivaroxaban alone was also noninferior 
( P  = 0.003) to standard therapy for the initial and long-term 
treatment of PE, and it showed a potentially improved bene-
fi t–risk profi le [ 30 ]. More specifi cally, recurrent venous 
thromboembolism occurred in 2.1 % of patients receiving 
rivaroxaban compared with 1.8 % of those on standard 
enoxaparin/warfarin therapy. Major or clinically relevant 
non-major bleeding occurred in 10.3 % of rivaroxaban 
patients compared with 11.4 % standard therapy patients 
( P  = 0.32); however, major bleeding was observed in only 
1.1 % of patients taking rivaroxaban compared with 2.2 % of 
those on enoxaparin/warfarin ( P  = 0.003). In particular, intra-
cranial bleeding occurred in one rivaroxaban patient com-
pared with ten patients receiving standard therapy. The single 
oral drug approach has also been evaluated in a trial testing 
the factor Xa Inhibitor apixaban (AMPLIFY). In this recently 
published trial, a fi xed-dose regimen of apixaban alone was 
noninferior to conventional therapy (low molecular weight 
heparin followed by a vitamin K antagonist) for the treat-
ment of acute venous thromboembolism and was associated 
with signifi cantly less bleeding [ 31 ].    

   Summary of the Key Guidelines 

 Adopted by the ESC guidelines on the diagnosis and 
 management of acute pulmonary embolism [ 2 ] 

   Key Recommendations on Diagnosis 

   Suspected High-Risk PE 
•     In high-risk PE, as indicated by the presence of shock or 

hypotension, emergency CT or bedside echocardiography 
(depending on availability and clinical circumstances) is 
recommended for diagnostic purposes (Class I, level of 
evidence C).     

   Suspected Non-High-Risk PE 
•     In non-high-risk PE, basing the diagnostic strategy on 

clinical probability assessed either implicitly or using a 
validated prediction rule is recommended (IA).  

•   Plasma  D -dimer measurement is recommended in 
 emergency department patients to reduce the need for 

 Key Points 

•     Pulmonary embolism (PE) and deep vein thrombo-
sis (DVT) are two clinical presentations of venous 
thromboembolism (VTE) and share the same risk 
factors and predisposing conditions but not the 
same prognosis.  

•   Pulmonary embolism is a relatively common and 
potentially life-threatening disease if left untreated.  

•   Clinical presentation of PE is nonspecifi c and may 
include a wide range of symptoms from dyspnea, 
pleuritic chest pain, and hemoptysis to hypotension 
and shock.  

•   Individual symptoms and routine laboratory fi nd-
ings have low diagnostic sensitivity and specifi city.  

•   Patients with suggestive history, symptoms, or signs 
require prompt clinical evaluation of the probability 
of PE. This will determine further diagnostic 
strategy.  

•   Estimation of pretest probability of PE can be 
assisted by risk estimation schemes.  

•   Computerized tomography angiography has 
become the mainstay of diagnosis.  

•   Depending on the clinical presentation, defi nitive 
treatment decisions can also be made based on 
other tests, which may be particularly useful under 
specifi c circumstances.  

•   Patients with diagnosed PE require risk stratifi ca-
tion, to high risk or non-high risk, based on the 
presence or absence of hemodynamic compromise 
secondary to RV failure.  

•   Patients with PE and shock or hypotension require 
intensive monitoring and aggressive treatment aim-
ing at recanalization of the pulmonary arterial bed.  

•   Such management may be also considered in nor-
motensive patients who present with objective signs 
of RV dysfunction and/or myocardial injury.    
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unnecessary imaging and irradiation, preferably using a 
highly sensitive assay (IA).  

•   Pulmonary angiography should be considered when there 
is discrepancy between clinical evaluation and results of 
noninvasive imaging tests (IIaC).  

•   The use of validated criteria for diagnosing PE is recom-
mended (IB).     

   Suspected Non-High-Risk PE 
   Low Clinical Probability 
•   Normal  D -dimer level using either a highly or moderately 

sensitive assay excludes PE (IA).  
•   Normal perfusion lung scintigraphy excludes PE (IA).  
•   Nondiagnostic (low or intermediate probability) V/Q scan 

may exclude PE (IIaB) particularly when combined with 
negative proximal compression ultrasound (CUS) (IA).  

•   Negative multidetector computed tomography (MDCT) 
safely excludes PE (IA).  

•   Negative single-detector computed tomography (SDCT) 
only excludes PE when combined with negative proximal 
CUS (IA).  

•   High-probability V/Q scan may confi rm PE (IIaB), but 
further testing may be considered in selected patients to 
confi rm PE (IIbB).  

•   CUS showing a proximal DVT confi rms PE (IB).  
•   SDCT or MDCT showing a segmental or more proximal 

thrombus confi rms PE (IA).   
  Intermediate Clinical Probability 
•   Normal  D -dimer level using a highly sensitive assay 

excludes PE (IA).  
•   Normal perfusion lung scintigraphy excludes PE (IA).  
•   Negative MDCT excludes PE (IA).  
•   Negative SDCT only excludes PE when combined with 

negative proximal CUS (IA).  
•   High-probability ventilation–perfusion lung scintigraphy 

confi rms PE (IA).  
•   CUS showing a proximal DVT confi rms PE (IB).  
•   SDCT or MDCT showing a segmental or more proximal 

thrombus confi rms PE (IA).   
  High Clinical Probability 
•   In patients with a negative CT, further tests should be con-

sidered in selected patients to exclude PE (IIaB).  
•   High-probability ventilation–perfusion lung scintigraphy 

confi rms PE (IA).  
•   CUS showing a proximal DVT confi rms PE (IB).  
•   SDCT or MDCT showing a segmental or more proximal 

thrombus confi rms PE (IA).      

   Key Recommendations for Initial Treatment 

   High Risk 
•     Anticoagulation with unfractionated heparin should be 

initiated without delay in patients with high-risk PE (IA).  

•   Thrombolytic therapy should be used in patients with 
high-risk PE presenting with cardiogenic shock and/or 
persistent arterial hypotension (IA).  

•   Surgical pulmonary embolectomy is a recommended 
therapeutic alternative in patients with high-risk PE in 
whom thrombolysis is absolutely contraindicated or has 
failed (IC).  

•   Catheter embolectomy or fragmentation of proximal 
 pulmonary arterial clots may be considered as an alterna-
tive to surgical treatment in high-risk patients when 
thrombolysis is absolutely contraindicated or has failed 
(IIbC).     

   Non-High Risk 
•     Anticoagulation should be initiated without delay in 

patients with high or intermediate clinical probability of 
PE while diagnostic workup is still ongoing (IC).  

•   Use of LMWH or fondaparinux is the recommended form 
of initial treatment for most patients with non-high-risk 
PE (IA).  

•   In patients at high risk of bleeding and in those with 
severe renal dysfunction, unfractionated heparin with an 
aPTT target range of 1.5–2.5 times normal is a recom-
mended form of initial treatment (IC).  

•   Initial treatment with unfractionated heparin, LMWH, or 
fondaparinux should be continued for at least 5 days 
and (IA) may be replaced by vitamin K antagonists only 
after achieving target INR levels for at least 2 consecutive 
days (IC).          
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        Introduction 

 Right ventricular failure (RVF) is a frequent and formidable 
clinical challenge in both the inpatient and outpatient setting 
that carries substantial morbidity and mortality. In contrast to 
the left ventricle (LV), the right ventricle (RV) remains rela-
tively understudied and no treatment guidelines by any of the 
major professional societies exist. However, with pulmonary 
hypertension (PH) having become a major area of scientifi c 
and clinical interest [ 1 ,  2 ], recent studies have shed more 
light on RV function and dysfunction.  

    Abstract 

   Right ventricular failure (RVF) is a frequent and formidable clinical challenge in the 
 intensive care unit, the operating room, the general ward, and the outpatient setting. The 
presence of RVF (1) carries substantial morbidity and mortality and (2) complicates the use 
of commonly employed treatment strategies in both inpatients and outpatients. In contrast 
to the left ventricle (LV), the right ventricle (RV) remains relatively understudied, and none 
of the major professional societies have published any guidelines on how to approach 
patients with RVF. Due to embryological, anatomical, physiological, biochemical, and 
 electrophysiological differences between the RV and LV, paradigms that are important for 
the treatment of the failing LV cannot be extrapolated to RVF. However, with pulmonary 
hypertension (PH) having become a major area of scientifi c and clinical interest, recent 
studies have shed more light on the physiology of the normal RV and the pathophysiology 
of its failure. Using a comprehensive and evidence-based approach, this chapter will (1) 
highlight the pathophysiology of the failing RV; (2) discuss the etiologies of acute, chronic, 
and acute-on-chronic RVF; (3) describe invasive and noninvasive approaches that assist in 
diagnosis and risk stratifi cation; and (4) emphasize treatment strategies for stable (chronic) 
and decompensated (acute) RVF.  
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    Pathophysiology 

    The Normal and the Failing Right Ventricle 

 Signifi cant anatomical and functional differences exist 
between the RV and LV, refl ecting different embryological 
origins and different roles in the cardiovascular system 
(reviewed in [ 2 – 4 ]). The RV is derived from cells from the 
secondary heart fi eld, while the LV is comprised of progeni-
tors from the primary heart fi eld [ 5 ,  6 ]. As a consequence, 
RV development, but also adaptive and maladaptive remod-
eling in adulthood, is regulated by different transcription 
factors and molecular processes than those in the LV [ 2 ,  5 , 
 6 ]. On an anatomic level, the RV free wall is triangular in 
shape, while the LV is elliptoid. When cross-sectioning the 
heart, the RV has a crescentic shape; the LV is circular. 
Normal RV wall thickness is 2–5 mm (8–11 mm in the LV); 
RV muscle mass and stroke work are 1/6 of that of the LV, 
refl ecting the fact that the RV pumps blood into a low-pres-
sure system. Two muscle layers are present in the RV: a 
superfi cial circumferential layer and a deeper longitudinal 
layer. The latter signifi cantly contributes to RV contraction, 
which occurs in a longitudinal manner [ 7 ]. In contrast, the 
LV has three muscle layers, allowing for a more complex 
contraction involving torsion and rotation. The RV and LV 
superfi cial layers are connected in the ventricular grove; this 
is one of the components responsible for ventricular 
interdependence. 

 RV perfusion mainly occurs through the right coronary 
artery (RCA) and, under normal conditions, is characterized 
by coronary fl ow during both systole and diastole. 
Furthermore, the RV has a lower oxygen demand, higher 
coronary reserve, and more collaterals than the LV. These 
features result in higher ischemia tolerance of the normal RV 
as compared to the LV. RV contraction starts at the apex and 
advances in a peristaltic, bellows-like fashion toward the 
infundibulum, thereby bringing the tricuspid annulus and 
apex closer together. This is accompanied by an inward 
motion of the RV free wall. The interventricular septum 
(IVS) contributes 20–40 % to RV ejection fraction (RVEF) 
[ 8 ]. The RV is primarily designed to move volume into the 
pulmonary circulation and, ultimately, into the LV and sys-
temic vasculature. Since the RV needs to rapidly adapt to 
changes in preload, it is much more compliant than the LV. 
As a consequence, it adapts much better to volume overload 
states. Because of RV geometry, in the normal RV, the Frank- 
Starling mechanism plays a less prominent role than in the 
LV. However, any pathologic process that impedes RV fi ll-
ing, such as mechanical ventilation, pericardial constraint, or 
change in heart rate/atrioventricular (AV) synchrony, may 
negatively affect RV function. In addition, and very impor-
tantly, the RV adapts very poorly to increases in afterload 
[ 9 ]. This is very pertinent, as pressures in the pulmonary 

 vascular system can rise up to fi vefold, while in pathologic 
states LV afterload increases less than twofold. 

 Biochemically, the normal RV exhibits a higher content 
of alpha-myosin heavy chains; these are characterized by 
high ATPase activity and high contraction velocity, but low 
force generation, making them ideally suited for a low- 
pressure system. In contrast, beta-myosin heavy chains 
(which exhibit low ATPase activity and low contraction 
velocity, but high force generation) are more prominent in 
the high-pressure system serving LV, but also in the fetal RV 
and RV of PAH patients [ 10 – 12 ]. 

 Lastly, differences exist in RV and LV autonomic regula-
tion. While LV myocytes exhibit increased force after 
alpha1-adrenoceptor stimulation, RV myocytes respond with 
a decrease in force [ 13 ]. In contrast, beta1-adrenergic stimu-
lation increases inotropy in either ventricle. However, beta1- 
receptor density in the normal RV is higher than in the LV 
(but decreases with pressure overload) [ 14 ]. The RV outfl ow 
tract (OFT) and infundibulum may have a higher inotropic 
response than the infl ow region, therefore explaining the 
dynamic OFT obstruction sometimes seen in cardiac surgery 
or in children with tetralogy of Fallot [ 15 ]. 

 While the pathophysiology of RVF is complex, three key 
principles need to be emphasized: afterload sensitivity, ven-
tricular interdependence, and RV ischemia. As mentioned, 
the RV is not designed to overcome signifi cant increases in 
afterload [ 13 ]. As a consequence, the  acutely  failing RV can-
not generate a pulmonary artery pressure (PAP) of more than 
50–60 mmHg before it decompensates [ 16 ,  17 ]. On the other 
hand, a chronically volume- or pressure-overloaded RV with 
an adequate degree of RV hypertrophy can generate higher 
PAPs. Ventricular interdependence is a term used to describe 
the dysfunction of one ventricle secondary to a disorder of 
the other. This is mediated by (1) the connection of RV and 
LV superfi cial muscle layers in the ventricular grove, (2) the 
common pericardial sac that does not allow for expansion of 
one ventricle without compromising the expansion of its 
counterpart, and (3) the shared IVS [ 3 ,  4 ,  17 ]. The latter is 
particularly important, since fl attening of the IVS due to RV 
pressure and volume overload causes LV diastolic dysfunc-
tion and eventually LV underfi lling, with subsequent com-
promise in cardiac output (CO) and resulting hypotension 
[ 17 ]. Lastly, RV ischemia plays a critical role in RVF. With 
increasing pressure overload and a subsequent increase in 
transmural pressure, diastolic RV coronary perfusion ceases, 
leading to a decrease in oxygen delivery in the setting of 
increase oxygen demand (due to increased RV wall stress 
and increased workload) [ 18 ]. Even though adaptive RV 
remodeling during stable RVF promotes RV capillarization, 
in acute or advanced stages of RVF, capillarization cannot 
“keep up,” thereby adding a component of microvascular 
ischemia to the already existing macrovascular ischemia 
[ 19 ]. Ischemia results in decreased RV contractility and 
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decreased cardiac output (CO), hypotension, and further 
decreases in coronary perfusion pressure, resulting in a 
vicious cycle of RV ischemia and dysfunction (Fig.  22.1 ). 

On a cellular level, these changes are accompanied by 
 mitochondrial dysfunction, proinfl ammatory cytokine acti-
vation, and myocyte apoptosis [ 20 ,  21 ]. Compensatory 
mechanisms include pressure overload-induced rapid 
increases in contractility (mediated by rapid alterations in 
Ca 2+  sensitivity; known as Anrep effect) [ 22 ], neurohor-
monal activation with catecholamine and endothelin release 
[ 23 ], and (when the RV takes on the more rounded shape of 
the LV) further increases in contractility through the Frank-
Starling mechanism [ 4 ]. Once these compensatory processes 
become insuffi cient, clinical RVF ensues.

       Causes of RVF 

 In general, RVF is caused by alterations in preload, afterload, 
or RV contractility/mechanics (Fig.  22.2 ). Common etiolo-
gies are listed in Table  22.1 . In general, the most common 
etiology of RVF is left ventricular failure (LVF). RV dys-
function appears more common in nonischemic than isch-
emic cardiomyopathy [ 3 ]. The development of RVF in LVF 
is multifactorial, including pulmonary venous congestion, 
ventricular interdependence, left-sided arrhythmias, neuro-
hormonal interactions, and/or myocardial ischemia [ 17 ,  20 ]. 
Pulmonary arterial hypertension (PAH; WHO group 1 PH) 
and secondary forms of pulmonary hypertension (WHO 
groups 2–5 PH), congenital heart disease (CHD), valvulopa-
thies, and lung disease or hypoxia may also cause RVF [ 17 ]. 
RV ischemia (either occurring as a primary event or 

Systemic hypoxemia

↓ Pulmonary gas exchange

R→L shunt through PFO

↑ Peripheral O2 extraction

RV ischemia

↓ Coronary perfusion
 • RV pressure overload
 • Systemic hypotension

 • ↓ Microcirculation

↑ O2 demand

↓ Contractility

RV myocyte
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  Fig. 22.1    Vicious cycle of pathophysiological alterations in right ven-
tricular failure (RVF). Both global hypoxemia and local RV ischemia 
lead to RV myocyte hypoxia with subsequent decreases in contractility. 
Myocyte hypoxia is further exacerbated by the increased oxygen 
demand of the failing RV. Decreased RV contractility results in worsen-
ing cardiac output, with further decreases in RV perfusion and worsen-
ing RV ischemia. Systemic hypoxia is usually caused by underlying 
primary lung disease with reduction of pulmonary gas exchange, right-
to- left (R → L) shunting through opening of a patent foramen ovale 
(PFO) secondary to RV pressure overload, and/or increases in periph-
eral O 2  extraction. RV ischemia results from decreased macro- and 
microvascular perfusion due to pressure overload and altered angiogen-
esis, respectively, and/or systemic hypotension       
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  Fig. 22.2    Pathophysiological 
classifi cation of common 
etiologies of right ventricular 
failure (RVF). RVF is caused by 
alterations in preload, 
contractility/cardiac mechanics, 
and/or increases in afterload.  ALI  
acute lung injury,  ARVD  
arrhythmogenic right ventricular 
dysplasia,  CHD  congenital heart 
disease,  LTPx  lung 
transplantation,  PAH  pulmonary 
arterial hypertension (WHO group 
1 PH),  PH  pulmonary 
hypertension (WHO group 2–5 
PH),  SVC  superior vena cava,  LV  
left ventricle,  VHD  valvular heart 
disease       
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 secondary to another underlying condition) is a common 
cause of myocardial impairment. Hypotensive states (e.g., 
sepsis, decompensated LVF) may cause RV coronary hypo-
perfusion with deterioration in function [ 16 ,  17 ].

    Not infrequently, patients present with acute-on-chronic 
RVF or with decompensated RVF as a de novo manifesta-
tion of previously unrecognized chronic RVF. Physicians 
should be aware of common underlying conditions 
(Table  22.2 ). In particular, cardiovascular disorders such as 
myocardial ischemia, worsening LV function, arrhythmias, 
and poorly controlled hypertension need to be considered. 
Hypoxemia and/or hypercarbia from parenchymal or 
obstructive lung disease, pulmonary vascular disease, sleep-
disordered breathing, or hypoxia exposure may acutely 
worsen RV function by increasing afterload through hypoxic 
pulmonary vasoconstriction (HPV) or pulmonary vascular 
obstruction. Non- cardiopulmonary causes (e.g., anemia, 
volume overload, preload impairment, and dietary or medi-
cation noncompliance) always need to be considered. Any 
hypotensive disorder (e.g., sepsis) in the setting of underly-
ing RV dysfunction can be detrimental. Systemic infl amma-
tory states or sepsis represent a particular problem, as 
proinfl ammatory cytokines, endotoxins, endothelial 
 dysfunction, capillary leak, and systemic hypoperfusion all 

   Table 22.1    Causes of right ventricular failure (RVF)   

  Primary left ventricular dysfunction  
   Pulmonary venous congestion (LV systolic/diastolic impairment 

from any type of LV disease) 
  Ventricular interdependence 
  LV arrhythmias 
  Valvular heart disease  
  Tricuspid regurgitation 
  Pulmonary regurgitation 
  Pulmonary stenosis 
  Mitral valve disease 
  Congenital heart disease  
  Atrial/ventricular septal defects 
  Ebstein’s anomaly 
  Tetralogy of Fallot 
  Transposition of the great arteries 
  Anomalous pulmonary venous return 
  Uhl’s anomaly 
  Inotropy impairment  
  RV ischemia/myocardial infarction* 
  Cardiomyopathies 
  Acute myocarditis* 
  Arrythmogenic RV dysplasia 
  Sepsis (proinfl ammatory cytokine induced)* 
  Afterload increase  
   Pulmonary arterial hypertension (PAH; WHO group 1 pulmonary 

hypertension) 
  WHO group 2–5 pulmonary hypertension 
   Left heart disease 
   Lung disease and/or hypoxemia 
   Chronic thromboemboli 
    Miscellaneous causes (e.g., myeloproliferative disorders, 

metabolic disorders, sarcoid) 
  Acute pulmonary embolism* 
  Hypoxic pulmonary vasoconstriction (ALI/ARDS)* 
  Mechanical ventilation* 
  Pulmonary vein stenosis/RV outfl ow tract obstruction 
   Post-cardiothoracic surgery (CABG/heart or lung transplant/

corrective surgery for CHD)* 
  Pulmonary microthrombi (sepsis/DIC)* 
  Preload decrease  
  Hypovolemia/acute systemic vasodilatation (sepsis)* 
  Tricuspid stenosis 
  Mechanical ventilation* 
  SVC syndrome 
  Restrictive cardiomyopathies  (diastolic impairment) 
  Amyloidosis 
  Sarcoidosis 
  Idiopathic 
  Pericardial disease  (RVF physiology rather than “true” RVF) 
  Constrictive pericarditis 
  Cardiac tamponade 
  Arrhythmias  

  Conditions marked with an asterisk typically cause acute RVF. 
Conditions like sepsis and interventions like mechanical ventilation 
may affect RV performance on multiple levels 
  ALI  acute lung injury,  ARDS  acute respiratory distress syndrome, 
 CABG  coronary artery bypass grafting,  CHD  congenital heart disease, 
 DIC  disseminated intravascular coagulation,  LV  left ventricle,  SVC  
superior vena cava,  WHO  World Health Organization  

    Table 22.2    Common causes of acute-on-chronic right ventricular 
failure   

  Myocardial ischemia / acute coronary syndrome  
  Atrial / ventricular arrhythmias  
  Acute pulmonary embolism  
  Progression of PAH / PH  
  Anemia  
  Acute hypoxia  (hypoxic pulmonary vasoconstriction) 
 COPD/IPF exacerbation 
  ALI/ARDS 
  High altitude 
  Untreated sleep disorders  
  Obstructive sleep apnea 
  Obesity hypoventilation syndrome 
  Nocturnal hypoxemia 
  Infection  
 Sepsis 
   Catheter-related bloodstream infection in PAH patients on chronic 

epoprostenol therapy 
  Iatrogenic  
 Mechanical ventilation 
  Excessive diuresis 
  Aggressive fl uid resuscitation 
  Medications  
 NSAIDs 
  Nondihydropyridine calcium channel blockers 
  Behavioral  
 Medication nonadherence 
  Dietary nonadherence 

   ALI  acute lung injury,  ARDS  acute respiratory distress syndrome, 
 COPD  chronic obstructive pulmonary disease,  IPF  idiopathic pulmo-
nary fi brosis,  NSAIDs  nonsteroidal anti-infl ammatory drugs  
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contribute to worsening of an already impaired RV, 
 sometimes leading to cardiogenic shock [ 16 ]. Along those 
lines, mechanical ventilation may worsen RVF by decreas-
ing preload and increasing afterload [ 16 ].

        Diagnosis 

    History and Examination 

 Both acute and chronic RVF share similar signs and symp-
toms, but can differ in their initial presentation. Since the RV 
responds poorly to sudden increases in afterload [ 4 ,  17 ], 
acute RVF more often presents with abrupt symptom onset 
and hemodynamic instability. Chronic RVF may be more 
indolent. For both acute and chronic RVF, history and physi-
cal examination are important in making a confi dent 
 diagnosis [ 24 – 26 ]. 

 Early RVF symptoms are nonspecifi c and include exer-
tional dyspnea, fatigue, weakness, abdominal discomfort, 
and lower extremity edema [ 26 ,  27 ]. As RVF progresses, 
dyspnea at rest, lightheadedness, and syncope may occur. 
Lightheadedness, syncope, and chest pain represent advanced 
disease with signifi cant reduction in CO and RV ischemia 
[ 24 ,  26 ]. In patients with PAH, syncope correlates closely 
with impaired RV function and is associated with increased 
mortality [ 24 ]. 

 Symptoms can also assist in determining the etiology 
behind RVF. In the acute setting, chest pain and unilateral 
lower extremity edema may point to underlying acute venous 
thromboembolism. Orthopnea and paroxysmal nocturnal 
dyspnea may suggest underlying pulmonary congestion due 
to LVF [ 26 ]. Wheezing may indicate obstructive lung 
 disease. Raynaud’s phenomenon may be suggestive of con-
nective tissue disease (CTD)-associated PAH. Daytime som-
nolence and morning headaches may suggest untreated 
sleep-disordered breathing. 

 Symptoms tend to correlate with fi ndings such as hepato-
megaly, abdominal distension, and pedal edema. Other fi nd-
ings include prominent jugular venous distension, 
parasternal heave, right-sided gallop, tricuspid regurgitation 
murmur, and accentuated pulmonic valve closure sound 
(P2) [ 27 ]. It is important to differentiate these fi ndings from 
volume overload from liver cirrhosis, end-stage renal dis-
ease, fl uid resuscitation, or critical illness. Though no stud-
ies have specifi cally evaluated specifi city or sensitivity of 
physical examination fi ndings in RVF, fi ndings of irregular 
pulse, displaced apical beat, and elevated jugular veins are 
independently associated with the presence of LVF 26 . Other 
fi ndings suggest more advanced RVF; these include hypo-
tension, cool extremities, cyanosis, and absence of a pul-
monic valve closure sound, the latter being suggestive of 
worsening RV function [ 26 ,  27 ]. The “classical” RVF patient 
will exhibit these symptoms in the presence of clear lungs. 
However, this picture is often clouded if RVF occurs in the 
setting of preexisting LV or lung disease. On the other hand, 

RVF may be the initial sign of a systemic process, such as 
CTD, sarcoidosis, or myeloproliferative disease, and spe-
cifi c examination fi ndings may assist in elucidating the 
potential RVF etiology. Digital clubbing may indicate 
underlying CHD, pulmonary fi brosis, or pulmonary veno-
occlusive disease 265 . Alopecia, arthritis, rashes, and digit 
discoloration suggest underlying CTD. Stigmata of chronic 
liver disease, though sometimes diffi cult to differentiate 
from cardiac cirrhosis, may indicate RVF from porto-pul-
monary hypertension. Obesity and oropharyngeal narrow-
ing may indicate obstructive sleep apnea. A fi nding that is 
rare yet pathognomonic for chronic thromboembolic pulmo-
nary hypertension (CTEPH) is the presence of bruits over 
the peripheral lung fi elds, resulting from turbulent blood 
fl ow in partially occluded areas [ 28 ]. Though not sensitive 
(observed in 10 % of CTEPH cases), this fi nding is highly 
specifi c for CTEPH [ 29 ].  

    Invasive and Noninvasive Studies for Diagnosis 
and Risk Stratifi cation 

 Direct hemodynamic assessment via right heart catheteriza-
tion remains the gold standard for RVF diagnosis. This is 
complimented by important noninvasive tests including bio-
markers, echocardiography, and radiographic imaging 
(Table  22.3 ).

      Biomarkers 
 Serum biomarkers are increasingly used in the management 
of RVF. Though nonspecifi c and potentially confounded by 
other disease states (e.g., LV disease, renal failure), in the 
absence of these conditions, increased biomarker levels can 
point toward RV disease. Biomarkers also help in assessing 
disease severity and guiding therapy. A major contribution 
lies in their high negative predictive value (NPV); biomark-
ers in the normal range essentially rule out RVF. 

  B - type natriuretic peptide  ( BNP )  and N - terminal frag-
ment pro - BNP  ( NT - proBNP ) are well established in LVF. 
Their role in RVF is increasingly recognized as elevated lev-
els are closely associated with RV dysfunction [ 31 ,  32 ,  51 ]. 
For example, elevated NT-proBNP has strong prognostic 
value in patients with RVF secondary to PAH. Levels 
>1,400 pg/ml have 88 % sensitivity, 53 % specifi city, and an 
NPV of 91 % for predicting fatal outcomes [ 30 ]. Increased 
BNP or NT-proBNP also predicts adverse clinical events and 
increased mortality in patients with RVF secondary to acute 
pulmonary embolism (PE) [ 31 ]. However, a caveat may be 
spuriously low BNP levels in obese patients. The recent  AHA 
Statement on Massive and Submassive Pulmonary Embolism  
considers BNP >100 pg/ml or pro-BNP >900 pg/ml as mark-
ers of moderate-to-severe RV strain [ 52 ]. 

  Cardiac troponins  are sensitive markers of myocardial 
injury. Similar to BNP/NT-proBNP, elevated troponin levels 
predict mortality in PAH [ 53 ,  54 ]. Elevated troponins are 
also associated with increased mortality and adverse 
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 outcomes in hemodynamically stable patients with RV 
 dysfunction from acute PE [ 34 ]. 

  Growth differentiation factor - 15  ( GDF - 15 ) is a member 
of the transforming growth factor-β cytokine family that is 
produced by pressure-overloaded or ischemic myocardial 
tissue [ 36 ,  55 ,  56 ]. GDF-15 >1,200 ng/l is strongly  associated 

with increased risk of death or lung transplantation in RVF 
secondary to PAH [ 35 ]. Interestingly, GDF-15 levels 
>1,200 ng/l were also associated with higher New York 
Heart Association (NYHA) class, lower 6-min walk dis-
tance, elevated NT-proBNP, higher mean right atrial and 
 pulmonary capillary wedge pressures, and lower mixed 

   Table 22.3    Diagnostic testing and risk stratifi cation in right ventricular failure (RVF)   

  Serum biomarkers  
 B-type natriuretic peptide (BNP), NT-proBNP  NT-proBNP >1,400 pg/ml associated with increased mortality in RVF in PAH [ 30 ]; BNP 

>90–100 pg/ml associated with increased mortality and adverse clinical events in RVF in 
acute PE [ 31 ]; BNP >168 pg/ml associated with RV dysfunction in patients with CTEPH 
[ 32 ]; BNP >180 pg/ml associated with signifi cant increase risk of death in PAH [ 33 ] 

 Cardiac troponins  Elevated levels associated with increase in short-term mortality, death secondary to PE, 
and adverse outcomes in RVF in acute PE [ 34 ] and in PAH [ 30 ] 

 Growth differentiation factor (GDF)-15  Increased levels associated with increased risk of death or lung transplantation in RVF in 
PAH population [ 35 ]; levels >4,600 ng/l associated with increased 30-day mortality in 
RVF in acute PE (GDF-PE) and increased long-term mortality [ 36 ] 

 Sodium, creatinine, glomerular fi ltration rate 
(GFR) 

 Na <136 mmol/l predicts RVF and increased risk of death in PAH patients [ 37 ]; predicts 
survival in PAH patients with acute RVF [ 38 ]; Na <135 mmol/l associated with increased 
30-day mortality and an independent predictor for hospital readmission in acute PE [ 39 ]; 
GFR <45 ml/min per 1.73 m 2  associated with increased likelihood of death or urgent 
transplantation in acute PAH-induced RVF [ 40 ] 

 C-reactive protein (CRP)  Predicts survival in PAH patients with acute RVF secondary to CTEPH and PAH [ 38 , 
 41 ]; CRP >5 mg/dl associated with decreased survival and event-free survival in patients 
with PAH [ 41 ]; correlates with severity of PAH [ 41 ] 

  Echocardiographic parameters   Several fi ndings associated with poor prognosis in multiple studies; reviewed in [ 3 ] 
 Pericardial effusion  If present, predicts poor outcomes in PAH [ 33 ] 
 RA, RV enlargement 
 Septal displacement 
 RV hypokinesis 
 RV diameter/LV diameter  Can also be measured on chest CT or cardiac MRI; poor prognosis in acute PE if >1 [ 42 ] 
 Tricuspid annular plane systolic excursion 
(TAPSE) 

 TAPSE <1.8 cm refl ects more severe RV dysfunction and poorer prognosis in PAH [ 43 ] 

 Presence of RV notching 
 (especially if mid-systolic) 

 Mid-systolic notching predicts increased PVR and more severe RV dysfunction [ 44 ] 

 Severe tricuspid regurgitation 
 Tissue Doppler, Tei index, RV myocardial 
performance index (RVMPI) 

 Reliable in assessing RVF; less preload dependent [ 3 ] 

  Hemodynamic parameters  
 Right atrial pressure (RAP)  Increase associated with poor prognosis [ 45 ]; RAP >15 mmHg indication for transplant 

referral for PAH [ 46 ]; RAP >20 mmHg associated with signifi cant increased risk of death 
in PAH [ 33 ] 

 Pulmonary vascular resistance (PVR)  PVR >1,000–1,200 dyn × s × cm −5  contraindication for balloon atrial septostomy in PAH 
[ 46 ]; PVR >32 Wood units associated with decreased survival in PAH [ 33 ] 

 Cardiac output (CO)/cardiac index (CI)  CI <2 l/min/m 2  associated with decreased survival [ 47 ] 
 RV stroke work index (RVSWI)  RVSWI ≤0.25 mmHg × ml/m 2  is strong predictor of RVF after LVAD placement [ 48 ] 
  Functional  /  clinical parameters  
 NYHA functional class  Class III or IV predict of poor prognosis in PAH [ 33 ] 
 6-min walk distance (6MWD)  6MWD <300 m portends to poor outcomes and decreased survival in PAH [ 49 ]; 6MWD 

<165 m associated with signifi cant increased risk of death in PAH [ 33 ]; heart rate 
recovery 1 min after 6-min walk ≤16 beats/min enhances prognostic value of 6MWD 
[ 50 ] 

 Cardiopulmonary exercise testing (CPET)  Peak exercise systolic blood pressure ≤120 mmHg or VO 2 max <10.4 ml/kg/min predicts 
decreased survival in PAH [ 49 ] 

 Respiratory rate (RR)  RR >20/min associated with increased likelihood of death or urgent transplantation in 
acute PAH-induced RVF [ 40 ] 

   CT  computer tomography,  LVAD  left ventricular assist device,  MRI  magnetic resonance imaging,  PAH  pulmonary arterial hypertension, 
 PE   pulmonary embolism,  VO   2   max  maximal oxygen uptake during exercise  
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venous oxygen saturation [ 35 ]. Its role in acute PE is 
also being explored. Concentrations >4,600 ng/l have a 
 prognostic sensitivity of 71 %, a specifi city of 90 %, and 
NPV of 95 % for complicated 30-day clinical outcome [ 36 ]. 
Levels >4,600 ng/l are also associated with increased long-
term mortality [ 36 ]. 

  Other biomarkers  were recently established as prognostic 
markers in PAH patients with acute RVF admitted to the ICU 
[ 38 ]. These include increased liver function tests (LFTs), 
increased creatinine, and elevated C-reactive protein. 
Increased LFTs in RVF may indicate congestive hepatopathy 
and/or shock liver from forward failure. Similar to LVF, 
increases in creatinine in RVF are associated with poor out-
comes [ 38 ,  40 ]. Hyponatremia, a purported marker of neuro-
hormonal activation, is associated with poor outcomes in 
acute PE as well as acute RVF in PAH and predicts RVF and 
poor survival in PAH [ 37 – 40 ].  

    Electrocardiography and Radiographic Studies 
 The electrocardiogram (ECG) may point toward an RV 
 etiology of symptoms if it demonstrates right axis deviation, 
RV hypertrophy, right-sided conduction delay, or RV strain 
pattern (e.g., SIQIII pattern or T wave inversion in the precor-
dial leads). However, its use is limited by lack of sensitivity 
[ 16 ]. Similarly,  plain chest radiography  lacks sensitivity but 
may have some utility in determining the etiology of RVF. 
For example, increased basilar interstitial opacities may be 
suggestive of underlying interstitial lung disease-associated 
RVF. Cardiomegaly, pleural effusions, and pulmonary edema 
on the other hand can be suggestive of LVF as the cause of 
RVF. Findings of RV dysfunction on chest computed tomog-
raphy ( CT ), such as right atrial (RA) and RV dilatation, left-
ward IVS deviation, or refl ux of intravenous contrast into the 
hepatic veins, are often late fi ndings of disease and are asso-
ciated with increased mortality (Fig.  22.3 ) [ 16 ]. Chest CT 

a
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  Fig. 22.3    Echocardiographic and radiographic imaging of the failing 
right ventricle ( RV ). ( a ) Apical four-chamber view of a 41-year-old 
male patient with pulmonary arterial hypertension indicating severe 
dilation of the right atrium ( RA ) and RV with leftward displacement of 
the interventricular septum (IVS; #) and interatrial septum (IAS; *). 
Note underfi lling of left ventricle ( LV ) and left atrium ( LA ). RA and RV 
diameter should be no greater than the LA or LV diameter. ( b ) 
Representative image of fl ow velocity envelope obtained from pulsed-
wave Doppler examination of the RV outfl ow tract from the same 
patient.  Arrow  indicates mid-systolic notching. ( c ) Chest CT of a 
62-year-old female patient with acute-on- chronic RVF due to idio-
pathic pulmonary arterial hypertension (IPAH). Note severe RA and 
RV enlargement with massive shift of IAS to the left. IVS is also dis-
placed. LA and LV are severely underfi lled. RA pressure was 33 mmHg. 

RV/LV diameter ratio is 1.5 (normal ratio is 0.67). Chest CT also shows 
bilateral atelectasis and small pleural effusions. ( d ) Single cardiac MRI 
image from a cine steady state free precision (SSFP) series in the 
4-chamber plane of a 53-year-old male patient with a dilated heart on 
chest x-ray. The right heart was diffi cult to visualize on echocardio-
gram. MRI revealed moderate-to-severe tricuspid regurgitation. Image 
demonstrates enlarged RA and RV. RV/LV ratio is 1.1. Also, note sig-
nifi cant contribution of the RV to the apex of the heart ( arrow ; also seen 
in (a) and (c)), a fi nding that is not observed in the normal heart ( e ), 
where the apex of the heart is formed by the LV ( arrowhead ). ( f ) Single 
image from a cine SSFP series in the short-axis plane (same patient as 
in (d)) again demonstrates RV enlargement. ** indicates anterior chest 
wall. MRI images were contributed by Dr. Shawn Teague (Dept. of 
Radiology, Indiana University)       
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with intravenous contrast is frequently used in the initial 
evaluation of acute PE. In this setting, an increase in the 
RV-to-LV diameter was identifi ed as a predictor of PE-related 
death [ 42 ]. However, for the evaluation of CTEPH as a cause 
of RVF, chest CT with intravenous contrast lacks sensitivity 
and ventilation/perfusion scanning appears more sensitive 
[ 57 ]. Like chest x-ray, chest CT may point toward pulmonary 
or left-sided causes of RVF. Cardiac magnetic resonance 
imaging (cMRI; see Fig.  22.3 ) is increasingly used in the 
evaluation of RV and LV function and structure [ 3 ]. Even 
though limited by availability, high cost, and practicality, it 
currently is considered as the most accurate imaging method 
for assessment of RV volume, valvular fl ow, CO, and shunt 
fraction [ 3 ]. cMRI also assesses myocardial perfusion (via 
gadolinium infusion) and pulmonary artery structure and 
blood fl ow [ 58 ].

       Echocardiography 
 Echocardiography is essential in the initial diagnosis as well 
as follow-up management of both acute and chronic RVF. Its 
availability, noninvasive nature, and ability to be performed 
at the bedside or in the offi ce make it a critical tool in (1) 
detection of RVF, (2) identifi cation of underlying causes, 
and (3) prognostication. The following traditional parame-
ters indicate RV dysfunction: RA enlargement, RV dilata-
tion, RV hypokinesis, leftward shift of the IVS, pericardial 
effusion, signifi cant tricuspid regurgitation, and dilation of 
the inferior vena cava with lack of respiratory variation. If 
present in conditions like PH, these fi ndings predict poor 
outcomes [ 45 ,  59 ,  60 ]. 

 In the presence of tricuspid regurgitation, echocardiogra-
phy may allow for estimation of RV systolic pressure (RVSP, 
a correlate of PA systolic pressure [PASP]) using the modi-
fi ed Bernoulli equation. However, recent data demonstrate 
echocardiographically estimated RVSP over- or understi-
mates PASP by >10 mmHg in almost 50 % of cases [ 61 ]. 
Both over- and underestimation are equally common. In 
addition, it is important to recognize that decreases in RVSP 
in PH may indicate RV forward failure with decreased CO 
[ 9 ]. Therefore, RVSP values should always be used in con-
junction with additional markers of RV performance. 

 Certain echocardiographic parameters are of particular 
importance in RVF. Injection of  agitated saline  allows for 
detection of intracardiac shunts as a cause or consequence of 
RVF. The  McConnell sign  refers to a distinct pattern of RV 
mid-free-wall hypokinesis with preserved contraction of the 
apical segments. Initially described in acute PE, this may 
also be seen in RV infarction or other causes of RVF [ 62 –
 64 ]. Findings of left atrial dilatation and LV hypertrophy are 
suggestive of underlying LV disease as the cause of RVF. 

 Assessment of RV contractility remains challenging due 
to RV shape and preload dependency [ 3 ].  Newer indices , 
such as tricuspid annular plane systolic excursion (TAPSE), 

tissue Doppler, Tei index, and RV myocardial performance 
index (RVMPI), accurately assess RVF and are less preload 
dependent [ 3 ]. 

  TAPSE  measures tricuspid annular systolic displacement 
toward the apex. It is a simple and reproducible index that 
correlates closely with RVEF [ 43 ,  65 ]. TAPSE <1.8 cm 
refl ects more severe RV dysfunction and poorer prognosis in 
PAH [ 43 ]. One-year survival for patients with TAPSE 
<1.8 cm compared to those with values >1.8 cm was 60 % 
versus 94 % [ 43 ]. TAPSE may also indicate RV dysfunction 
from acute PE and correlates with RV pressure increases 
[ 66 ]. Similarly, tissue Doppler, Tei index, and RVMPI are 
now being evaluated in PH and/or acute PE [ 67 – 69 ]. 

 A recent study identifi ed systolic deceleration or “notch-
ing” of the RV outfl ow tract Doppler fl ow velocity envelope 
(FVE RVOT ) as a predictor of severe pulmonary vascular dis-
ease and RV dysfunction. The presence of RV notching 
(identifying exaggerated pulse wave refl ection in the RVOT 
due to increased pulmonary vascular resistance [PVR]) was 
found to be associated with more severe RV dysfunction, 
reduced TAPSE, and increased interventricular displacement 
[ 44 ]. Interestingly, the presence of mid-systolic notching 
(MSN) indicated higher PVR and more severe RV dysfunc-
tion than the presence of late-systolic notching (LSN). Both 
MSN and LSN were associated with a PVR >3 Wood units 
(WU), while absence of notching predicted PVR <3 WU. 
Importantly, despite the presence of PH, notching was absent 
if the pulmonary capillary wedge pressure (PCWP) was 
>15 mmHg, suggesting that FVE RVOT  may also help differen-
tiate pulmonary venous hypertension from primary forms of 
the disease.  

    Right Heart Catheterization (RHC) 
 RHC remains the gold standard for diagnosing RVF and 
determining its etiology. It also provides signifi cant insight 
into both disease severity and prognosis [ 45 ]. Parameters 
obtained help guide treatment regimens and facilitate deci-
sion making with regard to invasive or surgical treatment 
options. In acute RVF, RHC often guides complex therapies 
including inotropes, pulmonary vasodilators, and diuretics. 
In addition to directly measuring PAP and PCWP, RHC 
allows for measurement and/or calculation of additional 
parameters such as right atrial pressure (RAP), CO/cardiac 
index (CO/CI), mixed venous oxygen saturation, PVR, and 
RV stroke work index [ 46 ,  48 ,  70 – 73 ]. Assessing the acute 
response to pulmonary vasodilators helps guide treatment 
regimens for PAH. Venous oxygen saturation step-ups of 
>7 % between right-sided compartments (e.g., RA and RV) 
indicate left-to-right shunting. Combination with left heart 
catheterization allows for assessment of coronary artery 
 disease or structural abnormalities that may contribute to 
RVF. RAP, CO/CI, and PVR predict survival in PAH [ 33 , 
 47 ]. Elevated mPAP and increased PVR in the absence of 
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elevated PCWP is the classic fi nding of PH. Even though 
this constellation is commonly seen in “secondary” PH asso-
ciated with chronic lung disease, sleep-disordered breathing, 
or chronic hypoxia exposure (WHO group 3 PH) [ 49 ,  70 ], 
PH in these settings is usually associated with normal or only 
mildly elevated PVR and rarely requires treatment. PAH 
(WHO group 1 PH) however, is usually characterized by a 
marked increase in PVR (>3 WU) in the absence of lung 
disease and is treated with PAH-specifi c drugs [ 49 ,  74 ]. 
Determining the PCWP is fundamental in differentiating 
pulmonary venous hypertension (WHO group 2 PH) from 
other forms of PH. However, in a large retrospective analy-
sis, PCWP correlated with left ventricular end-diastolic pres-
sure (LVEDP) in only about 50 % of cases [ 75 ]. LVEDP 
should therefore be measured if the correct diagnosis is in 
doubt. Some authors suggest a fl uid challenge or exercise 
maneuver in cases of borderline elevation of PCWP, in order 
to unmask the potential presence of LV diastolic dysfunction 
[ 49 ]. The presence of an elevated transpulmonary gradient 
(mPAP-PCWP) >12–15 mmHg in the setting of an elevated 
PCWP is suggestive of increased PVR in addition to elevated 
pulmonary venous pressures, a scenario sometimes referred 
to as “out-of-proportion PH” [ 49 ,  70 ]. Similar to RVSP, any 
PAP value should only be evaluated in conjunction with 
other parameters of RV function, as a decrease in PAP may 
refl ect decreasing RVEF and worsening RVF [ 9 ]. 

 PVR is not the sole component of RV afterload, and sev-
eral new methods for assessment of additional afterload 
components have recently gained interest. For example, PA 
compliance, elastance, and capacitance assess PA stiffness 
and RV pulsatile load [ 76 ,  77 ]. PA impedance, which evalu-
ates and integrates PVR and PA elastance, fl ow, pulsatile 
pressure, and wave refl ection, is a superior and more com-
plete method of RV afterload assessment than PVR alone 
[ 77 ]. However, accurate impedance measurement requires 
use of a dedicated RV catheter for instantaneous fl ow mea-
surement. Similarly, measurement of RV-PA coupling, an 
effective method of assessing changes in RV contractility in 
response to increases in afterload, requires an invasive 
approach [ 77 ]. 

 New noninvasive surrogates of CO (e.g., variations in 
pulse pressure, systolic blood pressure, or stroke volume) 
have gained interest in the critical care setting [ 78 ]. However, 
they have mainly been evaluated in sedated, ventilated 
patients without signifi cant arrhythmias; their role in acute 
RVF needs further study.  

    Exercise Parameters 
 Though not having a signifi cant role in the initial diagnosis 
of RVF, results of 6-min walk testing and cardiopulmonary 
exercise testing correlate closely with the degree of RV 
 dysfunction [ 79 – 82 ]. Both modalities are predictors of out-
comes in RVF secondary to LVF or PAH and can help guide 

treatment strategies [ 79 ]. For example, 6-min walk distance 
<300 m, VO 2 max <10.4 ml/kg/min, or peak exercise systolic 
arterial pressure ≤120 mmHg predict poor outcomes and 
decreased survival in PAH [ 49 ]. Heart rate recovery <16 
beats/min 1 min after 6-min walk correlates with markers of 
RV dysfunction and enhances prognostic value of the 6-min 
walk distance in PAH [ 50 ].    

    Management 

 RVF management focuses on determination of the underly-
ing cause. Additional RV-directed therapies focus on improv-
ing RV function by optimizing preload, afterload, and/or 
contractility (Fig.  22.4 ). Unfortunately, no RV-specifi c thera-
pies exist, and most interventions concomitantly target the 
pulmonary and/or systemic vasculature, as well as the LV. 
All interventions should be accompanied by general mea-
sures and aggressive volume management.

      Chronic RVF 

    General Measures 
 Treatment strategies for chronic RVF include appropriate 
immunizations, weight monitoring, salt restriction, graded 
aerobic exercise, and – in case of daytime or nocturnal 
hypoxemia – oxygen to avoid HPV [ 17 ]. In PAH-induced 
RVF, physical training improves functional and quality of 
life (QoL) endpoints [ 83 ]. However, isometric activities may 
provoke syncope and should be avoided [ 84 ,  85 ]. Along 
those lines, experimental data demonstrate that exercise in 
 severe  RVF may be detrimental and increase RV infl amma-
tion [ 86 ]. NSAIDs and nondihydropyridine calcium channel 
blockers should be avoided [ 17 ]. Exacerbating factors (e.g., 
anemia, sleep apnea, thyroid disease) should be  appropriately 
treated. Finally, due to negative effects on preload and after-
load during the second trimester and peripartum period, 
avoidance of pregnancy should be addressed in female 
patients with RVF [ 87 ].  

   Neurohormonal Modulators and Diuretics 
 Beta-blockers, angiotensin converting enzyme (ACE) inhibi-
tors, and diuretics are the mainstay of treatment for chronic 
LVF. However, their role in isolated RVF is less clear. Beta- 
blockers reduce mortality in patients with LVF, decrease 
remodeling, prevent arrhythmias, and improve cardiac func-
tion [ 88 – 92 ]. Since neurohormonal activation, remodeling, 
and supraventricular arrhythmias are common in RVF [ 20 , 
 88 ], beta-blockade is conceptually appealing. However, con-
cerns exist about decreased exercise capacity and negative 
inotropic effects [ 93 ]. Recent data demonstrated impressive 
protective effects of carvedilol on RV function in a rat model 

22 Right Heart Failure



320

of RVF [ 88 ], but it remains to be proven whether those 
 translate into human RVF. Carvedilol also improves RVEF in 
patients with biventricular failure [ 94 ]. Likewise, captopril 
improves RV function in biventricular failure [ 95 ]. ACE 
inhibitors may also protect against HPV [ 96 ], but more stud-
ies are needed to dissect their potential benefi t in isolated 
RVF. Digoxin leads to moderate short-term improvement in 
CO in PAH and decreases circulating norepinephrine levels 
[ 97 ]. However, due to its limited therapeutic window and the 
availability of better alternatives for supraventricular tachyar-
rhythmias, routine use is not recommended [ 16 ,  98 ]. 

 Diuretics are crucial for RV volume and/or pressure over-
load, especially if the patient exhibits symptoms of increased 
RAP (i.e., lower extremity edema, weight gain). However, 
close monitoring is recommended as RV function is largely 

preload dependent, and overdiuresis may result in reduced 
CO/CI and kidney injury. Hemodynamic, echocardiographic, 
radiographic, and laboratory studies as well as physical 
examination help guide treatment decisions.  

   Pulmonary Vasodilators 
 Pulmonary vasodilators (prostacyclin analogues, endothelin- 
receptor antagonists (ETRAs), phosphodiesterase [PDE]5 
inhibitors) are frequently used in RV dysfunction from PAH. 
Recent studies have also evaluated their role in RVF associ-
ated with secondary forms of PH. Continuous intravenous 
prostacyclin analogues ( epoprostenol or treprostinil ) 
improve exercise capacity, QoL, and hemodynamics; how-
ever, their use is complicated by the need for continuous 
intravenous access, complexity of administration, and 

Medical or surgical treatment of underlying disease; low salt diet; daily weights; aerobic exercise as tolerated;
immunizations; avoid NSAIDS, non-dihydropyridine calcium channel blockers, pregnancy; correct common
comorbidities (anemia, thyroid disease, sleep disordered breathing, etc.); supportive ICU care in critically ill
patients

General measures:

Lung-protective mechanical
ventilation

Careful volume resuscitation
(500 ml boluses; stop if no effect
after 1000-1500 ml)

Beta-blockers?**

ACE inhibitors?**

RV pacing?**

Diuresis

Renal replacement therapy

Balloon atrioseptostomy

↓Preload

Contractility/
mechanics ↑Afterload

↑Preload

Oxygen therapy*

Pulmonary vasodilators

Lung-protective mechanical
ventilation

Lung transplantation

Inhaled nitric oxide

Prostacyclin analogues
PDE5-inhibitors*

Endothelin receptor
antagonists

Avoid hypercapnea, Pplat
>30 cm

Inotropes

Dobutamine

Vasopressors

Norepinephrine

Milrinone

Mechanical support

Heart transplantation

RVAD

ECMO

Levosimendan
avoid dopamine,
phenylephrine

  Fig. 22.4    Sensitive cardiac troponin I predicts poor outcomes in 
 pulmonary arterial hypertension. Commonly used therapeutic interven-
tions in right ventricular failure (RVF) and their pathophysiological 
targets. Note that these treatments should not replace the primary medi-
cal and/or surgical strategies directed at correcting the underlying etiol-
ogy of RVF. Rather, the outlined strategies are used (1) in addition to 
the primary treatment, (2) as a bridge to primary treatment, or (3) if 
primary treatments are not available or successful. All interventions 
listed should be used in conjunction with general measures (see box at 

bottom). Italicized items are primarily used in acute/decompensated 
RVF. Afterload-reducing interventions marked with * also directly tar-
get the RV through inotropic/lusitropic properties (PDE5 inhibitors) or 
by attenuating myocyte hypoxia (oxygen). Interventions marked with 
** are conceptually appealing but not yet fully established due to lack 
of high-quality evidence in isolated RVF.  ECMO  extracorporeal mem-
brane oxygenation,  ICU  intensive care unit,  PDE  phosphodiesterase, 
 Pplat  plateau pressure,  RVAD  right ventricular assist device       
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expense [ 87 ,  99 – 101 ]. Treprostinil can also be administered 
subcutaneously [ 102 ]. Importantly, epoprostenol is the only 
intervention proven to improve survival in PAH in a prospec-
tive, randomized, controlled trial [ 99 ] and represents the 
most potent treatment for PAH-induced RVF. Inhaled ilo-
prost and treprostinil also improve PAH outcomes and RV 
function but are less potent than intravenous or subcutaneous 
therapies [ 87 ].  ETRAs  ( bosentan ,  ambrisentan ) and  PDE5 
inhibitors  ( sildenafi l ,  tadalafi l ) improve exercise capacity 
and CO/CI in PAH-RVF [ 103 – 106 ]. Nevertheless, use of 
oral agents alone for signifi cant RV dysfunction in PAH is 
considered insuffi cient and not recommended [ 49 ]. Along 
those lines, calcium channel blockers, though indicated for 
PAH patients with a positive vasodilator challenge on RHC, 
are not considered potent enough for PAH with RVF [ 49 , 
 87 ]. Due to potentially favorable effects on the pulmonary 
vasculature and myocardium, epoprostenol and bosentan 
have also been evaluated in LV dysfunction. However, their 
use was associated with increased mortality or fl uid retention 
[ 107 ,  108 ]; prostacyclin or ETRA use is discouraged in LVF- 
induced RVF. 

 Effects of PDE5 inhibitors in non-PAH-RVF appear more 
favorable. PDE5 is highly expressed in the hypertrophied RV 
and LV, and sildenafi l increases contractility in the hypertro-
phied RV [ 109 ]. The drug also attenuates lung endothelial 
dysfunction and pulmonary vascular remodeling in models 
of heart failure with preserved EF (HFpEF) [ 109 ,  110 ]. In 
addition to RV inotropic effects, sildenafi l also enhances lus-
itropy [ 111 ]. Based on these promising data, PDE5 inhibitors 
have been explored in systolic and diastolic dysfunction. 
Interestingly, in patients with systolic LVF and pulmonary 
venous hypertension, sildenafi l improved exercise capacity, 
QoL, functional class, and CO and reduced hospitalizations 
[ 79 ]. In HFpEF with associated PH and RV dysfunction, 
sildenafi l improved QoL, RV function and dimensions, LV 
relaxation, and distensibility; decreased lung water and 
PCWP; and attenuated cardiac remodeling [ 112 ]. In light of 
other studies demonstrating benefi cial sildenafi l effects on 
LV systolic and diastolic function [ 113 ], its use for RVF or 
biventricular failure appears appealing, but long-term studies 
with dedicated RV and mortality endpoints are needed. 

 PDE5 inhibitors are also evaluated in RVF from chronic 
lung disease (cor pulmonale). In idiopathic pulmonary 
fi brosis (IPF), sildenafi l decreased PVR while preserving 
shunt perfusion, leading to overall improvement in oxygen-
ation [ 114 ]. In a larger IPF study, sildenafi l treatment was 
associated with small but signifi cant improvements in oxy-
genation, diffusion capacity, dyspnea, and QoL [ 115 ]. While 
data  supporting benefi cial effects on exercise capacity in 
IPF are mixed [ 115 ,  116 ], a subgroup analysis of IPF 
patients with echocardiographic evidence of RV dysfunc-
tion suggests more pronounced sildenafi l effects in this pop-
ulation [ 117 ]. Data supporting pulmonary vasodilator use in 

COPD- induced PH have been disappointing [ 118 ,  119 ]. A 
recent trial of sildenafi l in patients with PH due to COPD 
showed that PDE5 inhibition improved mPAP and PVR, but 
worsened oxygenation at rest due to worsening of ventila-
tion/perfusion mismatch [ 118 ]. Until more data are avail-
able, sildenafi l use for COPD-induced cor pulmonale is not 
 recommended. Currently, only long-term oxygen therapy 
improves survival in this population [ 120 ]. Epoprostenol 
and bosentan worsen ventilation/perfusion mismatch or 
QoL, respectively, in chronic lung disease [ 114 ,  121 ] and 
are not recommended for cor pulmonale. Pending further 
data, oxygen therapy, general measures, and diuretics 
remain the mainstay of care for this condition.  

   Interventional and Surgical Therapies 
 Surgical and interventional approaches are indicated in 
potentially reversible RVF unresponsive to or intolerant of 
medical therapy. Surgical or percutaneous correction often 
is the treatment of choice in RVF secondary to congenital 
or valvular heart disease. Preoperative optimization of RV 
fi lling pressures is critical. Frequently, periprocedural ino-
tropic support is required. Ideally, these interventions 
should be performed before development of irreversible 
end-organ injury. Furthermore, surgical or mechanical sup-
port is unlikely to benefi t patients with advanced RVF and/
or massively elevated PVR. For example, pulmonary 
thrombendarterectomy for CTEPH is not recommended if 
the PVR is >1,000–1,200 dyn × s × cm −5  [ 46 ]. Balloon atrial 
septostomy (BAS) is contraindicated in severe RVF and 
should not be offered to patients with RAP ≥20 mmHg, sig-
nifi cant hypoxemia (<90 % on room air), and/or PVR index 
≥4,400 dyn × s × cm −5 /m 2  [ 46 ,  98 ,  122 – 125 ]. Caution is 
indicated in ASD repair if RV dysfunction is present [ 71 ]. 
PVR >1,200 dyn × s × cm −5  used to prohibit surgical clo-
sure. However, preoperative pulmonary vasodilator therapy 
may improve hemodynamics enough to allow for surgical 
correction [ 126 ]. 

  Pulmonary thrombendarterectomy  in CTEPH-RVF 
improves functional endpoints and survival [ 46 ]. Patients 
with proximal angiographic pulmonary artery obstruction 
and absent or minimal small vessel disease experience the 
most signifi cant benefi t, especially if the postoperative PVR 
is reduced to <500 dyn × s × cm −5  [ 127 ]. 

 In  BAS , a surgical right-to-left-shunt is created to decom-
press the RV. The associated decrease in oxygenation is out-
weighed by increased oxygen delivery due to increased CO 
[ 123 ,  128 ]. Mortality of the procedure is high (approxi-
mately 16 %), but if successful, BAS improves exercise 
capacity and reduces syncopal events. BAS is offered as a 
bridge to lung transplantation or as a palliative measure in 
refractory RVF but is contraindicated with concomitant LV 
failure [ 46 ]. Repeat BAS may be required if the orifi ce size 
decreases [ 128 ]. 
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 Heart, lung, or combined heart-lung transplantation is the 
last resort for end-stage RVF. In patients with PH, RVF with 
RAP >15 mmHg and/or CI < 2.0 l/min/m 2  indicates poor 
prognosis and warrants transplant referral [ 46 ]. However, 
due to the resilient nature of the RV, even patients with severe 
RVF from PH can be considered for isolated lung transplan-
tation, with successful outcomes (65–75 % 1-year survival) 
[ 17 ,  129 ]. BAS, ventricular assist devices (VADs), and extra-
corporeal membrane oxygenation (ECMO) are sometimes 
used to help bridge patients to transplantation (see section 
“ Acute/Decompensated RVF ”). 

 PH results in prolonged RV contraction due to the signifi -
cant elevation in RV afterload [ 130 ]. This results in pro-
longed RV systole beyond the point of pulmonic valve 
closure, thereby reducing RVEF [ 131 – 133 ] and impairing 
LV fi lling due to ventricular interdependence [ 134 ].  Cardiac 
resynchronization therapy  improves LV dyssynchrony in 
LVF [ 135 ], and preclinical data of RV pacing demonstrated 
restoration of RV and LV synchrony with improved RV sys-
tolic and LV diastolic function [ 131 ]. A pilot study of RV 
pacing in CTEPH-RVF demonstrated enhanced RV contrac-
tility, LV diastolic fi lling, and LV stroke volume [ 136 ]. 
Further studies in larger cohorts are needed to confi rm these 
encouraging results.   

     Acute/Decompensated RVF 

   General Management 
 Patients with acute RVF frequently exhibit hemodynamic 
instability and/or respiratory failure. End-organ failure may 
be present, and common therapeutic interventions may have 
deleterious hemodynamic effects. Thus, management of this 
population can differ signifi cantly compared to their more 
stable counterparts and typically takes place in the ICU. 
Management principles are similar and focus on medically 
or surgically treating the underlying etiology while optimiz-
ing preload, afterload, and contractility. 

  Immediate recognition and treatment of the causative fac-
tors  leading to RV deterioration are key (see “Causes” sec-
tion and Table  22.2 ). Infection is one of the strongest 
predictors of mortality in patients with RVF secondary to 
PAH. Thus, the importance of aggressive monitoring, pre-
ventive precautions, and management with antibiotics in this 
population cannot be overemphasized [ 98 ]. Supraventricular 
arrhythmias are common and refl ect the important role of 
atrial contraction in active RV diastolic fi lling. Development 
of atrial fi brillation/fl utter may result in decompensated RVF. 
Rate control may be diffi cult to achieve and immediate car-
dioversion should be considered [ 16 ,  98 ,  137 ]. The optimal 
hemoglobin level for patients with acute RVF is not well 
defi ned. While ICU patients usually benefi t from a conserva-
tive transfusion strategy [ 138 ], patients with shock or heart 

failure may require higher hemoglobin levels in order to 
maintain oxygen delivery [ 139 ,  140 ]. Measurement of cen-
tral or mixed venous oxygen saturation (ScvO 2 /SvO 2 ) and 
lactate helps guide treatment decisions regarding transfusion 
strategies. We aim for ScvO 2 /SvO 2  ≥65 % and evidence of 
lactate clearance. 

  Volume management  is fundamental in acute RVF. 
Typically, patients with RVF present with volume overload 
and thus require diuresis. Continuously infused diuretics, 
ultrafi ltration, or renal replacement therapy may be required. 
However, overdiuresis can reduce preload and decrease CO, 
leading to systemic hypotension and kidney injury. On the 
other hand, too much preload will cause forward failure by 
limiting LV fi lling due to ventricular interdependence [ 16 ]. 
In hypotensive patients, careful fl uid boluses of 500–1,000 ml 
are recommended, but should be discontinued if no improve-
ment in blood pressure or CO is seen after 1,000–1,500 ml 
[ 16 ]. Pulmonary arterial catheters (PACs) are valuable in 
guiding volume therapy. However, PACs are more diffi cult to 
fl oat and are associated with a higher rate of arrhythmias in 
decompensated RVF [ 98 ], emphasizing the value of bedside 
echocardiography and biomarkers. 

 Maintaining oxygen saturation >90–92 % is crucial to 
avoid HPV. However, due to potential adverse hemodynamic 
effects,  mechanical ventilation  – if at all possible – should be 
avoided. Positive pressure ventilation reduces venous return 
to the RA, thereby decreasing RV preload. Furthermore, 
increased intrathoracic pressure, by converting West zone 3 
to zone 1 or 2 conditions, increases PAP and RV afterload 
and worsens tricuspid regurgitation. The lowest possible 
positive end-expiratory pressure (PEEP) and tidal volume 
(V T ) required to provide adequate oxygenation and ventila-
tion, respectively, should therefore be applied [ 16 ,  141 ,  142 ]. 
ARDSNet strategies with limitation of plateau pressures 
<30 cm H 2 O are recommended [ 16 ,  17 ,  98 ]. However, limi-
tation of V T  may lead to hypercapnia with subsequent pul-
monary vasoconstriction and increased afterload. Excessive 
hypercapnia should therefore be avoided [ 143 ,  144 ]. 
Hyperventilation, on the other hand, attenuates acidosis- 
induced vasoconstriction [ 145 ]; this can be used to lower 
PAP quickly, but should not be performed at the expense of a 
high V T  or excessive respiratory rate (the latter may cause 
dynamic hyperinfl ation and auto-PEEP). These complex 
interactions indicate why mechanical ventilation, if unavoid-
able, needs to be applied with caution and expertise.  

   Inotropes and Vasopressors 
 Patients with signifi cantly decreased CO/CI require inotro-
pic therapy.  Dobutamine , a β1/β2-receptor agonist, augments 
ventricular contractility and promotes pulmonary and 
 systemic vasodilatation, thus reducing both RV and LV 
 afterload. These characteristics make dobutamine a valu-
able agent for decompensated RVF. Preclinical trials 
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 demonstrated better improvement in RVEF with dobutamine 
than norepinephrine [ 146 ]. Doses >5 μg/kg/min should be 
avoided in order to prevent tachyarrhythmias and increased 
myocardial oxygen consumption [ 16 ,  98 ,  147 ]. Due to its 
vasodilator effects, dobutamine may induce systemic hypo-
tension; in those cases, coadministration of norepinephrine 
may be needed [ 16 ]. 

  Milrinone , a PDE3 inhibitor that prevents breakdown of 
cyclic AMP, also has inotropic and vasodilatory properties. 
Similar to dobutamine, systemic vasodilatation may limit its 
use [ 148 ]. This is minimized by inhaled milrinone, which 
maintains its benefi cial effects on PVR and RVEF [ 149 ]. 
Due to the lack of beta-receptor effects, milrinone is the pre-
ferred inotrope for patients on beta-blockers. Both milrinone 
and dobutamine can be used in conjunction with inhaled pul-
monary vasodilators, such as inhaled nitric oxide [ 150 ]. This 
combination provides additive effects on pulmonary vasodi-
latation while allowing for lower inotrope doses, thus mini-
mizing the risk of hypotension [ 151 ]. 

  Dopamine  should be avoided due to concerns for induc-
ing tachyarrhythmias and increasing mortality in cardiogenic 
shock [ 152 ].  Levosimendan , a calcium sensitizer, increases 
RV contractility without increasing oxygen consumption. 
Preclinical trials showed more signifi cant improvements in 
RV contractility and afterload reduction compared to dobuta-
mine [ 153 ,  154 ]. Though approved in Europe, levosimendan 
currently is not available in the USA. 

  Norepinephrine , via α1-receptor effects, serves two major 
purposes in decompensated RVF [ 16 ,  137 ]: (1) it may allow 
for treatment with inotropes in the setting of hypotension, 
and (2) by increasing arterial blood pressure, it allows for 
enhanced coronary perfusion pressure and subsequent 
increases in RVEF and CO [ 155 ]. The latter is of particular 
importance, since increased RV transmural pressure fre-
quently compromises perfusion. Norepinephrine can there-
fore help break the vicious cycle of RVF (see Fig.  22.1 ). 
Importantly, the drug does not appear to increase PAP or 
PVR [ 155 ]. Through β1-receptor agonistic effects, norepi-
nephrine also increases inotropy [ 155 ].  

   Pulmonary Vasodilators 
  Inhaled nitric oxide  ( iNO ) increases cyclic GMP, thereby 
mediating pulmonary vasodilation. Rapid hemoglobin- 
mediated inactivation in the pulmonary capillaries prevents 
systemic vasodilation. Effects are limited to ventilated lung 
areas, therefore attenuating HPV, decreasing PAP and PVR, 
and improving oxygenation without increasing intrapulmo-
nary shunt fraction [ 156 ,  157 ]. In addition, iNO has pur-
ported anti-infl ammatory effects [ 98 ,  158 ]. Responses to 
iNO are mixed; in 26 ICU patients with acute RVF, 14 
patients exhibited improved CO, PVR, and oxygenation with 
iNO (35 ppm) [ 159 ]. In patients undergoing heart or lung 
transplantation, iNO use for PH and/or RVF was associated 

with lower mortality, while effects were less pronounced in 
cardiac surgery or hypoxemic medical patients [ 160 ]. 
Improvements in PVR and RV dysfunction were confi rmed 
in heart transplant patients [ 161 ] and in PH after mitral valve 
replacement [ 162 ]. Use of iNO is limited by potential methe-
moglobinemia, production of reactive nitrogen species, acute 
kidney injury, and rebound PH after rapid discontinuation 
[ 98 ,  163 ]. As mentioned, iNO is of particular benefi t when 
combined with dobutamine or milrinone [ 150 ]. 

 Primarily evaluated in cardiac surgery or transplant 
patients, PAH-specifi c medications are also used as afterload 
reducers in acute/decompensated RVF. Due to its short half- 
life (3–6 min) and potent vasodilator effects,  epoprostenol  is 
the preferred agent [ 16 ,  137 ]. However systemic hypotension 
and increased ventilation/perfusion mismatch may limit its 
use, and the agent should be avoided in patients with respira-
tory failure, shock, or LV dysfunction [ 16 ]. Epoprostenol is 
initiated at 1–2 ng/kg/min and increased by 0.5–1 ng/kg/min 
every 15–30 min. A more cautious approach is recommended 
in patients with signifi cant comorbidities, hypoxemia, and/or 
labile hemodynamics. As with iNO, abrupt discontinuation 
may lead to rebound PH and even death [ 99 ,  164 ].  Treprostinil  
decreases PAP and PVR [ 165 ], but has a longer half-life than 
epoprostenol. In unstable patients, intravenous is preferred 
over subcutaneous administration, in order to avoid problems 
with unpredictable absorption. Inhaled prostacyclins avoid 
systemic side effects and represent a less costly alternative to 
iNO. In heart or lung transplant recipients with PH, refrac-
tory hypoxemia, and RV dysfunction,  inhaled prostacyclin  
reduced PAP and improved CI and ScvO 2  similar to iNO 
[ 166 ].  Inhaled iloprost  improves PH and RV function during/
after mitral valve surgery, cardiopulmonary bypass, or heart 
transplantation [ 167 – 169 ] and may be more potent than iNO 
[ 170 ]. In a recent open- label trial of PH patients,  inhaled 
treprostinil  (15–30 μg) additively decreased PVR and PAP 
and increased CO when added to sildenafi l [ 171 ]. No matter 
the formulation used, management of these agents requires 
close monitoring of cardiopulmonary hemodynamics (usu-
ally by PAC and echocardiography). 

 Due to concerns about unreliable absorption in decom-
pensated RVF,  oral vasodilators  are less frequently used. 
However, they are useful for (1) less severe forms of RVF 
and (2) patients that have become more hemodynamically 
stable, with plans to either continue or remove the parenteral 
agent [ 137 ]. ETRA use in the ICU is limited by relatively 
long half-lives and potential hepatotoxicity [ 87 ,  103 ]. In gen-
eral, more data are available for PDE5 inhibitors. In patients 
undergoing mitral valve repair or LV assist device (LVAD) 
placement, sildenafi l reduces PAP and PVR and facilitates 
weaning of parenteral pulmonary vasodilators while only 
minimally decreasing systemic blood pressure [ 172 ]. PDE5 
inhibitors act synergistically with iNO [ 173 – 175 ] or iloprost 
[ 176 ]. Sildenafi l also decreases rebound PH after iNO 
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 withdrawal [ 177 ]. In LVAD patients, sildenafi l facilitates 
weaning from iNO and inotropes while providing additive 
reductions in PAP [ 178 ]. PDE5 inhibitors also decrease 
PVR, maintain systemic blood pressure, and improve myo-
cardial perfusion after coronary artery bypass grafting [ 179 , 
 180 ]. With a milrinone-like effect, sildenafi l’s inotropic 
actions are exerted at least in part through concomitant PDE3 
inhibition [ 109 ]. Sildenafi l effects occur after 15–30 min and 
peak after 30–60 min; half-life is 4 h. Like other PAH drugs, 
sildenafi l may cause thrombocytopenia [ 181 ].  

   Interventional and Surgical Rescue Therapies 
 In patients with potentially reversible RVF in whom conven-
tional support is failing or in transplant candidates,  BAS , 
 VADs ,  or ECMO  may be used to temporarily stabilize the 
patient or to bridge them to surgery. Requirement for RVAD 
versus LVAD versus biventricular VAD depends on the etiol-
ogy of acute RVF. LVADs or biventricular VADs are usually 
used for RVF secondary to LVF, with evidence of improved 
posttransplantation survival with LVAD placement [ 182 , 
 183 ]. RVADs are used for isolated RVF, but data are limited 
[ 184 ]. If considering transplantation, early consultation for 
VAD placement is crucial to prevent further hemodynamic 
deterioration and development of multiorgan failure. 
Importantly, isolated RVADs may be insuffi cient or even del-
eterious in cases of increased afterload; extracorporeal mem-
brane oxygenation (ECMO) may be more effective in 
unloading the RV [ 184 ]. ECMO is particularly benefi cial if 
RVF is accompanied by severe hypoxemia. For RVF, venoar-
terial ECMO usually is the procedure of choice. A recent 
study demonstrated improved outcomes in awake, non- 
intubated patients as compared to mechanically ventilated 
ECMO patients awaiting lung transplantation, with improved 
survival at 6 months after transplant and shorter postopera-
tive mechanical ventilation time [ 185 ].     

    Summary of Key Guidelines 
from Professional Societies 

 No RVF-specifi c guidelines exist. RV-directed approaches 
are discussed in an  AHA Statement on Massive and 
Submassive Pulmonary Embolism  [ 52 ] and a  Consensus 
Document on Pulmonary Hypertension  by the ACCF, AHA, 
ACCP, ATS, and PHA [ 49 ]. Recommendations in this chap-
ter are derived from these documents.     
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       “There is no disease more conducive to clinical humility than 
aneurysm of the aorta.” 
 “The tragedies of life are largely arterial.” 

 – Sir William Osler (1849–1919) [ 1 ]   

    Introduction 

 Diseases of the thoracic aorta are among the most  challenging 
human illnesses that a physician can encounter. We call tho-
racic aortic disease “the Silent Killer” [ 2 ] because, in the 
absolute majority of the patients, thoracic aortic aneurysm 
does not cause symptoms; often, the fi rst symptom is either 
death or a major complication that threatens to produce 
death, such as aortic rupture or dissection. Despite the insidi-
ous and virulent nature of thoracic aortic aneurysm, consid-
erable progress has been made over the past two decades in 
understanding the natural history and behavior of thoracic 
aortic disease—thus reading “the enemy’s playbook” [ 3 ]. 

 The aorta itself is much more than just a passive vessel 
that carries blood. Signifi cant evidence has been accumu-
lated to prove that an aorta is rather an active organ with 
complex intrinsic biology and sophisticated mechanical 
properties. Pathophysiological mechanisms that compromise 
the function of this vitally important organ lead to aortic 
aneurysm formation, dissection, and rupture. 

    Abstract 

 The incidence of aortic pathology is increasing at an alarming rate, with no identifi ed rea-
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 According to the latest data from the Center for Disease 
Control and Prevention, approximately 13,000 people die 
annually in the United States of aortic aneurysms in various 
anatomic localizations, with almost 80 % of these deaths 
among people 65 years and older. This makes aortic aneu-
rysms the 19th leading cause of death in all individuals and 
the 15th most common in individuals older than age 65 years 
[ 4 ]. It is noteworthy that aortic aneurysms cause more deaths 
than the human immunodefi ciency virus. Even though these 
fi gures are impressive, they almost certainly represent under-
estimates of the true prevalence of aortic disease in the popu-
lation because many aneurysm-related deaths (especially for 
the ascending aorta) are likely classifi ed as “cardiac” and not 
tabulated in the aneurysm fi gures. 

 The estimated incidence of thoracic aortic aneurysm is 
approximately 10 per 100,000 patient-years. Women and 
men have a similar incidence, but the age at diagnosis is a 
decade later in women (1970s) than in men (1960s) [ 5 ]. It is 
worrisome that population-based studies have shown that the 
incidence of aortic disease is increasing rather dramatically. 
This has been demonstrated in geographic regions with sta-
ble self-contained populations with little out- or in- migration, 
like Olmsted County (Minnesota, USA) and Malmö 
(Sweden) [ 6 ,  7 ]. The reasons for such an increase in aortic 
disease incidence are yet to be understood. 

 Although cardiac surgeons manage advanced thoracic 
aortic disease, the diagnosis and medical care of patients 
with aortic pathology remains largely in the province of car-
diologists (especially with regard to the ascending aorta). 
Therefore, it is crucial for cardiologists to be experienced in 
detecting and managing patients with thoracic aortic disease. 
This chapter will discuss the current understanding of the 
pathophysiology of thoracic aortic aneurysm and move on to 
diagnostic approaches and management strategies based on 
the most recent guidelines and published literature.  

    Pathophysiology 

    Anatomy of the Thoracic Aorta 

 In order to understand the mechanisms of thoracic aortic dis-
ease, it is essential to understand the normal anatomy of the 
aorta. Anatomically the thoracic aorta is divided into four 
parts:
•     Aortic root  – starts at the aortic valve annulus, includes 

the aortic valve cusps and the sinuses of Valsalva, which 
give rise to two coronary arteries, and ends at the sinotu-
bular junction. Normally the aortic root is slightly wider 
in diameter than the ascending aorta.  

•    Ascending aorta  – includes the tubular portion of the 
aorta, which extends upwards from the aortic root 
(the sinotubular junction) to the level of the origin of the 

 brachiocephalic trunk. No arteries branch from this part 
of the aorta.  

•    Aortic arch  – the transverse aorta, which connects the 
ascending aorta to the descending aorta. It starts just 
above the ascending aorta and includes the origin of all 
head and neck vessels—the brachiocephalic trunk, the 
left carotid artery, and the left subclavian artery. The aor-
tic arch extends to the isthmus between the origin of the 
left subclavian artery and the ligamentum arteriosum.  

•    Descending aorta  – the longest part of the thoracic aorta, 
which extends from the level where the aortic arch ends to 
the level of the diaphragm. The descending aorta gives 
rise to numerous intercostal arteries and also provides 
branches that supply the spinal cord.    
 Just like any other large blood vessel in the human body, 

the aortic wall is composed of three main layers:  tunica 
intima ,  tunica media , and the  tunica adventitia . The aortic 
tunica media is largely composed of lamellae of elastic 
fi bers and is interposed with collagen and a small number of 
smooth muscle cells. The media is the thickest layer of the 
aorta; the distensible elastic fi bers serve to absorb the force 
of the pulse pressure. The adventitia is the thin outer layer, 
composed of indistensible collagen fi bers which provide 
tensile strength to prevent deformation or rupture. Despite 
being so thin, the adventitia is highly respected by surgeons, 
who feel it is the “strength layer” of the aorta and is essen-
tial for secure suturing of aortic tissues. Lastly, the intima 
has no signifi cant differences from other human blood ves-
sels and is composed of a single layer of endothelial cells 
that are seated on the internal elastic lamina. As is well 
known, the endothelium has remarkably complex biologi-
cal functions. 

 For clinical purposes, we commonly measure the aorta 
based on the anatomy discussed above (Fig.  23.1 ).

       Types of Aortic Pathology 

 Four main types of aortic pathology have been identifi ed that 
account for most thoracic aortic disease:
    1.     Aortic aneurysm  is defi ned as an enlargement of the aorta 

greater than 1½ times its normal size [ 8 ]. Aneurysmal 
dilatation of the thoracic aorta may occur through a vari-
ety of mechanisms and will be discussed further in this 
chapter.   

   2.     Rupture of aortic aneurysm  is a self-explanatory term, 
which refers to an acute condition that should not, 
 however, be confused with rupture of an acute aortic 
 dissection or an acute aortic transection.   

   3.     Acute aortic dissection  refers to a very specifi c process of 
separation of layers of the aorta from each other with 
blood under pressure entering between the layers and 
propagating the separation to various extents. It is very 
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important to note here that in order for a dissection to 
occur, the aortic wall must nearly always be affected by 
structural disease of the media (Fig.  23.2 ).

       4.     Acute aortic transection  is a traumatic phenomenon, with 
disruption of the wall of the aorta, without a propagating 
dissection. Contrary to aortic dissection, the aortic wall is 
intrinsically normal and resistant to the dissection process.     
 It is not uncommon for the three related but distinct enti-

ties—rupture of aortic aneurysm, aortic dissection, and acute 
aortic transection—to be confused in terminology. We have 
illustrated these different types of acute aortic pathology in 
Fig.  23.3 .

       Etiology and Pathogenesis of Thoracic Aortic 
Aneurysm Formation 

 Historically, the pathophysiology of aortic dilatation has 
been attributed to cystic medial degeneration of the aortic 
wall, which is characterized by disruption and loss of elastic 

fi bers accompanied by increased deposition of proteogly-
cans. This is generally considered a noninfl ammatory mech-
anism of aneurysm formation; however recent studies 
(including one from our group) have challenged this concept 
by demonstrating the presence of infl ammatory cell infi ltra-
tion in aneurysmal aortic tissue [ 9 ,  10 ]. 

 Current understanding of aortic wall function stresses the 
importance of maintaining a delicate homeostasis of vascular 
smooth muscle cells and extracellular matrix proteins in the 
medial layer of the aorta. This delicate balance preserves the 
mechanical and functional properties of the aorta and allows 
the aortic wall to sustain high pressures throughout life. 
However, when this balance is shifted toward excessive  deg-
radation  of the extracellular matrix due to various molecular 
processes, which overrides its  synthesis , the aortic wall 
becomes weaker and more vulnerable to mechanical stress, 
which leads to progressive aortic expansion and, ultimately, 
rupture [ 11 ,  12 ]. 

 The activity of matrix metalloproteinases (MMPs)—a 
specifi c subset of proteolytic enzymes that degrade medial 

5. Aortic arch

4. Widest part of vertical
ascending aorta

3.Sinotubular junction

2.Sinuses of valsalva

1. Aortic annulus

6. Widest part of vertical
descending aorta

7. Suprarenal abdominal
aorta

8. Infrarenal abdominal
aorta

  Fig. 23.1    Anatomic sites for 
measuring the size of the aorta       
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elastin, fi brillin, and collagen—has been established as a 
major pathophysiologic mechanism for aortic aneurysm for-
mation. MMP involvement, particularly the MMP-2 and 
MMP-9 subtypes, has been demonstrated in patients with 
abdominal aortic aneurysm [ 13 – 16 ] and thoracic aortic 
aneurysm [ 11 ,  12 ,  17 ,  18 ]. 

 Under normal conditions MMP tissue activity is regulated 
by the presence of tissue inhibitors of metalloproteinases 
(TIMPs). We have found a marked elevation of proteolytic 
enzymes (MMPs 1, 2, and 9) and a marked depression of the 

inhibitory enzymes (TIMPs) in ascending aortic aneurysms 
and dissections [ 11 ]. Thus, we concluded that in aneurysm 
patients, the balance between MMPs and TIMPs is shifted 
strongly toward increased proteolysis, which correlates with 
the observed degradation of the aortic wall. Our current belief 
is that aneurysm patients are genetically programmed to man-
ifest excessive MMP activity, leading ultimately to degrada-
tion and thinning of the aortic wall [ 19 ]. This is shown in 
Fig.  23.4 , in which the wall of a patient’s aorta became so thin 
in a 6-cm aneurysm that a ruler placed behind can be seen 

Vessel wall

Blood

Inner wall

Dissection
Rupture

Cross-sectional view of
dissected aneurysm

Blood
flow

Outer wall

  Fig. 23.2    Schematic illustration of aortic aneurysm rupture and dissection (Reprinted with permission from Elefteriades [ 2 ])       
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through the tissue. It is hard to imagine how such a thin struc-
ture was transmitting the cardiac output to all organs of the 
body without rupturing under arterial pressure. The recogni-
tion of this pathophysiologic mechanism of aneurysm devel-
opment raises the potential for innovative drug therapy, such 

as matrix protease inhibitors, in order to produce a slowing or 
halting of the evolution of thoracic aneurysm disease.

   The current confl uence of infl ammatory, proteolytic, and 
smooth muscle abnormalities in producing aortic aneurysms 
is schematized in Fig.  23.5 .

a b c

  Fig. 23.3    Three commonly 
confused conditions: ( a ) acute 
aortic transection; ( b ) 
degenerative aneurysm of the 
descending aorta; ( c ) acute 
aortic dissection (Reproduced 
with permission from 
John A. Elefteriades, MD, 
the author)       

  Fig. 23.4    Wall of the aorta 
became so thin in a 6-cm 
aneurysm that a ruler placed 
behind it can be seen through 
the tissue (Reprinted with 
permission from 
Elefteriades [ 19 ])       
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   Infl ammation is now known to play an important role in 
aneurysm formation, and this is abundantly apparent in 
infl ammatory conditions producing thoracic aortic aneu-
rysm: giant cell arteritis, syphilitic aortitis, mycotic aneu-
rysm (often caused by bacterial endocarditis), Takayasu’s 
arteritis, rheumatoid arthritis, psoriatic arthritis, ankylosing 
spondylitis, reactive arthritis, Wegener’s granulomatosis, 
and Reiter syndrome [ 20 ]. 

 There has been a long-standing belief that aortic aneu-
rysms may represent a late degenerative stage of atheroscle-
rotic disease [ 21 ,  22 ], establishing atherosclerosis as one of 
the causative factors for aneurysm formation. This concept, 
however, has been heavily debated and seriously challenged 
in the literature over the years [ 23 – 25 ]. Although the role of 
atherosclerosis in aneurysm formation is still unclear [ 26 ], 
the current understanding is that atherosclerosis is seen sig-
nifi cantly less frequently in the ascending aorta [ 25 ], as 
opposed to the descending aorta. When atherosclerosis is 
observed in the ascending aorta, it is usually superimposed 
on medial degenerative disease and hence not playing the 
role of a primary etiological factor [ 27 ]. At the same time 
atherosclerosis and risk factors such as hypertension, 
 hypercholesterolemia, and smoking are known to play an 
important role in the development of descending thoracic 
and abdominal aneurysms (Fig.  23.6 ) [ 27 ].

       Genetic Nature of Thoracic Aortic Aneurysm 

 The genetic nature of thoracic aortic aneurysms has been 
widely studied and currently accepted. The main genetic 
syndromes proven to be associated with development of 
 thoracic aortic aneurysms and presentation with dissections 

at smaller aortic diameters than usual include Marfan syn-
drome, Loeys-Dietz syndrome, Turner syndrome, and 
Ehlers-Danlos syndrome [ 20 ,  29 ] (Table  23.1 ).

   Marfan syndrome is by far the most common genetic syn-
drome that causes aneurysms of the aortic root and cystic 
medial degeneration due to a mutation in the fi brillin-1 gene; 
however, Marfan accounts for only 5 % of thoracic aortic 
aneurysms and dissections [ 28 ] and is the “tip of the genetic 
iceberg.” The other syndromes listed above are even less 
common. Currently there is growing evidence that a signifi -
cant portion of the remaining 95 % of patients with thoracic 
aortic aneurysm also harbors genetic abnormalities respon-
sible for aneurysm formation. We constructed approximately 
500 family trees of patients with thoracic aortic aneurysm or 
dissection, which showed that 21 % of the probands have 
at least one family member with a known aneurysm 
 somewhere in the arterial tree [ 30 ,  31 ]. The predominant 
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Activity

Matrix
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Degeneration

  Fig. 23.5    Diagram illustrating multiple pathophysiological compo-
nents that overlap and contribute to aortic aneurysm formation 
(Reprinted from Hackmann et al. [ 16 ])       
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  Fig. 23.6    Aortic aneurysm is really two diseases: ascending disease 
differs markedly from descending/abdominal disease.  PA  pulmonary 
artery (Reprinted with permission from Elefteriades and Farkas [ 28 ])       
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 pattern of inheritance of familial thoracic aortic aneurysms is 
autosomal dominant, which means that a child needs to 
inherit the “aneurysm gene” from only one parent in order to 
be affected; however other inheritance patterns are also 
expressed. It is also evident that the actual inheritance rate is 
bound to be much higher than 21 %, since many family 
members may have a thoracic aortic aneurysm and not even 
be aware of that. Milewicz and colleagues found the exact 
same 21 % rate of family patterns [ 32 ]. 

 Our studies also show that the location of the aneu-
rysm in the proband has a strong impact on the site at 
which family members develop their aneurysms. Probands 
with an aneurysm of the ascending aorta have family 
members with  predominantly ascending aortic aneu-
rysms. On the contrary, probands with aneurysms of the 
descending thoracic aorta most commonly have family 
members with abdominal aortic aneurysms. This analysis 
fits a concept that aneurysm  disease divides itself into 
two entities at the ligamentum  arteriosum: above the liga-
ment is one disease and below the ligament is another 
(see Fig.  23.6 ). Above the ligamentum, the disease is 

nonarteriosclerotic in nature, while below the ligamen-
tum, arteriosclerosis is abundant [ 28 ]. 

 Signifi cant progress has been achieved in identifying the 
genes and their mutations that are responsible for aortic 
aneurysms occurring in families. These mutations include 
thoracic aortic aneurysm and dissection 1 (which accounts 
for 20–30 % of familial cases), familial aortic aneurysm 1, 
transforming growth factor-beta receptor 2 (which accounts 
for 5 % of cases), smooth muscle α-actin (ACTA2), and 
myosin heavy chain 11 (Table  23.2 ) [ 33 – 38 ]. Milewicz and 
colleagues have done groundbreaking work in identifying 
these mutations. Our group has undertaken intensive efforts 
toward identifying the specifi c genetic aberrations that 
underlie familial inheritance in the hope of developing a 
widely sensitive genetic screening test for thoracic aortic 
aneurysm. We studied 30,000 ribonucleic acid (RNA) 
expression patterns in the blood of patients with thoracic aor-
tic aneurysm and compared them with those of control 
patients. We found that a 41-single nucleotide polymorphism 
panel could discriminate quite well between patients with 
and without aneurysm via a simple blood test [ 39 ].

   Table 23.1    Genetic syndromes associated with thoracic aortic aneurysm and dissection   

 Genetic syndrome  Common clinical features  Genetic defect  Diagnostic test  Comments of aortic disease 

 Marfan syndrome  Arachnodactyly, dolichostenomelia, 
kyphoscoliosis, dolichocephaly, and 
pectus deformities 

 FBN1 mutations a   Ghent diagnostic criteria  Surgical repair when the aorta 
reaches 5.0 cm unless there is a 
family history of AoD at <5.0 cm, 
a rapidly expanding aneurysm or 
presence of signifi cant aortic valve 
regurgitation 

 Joint laxity  DNA for sequencing 
 Recurrent or incisional hernias 
 Striae atrophicae 
 Ectopia lentis 
 Dural ectasia 

 Loeys-Dietz 
syndrome 

 Bifi d uvula or cleft palate  TGFBR2 or 
TGFBR1 mutations 

 DNA for sequencing  Surgical repair recommended at an 
aortic diameter of ≥4.2 cm by TEE 
(internal diameter) or 4.4 to 
≥4.6 cm by CT and/or MRI 
(external diameter) 

 Arterial tortuosity 
 Hypertelorism 
 Skeletal features similar to MFS 
 Craniosynostosis 
 Aneurysms and dissections of other 
arteries 

 Ehlers-Danlos 
syndrome, 
vascular form 

 Thin, translucent skin  COL3A1 mutations  DNA for sequencing  Surgical repair is complicated by 
friable tissues 

 Gastrointestinal rupture  Dermal fi broblasts for 
analysis of type III 
collagen 

 Noninvasive imaging 
recommended  Rupture of the gravid uterus 

 Rupture of medium-sized to large 
arteries 

 Turner syndrome  Short stature  45,X karyotype  Blood (cells) for 
karyotype analysis 

 AoD risk is increased in patients 
with bicuspid aortic valve, aortic 
coarctation, hypertension, or 
pregnancy 

 Primary amenorrhea 
 Bicuspid aortic valve 
 Aortic coarctation 
 Webbed neck, low-set ears, low 
hairline, broad chest 

  Reproduced with permission from Hiratzka et al. [ 29 ] 
  AoD  indicates aortic dissection,  COL3A1  type III collagen,  CT  computed tomographic imaging,  FBN1  fi brillin-1,  MFS  Marfan syndrome,  MRI  
magnetic resonance imaging,  TEE  transesophageal echocardiogram,  TGFBR1  transforming growth factor-beta receptor type I, and  TGFBR2  trans-
forming growth factor-beta receptor type II 
  a The defective gene at a second locus for MFS is TGFBR2 but the clinical phenotype as MFS is debated  
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       Bicuspid Aortic Valve 

 In terms of etiology, numerous studies recognize the role of 
a bicuspid aortic valve in aneurysm and dissection [ 40 – 48 ]. 
The structure of the thoracic aorta in patients born with a 
bicuspid aortic valve is different from the normal aorta, 
which establishes favorable conditions for these patients to 
develop aortic aneurysm and dissection. Aortic dissection in 
bicuspid aortic valve patients often occurs before the onset of 
aortic stenosis and its associated symptoms. Because bicus-
pid valve disease is so common (the most common congeni-
tal lesion of the human heart—1–2 % of the general 
population), it actually causes more dissections than the 
much more commonly appreciated Marfan syndrome (which 
occurs in only 1/10,000 human beings). The relevant arith-
metic is shown in Table  23.3 , which emphasizes the critical 
role of bicuspid valve in the generation of aortic dissection.

       Anatomical Categorization of Thoracic Aortic 
Aneurysms 

     1.     Ascending aortic aneurysms  – are typically fusiform 
and may extend into the aortic arch. Ascending aortic 
 aneurysms can be divided into three categories, 

according to the pattern of involvement of the aortic 
root (Fig.  23.7 ):
     (a)    Supracoronary type aneurysm. In this type, the aortic 

annulus is normal size, as is the short segment of aorta 
between the annulus and the coronary orifi ces.   

   (b)    Marfanoid type aneurysm (whether or not the patient 
has Marfan syndrome). This type is often termed 
 annuloaortic ectasia , emphasizing that the aortic 
annulus and the most proximal portion of the aorta 
are dilated.   

   (c)    Tubular type aneurysm. This is a category midway 
between the other two types in confi guration. The aortic 
annulus and proximal aorta are somewhat, but not mark-
edly, dilated. The uniform caliber throughout the ascend-
ing aorta gives this category a tubular appearance.    

      2.     Descending aortic aneurysms . In contrast to the ascend-
ing aorta, the majority of aneurysms of the descending 
thoracic aorta are associated with atherosclerosis. These 
may extend to the level of the abdominal aorta, are typi-
cally fusiform, and often begin just distal to the origin of 
the left subclavian artery.   

   3.     Thoracoabdominal aneurysms . As suggested by the 
nomenclature, thoracoabdominal aortic aneurysms possess 
features of both thoracic and abdominal aortic aneurysms. 
Although they constitute only about 3 % of all aortic aneu-
rysms, thoracoabdominal aneurysms are considered a sep-
arate class because of the diffuse and extensive aortic 
involvement and special considerations for surgical repair, 
which often require reimplantation of the visceral arteries.      

    Natural History of Thoracic Aortic Aneurysm 

 The natural history of thoracic aortic aneurysm is quite 
diverse, refl ecting the broad spectrum of etiologies that cause 
this disease. At Yale we have conducted extensive studies to 
understand the natural history of thoracic aortic aneurysm 
development in order to be able to predict its behavior—in 
other words—to “read the enemy’s playbook.” 

   Table 23.3    Comparison of epidemiology of Marfan disease (MFD) 
and bicuspid aortic valve, with special reference to number of cases of 
aortic dissection brought on by disease   

 Aortic manifestations of connective tissue disease 

 Incidence 
 Likelihood of aortic 
dissection 

 Marfan syndrome  0.01 % (1 in 
10,000) 

 40 % 

 Bicuspid aortic valve  1–2 %  5 % 

  Reproduced with permission from Elefteriades and Rizzo [ 49 ] 
 Note: Bicuspid aortic valve causes 25 times more acute aortic 
 dissections than Marfan syndrome. Dissection usually occurs long 
before onset of signifi cant aortic stenosis  

   Table 23.2    Gene 
defects associated 
with familial thoracic 
aortic aneurysm and 
dissection   

 Defective gene leading to familial thoracic 
aortic aneurysms and dissection 

 Contribution to familial thoracic aortic 
aneurysms and dissection  Associated clinical features 

  TGFBR2  mutations  4 %  Thin, translucent skin 
 Arterial or aortic tortuosity 
 Aneurysm of arteries 

  MYH11  mutations  1 %  Patent ductus arteriosus 
  ACTA2  mutations  14 %  Livedo reticularis 

 Iris fl occuli 
 Patent ductus arteriosus 
 Bicuspid aortic valve 

  Reproduced with permission from Hiratzka et al. [ 29 ] 
 Abbreviations:  TGFBR2  transforming growth factor-beta receptor type II,  MYH11  myosin heavy chain 11, smooth 
muscle,  ACTA2  actin, alpha 2, smooth muscle aorta  
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 Although thoracic aortic aneurysm is a virulent disease, 
the dilated aorta grows very slowly, in an indolent fashion. 
The rate of aortic growth is approximately 0.1 cm/year, 
whereas the descending aorta tends to grow somewhat faster 
than the ascending aorta (Fig.  23.8 ) [ 50 ]. Thus, an aneurysm 
takes decades of adult life to come to fruition. The only situ-
ation in which the thoracic aorta truly grows rapidly in a 
short time occurs when there has been an intercurrent aortic 
dissection.

   Knowing the rate of aortic growth, the next question 
is—what is the appropriate size at which the diseased 
aorta needs to be replaced before a dissection or rupture 
occurs? Our analysis revealed abrupt “hinge points” in 
aneurysm size at which rupture or dissection becomes 
likely to occur. In the case of ascending aortic aneurysm, 
the hinge point is 6.0 cm, which is indicative of the fact 
that 31 % of the patients will have suffered rupture or dis-
section by the time their thoracic aneurysm reaches this 
size. For the descending aorta, the hinge point is slightly 
higher—7.0 cm, but by the time this size is reached, 43 % 
of the patients will have suffered a devastating complica-
tion [ 50 – 52 ]. These clinical “hinge points” are illustrated 
in Fig.  23.9 . Based on these findings we were able to 
develop evidence-based criteria for surgical intervention 
for thoracic aortic aneurysm (which will be discussed 
later).

   As our data became more robust, we were able to calcu-
late the yearly rate of rupture or dissection for thoracic aortic 
aneurysms based on the size of the aorta (Table  23.4 ). These 
data allow the physician to form a reasonable estimate of the 
patient’s risk of aortic dissection, rupture, or death for each 
future year of life if the aneurysmal aorta is not resected. It 
should be noted that the risk of adverse events is extremely 
high—14.1 %—for patients whose aneurysms have exceeded 
6 cm in diameter [ 52 ].

Supracoronary
aneurysm

Annuloaortic ectasia
(marfanoid) Tubular diffuse

enlargement

  Fig. 23.7    Three common 
patterns of ascending aortic 
aneurysm disease: 
supracoronary, annuloaortic 
ectasia, and tubular (Reprinted 
with permission from 
Elefteriades [ 3 ])       

0.10 cm/year

0.30 cm/year

A virulent, but
indolent process

0.12 cm/year
overall

  Fig. 23.8    Growth rates of the ascending and descending thoracic 
aorta—a virulent but indolent process (Reprinted with permission from 
Elefteriades and Farkas [ 28 ])       
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       Aortic Dissection 

 Aortic dissection is known to be the most common cause of 
death related to the human aorta [ 53 ]. (Many cases mas-
querade as “heart attacks.”) The typical aortic dissection 
process begins with a tear through the intima and inner 
media at one specifi c site. Blood under pressure rushes in 
between the separated layers, propagating further dissec-
tion longitudinally along the aorta. The split occurs within 
the tunica media: the intima and inner media are forced 
inward, while the outer media and adventitia are forced 
outward. This separation of layers creates two lumens, 
within which the blood fl ows—the true lumen and the false 
lumen. Dissection is an acute process that occurs in a 
chronically degenerated aorta. The danger of aortic dissec-
tion lies in its unique ability to compromise blood fl ow to 
any organ of the human body. We illustrate this in Fig.  23.10 , 
which shows schematically how the pressurized false 
lumen occludes branch vessels causing acute organ isch-
emia with devastating outcomes [ 54 ].

   Aortic dissections are commonly classifi ed into Type A 
dissections, which involve the ascending aorta, and Type B 
dissections, which involve in the descending aorta. The two 
types are distinguished by the location of the inciting intimal 
tear. Tears usually occur in two very specifi c locations: (1) in 
the ascending aorta, 2–3 cm above the coronary arteries, and 
(2) in the descending aorta, 1–2 cm beyond the left subcla-
vian artery. The fi rst type of tear produces ascending dissec-
tion and the second produces descending dissection. It 
should be noted that ascending dissections usually go around 
the aortic arch and commonly further involve the descending 
and abdominal portions of the aorta as well [ 3 ]. 

 The term  dissecting aneurysm of the aorta  causes much 
confusion with chronic “arteriosclerotic” aneurysms. It is 
best not to think of acute aortic dissection as an aneurysm in 
the fi rst place. Until the point that the acute dissection 
occurs, the aorta may not be dramatically aneurysmal. After 
the dissection has occurred, although the aorta usually has 
widened acutely, it is the splitting of layers that has caused 
the widening; that splitting of layers constitutes the crucial 
pathophysiologic event. It is best to term this acute phenom-
enon an “acute aortic dissection” rather than an “aneurysm” 
of any type [ 54 ]. 

 It is very important to understand what is the acute trigger 
for an aorta to dissect. A very common misconception is that 
the occurrence of dissection is random in a susceptible 
patient. Aortic dissection follows circadian and diurnal pat-
terns, with a preponderance of instances in the winter months 
and in the early morning hours, when blood pressure is 
known to be highest. Our studies have shown that in the 
majority of patients, episodes of severe emotional upset or 
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  Fig. 23.9    The increase in risk of 
rupture or dissection as the aorta 
enlarges to specifi c dimensions. 
The hinge point is at 6 cm for the 
ascending aorta and 7 cm for the 
descending aorta (Reproduced 
from Coady et al. [ 50 ])       

   Table 23.4    Yearly rates of rupture, dissection, or death related to 
 aortic size   

 Aortic size 

 Yearly risk (cm)  >3.5  >4  >5  >6 
 Rupture (%)  0.0  0.3  1.7  3.6 
 Dissection (%)  2.2  1.5  2.5  3.7 
 Death (%)  5.9  4.6  4.8  10.8 
 Any of the above (%)  7.2  5.3  6.5  14.1 

  Reproduced with permission from Elefteriades [ 52 ]  
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extreme physical exertion precede the dissection, suggesting 
their role as causative factors [ 55 ,  56 ]. 

 Other variants of aortic dissection (besides typical dissec-
tion) include  intramural hematoma  and  penetrating aortic 
ulcer  (Fig.  23.11 ). An intramural hematoma has no  dissection 
fl ap that separates the true and false lumen; it is usually 
located circumferentially around the aortic lumen, rather 
than obliquely oriented across the aortic lumen. Intramural 
hematomas may arise from small intimal tears that cannot be 
detected radiographically or from the rupture of the vasa 
vasorum (the small blood vessels that supply the aortic wall 
itself). However, this pathogenesis is unproven and a matter 
debate in the literature. A penetrating aortic ulcer is a local-
ized penetration deep into the wall of the aorta, which dis-
rupts the internal elastic lamina and erodes into the media. In 
some cases, this penetration may mimic or initiate aortic dis-
section, pseudoaneurysm formation, intramural hematoma, 
or rupture. Importantly, contrary to typical aortic dissection, 

neither intramural hematomas nor penetrating ulcers occlude 
branch vessels.

        Diagnosis 

    Clinical Presentation 

 We will discuss the clinical presentation of two of the most 
common thoracic aortic entities, which are very different in 
terms of presenting symptoms, namely, thoracic aortic aneu-
rysm and thoracic aortic dissection: 

    Thoracic Aortic Aneurysm 
 The greatest challenge for physicians in detecting thoracic 
aortic aneurysm lies in the fact that in the absolute major-
ity of affected individuals (90–95 %), the aneurysms are 
clinically silent and do not cause any symptoms. It is very 

a b

c

  Fig. 23.10    Schematic 
illustration of branch vessel 
occlusion by tense false lumen 
during typical aortic dissection 
( a  and  b ) and its relief by 
reentry of blood into the true 
lumen ( c ) (Reprinted with 
permission from John A. 
Elefteriades, MD, the author)       
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common for fi rst symptom to be either death or a major com-
plication that threatens to produce death—rupture or dissec-
tion. Thus, only a very small number of patients (5–10 %) 
are “fortunate” enough to experience some early symptoms 
of aneurysm formation, which permits early detection and 
adequate management. 

 Pain is the most common symptom that an aneurysm can 
produce. This symptom can be attributed to stretching of the 
aortic tissue or impingement on adjacent structures. Pain 
from the ascending aorta is typically felt retrosternally, while 
descending aortic aneurysm usually causes interscapular 
back pain. Pain in the lateral or posterior chest may be pres-
ent when the growing aneurysm starts to compress surround-
ing structures or to erode into adjacent bones, such as the ribs 
or vertebral bodies. Aneurysm-related pain is often diffi cult 
to distinguish from other sources of pain. However, the 
patient can often discriminate deep visceral pain from pain 
of various superfi cial or musculoskeletal origins. Many peo-
ple suffer from lower back pain, which is musculoskeletal in 
origin. However, back pain caused by an aneurysm is usually 
different from musculoskeletal back pain, because it is inde-
pendent of position and type of activity. The  interscapular  
location for pain from the descending aorta is, fortunately for 
diagnosis, rarely a musculoskeletal symptom. 

 If a rupture of an aortic aneurysm occurs acutely, it is 
very likely to produce symptoms, usually severe pain, fol-
lowed by a loss of consciousness, or death due to internal 
hemorrhage. Rupture of the ascending aorta produces chest 

pain and shock from cardiac tamponade, while rupture of a 
descending or thoracoabdominal aortic aneurysm produces 
hypovolemic shock, with the associated pain felt in a distri-
bution corresponding to the anatomic location of the process. 

 Thoracic aortic aneurysms can also produce other symp-
toms besides pain. For example, ascending aortic aneurysms 
can cause progressive heart failure due to severe aortic regur-
gitation, the underlying cause of which is the enlargement of 
the aortic root and loss of coaptation of valve leafl ets that are 
pulled apart by the dilated root. In some cases, ascending 
aortic aneurysm can cause respiratory symptoms by distort-
ing the trachea. Symptoms such as hoarseness or dysphagia 
can be attributed to aneurysms of the aortic arch or descend-
ing aorta which can damage the recurrent laryngeal nerve or 
cause direct impingement on the esophagus. Hemoptysis can 
be a very important and ominous symptom suggestive that a 
descending aortic aneurysm may have eroded directly into 
the lung parenchyma or bronchi. Similarly, if an erosion 
occurs into the esophagus, hematemesis would be the pre-
senting symptom [ 3 ].  

    Thoracic Aortic Dissection 
 It is much more common for patients suffering an aortic dis-
section to present with symptoms. According to data from the 
International Registry of Aortic Dissection (IRAD), severe 
pain with an abrupt onset is the most common presenting 
symptom [ 57 ]. The pain is usually very intense and described 
as tearing, shearing, or stabbing in quality. This is very much 

Dissection Penetrating ulcer Intramural
hematoma

  Fig. 23.11    Variant forms 
of aortic dissection: typical 
dissection, penetrating aortic 
ulcer, and intramural hematoma 
of the aorta (Reprinted 
with permission from 
Elefteriades [ 3 ])       

 

B.A. Ziganshin and J.A. Elefteriades



343

consistent with the pathophysiology of aortic dissection, since 
an actual “tear” does occur within the aorta. Most patients 
would describe this pain as the worst pain they have ever expe-
rienced in their lives. The pain can migrate and change loca-
tions as the dissection propagates. For the Type A (ascending) 
dissections, sharp substernal pain is most characteristic with 
occasional radiation to the neck. For the Type B (descending) 
dissections, the pain is usually localized in the back, between 
the scapulae [ 58 ]. Dissection pain can be variable; for exam-
ple, in 15 % of patients with aortic dissection, the pain is grad-
ual in onset rather than abrupt, and in 10 % the pain is not 
severe [ 57 ,  59 ]. Also it is important to note that pain maybe 
completely absent in 10 % of the patients leading to a late 
presentation, months or years after the acute event [ 58 ]. 

 Other symptoms of aortic dissection can include pleuritic 
pain, angina from true myocardial ischemia, abdominal pain, 
shortness of breath from aortic regurgitation, oliguria from 
renal ischemia, leg pain, neurologic defi cit with transient 
cerebral ischemia or stroke, peripheral neurologic symp-
toms, and syncope. Such a variety of presenting symptoms 
and signs are so nonspecifi c that dissection may be over-
looked initially in up to 40 % of cases. Therefore, deserv-
ingly, aortic dissection is referred to as “The Great 
Masquerader,” since in many patients it does not present in 
the “classical fashion” but rather can mimic and present 
itself as a disease of any organ. After all, every organ receives 
its blood fl ow from the aorta and this source of fl ow can be 
disturbed by the dissection fl ap. Thus, whenever any combi-
nation of cardiac, neurologic, abdominal, or vascular abnor-
malities cannot be otherwise explained, one must consider 
aortic dissection as a possible unifying diagnosis; having a 
low threshold to obtain an appropriate diagnostic imaging 
study is essential [ 59 ,  60 ]. At the same time, it is not uncom-
mon for the diagnosis not to be made until postmortem 
examination in a disturbingly large fraction of patients [ 61 ]. 
The mortality rate of untreated thoracic aortic dissection 
approaches an alarming 1–2 % per each hour during the fi rst 
48 h, 89 % at 14 days, and 90 % at 3 months [ 62 ]. All of this 
diffi culty of diagnosis combined with the very high stakes of 
a missed dissection creates a malpractice “maelstrom” [ 60 ]. 

 The most recent 2010 ACCF/AHA/AATS/ACR/ASA/
SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and 
management of patients with thoracic aortic disease (fur-
ther—ACCF/AHA guidelines) recommend that the clinician 
perform a focused physical examination for patients present-
ing with a history of acute cardiac and noncardiac symptoms 
associated with a signifi cant likelihood of thoracic aortic dis-
ease, which should include a careful and complete search for 
arterial perfusion differentials in both upper and lower 
extremities, evidence of visceral ischemia, focal neurologi-
cal defi cits, a murmur of aortic regurgitation, vascular bruits, 
and fi ndings compatible with possible cardiac tamponade 
(level of evidence: C) [ 29 ].   

    Biomarkers for Thoracic Aortic Aneurysm 

 Due to the fact that thoracic aortic aneurysm is a  predominantly 
silent disease, but at the same time virulent and potentially 
lethal, there is an urgent need for discovery of biomarkers of 
this disease which would permit detection of aneurysm in the 
general population, monitoring of its condition and progress, 
and prediction of complications. No such biomarker currently 
exists. Many potential biomarkers have been identifi ed and are 
currently being studied for their clinical value and signifi cance 
(Table  23.5 ) [ 28 ,  63 ]. However, the majority of these biomark-
ers are still far from routine clinical application.

   The  d -dimer is one potential biomarker that has been 
shown to be effective in clinical practice for detecting 
patients with acute aortic dissection.  d -dimer is a degrada-
tion product of fi brin cross-linking in a clot. This test is sen-
sitive for detecting ongoing intravascular thrombosis. 
 d -dimer testing has been already implemented into clinical 
practice to rule out pulmonary embolism [ 64 ]. Recent stud-
ies have shown that in patients with acute aortic dissections, 
elevated levels of circulating  d -dimer have been found [ 65 –
 68 ].  d -dimer has a remarkable reported sensitivity of 99 % in 
early detection of acute aortic dissection [ 68 ]. Two meta- 
analyses have also shown the effectiveness of  d -dimer assays 
in diagnosing aortic dissection [ 69 ,  70 ]. The level of  d -dimer 
elevation refl ects the extent of aortic dissection. At the same 
time it is of utmost importance to note that  d -dimer is 
extremely nonspecifi c, being elevated in pulmonary embo-
lism and coronary thrombosis—essentially in any state in 
which thrombosis and thrombolysis occur [ 28 ]. However, 
because  d -dimer elevation occurs after the dissection, it is 
not useful as a predictor of the acute disease. 

   Table 23.5    Potential biomarkers for diagnosis and/or monitoring of 
aortic diseases   

  Indicators of ongoing thrombosis  
  d -dimer 
 Plasmin 
 Fibrinogen 
  Matrix metalloproteinases  
  Infl ammatory markers  
 Cytokines 
 CD4 +  CD28 –  T cells 
 C-reactive protein 
  Markers of collagen turnover  
 Elastin peptide 
  Others  
 Endothelin 
 Hepatocyte growth factor 
 Homocysteine 
  Genetic markers  
 Ribonucleic acid signature 

  Reproduced with permission from Elefteriades and Farkas [ 28 ]  
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 Because the effi cacy and safety of using  d -dimer as a 
screening test have not been tested in a large clinical trial, the 
ACCF/AHA guidelines do not yet recommend serum 
 d -dimer screening for all patients being evaluated for aortic 
dissection [ 29 ].  

    Radiographic Imaging 

 In the present era, thoracic aortic aneurysms are most often 
identifi ed as incidental fi ndings on a computed tomographic 
scan (or echocardiogram, or magnetic resonance imaging 
study) that is usually done for a completely separate reason. 
Occasionally, a chest X-ray done routinely or for pulmonary 
symptoms suggests the presence of aortic aneurysm, which 
is later confi rmed on computed tomographic (CT) imaging. 
Detection of aneurysms through these means provides an 
unparalleled opportunity to prevent aortic-related death via 
early detection [ 3 ]. 

 The current ACCF/AHA guidelines recommend the use 
of four imaging techniques to determine the presence and 
progression of thoracic aortic disease—chest X-ray, echo-
cardiography, computed tomographic imaging (CT), and 
magnetic resonance imaging (MR). Essential elements of 
aortic imaging studies are listed in Table  23.6 :
     1.     Chest X - ray  is a very useful screening test for thoracic 

aortic diseases. An experienced physician will be able to 
suspect and identify chronic aortic aneurysms on an 
X-ray. An ascending aneurysm bulges just to the right of 
the mid-mediastinal contour. A descending aortic aneu-
rysm produces a widened paravertebral stripe. An arch 
aneurysm produces an enlarged aortic knob. For dissec-
tion, chest radiography will usually provide clues, most 

commonly, widening of the mediastinal shadow, pleural 
effusion, or inward displacement of aortic medial calcifi -
cation. Although chest X-ray rarely conclusively estab-
lishes the diagnosis of aortic disease, it can suggest acute 
or chronic aortic pathology and lead to subsequent testing 
for more defi nitive diagnosis [ 3 ,  29 ,  71 ].   

   2.     Echocardiography  can be performed via two dif-
ferent approaches—transthoracic echocardiography 
(TTE) and transesophageal echocardiography (TEE). 
Echocardiography can detect the presence of aortic 
enlargement and associated cardiac pathology that sug-
gests the underlying etiology of the aortic disease. A 
TTE can visualize the proximal several centimeters of 
the ascending aorta, to just above the sinotubular junc-
tion in a patient with good echocardiographic windows. 
A TEE is able to visualize the majority of the ascend-
ing and descending aorta, while being partially blinded 
to the aortic arch due to the interposed tracheal air col-
umn. Echocardiography also provides information about 
pericardial effusion/tamponade, valve function, and left 
ventricular function. A major limitation of both TTE and 
TEE is the frequent appearance of artifacts that mimic a 
dissection fl ap. It is therefore essential that the echocar-
diographer has the requisite experience to distinguish true 
dissection fl aps from such artifacts. It is, however, impor-
tant to note that echocardiography demonstrates good 
sensitivity and specifi city for diagnosing aortic pathology 
[ 3 ,  28 ,  29 ,  71 ].   

   3.     Computed tomography  ( CT ). This imaging technique 
makes it possible to visualize the entire length of the aorta 
in the axial, sagittal, and coronal planes, with very high 
resolution of the images. This permits 3-dimensional 
reconstruction of the whole aorta in images that replicate 
anatomic specimens. CT also has the advantage of being 
highly time-effi cient, thus permitting imaging in even the 
sickest patients. The primary diagnostic criterion for aor-
tic dissection by contrast CT is the demonstration of two 
contrast-fi lled lumens separated by an intimal fl ap. These 
characteristics render CT a very convenient and reliable 
method for detection of aortic pathology, with both 
 sensitivity and specifi city of the method approaching 
100 % [ 3 ,  28 ,  29 ,  71 ].   

   4.     Magnetic resonance  ( MR )  imaging  has proven to be the 
most accurate diagnostic method for aortic disease, with 
sensitivity and specifi city even exceeding those of CT. It 
is also very important to note that MR is completely non-
invasive, has no associated ionizing radiation exposure, 
and can be performed without the use of potentially 
nephrotoxic contrast media. MR produces extremely 
high- resolution images that allow good differentiation 
between adjacent tissues. MR has been shown to be very 
good in detecting typical aortic dissection and its vari-
ants, intramural hematoma and penetrating ulcer. The 
procedure itself takes time to be performed and thus is 
not applicable in acute settings when a patient presents in 

   Table 23.6    Essential elements of aortic imaging reports   

 1.  The location at which the aorta is abnormal 
 2.  The maximum diameter of any dilatation, measured from the 

external wall of the aorta, perpendicular to the axis of fl ow, and 
the length of the aorta that is abnormal 

 3.  For patients with presumed or documented genetic syndromes at 
risk for aortic root disease measurements of aortic valve, sinuses 
of Valsalva, sinotubular junction, and ascending aorta 

 4.  The presence of internal fi lling defects consistent with thrombus 
or atheroma 

 5.  The presence of IMH, PAU, and calcifi cation 
 6.  Extension of aortic abnormality into branch vessels, including 

dissection and aneurysm, and secondary evidence of end-organ 
injury (e.g., renal or bowel hypoperfusion) 

 7.  Evidence of aortic rupture, including periaortic and mediastinal 
hematoma, pericardial and pleural fl uid, and contrast extravasation 
from the aortic lumen 

 8.  When a prior examination is available, direct image-to-image 
comparison to determine if there has been any increase in 
diameter 

  Reproduced with permission from Hiratzka et al. [ 29 ] 
 IMH indicates intramural hematoma and PAU indicates penetrating 
 aortic ulcer  
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an unstable condition. The use of this technique is limited 
to patients without metallic implants (e.g., pacemakers) 
[ 3 ,  28 ,  29 ,  71 ].    
  The advantages and limitations of TTE, TEE, CT, and 

MR are listed in Table  23.7 .
   There is, however, a point of caution that we would like 

to raise among physicians evaluating diagnostic images of 
the thoracic aorta. Often the key decision on how to manage 
an aortic aneurysm depends on the size of the aorta. Most of 
the diagnostic techniques (echocardiography, CT, MR) per-
mit us to measure the aortic diameter at various locations. 
However, each of the imaging techniques provides specifi c 
sources of error in the measurement of aortic size, which 
may be misleading and cause tactical errors in selecting the 
treatment strategy. For example, TTE can give us informa-
tion regarding the size of the proximal part of the ascending 
aorta but may miss an aneurysm of the midportion or upper 
ascending aorta. On the other hand, reviewing axial CT 
images alone is also not a reliable method of evaluating the 
size of the aortic root and proximal part of the ascending 
aorta, since these portions of the aorta are rarely confi ned to 
the plane of the axial images (perpendicular to the longitu-
dinal axis of the body); obliquity may suggest a mislead-
ingly large size of the proximal aorta (Fig.  23.12 ). The same 
is true for axial CT images of the aortic arch and the peri- 
diaphragmatic portion of the descending aorta, both of 
which produce an oblong rather than a circular contour and 
can lead to errors in assessing the maximal size of the 
oblong-shaped aorta. Thus, it is extremely important to 
understand the geometric complexity of the human aorta, 
take into account the limitations of the imaging modalities, 
and evaluate the size and shape of the aorta from all avail-

able planes and angles to be able to visualize a full 3-dimen-
sional picture of the aorta [ 28 ]. We also caution physicians 
regarding the danger of comparing the current image of the 

   Table 23.7    A Summary of the major strengths and limitations of CT, TTE, TEE, and MRI   

 Strengths  Limitations 

 TTE  Rapid/portable bedside use  Limited spatial resolution 
 Can assess for AI, LV function, pericardial effusion, and/or tamponade  Anatomic window limited to aortic root and heart and 

cannot assess extent of dissection beyond aortic root  May identify dissection of aortic root/proximal aorta 
 TEE  Portable  Limited view of distal ascending aorta (“blind spot”) 

 Excellent spatial resolution  Cannot assess distal abdominal aorta 
 Safe in hemodynamically unstable patient  Potential false-positive from reverberation artifact 
 Fast diagnosis (complete study in <30 min) 
 May be used intraoperatively 
 Assessment of cardiac anatomy/function 

 CT  Rapid exam  May miss small tears or entry site 
 Offers excellent resolution of aorta, including aortic arch and branch vessels  Cannot assess cardiac or valvular function 
 Shows extent of dissection into branch vessels  Moderate contrast exposure/risk nephrotoxicity 

 Limited use in hemodynamically unstable patient 
 MRI  Highest accuracy, sensitivity, and specifi city  Limited availability 

 Can identify even very small aortic tears  Expensive 
 Safer contrast media  Limited use in hemodynamically unstable patient 
 Excellent depiction of arch and branch vessels  Incompatible with implanted metal devices or prostheses 

 Rarely used as initial test (<2 %) 

  Modifi ed and reproduced with permission from Raghupathy and Eagle [ 72 ] 
 Abbreviations:  CT  computed tomography,  MRI  magnetic resonance imaging,  TEE  transesophageal echocardiography,  TTE  transthoracic 
echocardiography  
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  Fig. 23.12    Confounding of ascending aortic measurements due to 
elongation and “C” shape of ascending aorta. Image shows gross elon-
gation of the ascending aorta, forcing the aorta into a C-shape and obli-
gating the aortic valve to take a nearly vertical plane of orientation. On 
an axial computed tomographic image, this common anatomy would 
markedly confound measurement of proximal aortic diameter. Note the 
difference between a horizontal diameter (as in an axial image) and a 
diameter perpendicular to the long axis of the aorta (Reprinted with 
permission from Elefteriades and Farkas [ 28 ])       
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aorta (either by echocardiography, CT, or MR) with only 
the last prior image of the aorta. As we have shown above, 
the aorta grows very slowly; hence it is of utmost impor-
tance to make comparisons with the  very fi rst available 
image , even if it means searching or sending for earlier 
studies [ 28 ,  73 ].

   The ACCF/AHA guidelines recommend screening for 
aortic size of all the fi rst-degree relatives of patients who 
have been found to have familial aortic aneurysm, genetic 
syndromes that cause aneurysm formation, or who are diag-
nosed with bicuspid aortic valve [ 28 – 30 ].   

    Management 

 The management of thoracic aortic diseases depends on the 
pathological process and the location of the disease within 
the aorta. For the simplicity of presentation and understand-
ing, we will divide management into four main categories—
medical and surgical treatment and treatment of acute and 
chronic aortic conditions. 

    Medical Treatment of Chronic 
Thoracic Aortic Aneurysm 

 The ACCF/AHA guidelines recommend implementation of 
stringent control of hypertension, lipid profi le optimization, 
and smoking cessation, as well as optimization of other 
atherosclerosis- related risk factors in patients with small 
aneurysms not requiring surgery, as well as for patients who 
are not considered surgical or stent-graft candidates [ 29 ]. 

 The goal of antihypertensive therapy in patients with 
chronic thoracic aortic diseases is blood pressure less than 
140/90 mmHg, or even 130/80 mmHg for patients with dia-
betes or chronic renal disease. Blood pressure reduction aims 
at reducing the risk of stroke, myocardial infarction, heart 
failure, and cardiovascular death [ 29 ,  74 – 78 ]. Beta-blockers, 
angiotensin-converting enzyme inhibitors, or angiotensin 
receptor blockers are recommended for effective blood pres-
sure control. For patients with thoracic aortic aneurysm, the 
guidelines recommend lowering the blood pressure to the 
maximal extent that can be tolerated by the patient without 
adverse effects [ 29 ]. The effectiveness of beta-blocking med-
ications is still largely unproven and even controversial. The 
major concerns regarding beta-blockers lie in the evidence 
that they decrease the elasticity of the aortic wall, which is 
already compromised by aneurysm disease. However, while 
no proof of effi cacy is yet available, the use of beta-blockers 
has become standard practice [ 3 ,  28 ]. 

 The best available level of evidence (level A) for the 
effectiveness of a statin to achieve target low-density lipid 
cholesterol of less than 70 mg/dL (shown in studies for gen-

eral control of atherosclerosis) is also true for patients with 
atherosclerotic aneurysm [ 29 ,  79 – 81 ]. Thus, statin therapy 
should be recommended for patients with chronic aortic 
aneurysms which are suspicious for being atherosclerotic in 
origin. A study conducted by our group has also shown that 
statin use is associated with a lower mortality rate and a 
reduced rate of death, rupture, dissection, and need for surgi-
cal repair in patients with thoracic aortic aneurysms [ 82 ]. 

 Many other options for medical treatment of aortic aneu-
rysm have been proposed, which include the antibiotic doxycy-
cline (a matrix metalloproteinase inhibitor), anti-infl ammatory 
agents (COX-2 inhibitors), and immunosuppressants, among 
other agents. While none of these agents are of proven clinical 
benefi t, several are undergoing clinical trials [ 16 ,  28 ,  83 ]. 

 Medical therapy should be administered to patients only 
with small ascending and descending aortic aneurysms. 
Asymptomatic patients with degenerative thoracic aneurysm, 
chronic aortic dissection, intramural hematoma, penetrating 
aortic ulcer, mycotic aneurysm, or pseudoaneurysm, who are 
otherwise suitable candidates and for whom the ascending 
aorta or aortic sinus diameter is 5.5 cm or greater, should be 
strongly considered for surgical repair. Patients with Marfan 
syndrome (and other genetic syndromes) should undergo 
elective aortic replacement at smaller aortic root diameter 
(less than 5.0 cm). Also if a patient’s ascending aorta grows 
at a rate faster than 0.5 cm/year, surgical treatment should be 
considered. A size criterion of 6.0 cm or greater of the 
descending aorta should be considered for surgical treatment. 
It should be noted that these size criteria apply to asymptom-
atic patients. Patients with symptoms suggestive of aortic ori-
gin should be evaluated for prompt surgical intervention 
regardless of the size of the aorta, unless life expectancy from 
comorbid conditions is limited or quality of life is substan-
tially impaired [ 28 ,  29 ,  50 ,  84 ].  

    Medical Treatment of Acute Aortic Events 
(Dissection, Rupture) 

 Urgent surgical consultation should be obtained for all 
patients diagnosed with thoracic aortic dissection regard-
less of the anatomic location (ascending versus descend-
ing) as soon as the diagnosis is made or highly suspected 
[ 29 ]. Medical therapy as a sole means of treatment is only 
appropriate for patients with dissection of the descending 
aorta and nonsurgical candidates with ascending aortic dis-
section. However, regardless of whether the dissection is 
ascending or descending, or whether or not the patient will 
be taken emergently to the operating room, the currently 
accepted medical therapy must be instituted immediately 
to discourage rupture or extension of the dissection. For 
surgical candidates, medical therapy will be an interim 
measure. 
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 The backbone of medical therapy in acute dissection is 
“anti-impulse therapy,” which includes beta-blockade and 
afterload reduction. The pathophysiological rationale for 
such combination therapy is that aortic dissection propagates 
more vigorously when either blood pressure or force of car-
diac contraction is excessive [ 85 ]. 

 Nitroglycerin or nitroprusside is usually used for blood 
pressure control, because of their effectiveness, their rapid 
onset of action, and their quick cessation of action upon dis-
continuation. Angiotensin-converting enzyme inhibitors have 
also been used for this purpose [ 29 ]. The recommended sys-
tolic blood pressure range for patients with acute dissection is 
90–100 mmHg, if the patient can tolerate such pressures 
without manifesting neurologic dysfunction or oliguria. 
However, in older patients it is not always possible to drop the 
systolic blood pressure below 120–130 mmHg. It is very 
important to remember that vasodilator therapy should not be 
initiated prior to rate control, so as to avoid associated refl ex 
tachycardia that may increase aortic wall stress, leading to 
propagation or expansion of a thoracic aortic dissection [ 29 ]. 

 It is also essential to decrease the force of cardiac contrac-
tion, because the drop in blood pressure by afterload reduc-
tion alone actually increases the sheer stress on the aortic 
wall. Decreasing the force of cardiac contraction is usually 
accomplished by administering a short-acting beta-blocking 
drug like esmolol. Another approach is administration of the 
alpha- and beta-adrenergic antagonist labetalol by intrave-
nous infusion. Beta-blockers alter the morphology of the 
arterial pulse wave, which should be blunted by decreasing 
the force of cardiac contraction. The d p /d t , refl ected in the 
upslope of the initial portion of the aortic pulse wave, must 
be decreased (Fig.  23.13 ) [ 85 ]. In patients with clear contra-
indications to beta-blockade, calcium channel-blocking 
agents such as verapamil should be utilized as an alternative 
for rate control and modifi cation of the force of cardiac con-
traction [ 3 ,  29 ,  83 ].

   Anti-impulse therapy is the appropriate initial response 
once the diagnosis of any type of acute aortic dissection or 
related process is entertained. Such therapy should be under-
taken even while imaging studies are being performed to 
confi rm the diagnosis of aortic dissection and to defi ne the 
anatomic type, location, and extent of the process, as well as 
while defi nitive decisions regarding treatments strategies are 
being made.  

    Surgical Treatment of Chronic 
Thoracic Aortic Aneurysm 

 A variety of surgical techniques have been described over the 
years for different types and locations of thoracic aneurysms. 
Surgery of the ascending aorta, the aortic arch, and in some 
cases even of the descending aorta requires arresting the 

heart for the duration of aortic reconstruction and instituting 
artifi cial blood circulation via the use of a cardiopulmonary 
bypass machine. 

 In patients without signifi cant dilatation of the aortic root 
(see Fig.  23.7 , supracoronary aneurysm), in elderly patients, 
and in young patients with concomitant aortic valve disease, 
separate aortic valve and ascending aortic replacement 
should be performed. However, in patients with Marfan and 
other genetic syndromes, who have a dilated aortic root (see 
Fig.  23.7 , annuloaortic ectasia), the operation should include 
excision of the sinuses of Valsalva in combination with either 
a valve-sparing operation or if not feasible, complete root 
replacement with a valved graft conduit [ 29 ]. Although 
“valve-sparing” techniques, proposed by Yacoub and David 
and coworkers [ 86 – 89 ], have recently gained extreme popu-
larity, further long-term follow-up is still needed to deter-
mine whether the effi cacy of such operations will challenge 
the current “gold standard” for aortic root aneurysm—com-
posite graft replacement [ 90 ]. Either technique requires 
meticulous reimplantation of coronary arteries into the newly 
implanted aortic graft. 

 Surgical techniques in approaching aneurysms of the aor-
tic arch have evolved over time, and the fact that so many 
different techniques have been proposed suggests that there 
is no one surgical approach that will suit all patients and all 
surgeons. The greatest challenge in aortic arch surgery is the 
need to interrupt normal blood perfusion to the brain through 
the head vessels, while they are reimplanted into the new 
graft. Performing such an operation without adequate cere-
bral protection from ischemic injury is bound to cause severe 
postoperative neurological complications. There is still much 
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  Fig. 23.13    Pharmacologic anti-impulse therapy. Diagram of aortic 
pressure curves under various conditions. The  continuous grey line  
( b ) represents the baseline state. Administration of a vasodilator agent 
such as nitroprusside is represented by the  dashed curve  ( a ). 
 Beta-blockade administration is represented by the  continuous black 
line  ( c ) (Reprinted with permission from Sanz et al. [ 85 ])       
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debate in the literature regarding the techniques of reim-
planting the head vessels and the methods for cerebral pro-
tection during aortic arch surgery. 

 Depending on the location and extent of the aneurysm, 
complete or partial arch replacement can be performed [ 29 , 
 91 ]. The head and neck vessels (namely, the innominate 
artery, the left carotid artery, and the left subclavian artery) 
are usually reimplanted into the prosthetic graft in one patch 
with a rim of the native aortic tissue (Fig.  23.14a ). However, 
prefabricated branched grafts, which require an individual 
anastomosis to be performed for each of the great vessels, 
can also be used. At our institution we favor an alternative 
technique of aortic arch reconstruction, which involves reim-
planting two of the great vessels—the innominate artery and 
the left carotid artery—into the prosthetic graft as a single 

patch (see Fig.  23.14b ), while the left subclavian artery is 
anastomosed to the aorta after termination of cardiopulmo-
nary bypass. The advantage of this technique resides in the 
shorter time required to reimplant the head vessels and 
resume normal physiological blood fl ow to the brain [ 91 ,  92 ].

   Cerebral protection techniques during aortic arch surgery 
have also been subject to rigorous debate, and institutional 
experience is currently recognized as a very important factor 
in selection of the best brain protection strategy. To date three 
main approaches to cerebral protection have been developed 
and widely used: deep hypothermic circulatory arrest, selec-
tive antegrade brain perfusion, and retrograde brain perfusion 
[ 91 ]. These techniques used alone or in combination are rec-
ommended for minimization of brain injury during surgical 
repairs of the ascending aorta and transverse aortic arch [ 29 ]. 

L. subclavian artery
for seperate graft

L. carotid
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Innominate
artery

Elephant
trunk
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aorta
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L. carotid artery

L. subclavian artery
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a

  Fig. 23.14    ( a ) Traditional technique of aortic arch reconstruction. ( b ) 
Alternative technique that we prefer to the traditional one, as a 2-vessel 
smaller pedicle is quicker and easier to anastomose with the aortic graft 

than a 3-vessel pedicle (Reprinted with permission from Ziganshin and 
Elefteriades [ 91 ])       
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However, none of the techniques has unequivocally 
 demonstrated  clear-cut superiority over the others. Of the 
three protective strategies, retrograde cerebral perfusion, 
which delivers blood to the brain through the venous system 
in a retrograde fashion, is becoming increasingly less popular 
among cardiothoracic surgeons because of published evi-
dence, which suggests that very little oxygen is actually deliv-
ered to the brain tissue during venous perfusion [ 93 ,  94 ]. 
Antegrade cerebral perfusion maintains blood fl ow to the 
brain via selective cannulation of the arterial vessels; thus, 
perfusion is achieved in a physiologic antegrade fashion. 
During the last decade, this technique has become the most 
popular method of brain protection, and excellent results have 
been reported [ 95 – 97 ]. However, at our institution we favor 
deep hypothermic circulatory arrest (DHCA), which has been 
the preferred technique for aortic surgery for many years and 
whose results have withstood the test of time. DHCA requires 
cooling the patient to 18–19 °C followed by total termination 
of blood fl ow in the entire body for up to 40 min. This time 
frame allows an experienced surgical team to perform essen-
tially any complex aortic arch reconstruction. We advocate 
DHCA because it is an extremely safe, simple, and effective 
technique that does not require any additional complex perfu-
sion adjuncts [ 91 ,  98 ,  99 ]. Table  23.8  presents the advantages 
and disadvantages of the three techniques for this critically 
important type of aortic surgery [ 91 ].

   Surgical treatment of aneurysms of the descending and 
thoracoabdominal aorta allows a choice of performing either 
an open surgical replacement of the descending aorta with a 
tube graft or an endovascular procedure that involves the use 
of a stent-graft. According to the ACCF/AHA guidelines for 
patients with chronic dissection, particularly if associated 
with a connective tissue disorder but without signifi cant 
comorbid disease and a descending thoracic aortic diameter 
exceeding 5.5 cm, open repair is recommended. For patients 
with degenerative or traumatic aneurysms of the descending 
thoracic aorta exceeding 5.5 cm, saccular aneurysms, or 

postoperative pseudoaneurysms, endovascular stent-graft-
ing should be strongly considered when feasible. For 
patients with thoracoabdominal aneurysms, in whom endo-
vascular stent-graft options are limited and surgical morbid-
ity is elevated, elective surgery is recommended if the aortic 
diameter exceeds 6.0 cm, or even earlier if a connective tis-
sue disorder such as Marfan or Loeys-Dietz syndrome is 
present [ 29 ,  84 ]. 

 One of the main issues in surgery of the descending tho-
racic aorta is protection of the lower body organs during the 
period of time that the aorta is cross-clamped and the anasto-
moses are being established. The spinal cord is the organ 
most vulnerable to ischemia. Arterial blood supply of the spi-
nal cord is segmental, and viability of the spinal cord cells 
can be dependent on an artery (arteria magna or artery of 
Adamkiewicz) or arteries arising from the low intercostal or 
lumbar territory (T8 to L2)—which is temporarily or perma-
nently excluded in the process of thoracoabdominal surgery. 
Intraoperative perfusion of the lower body by blood aspirated 
from the left atrium appears to be helpful in combating para-
plegia. Other techniques believed to be protective include 
mild systemic hypothermia, cerebrospinal fl uid drainage to 
decrease ambient pressure on the spinal cord, and intercostal 
artery reimplantation [ 3 ,  29 ,  100 ,  101 ]. These techniques 
have decreased the frequency of the dreaded complication of 
paraplegia, but paraplegia has not by any means been elimi-
nated, following either open or endovascular procedures, 
especially for extensive or re-operative resection.  

    Surgical Treatment of Acute Dissections 
of the Thoracic Aorta 

 A differentiated approach is required when dealing with dif-
ferent types of dissections. The current guidelines give the 
following recommendations regarding thoracic aortic 
dissections: 

   Table 23.8    Advantages and disadvantages of cerebral protection techniques   

 Technique  Advantage  Danger  Comment 

 DHCA  Safe for short periods of 
circulatory arrest 

 Questions of safety for long periods of circulatory 
arrest, increased incidence of permanent 
neurologic injury with >45 min of circulatory 
arrest, and confl icting data on transient effects 
with shorter (approximately 25 min) ischemia 

 Generally used in more straight forward 
cases 

 Avoids cross-clamping an 
already diseased aorta 

 Many of the survey’s respondents 
commented on use of DHCA with SACP 

 RCP  Permits longer periods of 
circulatory arrest than with 
straight DHCA 

 Requires the handling of sclerotic vessels; may 
result in the release of emboli 

 Technique most often used 
 Controversies regarding ideal site of 
cannulation for optimal perfusion 

 ACP  Flushes cerebral vasculature 
of toxic metabolic products 
and microemboli 

 Perfusion may be limited to the brain’s surface 

  Reproduced with permission from Ziganshin and Elefteriades [ 91 ] 
 Abbreviations:  DHCA  deep hypothermic circulatory arrest,  RCP  retrograde cerebral perfusion,  ACP  antegrade cerebral perfusion  
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  Acute thoracic ascending  ( Type A )  aortic dissections  
require emergent surgical repair because of the high risk of 
associated life-threatening complications such as rupture, 
aortic insuffi ciency, or myocardial infarction from coronary 
artery involvement [ 29 ]. Emergent surgical treatment of 
acute ascending dissections usually includes replacement of 
the ascending aorta, in some cases together with replacement 
of the aortic valve and the dissected aortic arch. 

  Acute descending  ( Type B )  aortic dissections  should be 
managed medically by “anti-impulse” therapy with beta- 
blockers and afterload-reducing medications (discussed previ-
ously) unless life-threatening complications develop, such as 
malperfusion syndrome, progression of dissection, enlarging 
aneurysm, inability to control blood pressure, or continued 
symptoms (pain). Data from our institution shows that about 
two-thirds of patients with Type B dissections have a com-
pletely uncomplicated course of the disease on anti-impulse 
medical therapy alone. In cases, in which a life-threatening 
complication does develop, surgical intervention strategy 
should be determined by the “complication- specifi c” approach 
to descending aortic dissection [ 102 ,  103 ]:
•    In cases of realized aortic rupture, the only appropriate 

surgical treatment is direct surgical aortic replacement 
with a tube graft (or a stent-graft) to prevent exsanguina-
tion. Stent-grafting is a viable surgical alternative.  

•   When the complication is organ ischemia from branch ves-
sel occlusion, we favor the fenestration procedure, which is 
a method for decompressing the false lumen of the dis-
sected aorta [ 104 ,  105 ]. This permits outfl ow of blood from 
the false lumen, reduces the intraluminal pressure, and 
relieves branch vessel obstruction. Fenestration can now be 
done by an endovascular as well as a surgical approach.  

•   Lastly, if the complication is threatened (impending) rup-
ture (manifested by continued pain or rapid aortic expan-
sion), surgical aortic replacement of the aorta is indicated. 
This can also be performed by an endovascular approach.    
 After successful management of the initial acute dissec-

tion, patients are observed closely for the fi rst month, with 
repeat aortic imaging. After that point, it is uncommon for 
the dissection to extend, cause symptoms, or rupture in the 
short to midterm. The patients are then followed as chronic 
aneurysm patients. Over years, some will develop enlarge-
ment of the dissected aorta (now chronically dissected and 
aneurysmal) requiring resection [ 3 ].  

    Endovascular Treatment of Descending 
Thoracic Aortic Dissections 

 Endovascular therapy of aortic disease (thoracic and abdom-
inal) is gaining popularity in the current enthusiasm for less 
invasive procedures. Recently a randomized study was con-
ducted in Europe to evaluate stent therapy for patients doing 

well beyond 2 weeks after uncomplicated type B aortic dis-
section. The hope was that “tacking down” the dissection 
fl ap would lead to later benefi t. Alas, the trial showed severe 
early mortality and complications subsequent to stent ther-
apy. There was no survival advantage over medical therapy 
alone [ 28 ,  106 ]. Currently there is no evidence to substanti-
ate the superiority of endovascular stent therapy over medi-
cal management for acute aortic dissections. 

 In general, in the rapidly developing fi eld of endovascular 
interventions for thoracic aortic disease, we believe that the 
enthusiasm for stent therapy must be balanced against the 
tremendous advances in open therapy for thoracic aortic 
aneurysm, which has set a very high standard of safety and 
effectiveness [ 28 ,  107 ,  108 ]. Durability continues to be a 
problem for endovascular therapies, contrasted with the 
durability of open techniques [ 109 ,  110 ]. We must avoid 
“irrational exuberance” for endovascular therapies, restrain-
ing application for aneurysms that pose a true threat to a 
patient’s longevity according to the symptom and size crite-
ria enumerated above. 

 The current ACCF/AHA guidelines for the diagnosis and 
management of patients with thoracic aortic disease do not 
recommend any type of endovascular therapy for acute aortic 
dissections [ 29 ].       

 Key Points 

•     Aortic aneurysms are the 19th leading cause of 
death in all individuals and the 15th most common 
in individuals older than age 65 years. The esti-
mated incidence of thoracic aortic aneurysm is 
approximately 10 per 100,000 patient years and is 
increasing for unknown reasons.  

•   The pathophysiology of aortic dilatation is histori-
cally attributed to cystic medial degeneration of the 
aortic wall which is characterized by disruption and 
loss of elastic fi bers and increased deposition of 
proteoglycans. We now know that a complex inter-
play of genetics, proteolysis, infl ammation, and 
smooth muscle cell death leads to aneurysm 
development.  

•   Thoracic aortic aneurysm is largely a genetic dis-
ease with strong familial inheritance patterns that 
produce manifest aneurysm is 21 % of family mem-
bers of aneurysm patients.  

•   Although a virulent disease, thoracic aortic aneu-
rysm is an indolent process. The aneurysmal tho-
racic aorta grows at approximately 0.1 cm/year.  

•   Aortic dissection is the most common cause 
of death related to the human aorta. Many of 
these deaths are misdiagnosed as myocardial 
infarction.  
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    Abstract 

 The increasing prevalence of both chronic kidney disease (CKD) and cardiovascular dis-
ease requires a better understanding by physicians in practice. The regular emergence of 
newer data continues to support the unique and complex interaction between the kidney and 
the heart. CKD has been associated with increased risk of in-hospital death and major 
bleeding in patients with acute coronary syndromes (ACS). A higher level of risk stratifi ca-
tion is required for these patients. Contrast- induced acute kidney injury requires a compre-
hensive management strategy in patients receiving percutaneous therapy for ACS. Patients 
with CKD are susceptible to cardiorenal syndromes which complicate bidirectional organ 
dysfunction and are particularly challenging to manage. Treatment and prevention methods 
continue to be adjusted to better incorporate the new improvements and recommendations 
in everyday clinical practice. In light of newer guidelines, nephrologists and cardiologists 
must work in tandem for better diagnosis and management. Imaging and laboratory diag-
nostic testing are now being utilized with better insight pertinent to each disease process. 
Medications and dosages must be adjusted with respect to the underlying physiology and 
pathophysiology of the two entities. Certain cardiovascular diseases (VHD, arrhythmias, 
PAD) are being looked at from a different angle, hoping for improvements in therapies. 
Further advances in the understanding of pathophysiological mechanisms at work in 
patients with CKD will continue to lead to new diagnostic and therapeutic targets in this 
high-risk population.  
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        Introduction: Heart Disease and the Kidney 

 Chronic kidney disease (CKD) was estimated to affect more 
than 20 million Americans in 2010 [ 1 ]. Approximately half 
a million patients in the USA were established on dialysis 
treatment by the end of 2008 with a mortality rate approach-
ing 151.7 deaths per 1,000 patient years, contributing to 
health costs exceeding 39.5 billion in public and private 
spending for the end-stage renal disease (ESRD) program 
[ 2 ]. Of all causes of deaths in the USA in 2006, 26 % – or 
more than 1 in every 4 – were caused by heart disease [ 3 ]. 
Higher cardiovascular and all-cause mortality increase 
exponentially as glomerular fi ltration rate (GFR) declines, 
with the largest increase seen when GFR drops below 60 ml/
min/1.73 m 2  [ 4 ]. Besides sharing this high disease preva-
lence, the heart and kidney also share a very unique and 
interactive relationship that allows for the control of the 
body hemodynamic functions and maintenance of homeo-
stasis. A complex regulatory network that includes the 
renin-angiotensin- aldosterone system, autonomic nervous 
system, and the natriuretic peptides connects these two 
organs to facilitate a precise physiologic response to differ-
ent circumstances. Hypertension (HTN) and diabetes 
 mellitus (DM) affect both the heart and the kidney, leading 
to combined CKD and cardiovascular disease (CVD). Appro -
ximately, 50 % of cases of ESRD are attributed to DM. In 
addition to the other traditional cardiac risk factors, patients 
with renal disease develop a constant proinfl ammatory and 
prothrombotic state [ 5 ]. Recent evidence proves CKD to be 
an independent risk factor for the development of coronary 
artery disease (CAD) and to be associated with a worse 
prognosis from CVD [ 6 ,  7 ]. This unique interaction has its 
own implications in terms of understanding the pathology, 
pathophysiology, and disease manifestation of CVD in CKD 
patients.  

    Acute Coronary Syndromes 
in Patients with CKD 

 Chronic kidney disease has been associated with increased 
risk of in-hospital death and major bleeding in patients with 
acute coronary syndromes (ACS). Additionally, patients 
with renal dysfunction often have more comorbidities and 
are less likely to receive guideline-based therapies [ 8 ]. 
Moreover, patients with advanced kidney disease are less 
likely to be included in trials studying ACS [ 9 ]. It has been 
demonstrated that patients with CKD presenting to the emer-
gency department with chest pain have a 40 % cardiovascu-
lar event rate at 30 days [ 10 ]. 

 A higher level of risk stratifi cation is required for these 
patients, not only for the acute cardiac condition they present 
with but also for potential complications that can result from 

therapy implemented in the form of medications and/or inva-
sive testing. 

 Platelet dysfunction and potential dosing errors in the set-
ting of anticoagulant use place these patients at higher risk of 
bleeding [ 11 ]. Coronary angiography carries the risk of 
contrast- induced acute kidney injury (CI-AKI), while percu-
taneous coronary intervention (PCI) in this population is 
associated with higher rates of complications including 
bleeding, thrombosis, and procedural failure [ 12 ]. 

 While the latest 2007 American College of Cardiology/
American Heart Association guidelines briefl y describe 
patients with renal disease as a unique subset of patients who 
experience ACS, a more detailed overview can be found in 
the 2011 European Guidelines. A unifying theme in both 
guidelines is the importance of integrating renal function 
into treatment decisions (as many drugs for ACS are renally 
eliminated) and for risk stratifi cation. Chronic kidney dis-
ease is classifi ed into fi ve distinct stages by The National 
Kidney Foundation and is best categorized according to GFR 
calculated by the MDRD equation. Commonly in clinical 
practice, creatinine clearance is used in place of GFR. 
Creatinine is the by-product of muscle metabolism. Thus, 
lower body weight (less muscle mass), advanced age, and 
women require special consideration when using it as a bio-
marker, as levels may not closely refl ect actual kidney 
function. 

 This categorization of renal function allows for the appro-
priate selection of drugs and proper dose adjustments based on 
renal function. Drugs which may be contraindicated or require 
dose reduction based on impaired kidney function include low 
molecular weight heparin (LMWH), fondaparinux, bivaliru-
din, and glycoprotein IIb/IIIa inhibitors [ 13 ].  

    Presentation and Diagnosis of ACS 
in CKD Patients: Biomarkers 

 Patients with CKD may have elevated cardiac biomarkers 
such as troponins and creatinine kinase without the clinical 
suspicion for ACS. The mechanism for nonischemic, chronic 
troponin elevation in CKD is not fully understood and has 
been associated with chronic uremic skeletal myopathy [ 14 ], 
clinically unrecognized silent micro-infarctions, heart failure 
[ 15 ], and left ventricular hypertrophy (LVH) [ 16 ]. At this 
time, it has not been reliably demonstrated that troponin ele-
vation is due to decreased renal clearance by the diseased 
kidney. For example, in a transplanted kidney with improved 
renal function, troponin elevation may still be seen [ 17 ]. 

 Additionally, the clinician must recognize the potential 
for silent ischemia and atypical presentations of CAD in 
CKD patients [ 18 ]. In fact, one study found that only 
17 % of patients with ESRD experienced angina [ 19 ]. 
Electrocardiogram (ECG) data can be diffi cult to interpret 
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in the setting of LVH and the electrolyte and conduction 
disturbances common in these patients [ 20 ]. Data from 
large biomarker trials have excluded patients with renal 
failure even though there is clear data supporting increased 
risk and mortality with troponin elevation [ 21 ]. 

 Troponin-T (TnT) elevation is seen in 53 % of patients 
with renal failure without clinical features of ACS [ 20 ], 
while troponin-I (TnI) is not as frequently elevated. This 
fact, along with the potentially more cardiac-specifi c nature 
of TnI, may suggest that TnI may be a more reliable bio-
marker for cardiac necrosis in patients with renal insuffi -
ciency [ 22 ]. In addition, TnI was found to decrease by 86 % 
after dialysis, whereas TnT levels increased [ 23 ]. 

 The recommended biomarker-guided strategy at this 
time for diagnosing and managing myocardial injury in 
CKD/ESRD patients should be the serial measurement of 
 troponins with attention to the trend in values. Also, TnI 
may have more reliability in patients with CKD when com-
pared to cTnT.  

    Medical Therapy for ACS in CKD 

 In the absence of contraindications, patients with CKD 
should receive the same guideline-based therapies for ACS 
as other patients. Angiotensin converting enzyme (ACE) 
inhibitors and statins have been shown to reduce cardiovas-
cular event risk in subgroups of patients with renal dysfunc-
tion. Aspirin, beta-blockers, ACE inhibitors, angiotensin 
receptor blockers, aldosterone receptor antagonists, and 
statins have demonstrated favorable outcomes in patients 
with renal dysfunction and should be utilized per 
guidelines. 

 The most commonly used thienopyridenes clopidogrel 
(Plavix), prasugrel (Effi ent), and ticagrelor do not require 
dose modifi cation. Interestingly, patients with severe renal 
impairment (clearance 5–15 ml/min) and moderate renal 
impairment (clearance 30–60 ml/min) showed lower inhi-
bition (25 %) of platelet aggregation when on clopidogrel 
[ 24 ]. The Study of Platelet Inhibition and Patient 
Outcomes (PLATO) trial population included those with 
CKD but excluded dialysis patients, showing more abso-
lute benefi t and a greater reduction of ischemic events 
with ticagrelor compared with clopidogrel in patients with 
advanced CKD [ 25 ]. 

 Enoxaparin in patients with renal insuffi ciency (creati-
nine >2.5 mg/dl, creatinine clearance of <30 cc/min) requires 
dose adjustment. Dosing can be monitored with anti-factor 
Xa levels, and if the assay is unavailable, patients should be 
switched to unfractionated heparin. The Global Registry of 
Acute Coronary Events (GRACE) showed an increased risk 
of bleeding with unfractionated heparin (UFH) similar to 
that of LMWH in patients with renal dysfunction [ 26 ]. When 

fondaparinux was compared with enoxaparin in patients 
with severe renal dysfunction, data from the Fifth 
Organization to Assess Strategies in Acute Ischemic 
Syndromes (OASIS-5) showed a lower risk of bleeding com-
plications. Bivalirudin (Angiomax) is currently the only 
direct thrombin inhibitor approved for the treatment of ACS. 
Renal clearance of Angiomax was reduced approximately 
20 % in patients with moderate to severe renal impairment 
and was decreased 80 % in dialysis patients. No reduction in 
bolus dose is needed for any level of renal dysfunction. 

 Clinical trials and guidelines continue to support glyco-
protein IIb/IIIa inhibitors (GPI) in high-risk patients with 
ACS in whom PCI is planned (Class I, Level A) [ 27 ]. There 
are currently three available GPI in the USA. All three 
require a careful clinical assessment of bleeding risk prior to 
use in patients with renal failure. Abciximab (ReoPro) is the 
only GPI that does not require dose adjustment for renal 
function. Fifty percent of eptifi batide (Integrilin) is cleared 
renally in patients with renal failure; thus, a dose reduction 
of the infusion to 1 μg/kg/min is recommended in patients 
with CrCl <50 m/min, and the drug’s use is contraindicated 
in patients with CrCl <30 ml/min. Tirofi ban requires dose 
reduction, for a CrCl <30 ml/min. The infusion dose should 
be decreased by 50 % (Tables  24.1 ,  24.2 , and  24.3 ).

         Revascularization Therapy 
in CKD Patients with ACS 

 Percutaneous coronary revascularization leads to better long- 
term survival in patients with CKD presenting with ACS 
[ 41 ]. When readily available, PCI continues to be the treat-
ment of choice despite presence of CKD for acute ST-segment 
elevation MI [ 42 ]. In a recent meta-analysis, benefi t was seen 
in patients with CKD 3 and CKD 4 (though underrepre-
sented) for an early invasive therapy for non-ST elevation MI 
and/or unstable angina, while CKD 5 patients were not 
included [ 43 ]. A Swedish study suggests harm with an early 
invasive strategy for CKD 5 patients [ 44 ]. 

 Adequately powered randomized clinical trials compar-
ing surgical revascularization versus PCI in patients with 
advanced renal disease are lacking. The ARTS-1 (Arterial 
Revascularization Therapies Study) found no signifi cant 
difference in the endpoints of death, MI, or stroke when 
comparing PCI and coronary artery bypass graft surgery 
(CABG) in 290 patients with CrCl <60 ml/min, though 
markedly lower revascularization rates were seen in the 
CABG arm [ 45 ]. 

 Chronic kidney disease patients have increased operative 
complication risks. Death after CABG is 9–12.2 % in CKD 
5 patients and three to seven times higher in CKD4-5 
patients versus non-CKD patients. A more recent study 
showed a 71 % decrease in risk of death in ESRD patients 
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    Table 24.1    Oral agents used for chronic coronary disease and acute coronary syndrome   

 Class  Medication  Normal dose  CKD patient population  Notes 

 Antiplatelet  Aspirin  Acute MI  All dialysis patients with CAD 
not allergic to aspirin should 
receive aspirin 

 Metabolism: liver, microsomal 
enzyme system   160–325 mg PO as soon as possible 

 MI prophylaxis  Withholding aspirin before 
surgery is usually unnecessary 

 Renal clearance: 80–100 % 
24–72 h   81–162 mg PO daily 

 PTCA  There are no data on use of 
aspirin in primary prevention of 
CVD in dialysis patients 

 Excretion: principally in urine 
(80–100 %), sweat, saliva, feces    325 mg PO 2 h presurgery, then 

160–325 mg PO maintenance 
 Unstable angina 
  75–162 mg PO daily 

 Antiplatelet 
(ADP 
receptor 
antagonists) 

 Clopidogrel 
(Plavix) 

 Unstable angina, non-ST- segment 
elevation myocardial infarction 

 No specifi c dosing adjustments 
in CKD patients 

 Metabolism: CYP3A4, 
CYP2C19 (predominantly), and 
others to generate active 
metabolite; also by esterase to an 
inactive metabolite 

   300–600 mg initial loading dose, 
follow by 75 mg PO daily in 
combination with aspirin 

 ST-segment elevation myocardial 
infarction 
   75 mg PO daily in combination with 

aspirin 75–162 mg/day 
 Excretion: urine and feces 

 Recent MI 
  75 mg PO daily 

 Prasugrel 
(Effi ent) 

 Acute coronary syndrome  No specifi c dose adjustments  Metabolism: liver; CYP450 such 
as 2B6, 2C9/19 (minor), and 3A4 
substrate; 2B6 (weak) inhibitor 

  Loading dose: 60 mg PO once  Increased risk of bleeding, 
monitor closely 

 Excretion: urine (68 %) and feces 
(27 %)    Maintenance dose: 10 mg PO daily 

with aspirin 81–325 mg/day; bleeding 
risk may increase if weight <60 kg – 
consider 5 mg PO daily (effi cacy/
safety not established) 

 ACE 
inhibitors 

 The dosing schedules may need 
to be individualized for each 
dialysis session in order to avoid 
intradialytic hypotension 

 ARBs  As a fi rst-line of treatment in the 
majority of patients, we propose 
the use of ACE inhibitors or 
ARBs. The latter also reduce 
LVH in hemodialysis patients, 
and may be more potent than 
ACE inhibitors [ 28 ,  29 ] 
 Levels of ARBs do not change 
signifi cantly during hemodialysis 

 Beta-
blockers 

 Hemodialysis reduces blood 
levels of atenolol, acebutolol, and 
nadolol; by contrast, levels of 
carvedilol and labetalol do not 
change signifi cantly 

 Metoprolol 
(Lopressor) 

 Acute MI  No specifi c dose adjustments  Dialyzable: yes 
   Metoprolol tartrate: 2.5–5 mg rapid IV 

q2–5 min, up to 15 mg over 
10–15 min, then 15 min after last IV 
and receiving 15 mg IV 

 Metabolism: hepatic CYP2D6 

   Or 50 mg PO q6 h × 48 h, then 
50–100 mg PO BID 

 Recommend close monitoring for 
side effects 

 Metabolites: inactive 

 Angina 
   Metoprolol tartrate: initially 50 mg PO 

BID then titrated to 200 mg PO BID 
 Consider avoiding extended 
release preparation in renal 
insuffi ciency 

 Excretion: urine 95 % 

   Metoprolol succinate (Toprol XL): 
100 mg PO daily, no more than 
400 mg/day 
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 Class  Medication  Normal dose  CKD patient population  Notes 

 Esmolol 
(Brevibloc) 

 1.  Immediate control: for intraoperative 
treatment, give an 80 mg 
(approximately 1 mg/kg) bolus dose 
over 30 s followed by a 150 mcg/kg/
min infusion, if needed. Max infusion 
rate: 300 mcg/kg/min 

 No specifi c dose adjustments  Metabolism: extensively 
metabolized by esterase in 
cytosol of red blood cells 

 2.  Gradual control: for postoperative 
treatment, give loading dosage infusion 
of 500 mcg/kg/min over 1 min followed 
by a 4-min infusion of 50 mcg/kg/min. If 
no effect within 5 min, repeat loading 
dose, and follow with infusion increased 
to 100 mcg/kg/min 

 Metabolites: major acid 
metabolite (ASL-8123), 
methanol (inactive) 
 Excretion: urine <1–2 % 

 Carvedilol  Hypertension and post-MI protection  No specifi c dose adjustments 
  6.25–25 mg PO BID  In a small study of dialysis patients 

with dilated cardiomyopathies, 
carvedilol was found to improve 
LV function and decrease 
hospitalization, cardiovascular 
deaths and total mortality [ 30 ] 

   Start at 6.25 mg PO BID, then increase 
q3–14 days to 12.5 mg PO BID, then 
25 mg PO BID 

 CCBs  In UA/NSTEMI patients where beta-
blockers are contraindicated, a non- 
dihydropyridine calcium channel blocker 
should be given as initial therapy in the 
absence of clinically signifi cant LV 
dysfunction or other contraindications 
(level of evidence: B) [ 31 ] 

 No specifi c dose adjustments 
 The medical management of 
chronic CAD in dialysis patients 
should follow that of the general 
population and use of CCBs as 
indicated 
 The hemodynamic and 
electrophysiological effects of 
CCBs are markedly different 
from each other, and these 
differences should be evaluated 
when selecting a suitable therapy 

 HMG-CoA 
reductase 
inhibitors 

 Simvastatin  Cardiovascular event protection  With the Study of Heart and 
Renal Protection (SHARP), lipid 
lowering with statin + ezetimibe 
is benefi cial in patients with 
kidney insuffi ciency [ 32 ] 

 Metabolism: liver, CYP450 

  20 mg combined with 10 mg ezetimibe  Severe impairment: consider 
starting dose at 5 mg qPM 

 Excretion: bile primarily, urine 
<2 %   Max dose: 40 mg PO qPM 

 Atorvastatin  Cardiovascular event protection  No specifi c dose adjustments  Metabolism: liver, CYP450 
  10 mg PO daily  Atorvastatin 10 mg in patients with 

kidney dysfunction revealed a 
signifi cantly lower risk of the 
primary endpoint (nonfatal MI or 
cardiac death) in the atorvastatin 
group when compared with placebo 

 Excretion: bile primarily, urine 
<2 % 

 Fluvastatin  Cardiovascular event protection  No specifi c dose adjustments  Excretion: feces 90 %, urine 5 % 
  40 mg PO BID  Caution for increased risk of 

rhabdomyolysis 
  Extended release: 80 mg PO daily  A multicenter, randomized, 

double-blind, placebo-controlled 
trial of 40–80 mg fl uvastatin was 
conducted in kidney transplant 
recipients [ 33 ] Fluvastatin 
reduced low-density lipoprotein 
cholesterol concentrations by 
32 %. The fl uvastatin group 
experienced a third fewer cardiac 
death and nonfatal myocardial 
infarctions than the placebo 
group. Coronary intervention 
procedures and other secondary 
endpoints were not signifi cantly 
different between the two groups 

Table 24.1 (continued)
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    Table 24.2    Intravenous antiplatelet agents for unstable angina/non-ST-elevated myocardial infarction and ST-elevated myocardial infarction   

 Class  Medication  Normal dose  CKD patient population  Notes 

 Glycoprotein 
IIb/IIIa 
inhibitors 

 When a glycoprotein IIb/IIIa antagonist 
is used, abciximab and tirofi ban should 
be considered preferred agents, since no 
dosing changes are required for 
abciximab, and dialysis-specifi c dosing 
recommendations are available for 
tirofi ban 
 Increased bleeding but reduced 
in-hospital mortality in CKD patients 
with ACS treated with IIb/IIIa 
antagonists has also been shown [ 35 ] 

 Abciximab 
(ReoPro) 

 Adjunct to PCI  No specifi c dose adjustments  Metabolism: others; 
CYP450, unknown    0.25 mg/kg IV bolus over at least 1 min, 

10–60 min before start of PCI, then 
 Abciximab should also be considered as 
adjunctive therapy in ACS in dialysis 
patients 

   0.125 mcg/kg/min (not to exceed 10 mcg/
min) continuous IV infusion × 12 h 

 In CKD, safety of abciximab was shown 
for creatinine >2.0 mg/dl [ 36 ] 

 Unstable angina with PCI planned within 
24 h 

 Although increased bleeding with 
abciximab in renal failure has been 
reported [ 37 ], other studies have shown 
no increase in bleeding for renal failure 
versus no renal failure for abciximab in 
PCI [ 38 ] 

 Excretion: urine 

   0.25 mg/kg IV bolus over at least 1 min, 
then 

   0.125 mcg/kg/min (not to exceed 
10 mcg/min) IV infusion × 18–24 h 
concluding 1 h post-PCI 

 Class  Medication  Normal dose  CKD patient population  Notes 

 Pravastatin  Cardiovascular event protection  Start at 10 mg PO daily in 
patients with renal dysfunction 

 Excretion: feces 70 %, urine 
20 % 

   Start 40 mg PO daily, may adjust dose 
q4wk, 80 mg max 

 A randomized trial of pravastatin 
versus placebo in with patients 
with previous MI and chronic 
renal insuffi ciency [ 34 ]. The 
incidence of coronary death or 
nonfatal MI was lower in patients 
receiving pravastatin, suggesting 
that pravastatin is effective for 
secondary prevention of 
cardiovascular events in persons 
with mild chronic kidney 
insuffi ciency 

 Nitrates  Nitroglycerin  2 % ointment:  No specifi c dose adjustments  Metabolism: mainly in the liver, 
extrahepatic sites such as 
vascular wall, red blood cells 

 Angina  Care must be used to avoid 
hypotension in low volume states 
such as dialysis sessions 

   0.5–2 in. applied in AM and 6 h later 
to truncal skin 

 Heart failure 
   1.5 in., increase by 0.5–1 in. up to 

4 in., q4 h 
 Sublingual: 0.4 mg for relief of chest pain 
in ACS 

 Excretion: urine 

 Sublingual: 0.3–0.6 mg SL q5min 
 Maximum: 3 doses within 15 min 

 Antianginal  Ranolazine 
(Ranexa) 

 500–1,000 mg PO BID  No specifi c dose adjustments  Excretion: urine 73–75 %, feces 
25 %  Max: 2,000 mg/day  Prolongs QTc. Recommend close 

monitoring, particularly in those 
with renal insuffi ciency 

   ACE  angiotensin converting enzyme,  ACS  acute coronary syndromes,  ADP  adenosine diphosphate,  ARB  angiotensin receptor blocker,  CAD  coro-
nary artery disease,  CCB  calcium channel blocker,  CKD  chronic kidney disease,  CVD  cardiovascular disease,  HMG-CoA  hydroxymethylglutaryl 
coenzyme A,  LV  left ventricle,  LVH  left ventricular hypertrophy,  MI  myocardial infarction,  PTCA  percutaneous transluminal coronary angioplasty, 
 UA/NSTEMI  unstable angina/non-ST-elevated myocardial infarction  

Table 24.1 (continued)
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 Class  Medication  Normal dose  CKD patient population  Notes 

 Eptifi batide 
(Integrilin) 

 ACS  Creatinine clearance <50 ml/min:  Metabolism: others; 
minimal; CYP450, 
unknown 

  180 mcg/kg IV bolus, then  ACS: 180 mcg/kg IV, then continuous 
infusion 1 mcg/kg/min 

 Excretion: urine 50 % 

  2 mcg/kg/min IV for up to 72 h  Hemodialysis: not defi ned 
 PCI  Hemodialysis: safety and use during 

hemodialysis not established   180 mcg/kg IV, then 
  Continuous infusion 2 mcg/kg/min with 
another 180 mcg/kg IV bolus 10 min after 
fi rst bolus 
  Continue infusion for at least 12 h 

 Tirofi ban 
(Aggrastat) 

 In patients undergoing PCI, tirofi ban not 
recommended as an alternative to 
abciximab [ 39 ] 

 Creatinine clearance <30 ml/min  Excretion: urine 65 % 
(primarily unchanged), 
feces 25 % (primarily 
unchanged)  ACS  Reduce dose to 50 % of normal rate 

  0.4 mcg/kg/min IV for 30 min, then 
  0.1 mcg/kg/min IV for 48–108 h 
 PCI 
  Continue 0.1 mcg/kg/min IV through 
procedure and for 12–24 h after 

   ACS  acute coronary syndromes,  CKD  chronic kidney disease,  PCI  percutaneous coronary intervention  

Table 24.2 (continued)

    Table 24.3    Anticoagulants for unstable angina/non-ST-elevated myocardial infarction and ST-elevated myocardial infarction   

 Class  Medication  Normal dose  CKD patient population  Notes 

 Indirect factor 
Xa inhibitors 

 Unfractionated 
heparin (UFH) 

 Recommended dosage and desired 
aPTT values per institutional protocol 

 Suggested starting dose heparin 
50 IU/kg bolus, then 18 IU/kg/h. 
Monitor aPTT values and adjust 
accordingly per local protocol 

 Metabolism: liver (partial) 

 PCI: 60–100 units/kg IV × 1  Metabolites: none 
 Target ACT 250–350 s; in patients 
receiving glycoprotein IIb/IIIa inhibitor, 
give 50–70 units/kg IV × 1 to target 
ACT 200 s 

 Excretion: urine 

 STEMI, adjunct treatment, 
streptokinase use: 
 Dose 
  <80 kg: 800 units/h 
  >80 kg: 1,000 units/h 
  Start: 5,000 units IV × 1 
  Adjust dose to target aPTT 50–75 s 
 NSTEMI 
  12–15 units/kg/h i.v. 
  Start: 60–70 units/kg i.v. × 1; max 
5,000 units bolus, max rate 1,000 
units/h 
  Adjust dose to target aPTT 50–75 s 

 Low molecular 
weight heparin 

 Unstable angina, non-Q-wave MI  STEMI: <75 years old, CrCl <30  Excretion: urine 40 % 
  1 mg/kg SC BID 
 STEMI  30 mg IV bolus × 1 plus 1 mg/kg 

SC × 1, then 1 mg/kg SC qDay   <75 years old: 
 Enoxaparin 
(Lovenox) 

  30 mg IV bolus × 1 plus 1 mg/kg 
SC × 1, then 1 mg/kg SC q12h 

 STEMI: >75 years old, CrCl <30: 

    PCI patients: additional 0.3 mg/kg 
IV bolus if last s.c. given >8 h 
before balloon infl ation 

  >75 years old:  1 mg/kg SC qDay 
 0.75 mg/kg SC q12 h (no IV bolus) 

(continued)
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 Class  Medication  Normal dose  CKD patient population  Notes 

 Direct factor 
Xa inhibitor 

 Fondaparinux 
(Arixtra) 

  UA/NSTEMI  CrCl 30–50 ml/min: use with 
caution 

 Excretion: urine (primarily 
unchanged) 

 Conservative strategy  CrCl <30 ml/min: not indicated 
  2.5 mg SC daily 
 During PCI 
   Add UFH 50–60 units/kg IV bolus 

for prophylaxis of catheter 
thrombosis [ 40 ] 

 Direct 
thrombin 
inhibitors 

 Bivalirudin 
(Angiomax) 

 Intended for use with aspirin 
300–325 mg/day 

 CrCl 10–29: usual bolus dose, then 
initial infusion of 1 mg/kg/h IV up 
to 4h 

 Excretion: urine 

 0.75 mg/kg IV bolus initially, followed 
by continuous infusion at rate of 
1.75 mg/kg/h for duration of procedure 

 Hemodialysis: usual bolus dose, 
then initial infusion 0.25 mg/kg/h 
IV, up to 4h 

 Dialyzable: yes, with 25 % 
reduction in levels 

 Perform ACT 5 min after bolus dose  Bivalirudin is a direct thrombin 
inhibitor specifi cally studied in 
dialysis patients with dosing 
recommendations and should be 
preferentially considered 

 May administer additional 0.3 mg/kg 
bolus if necessary 
 May continue infusion following PCI 
beyond 4 h (optional post-PCI, at 
discretion of treating healthcare 
provider) initiated at rate of 0.2 mg/
kg/h for up to 20 h PRN 

 Dabigatran 
(Pradaxa) 

 Indicated for prevention of stroke and 
thromboembolism associated with 
nonvalvular atrial fi brillation 

 CrCl 15–30 ml/min: 75 mg PO 
BID 

 Excretion: urine 7 %, feces 
86 % 

 CrCl >30 ml/min  CrCl <15 ml/min or hemodialysis: 
not indicated 

  150 mg PO BID  For patients currently taking 
dabigatran, wait 12 h (CrCl 
≥30 ml/min) or 24 h (CrCl <30 ml/
min) after the last dose of 
dabigatran before initiating 
treatment with a parenteral 
anticoagulant 
 If possible, discontinue dabigatran 
1–2 days (CrCl ≥50 ml/min) or 
3–5 days (CrCl <50 ml/min) before 
invasive or surgical procedures 
because of the increased risk of 
bleeding 

   ACT  activated clotting time,  aPTT  activated partial thromboplastin time,  CKD  chronic kidney disease,  CrCl  creatinine clearance,  MI  myocardial 
infarction,  NSTEMI  non-ST-elevated myocardial infarction,  PCI  percutaneous coronary intervention,  STEMI  ST-elevated myocardial infarction, 
 UA  unstable angina,  UFH  unfractionated heparin  

Table 24.3 (continued)

who received CABG over PCI [ 46 ]. Confl icting studies with 
incomplete data along with the existence of referral bias 
demonstrate that this area needs more dedicated research.  

    Adverse Outcomes of Invasive Procedures: 
Contrast-Induced Acute Kidney Injury 

 Contrast-induced acute kidney injury (CI-AKI), the third 
leading cause of hospital-associated renal failure, is diag-
nosed when there is a 25 % increase in serum creatinine from 

baseline or a 0.5 mg/dl increase in the absolute creatinine 
value within 48–72 h after the administration of intravenous 
contrast [ 47 ]. A newer defi nition of CI-AKI that can be used 
is the Acute Kidney Injury Criteria of a rise of ≥0.3 mg/dl at 
48 h after exposure. Other causes of renal failure should be 
considered before establishing the diagnosis of CI-AKI 
including volume depletion (prerenal azotemia without 
AKI), interstitial nephritis, and systemic atheroembolism. 
Serum creatinine usually peaks in 2–5 days, followed by a 
gradual return to baseline over 14 days. The exact incidence 
of CI-AKI might be under reported, as post-catheterization 
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patients are commonly discharged shortly after the proce-
dure [ 47 ]. Pathophysiology is related to transient renal isch-
emia (~2 h), direct contrast toxicity (several days), and in 
some cases superimposed aortic microembolization of ath-
eromatous debris to the kidney. 

 Though preexisting CKD is the most common risk factor 
for the development of CI-AKI, concomitant diabetes 
increases overall risk by two- to fourfold. Additional risk 
factors include age, hypertension, heart failure, metabolic 
syndrome, anemia, multiple myeloma, hypoalbuminemia, 
and prior renal transplant. The cardiologist must be cautious 
of potential substrates for hemodynamic instability such as 
hypovolemia, ejection fraction less than 40 %, hypotension, 
and intra-aortic balloon pump counterpulsation therapy. The 
volume of contrast, its composition, osmolality, ionicity, and 
viscosity are also contributing factors [ 47 ]. Patients with 
CKD undergoing cardiac catheterization experience more 
major adverse cardiovascular events (MACE), longer hospi-
tal stays, and higher costs [ 48 ]. Though there exists no defi n-
itive treatment once CI-AKI develops, a great deal of effort 
has been focused in preventing the syndrome from 
occurring. 

 Intravenous hydration remains the central tenant in pre-
vention of CI-AKI. Post-procedure volume expansion is 
more important than pre-procedure hydration. Intravascular 
volume expansion, preferably with normal saline, promotes 
renal blood fl ow and counteracts the decreased renal perfu-
sion that occurs for up to 20 h after contrast exposure. This 
also prevents medullary hypoxemia and preserves nitric 
oxide production that helps to enhance the elimination of 
contrast. Normal saline is superior to half normal saline in 
expanding intravascular. Increased delivery of sodium to the 
distal nephron prevents deleterious renin-angiotensin activa-
tion. The CIN Consensus Working Panel recommends the 
use of isotonic crystalloids (1–15 mml/kg/h) 3–12 h pre- 
procedure and continuously for 6–24 h post-procedure [ 49 ]. 
For hospitalized patients, volume expansion should begin 
6 h pre-procedure and be continued for 6–14 h post- 
procedure. For outpatients, fl uids can be initiated 3 h prior 
and continued for 12 h after procedure. Patients with com-
pensated congestive heart failure should still be given vol-
ume but at a lower rate. Decompensated heart failure patients 
should undergo hemodynamic monitoring if possible with 
continuation of diuretics. Iodixanol is the contrast agent of 
choice for patients at risk for CI-AKI due to its nonionic, 
isosmolar properties and studies showing lower rates of 
CI-AKI [ 50 ,  51 ]. Contrast volume should be kept to 100 ml, 
with the risk of CI-AKI increasing by 12 % for each 100 ml 
of dye used beyond the initial 100 ml. Nephrotoxic agents 
such as NSAIDs, cyclosporine, and amphotericin should be 
discontinued 24 h before procedure in patients at risk. 
Metformin should also be discontinued and resumed 48 h 
later in the setting of normal renal function to avoid risk of 

lactic acidosis. There are no fi rm recommendations regard-
ing the discontinuation of ACEs and ARBs at this time. 

 Other potential therapies continue to be investigated but 
cannot be recommended at this time. The almost ubiquitous 
utilization of  N -acetylcysteine (NAC) was fi nally challenged 
in the ACT trial (Acetylcysteine for Prevention of Renal 
Outcomes in Patients Undergoing Coronary and Peripheral 
Vascular Angiography) in Brazil. In this large, randomized 
control trial of 2,308 patients, Berwanger et al. found no dif-
ferences in incidence of CIN in the control and NAC group 
(12.7 % in each). Secondary outcomes such as need for dial-
ysis and total mortality also did not differ. Additionally, the 
groups did not differ in the types of contrast dye utilized 
[ 32 ]. Guidelines will certainly be updated to refl ect these 
fi ndings in addition to promoting development of therapies 
with measurable benefi t. Forced diuresis with mannitol and 
furosemide predisposes to dehydration and can worsen 
CI-AKI. A lower incidence of CI-AKI was found in patients 
treated with statins pre-procedure (4.37 % versus 5.93 %), 
but prospective trials are still required before recommenda-
tions can be made. 

 Cholesterol macroembolization syndrome should be sus-
pected in patients with acute renal failure, hypereosinophilia, 
livedo reticularis, or blue toe syndrome, especially if the 
patient has had recent vascular procedures such as cardiac 
catheterization. Typically, presenting weeks or months after 
such procedures, it can be distinguished temporally from 
CI-AKI which occurs 24–48 h post-procedure. In a prospec-
tive study of 1,579 patients undergoing coronary angiogra-
phy, clinical evidence of cholesterol emboli was present in 1 
patient (0.06 %). Renal effects of the syndrome may range 
from spontaneous resolution to ESRD requiring dialysis.  

    Nephrogenic Systemic Fibrosis 

 The connection between gadolinium and renal failure lead-
ing to nephrogenic systemic fi brosis (NSF) was fi rst 
described in a case series of 13 patients [ 52 ]. All patients 
with NSF have a history of renal failure with most on renal 
replacement therapy, whether it be hemodialysis or perito-
neal dialysis or have a history of renal transplantation. 
Though an uncommon condition, it is clinically of impor-
tance as it may be linked to increased morbidity and mortal-
ity [ 53 ]. With reduced renal clearance, both gadolinium and 
gadodiamide have longer circulatory times and dissociate 
from the chelated state and allow presentation of unbound 
gadolinium to immune and satellite cells in connective tis-
sue. The mechanism at play is not well understood, though 
hypotheses implicate a circulating fi brocyte which becomes 
activated by gadolinium exposure and begins to deposit 
excess collagen [ 54 ]. The disease itself results in a 
scleroderma- like condition with gadolinium deposition 
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 primarily occurring in the skin but can affect the tissues of 
any organs [ 55 ]. 

 The risks and benefi ts of gadolinium in cardiac MRI 
should be carefully considered by the cardiologist. If the test 
is deemed of critical lifesaving importance, it should be dis-
cussed with the patient, with the risks of this disease entity 
described. Studies have shown that dialysis decreases the 
amount of gadolinium but has no effect on residual tissue 
deposits and thus does not prevent against NSF development 
[ 56 ]. The cardiologist should coordinate with the patient’s 
nephrologist to initiate early dialysis, and even arrange the 
testing on the patient’s dialysis day. There is no evidence at 
this time to initiate temporary dialysis in patients who are not 
already on dialysis.  

    Dyslipidemia in CKD 

 Though potentially treatable, dyslipidemias in CKD patients 
are not aggressively managed by clinicians due to questions 
about safety and unclear evidence demonstrating benefi t in 
this patient group [ 57 ]. Complex lipid abnormalities, primar-
ily low HDL-C and increased plasma triglycerides, result 
from the intricate dysregulation of lipoprotein metabolism in 
patients with CKD [ 58 ] and can be found in all stages of 
CKD. Reduced plasma levels of ApoA-I and ApoA-II as evi-
denced by reduced genetic expression of these apoproteins at 
HDL production sites in the liver result in low HDL-C levels 
[ 59 ]. In addition, chronic infl ammation leading to reduced 
levels of albumin also contributes to lower HDL-C levels 
[ 58 ]. Increases in ApoC-III, a strong inhibitor of lipoprotein 
lipase whose purpose is to degrade triglyceride particles, can 
partly explain high triglyceride levels. 

 Key studies have highlighted lipid management in patients 
with mild to moderate CKD. The Heart Protection Study 
enrolled 20,000 subjects evaluating the benefi ts of 40 mg of 
daily simvastatin. In this group, 1,329 patients had CKD, 
their creatinine levels ranging from 1.3 to 2.3 mg/dl. An 
11 % absolute risk reduction (ARR) for the outcomes of total 
morality and fatal and nonfatal vascular events was seen, in 
comparison to an ARR of 5.4 % for the entire study popula-
tion [ 60 ]. A subgroup of 1,700 patients from the Cholesterol 
and Recurrent Events (CARE) study with creatinine clear-
ance <75 ml/min experienced a 4 % ARR in death from 
CAD or symptomatic nonfatal MI when treated with 40 mg 
of pravastatin daily. In the ALERT (Assessment of Lescol in 
Renal Transplant) trial which was a randomized double- 
blind placebo-controlled trial of 2,102 renal transplant 
patients who had a mean serum creatinine of 1.6 mg/dl, a 
17 % risk reduction in combined primary endpoints of car-
diac death, nonfatal MI, or coronary intervention was 
observed in patients treated with fl uvastatin [ 33 ]. When car-
diac death and nonfatal MI were analyzed as the primary 

endpoint, a 35 % risk reduction was seen [ 61 ]. In the VA-HIT 
(Veteran’s Affairs High-Density Lipoprotein Intervention 
Trial) study of the 2,500 men enrolled, 1,000 had creatinine 
clearance <75 ml/min with a post hoc analysis showing a 
27 % relative risk reduction and a 6.3 % ARR in fatal and 
nonfatal MI associated with gemfi brozil therapy [ 62 ]. 

 Patients on hemodialysis (CKD 5) have a 10–30 times 
higher morbidity and mortality from CVD than the general 
population [ 63 ]. Observational data suggests benefi t in treat-
ing dyslipidemia in dialysis patients. Statin users in the US 
Renal Data System Dialysis Morbidity and Mortality Study 
(3,700 patients on hemodialysis followed for 2 years) had a 
32 % relative risk reduction in total mortality, while fi brate 
users had no reduction in cardiovascular or total mortality 
[ 64 ]. Statin users in the Dialysis Outcomes Practice Patterns 
Study had a 31 % relative risk reduction in total mortality 
compared to non-statin users [ 65 ]. The 4D (Die Deutsche 
Diabetes Dialyse Studie) trial studied statin use prospec-
tively in a randomized controlled fashion in hemodialysis 
patients, fi nding, in contrast with observational data, an 
increased risk of fatal stroke. Criticism of this study was that 
patients had such severe atherosclerosis (on hemodialysis for 
2 years, 50 % were smokers, 50 % had prior MI) that they 
were beyond benefi t of statin therapy [ 66 ]. The randomized 
controlled SHARP trial (Study of Heart and Renal Protection) 
revealed combination therapy with simvastatin and ezeti-
mibe in 9,270 patients with CKD and ESRD to decrease the 
risk of “major atherosclerotic events” by 17 %. Therapy 
resulted in a 25 % reduction in nonhemorrhagic stroke, a 
27 % reduction in coronary revascularization, and a 21 % 
reduction in any revascularization [ 67 ]. Observational data 
of dialysis patients reveals a “reverse epidemiology” show-
ing lower cholesterol levels to be associated with higher 
mortality rates [ 68 ]. This fi nding was derived from data from 
more than 12,000 hemodialysis patients and revealed that 
patients with a total cholesterol level less than 100 mg/dl had 
four times the risk of death when compared to patients with 
total cholesterols ranging from 200 to 250 mg/dl [ 69 ]. A 
10-year prospective study of 1,167 Japanese patients on 
hemodialysis confi rmed low cholesterol to be associated 
with higher all-cause mortality. The same study found low 
cholesterol to correlate with low albumin and higher CRP 
level, suggesting a link between low cholesterol, malnutri-
tion, and infl ammation [ 70 ]. 

 Current National Kidney Foundation Kidney Disease 
Outcome Quality Initiative (K/DOQI) guidelines recom-
mend a target LDL of below 100 in patients with CKD [ 71 ] 
with fi rst-line therapy being statins at doses similar to those 
in clinical trials. Statins have a positive safety profi le in 
CKD, dialysis, and renal transplant recipients [ 34 ]. There is 
insuffi cient evidence to conclude that statins through their 
pleiotropic effects actually prevent the decline of renal func-
tion. Atorvastatin has a <2 % renal excretion and does not 
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require dose adjustment for GFR <30 ml/min/1.73 m 2  [ 72 ]. 
Fluvastatin also has minimal kidney excretion and does not 
utilize the CYP-3A4 metabolism pathway. In addition, its 
pharmacokinetics are unchanged in hemodialysis or perito-
neal dialysis patients [ 73 ,  74 ]. 

 Fibric acids, such as gemfi brozil, are most effective in the 
treatment of hypertriglyceridemia in these patients [ 75 ] 
although the overall benefi t is unclear. The VA-HIT trial 
demonstrated a signifi cantly lower risk of the primary end-
point of coronary death and nonfatal MI. However, there was 
no effect on total mortality, and therapy was linked with sig-
nifi cant decline in renal function. Fibrates in combination 
with statins may pose an increased risk for rhabdomyolysis 
in patients with CKD. Gemfi brozil elevates plasma levels of 
all statins except fl uvastatin [ 76 ]. The dose of gemfi brozil 
should be reduced to 600 mg/day for patients with GFR 
<60 ml/min/1.73 and avoided altogether in patients with 
GFR <15 ml/min/1.73 m 2  [ 77 ]. When treating mixed dyslip-
idemias, the National Lipid Association recommends avoid-
ing the maximum dose of statin in combination with a fi brate 
[ 77 ]. Guidelines from the National Kidney Foundation 
(NKF) advise decreasing the dose of niacin by 50 % for GFR 
<15 mg/ml/1.73 m 2  [ 72 ]. Omega-3 fatty acids are safe in 
CKD patients and have limited drug interactions [ 31 ].  

    Perioperative Cardiac Evaluation 
of the Renal Transplant Recipient 

 Kidney transplant is the defi nitive treatment of choice for 
ESRD, potentially offering patients longer survival and bet-
ter quality of life. As of 2009, more than 80,000 patients 
await kidney and kidney-pancreas transplant [ 78 ]. As already 
highlighted in this chapter, this population of patients carries 
a higher prevalence of CAD, and whether pre- or posttrans-
plant, CVD continues to be the most common cause of death. 
In fact, posttransplant, 30 % of all overall deaths, with the 
highest rates occurring early after transplant, are attributed to 
CVD [ 79 ]. Nearly half of all deaths 30 days posttransplant 
are due to cardiac events [ 80 ]. Additionally, the posttrans-
plant medication regimen of steroids and calcineurin inhibi-
tors can worsen hypertension and dyslipidemia. The 
interaction of statins and calcineurin inhibitors may result in 
undertreatment of lipid abnormalities [ 81 ]. 

 As part of the multidisciplinary transplant process, all 
patients should be evaluated for ischemic heart disease. At 
baseline, a history, physical examination, ECG, and chest 
x-ray should be ordered along with an assessment of func-
tional status. Many questions and an overall lack of consen-
sus exist on how to optimally approach cardiovascular risk 
assessment in patients where further advanced cardiac test-
ing is needed. In fact, in a 1993 survey of US transplant cen-
ters and cardiac evaluation practices by Ramos et al., it was 

found that cardiac stress test screening was nearly standard 
practice, being obtained in 67 % of asymptomatic patients 
(age over 52), 86 % of diabetics, and 68 % of asymptomatic 
patients with multiple risk factors [ 82 ]. The ACC/AHA 
guidelines advise a cardiovascular evaluation based on 
patient symptoms and functional status. The American 
Society of Transplantation recommends stress testing for all 
“high-risk patients” defi ned as those with renal disease from 
diabetes, prior ischemia, or having two or more CAD risk 
factors (age ≥45 years in men and 55 in women, smoking, 
diabetes, hypertension, dyslipidemia, LVH). The evidence 
for acting on positive stress tests is less clear but would likely 
follow those of accepted guidelines for revascularization. 

 Noninvasive cardiac testing such as myocardial perfusion 
imaging with dipyridamole thallium/sestamibi scintigraphy 
(DSS) and dobutamine stress echocardiography (DSE) has 
been studied in patients with ESRD. De Lima et al. studied 
125 renal transplant candidates with coronary angiography 
and noninvasive testing. They found DSS to have a sensitiv-
ity and specifi city of 58 and 67 %, respectively, and DSE to 
have a sensitivity of only 44 %, with a better specifi city of 
87 %. The patients were followed for 4 years and only coro-
nary angiography was able to reliably predict patients at risk. 
The authors concluded that noninvasive testing was probably 
inadequate in transplant patients who are already at high 
risk. Coronary angiography offers the ability to exclude sig-
nifi cant CAD while carrying the risk of CI-AKI and athero-
embolic disease (Fig.  24.1 ).

       Congestive Heart Failure (CHF) 
and Cardiorenal Syndrome (CRS) 

 CHF and renal dysfunction often coexist, and primary dys-
function in one organ system often causes or exacerbates 
dysfunction in the other. Impaired cardiac output, for exam-
ple, may result in decreased renal perfusion and progression 
of CKD. Conversely, progression of CKD may lead to 
sodium and water retention, hypertension, volume overload, 
and worsening cardiac dysfunction. The reciprocal nature of 
cardiac and renal disease can further be appreciated in the 
following observations: (1) impaired renal function in CHF 
correlates with cardiovascular morbidity and mortality [ 83 ], 
and (2) CKD patients have signifi cant cardiovascular mor-
bidity/mortality, most of them dying from such causes before 
reaching ESRD [ 84 ]. 

 The term cardiorenal syndrome (CRS) has been applied to 
describe the bidirectional nature of cardiac and renal disease. A 
recent classifi cation of CRS has been proposed which takes 
into account the time frame and pathophysiology of concomi-
tant heart and renal dysfunctions. Under this classifi cation, 
CRS is subdivided into subtypes according to the primary 
organ of dysfunction and the temporal sequence of events [ 85 ]. 
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    Pathophysiology 

  Type 1 Acute Cardiorenal Syndrome :  Acute Heart Failure 
Causing Renal Dysfunction / Injury . This subtype refers to an 
abrupt worsening of cardiac function leading to acute kidney 
injury (AKI). In decompensated HF, excessive activation of the 
renin-angiotensin-aldosterone system (RAAS) and the sympa-
thetic nervous system (SNS) has been considered the hallmark 
of the disease process. These pathways are responsible for the 
excessive release of neurohormonal mediators such as angio-
tensin II, vasopressin, and norepinephrine resulting in increased 
sodium retention and vasoconstriction. This ultimately leads to 
increased cardiac preload and kidney congestion, which is 
thought to play a crucial role in renal dysfunction [ 85 ]. 

  Type 2 Chronic Cardiorenal Syndrome :  Chronic Heart 
Failure Causing Renal Dysfunction / Injury . This subtype 
refers to chronic abnormalities in cardiac function 
 causing progressive chronic kidney disease. The proposed 
 pathophysiology for renal dysfunction in this setting is simi-
lar to that of CRS type 1. The ESCAPE trial (Evaluation 
Study of Congestive Heart Failure and Pulmonary Artery 
Catheterization Effectiveness) clearly demonstrated a link 
between rising serum creatinine levels and right atrial 

 pressures, suggesting that renal congestion may be more 
important than previously thought [ 86 ]. Additional factors 
which may contribute to the progressive renal deterioration 
relate to the pharmacological treatment for chronic CHF. 
These include excessive diuresis, early RAAS blockade, and 
drug- induced hypotension, which may contribute to worsen-
ing renal dysfunction [ 87 ]. 

  Type 3 Acute Renocardiac Syndrome :  Acute Renal Failure 
Causing Heart Dysfunction / Injury . This subtype consists of 
an abrupt worsening of renal function causing acute cardiac 
dysfunction. AKI can result in acute volume overload, elec-
trolyte derangements, and accumulation of uremic toxins, 
which may lead to cardiac dysfunction [ 85 ]. 

  Type 4 Chronic Renocardiac Syndrome :  CKD Causing 
Heart Disease / Dysfunction / Injury . This subtype refers to 
disease of the heart that develops as a result of CKD. Cardiac 
disease in CKD patients is common, and cardiac-specifi c 
mortality rates are 10- to 20-fold higher compared to non- 
CKD populations. Progression of CKD usually leads to salt 
and water retention, hypertension, left ventricular hypertro-
phy/remodeling, and vascular calcifi cation with accelerated 
atherosclerosis which ultimately result in the development of 
cardiac dysfunction [ 88 ]. 
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  Fig. 24.1    Preoperative algorithm for renal transplantation.  KT  kidney transplant,  EF  ejection fraction,  HTN  hypertension,  MI  myocardial infarc-
tion (Adapted    from [ 152 ])       
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  Type 5 Cardiorenal Syndrome :  Any Systemic Condition That 
Causes Simultaneous Renal and Cardiac Dysfunction / Injury . 
Also known as secondary CRS, both the heart and the kidney 
are simultaneously affected by a systemic illness, which can 
be either acute or chronic. An example of type 5 CRS is sepsis, 
a condition in which patients often develop concomitant renal 
and cardiac dysfunction [ 85 ].  

    Diagnostic Markers 

 Classic markers such as serum creatinine rise when renal 
injury is already established. More sensitive biomarkers for 
the early detection and prognostication of AKI are currently 
under investigation. These include the neutrophil gelatinase- 
associated lipocalin (NGAL), interleukin-18 (IL-18), cys-
tatin C, and kidney injury molecule-1 (KIM-1). The 
usefulness of these biomarkers is still questioned, and ade-
quately powered multicenter clinical trials are needed for 
further evaluation before they can be adopted into clinical 
practice [ 89 ]. 

 B-type natriuretic peptide (BNP) is a marker of myocyte 
stress and is often used to diagnose and manage CHF. Its 
usefulness, however, is unclear as the serum concentrations 
are infl uenced by kidney function [ 90 ].  

    Treatment 

 A stepwise approach has been proposed for the treatment of 
CRS. This involves an initial evaluation in which adherence 
to medication regimen/salt restriction is optimized; arrhyth-
mias, cardiac dyssynchrony, and anatomic abnormalities 
(ischemia, valvular disease, pericardial effusion) are recog-
nized and treated; anemia is controlled (iron repletion, 
erythropoietin- stimulating agents); and key pharmacologic 
agents are optimized (diuretics, ACE inhibitors, ARBs, spi-
ronolactone, digoxin, afterload-reducing agents). In the pres-
ence of worsening renal function, ineffective diuresis, or 
persistent CHF, an effort to reevaluate for concurrent renal 
disease is indicated. Initiation of vasopressor/inotropic ther-
apy or extracorporeal ultrafi ltration should be considered in 
the setting of persistent hypotension, renal dysfunction, or 
CHF [ 91 ].  

    Extracorporeal Ultrafi ltration 

  Peritoneal Dialysis  ( PD ): Intermittent PD has been shown to 
be effective for fl uid removal, improving NYHA class, bridg-
ing to cardiac transplantation, decreasing duration of hospi-
talization, and improving quality of life [ 92 ]. The safety of 
PD, however, has not been well established as there is 

 evidence of increased peritoneal infection and PD-induced 
electrolyte derangements which may worsen cardiac rhythm 
control. In addition, the large peritoneal fl uid volumes used 
can potentially affect respiration, which may already be 
compromised in CHF [ 91 ]. 

  Conventional Hemodialysis or Hemofi ltration : 
Intermittent hemodialysis for fl uid removal in CHF has been 
shown to be effective and safe [ 93 ]. The major risk associ-
ated with this type of ultrafi ltration (UF) is hemodynamic 
instability due to excessive fl uid removal, which can poten-
tially lead to hypovolemia, hypotension, and decreased renal 
function. The key to avoiding hemodynamic instability is to 
slow the UF rate which has led to longer and ultimately con-
tinuous treatment modalities [ 91 ]. In the recent UNLOAD 
trial (Ultrafi ltration Versus Intravenous Diuretics for Patients 
Hospitalized for Acute Decompensated Heart Failure) in 
which CHF patients were randomized to early UF or IV 
diuretics, early UF was associated with a signifi cantly greater 
rate of fl uid loss than diuretic therapy with statistically simi-
lar rises in serum creatinine, BUN, sodium levels, heart fail-
ure scores, episodes of hypotension, and hospital length of 
stay. UF therapy proved to be safe, without increased mortal-
ity or hemorrhage compared with those undergoing standard 
care. Caution, however, should be undertaken to minimize 
the potential collateral effect of continuous renal replace-
ment therapy (CRRT) on decreasing the therapeutic levels of 
medications used in treatment.   

    Valvular Heart Disease and Renal 
Dysfunction 

 Valvular heart disease (VHD) is commonly observed in 
patients with CKD and is related to the disturbances in serum 
levels of calcium and phosphorus due to secondary hyper-
parathyroidism. Other risk factors for VHD in renal patients 
include DM, hypertension, uremia, anemia, and infective 
endocarditis. The underlying pathology for valvular disease 
involves valvular and/or annular calcifi cation as well as 
thickening of the valve apparatus, which can lead to either 
regurgitation or stenosis of the valve. 

 Mitral annular calcifi cation (MAC) is frequently seen on 
echocardiography in patients with CKD/ESRD and is esti-
mated to affect 10–50 % of these patients. Hyperphosphatemia 
plays a major role in MAC development in the renal failure 
population [ 94 ]. Aortic valve calcifi cation (AVC) is usually 
seen later in the course of the kidney disease and is more 
often observed in patients who have been on dialysis for a 
few years [ 95 ,  96 ]. AVC, like MAC, is directly related to 
elevations in the calcium-phosphorus product in CKD 
patients. Valve sclerosis (thickening of the valve), which 
usually affects the aortic and mitral valves, is very common 
in CKD/ESRD patients. Although not directly related to 
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 progression to aortic stenosis (AS), aortic sclerosis has been 
shown to be associated with increased cardiovascular mor-
tality [ 97 ]. 

 The evaluation of suspected VHD in patients with CKD/
ESRD is not different from that done in the general popula-
tion. However, the evaluation process may be more challeng-
ing in renal patients due to the changes in volume status 
(which would affect physical examination and echocardiog-
raphy fi ndings) and other medical conditions frequently 
encountered in these patients [ 98 ]. Two-dimensional echo-
cardiography is the recommended modality for evaluation 
and serial follow-up when indicated. 

 The incidence of AS in hemodialysis (HD) patients is 
estimated to be about 3.3 %/year according to one study 
[ 99 ]. The same study showed worse outcome of AS in HD 
patients compared with the general population, although 
clinical progression and symptoms of AS were not different 
between groups. The medical literature has limited data 
regarding the prevalence/incidence of mitral stenosis in renal 
failure patients [ 100 ]. 

 Valvular regurgitation (including aortic, mitral, and tri-
cuspid) is very common in HD/CKD patients and is thought 
to be of functional origin due to the increased volume status 
in these patients [ 101 ,  102 ]. Valvular regurgitation may be 
managed medically with control of volume and blood pres-
sure in patients with functional valvular regurgitation. 

 Treatment options for VHD in renal patients are the same 
compared with the general population as indicated by the 
ACC/AHA guidelines. When surgery is recommended, the 
decision for selection of the valve (bioprosthetic versus 
mechanical) should be individualized based on risks and 
benefi ts. The risk of thromboembolism is high in the setting 
of calcifi ed valves (MAC, AVC). Calcifi c embolism is not 
frequently recognized in renal patients but can be fatal and 
should be always considered in this population [ 103 ].  

    Pericardial Disease in Renal Failure 

 The morbidity and mortality of pericardial disease in patients 
with renal dysfunction has signifi cantly decreased with 
advancements in renal replacement therapy (RRT). Peri-
cardial disease in CKD/ESRD patients is classifi ed into  ure-
mic pericarditis  which usually develops before RRT or 
within 8 weeks of its initiation,  dialysis pericarditis  which 
occurs after being stabilized on dialysis for at least 8 weeks, 
and  chronic constrictive pericarditis  [ 104 ]. The reported 
incidence of pericarditis in patients with CKD/ESRD varies 
greatly with an average estimate of 8–20 % [ 105 ,  106 ]. The 
underlying etiology of pericarditis in renal dysfunction is 
believed to be related to retention of toxic metabolites [ 107 , 
 108 ]. Immunologic injury and volume overload have been 
also suggested as a possible cause. Other types of  pericarditis 

(viral, bacterial) can also develop. The clinical features of 
pericarditis in renal failure patients are similar to those 
observed in nonuremic patients and classically involve pleu-
ritic chest pain that worsens in the reclining position [ 109 ]. 
The typical diffuse ST elevation on ECG is not usually seen 
in uremic pericarditis [ 110 ]. Acute uremic pericarditis usu-
ally resolves rapidly once dialysis (hemodialysis or perito-
neal) is initiated. Dialysis pericarditis is treated by 
intensifying the dialysis regimen [ 111 ]. Anti-infl ammatory 
medications have limited effect when intensive dialysis has 
failed. In both, uremic and dialysis pericarditis, when a mod-
erate to large pericardial effusion exists with evidence of 
hemodynamic compromise on clinical or echocardiographic 
evaluation, pericardial drainage should be performed prefer-
ably via a surgical pericardial window procedure [ 112 ,  113 ]. 
Asymptomatic patients with pericardial effusion should be 
monitored with serial transthoracic echocardiographic 
evaluation.  

    Arrhythmias and Renal Failure 

 The high prevalence of CAD along with electrolyte abnor-
malities, metabolic acidosis, and uremic milieu all combine 
to place the patient with CKD at high risk for cardiac arrhyth-
mias [ 114 ]. Infl ammation associated with renal dysfunction 
[ 115 ,  116 ] is believed to play a major role in the pathogene-
sis of atrial arrhythmias [ 117 ,  118 ]. 

 Approximately one in four patients with ESRD dies sud-
denly with no clear cause [ 119 ]. More frequent implantable 
cardioverter defi brillator (ICD) therapy episodes occur in 
CKD/ESRD patients [ 119 ,  120 ]. Elevated defi brillation 
threshold and failure of ICD therapy have been frequently 
reported in CKD/ESRD patients [ 121 ]. An increased short- 
term mortality along with higher complication rates 
 following ICD implant has been observed in ESRD pati-
ents [ 122 ]. Given these fi ndings, the utility of ICDs for pri-
mary prevention in this subset of patients is currently under 
investi  gation. 

 One in fi ve patients with CKD experiences atrial fi brilla-
tion, which is two to three times higher than the rate esti-
mated in the general population [ 123 ]. In addition, CKD has 
been shown to be a strong predictor of new-onset AF in 
hypertensive patients [ 124 ]. The prevalence of AF is 13 % 
in patients on hemodialysis and 7 % in patients undergoing 
peritoneal dialysis in the US renal data system (USRDS) 
[ 125 ]. ESRD patients with known AF have an annual mor-
tality rate of 5 % compared with only 2 % in those without 
it [ 12 ]. The presence of AF in CKD patients indicates an 
increased mortality risk. Whether AF is an independent risk 
factor for overall mortality in CKD or is a marker of risk has 
not been determined. The risk of stroke is markedly 
increased in CKD patients with AF compared to the general 
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population [ 126 ]. According to one study, thromboembolic 
event rates were about 24 % per year in hemodialysis 
patients with AF compared to 5 % in those with normal 
sinus rhythm. The use of oral anticoagulation for stroke pre-
vention in CKD patients with AF has not been widely stud-
ied [ 127 ]. Many of the safety studies and large clinical trials 
regarding anticoagulation have excluded CKD patients. In 
addition, patients with renal disease have both a prothrom-
botic state that leads to higher rates of thromboembolism 
and a coagulopathy resulting in an increased bleeding risk 
[ 128 – 130 ]. CHADS2 and HASBLED scores have not been 
validated in CKD patients, but they are considered a useful 
foundation in approaching this complex situation where the 
clinician has to perform individual risk stratifi cation [ 131 , 
 132 ]. Dabigatran is an oral direct thrombin inhibitor that has 
been approved by the Food and Drug Administration (FDA) 
for stroke prevention in nonvalvular AF. Exposure to dabi-
gatran is increased by renal impairment and correlates with 
the severity of renal dysfunction. A decrease in the dose 
and/or an increase in the administration interval in these 
patients may be appropriate. In patients with ESRD, dabiga-
tran can be partly removed from the plasma by hemodialysis 
[ 133 ]. The FDA approved dabigatran 150 mg twice daily in 
CKD stage 3 patients and a reduced dose of 75 mg twice 
daily in CKD stage 4 patients. 

 CKD patients who have arrhythmias should receive the 
same guideline-based therapy as others. The major differ-
ences in management are mainly related to medication dose 
adjustments based on renal function (Tables  24.1 ,  24.2 , 
and  24.3 ).  

    Peripheral Arterial Disease in CKD 

 Chronic kidney disease has been recently determined to be 
an independent risk factor for atherosclerosis [ 134 ]. 
Peripheral arterial disease (PAD) is commonly encountered 
in patients with CKD. However, it has not been extensively 
studied in this group of patients [ 135 ]. 

 Estimates of the prevalence of PAD in patients with ESRD 
range from 15 to 25 % depending on the geographic location 
and the diagnostic criteria [ 136 ,  137 ]. In patients with CKD, 
the incidence and prevalence of PAD are higher than in the 
general population. However, the lack of a unifi ed defi nition 
of the disease has contributed to diffi culties in obtaining 
accurate epidemiologic data [ 138 ,  139 ]. 

 The traditional risk factors for PAD such as male gender, 
advanced age, coronary artery disease, diabetes mellitus, 
hypertension, smoking, and hyperlipidemia also hold true 
for patients with renal disease. The role of hyperphosphate-
mia, hyperparathyroidism, and vascular calcifi cation in 
developing lower limb atherosclerosis in patients with renal 
dysfunction is not clear [ 140 ,  141 ]. 

 The presentation of PAD as classifi ed by 2005 ACC/AHA 
guidelines is as follows: asymptomatic (20–50 %), atypical 
leg pain (40–50 %), classic claudication (10–35 %), and crit-
ical limb ischemia (1–2 %) [ 142 ]. The symptoms of PAD in 
CKD patients are not different. However, compared to those 
who have normal kidney function, patients with CKD have 
higher mortality rates, and they are more likely to develop 
critical limb ischemia and higher rates of limb loss following 
revascularization. In patients with ESRD, symptoms of PAD 
may be exacerbated after inserting lower extremity hemodi-
alysis access. 

 The diagnosis of PAD in patients with renal dysfunction 
can be made using the same noninvasive techniques used in 
the general population, including ABI (ankle-brachial index 
with diagnostic value of <0.9), TBI (toe-brachial index), seg-
mental limb pressures, exercise treadmill testing, and ultra-
sonography. Clinicians must be aware of the limitation of 
ABI as a diagnostic tool due to the high prevalence of medial 
arterial calcifi cation in this subgroup of patients which would 
falsely increase lower extremity pressure values [ 138 ]. 
Iodinated contrast arteriography remains the gold standard 
for diagnosis of PAD. Both magnetic resonance angiography 
(MRA) and computed tomography angiography (CTA) can 
serve as an alternative means of diagnosis [ 143 ]. The risks of 
CI-AKI and NSF must be considered and prevention mea-
sures should be employed. 

 Although it has not been studied specifi cally in this subset 
of patients, aggressive risk factor reduction is generally rec-
ommended as a secondary prevention strategy in CKD 
patients with PAD. This approach includes the use of statin 
therapy [ 144 ], antihypertensive medications, smoking cessa-
tion, and optimal control of blood glucose in diabetics. 
Exercise rehabilitation program is still the fi rst-line therapy 
in PAD patients with intermittent claudication. This approach 
can be generalized to CKD patients since randomized stud-
ies in this population are lacking. 

 Although it has not been studied in the CKD population, 
antiplatelet therapy is recommended for renal disease 
patients with PAD based on large clinical trials (including 
CKD patients) that showed a reduction in cardiovascular 
events and death [ 145 ]. Aspirin is usually recommended 
over clopidogrel due to its low cost and proven effi cacy 
[ 146 ]. Cilostazol, a phosphodiesterase inhibitor, is usually 
prescribed in patients with intermittent claudication, and it 
has been shown to be effective in multiple clinical trials, 
although it has not been studied exclusively in CKD popula-
tion [ 147 ,  148 ]. Revascularization therapy is indicated in 
patients who fail medical treatment and have limiting persis-
tent symptoms or for patients with critical limb ischemia, as 
recommended by the ACC/AHA guidelines. The compara-
tive effectiveness of percutaneous versus surgical revascular-
ization in CKD patients has not been studied. Both share a 
high mortality rate post-procedure in ESRD patients 
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 compared to the general population [ 149 ,  150 ]. Amputation 
is considered the last resort when revascularization measures 
fail. An increased risk of death has been reported in CKD 
patients with PAD after amputation [ 151 ].  

    Summary 

 Chronic kidney disease accelerates atherosclerosis and its 
complications including ACS. Contrast-induced acute kid-
ney injury must be considered and managed in patients who 
are receiving PCI therapy for ACS. Multiple drugs need 
careful adjustment in this setting. Chronic CAD in CKD is 
responsive to lipid lowering therapies. Patients with CKD 
are susceptible to cardiorenal syndromes which lead to bidi-
rectional organ dysfunction and are particularly diffi cult to 
manage. Both valvular heart disease and arrhythmias are 
more common in CKD but do not have special management 
implications in the presence of renal dysfunction. The under-
standing of pathophysiological mechanisms at work in 
patients with CKD in the future will likely lead to new diag-
nostic and therapeutic targets in this high-risk population.      
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       Introduction 

 There are few accurate fi gures on the overall prevalence of 
cardiac masses discovered incidentally as compared to those 
that are discovered during evaluation of cardiac or cancer- 
related symptoms. Among primary tumors of the heart, it is 
estimated that up to 90 % or more are detected incidentally. 
However, it is highly likely that with the increasing use of 
thoracic imaging overall, as well as a growing population 
being screened and treated for heart disease or cancer, the 
overall detection rate of cardiac masses in general is increas-
ing, particularly in developed nations. 

 Cardiac tumors are so rare (ranging from 1 to 2 % in gen-
eral autopsy series, but up to 4–8 % in cancer patient autop-
sies) that routine screening is not performed, even in 
demographics known to be at a higher risk of cancer involv-
ing the heart (Fig.  25.1 ) [ 1 – 5 ]. Rather, it is far more common 
to unexpectedly encounter a cardiac mass upon imaging or 
surgery of the heart for an unrelated reason, or upon ancillary 
testing of a patient undergoing treatment for a noncardiac 
malignancy. More rarely, symptoms from a cardiac tumor 
may point towards the heart as a source, as in the case of 
systemic embolization or pericardial involvement. Only the 
larger masses will actually cause obstruction of cardiac 
infl ow or outfl ow. Often, a pattern of concomitant cardiovas-
cular, neurologic and/or pulmonic, and systemic sequelae 
offers clues to the presence of a cardiac tumor.
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    Abstract   

 Cardiac masses may present themselves upon investigation of cardiovascular symptoms, 
systemic manifestations, or incidentally upon screening. The differential diagnosis, workup, 
and subsequent management are heavily dependent upon the presenting clinical setting and 
the individual patient. In the broadest terms, a mass may be a benign or malignant tumor, a 
degenerative or infectious process, a normal but prominent structure, or even merely an 
imaging artifact that has been misinterpreted. 

 Armed with a basic knowledge of the most common entities and the demographic in 
which they typically present, together with an awareness of the pathways in which cancer 
or masses can involve the heart, one may then choose the most appropriate cardiac imaging 
modality and workup to diagnose and treat the patient. 

 In this chapter, the most common masses affecting the heart are presented with updated 
strategies for further refi ning the differential diagnosis. Initial treatment strategies and rec-
ommendations based on the available literature are presented.  
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   This chapter will discuss (1) clinical manifestations of 
tumors and their pathologic effects on the heart, (2) common 
tumor locations, (3) epidemiology and oncologic types, (4) 
imaging modalities for parsing the differential diagnosis, (5) 
treatment algorithms, and (6) entities that may mimic or 
present as masses (pseudo-neoplasms).  

    Clinical Manifestations and Pathophysiology 

 Cardiac tumors may cause symptoms by a variety of mecha-
nisms, primarily dependent upon the location of the mass 
and, to a lesser extent, by the type of tumor. Large masses 

may cause obstruction to cardiac chamber infl ow (i.e., supe-
rior vena cava obstruction) or outfl ow. A classic example is 
that of a large left atrial myxoma intermittently obstructing 
the mitral valve (Fig.  25.2  and Videos  25.1a ,  25.1b ). Infl ow 
obstruction of either side of the heart may cause syncope, 
and outfl ow obstruction may lead to symptoms of conges-
tive heart failure. Embolic sequelae are also a common man-
ifestation of even smaller tumors: left-sided tumors may be 
suspected when there are emboli thrown to key vascular 
beds in the CNS, limbs, kidneys, and spleen or even to the 
coronary arteries. Right-sided tumors may cause pulmonary 
emboli or paradoxical emboli (if an intracardiac shunt such 
as a patent foramen ovale is present). A pattern of embolic 

  Fig. 25.1    ( a – c ) Frequency 
distribution of cardiac tumors. 
( a ) Primary benign tumors of 
the heart. ( b ) Primary 
malignant tumors of the heart. 
( c ) Secondary tumors 
metastatic to the heart ( a  and 
 b , Adapted from McAllister 
et al. [ 2 ]). (1) Percentages are 
the percent of total primary 
tumors,  n  = 533 (408 benign 
and 125 malignant). (2) 
Pericardial and bronchogenic 
cysts, with represent 16.7 % 
( n  = 89) of all primary cardiac 
masses in this autopsy series, 
are excluded from the above 
analysis. (3) Pediatric was 
defi ned as patients ≤15 years 
old. ( c , Adapted from Butany 
et al. [ 1 ]).  N  = 255, study 
population was ≥14 years old)          
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  Fig. 25.2    Left atrial myxoma ( a ) viewed in parasternal echo window. 
This large (8 × 5 cm) mass was attached to the interatrial septum and 
prolapsed through the mitral valve into the left ventricle. ( b ) M-mode 
across the mitral leafl ets, showing the tumor mass prolapsing between 
the two mitral leafl ets in diastole. ( c ) Spectral Doppler of mitral fl ow. 
The tumor causes mitral stenosis (peak and mean gradients of 23 and 

12 mmHg) and signifi cant mitral regurgitation (Videos  25.1a  and 
 25.1b ) Apical four-chamber (1a) and parasternal short-axis (1b) views 
show tethering of the myxoma to the interatrial septum and prolapse 
through the mitral valve into the left ventricle. This was associated with 
the characteristic tumor “plop” on auscultation       
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“showering” causing organ infarcts in multiple territories 
should always cause one to suspect a cardiac source and is a 
strong indication for echocardiography [ 6 ]. Valvular regur-
gitation can be another mechanism leading to heart failure 
due to a mass tethering or interfering with leafl et closure, 
causing valvular incompetence and volume overload. 
Tumors that directly invade the heart may cause symptoms 
by creating arrhythmias (paroxysmal tachyarrhythmias or 
heart block if the AV conducting system is invaded), areas 
of impaired contractility, restrictive disease, and congestive 
heart failure. More commonly, however, either direct inva-
sion or metastatic (hematogenous or lymphangitic) seeding 
of the pericardium leads to pericardial effusion which may 
manifest as dyspnea and hypotension due to cardiac tam-
ponade or constriction.

   Certain types of cancers, such as myxomas, are notorious 
for producing systemic or constitutional symptoms, such as 
fever, malaise, fatigue, rash, arthralgias, and weight loss, 
perhaps via humoral pathways. There are only rare tumor 
markers for cardiac tumors, dependent upon the primary 
type of cancer (e.g., interleukin-6 levels may be elevated in 
myxomas); however, laboratory testing may generally reveal 
an unexplained anemia and elevated erythrocyte sedimenta-
tion rate. There is no known hereditary or causative etiology 
for primary cardiac neoplasms, and only very rare disease 
associations (e.g., Carney complex in association with atrial 
myxomas and rhabdomyoma occurrence in patients with 
tuberous sclerosis) are known [ 7 ]. 

 Tumors that are thought to be more likely to embolize 
are those associated with the aortic valve or left atrium 
[ 8 ], those that appear more mobile, or those with friable 
elements [ 9 ,  10 ]. In the case of cardiac myxoma, emboli 
have been found to be more frequently associated with 
those that are small or have a villous appearance. Papillary 
fi broelastomas that are larger (>1 cm) and more mobile 
are more frequently associated with embolic sequelae 
including coronary, CNS, retinal artery, and pulmonary 
emboli. Interestingly, in these studies, there is an inverse 
correlation with valvular regurgitation, possibly because 
the smaller, hemodynamically insignifi cant tumors are 
allowed to remain within the patients for longer periods 
of time, increasing the cumulative risk of embolization. 
Advanced malignancies that have metastasized to the heart 
obviously confer their own secondary risks with regard 
to hypercoagulability and marantic endocarditis, both 
of which are additional factors contributing to recurrent 
thromboembolization.  

    Common Tumor Locations 

 The location of the tumor is often the best clue as to type 
of tumor, with the overall tumor appearance playing only 
a secondary role in identifi cation (see Table  25.1  for 

 summary) [ 11 ]. When considering the source of the tumor, 
one should always consider the patient’s age and comor-
bidities, as well as examine the cardiovascular structures 
adjacent to the tumor for clues. The most common tumor 
presenting in the left atrium is the cardiac myxoma, a pri-
mary benign cancer which typically is attached to the inter-
atrial septum and can grow large enough to obstruct the 
left atrium, causing mitral stenosis and a renowned tumor 
“plop” on auscultation [ 12 ]. However, other tumors such 
as bronchogenic carcinomas may invade the left atrium via 
the pulmonary veins. In patients with rheumatic disease or 
atrial fi brillation, a thrombus should also defi nitely be con-
sidered in the differential. Right atrial tumors frequently are 
found to be myxomas as well, but invasion of this chamber 
by nephroblastoma, hepatic or adrenal tumors, or extension 
from inferior vena cava thrombi should also be considered. 
Lung and thyroid cancers have been known to invade the 
right atrium by extension down the superior vena cava. Of 
the malignant cardiac tumors, angiosarcomas have been 
reported more frequently in the right heart. Fragmentation 
of right atrial tumors may lead to pulmonary emboli or par-
adoxical emboli through a patent foramen ovale, and tricus-
pid valve obstruction or regurgitation can cause symptoms 
of right heart failure.

   Ventricular tumors are rare. Unlike atrial masses which 
tend to be intracavitary, ventricular masses are usually intra-
mural. Rhabdomyomas are the most common pediatric car-
diac tumors, occurring in the left ventricle in 80 % of cases, 
with 15 % of cases arising in the right ventricle. Fibromas 
are the second most common pediatric cardiac tumor, 
although adult cases have been reported. They tend to arise 
in the interventricular septum or left ventricular free wall, 
approximately fi ve times more frequently than in the right 
ventricle [ 13 ]. 

 Of the primary cardiac tumors arising from valvular tis-
sue, papillary fi broelastomas are the most common type in 
adults. Most (<80 %) are found on left-sided (aortic or 
mitral) valves, although any valve may be affected, and 9 % 
present as multiple lesions. They usually cause symptoms 
via embolization of the tumor itself or associated thrombus. 
However, a signifi cant proportion (30 % in some series) are 
incidentally discovered upon echocardiography, cardiac sur-
gery, or at autopsy [ 9 ,  14 ]. 

 Pericardial involvement in cancers may arise from direct 
invasion of tumor from adjacent lung or mediastinum (e.g., 
mesothelioma or lymphoma) or more diffuse involvement 
and effusive/constrictive changes. The most frequent causes 
of malignant pericardial disease are lung, lymphoma/leuke-
mia, and breast cancer due to their relatively high preva-
lence [ 1 – 4 ,  15 ]. Of all malignancies, melanoma has the 
highest predilection to metastasize to the pericardium, but 
only 2 % of patients become symptomatic despite postmor-
tem fi ndings showing cardiac involvement in 38–50 % of 
cases [ 16 ].  
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    Common Tumor Types 

    Primary 

 Primary cardiac tumors are very rare, with an incidence 
ranging around 0.2 %, whereas tumors metastatic to the 
heart are over 20–40 times more frequent [ 1 – 5 ,  7 ]. These 
tumors are usually of mesothelial or epithelial origin [ 17 ]. 
 Myxomas  represent over 50 % of primary cardiac tumors 
in adults, followed by lipomas and papillary  fi broelastomas 

(see Fig.  25.2 ). Cardiac myxomas are believed to arise from 
mesenchymal (endocardial) cells and typically arise in the 
left atrium, often from the interatrial septum near the fossa 
ovalis with a stalk-like pedicle as an attachment point. 
Histologically, the tumor consists of abundant mucopolysac-
charide matrix containing polygonal stellate cells without 
mitotic fi gures and vascular channels. Grossly and by cardiac 
imaging, myxomas frequently appear as a gelatinous, com-
pact ovoid mass attached to the interatrial septum by a stalk, 
but the shape and surface characteristics may vary (Fig.  25.2  

    Table 25.1    Site-specifi c differential diagnoses for cardiac tumors   

 Oncologic 
 Also consider nonneoplastic 
masses  Normal or variant structures 

 Left atrium  Myxoma  Thrombus  Pulmonary vein ridge 
 Bronchogenic carcinoma  Endocardial blood cyst  Lipomatous hypertrophy of the interatrial 

septum 
 Sarcoma (involving wall/pericardium)  Interatrial septal aneurysm 
 Hemangioma  External compression (hernia, thoracic aorta, 

bezoar) 
 Paraganglioma  Atrial suture anastomosis post-heart 

transplant 
 Inverted LA appendage (postoperative) 
 Appendage pectinate muscles 
 Echocardiographic artifact 

 Right atrium  Myxoma  Thrombus (deep venous or in 
situ) or fi brin cast (if prior 
indwelling catheter/wire) 

 Eustachian valve 

 Nephroblastoma, renal cell cancer  Vegetation (on pacer/AICD 
wires) 

 Chiari network 

 Hepatocellular carcinoma  Lipomatous hypertrophy of the 
interatrial septum 

 Crista terminalis 
 Sarcoma (angiosarcoma)  Pectus excavatum 
 Paraganglioma 
 Adrenal tumors 

 Left ventricle  Rhabdomyoma (often multiple)  Thrombus  Calcifi ed or multilobed papillary muscles 
 Fibroma  Apical hypertrophic 

cardiomyopathy 
 Redundant mitral chordae 

 Hamartoma  Trabeculations 
 Purkinje cell tumors 

 Right ventricle  Rhabdomyoma  Thrombus  Redundant tricuspid chordae 
 Fibroma  Moderator band 

 Valves  Papillary fi broelastoma  Lambl’s excrescence  Nodules of Arantius 
 Myxoma  Caseous mitral annular 

calcifi cation 
 Myxomatous/degenerative changes 

 Hamartoma  Vegetation  Pannus, loose suture, bioglue or pledgets 
around prosthetic valves  Lipomatous tumor  Marantic endocarditis 

 Abscess 
 Blood cyst 
 Rheumatoid nodule 

 Pericardium  Malignant involvement from: lung, 
breast, lymphoma/leukemia, 
gastrointestinal tract, melanoma 

 Pericardial or bronchogenic cyst  Epicardial or mediastinal fat 

 Mesothelioma  Rheumatoid nodule  Pectus excavatum 
 Primary  Atelectatic lung or fi brin in pleural/peritoneal 

spaces 
   Spindle cell tumor, fi brous tumors, 

lipoma, liposarcoma, teratoma 
 Vascular pseudoaneurysm 

  Paraganglioma 
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and Videos  25.1a ,  25.1b ). Attachments to the mitral valve 
have been described in a small percentage of cases. Smaller 
tumors tend to be more papillary or villous and friable and 
appear to be more inclined to embolize. The larger tumors 
may have a smoother, polyploid appearance and grow large 
enough to virtually fi ll the left atrial chamber and exert an 
obstructive effect on mitral infl ow. Most myxoma cases arise 
sporadically in patients between 30 and 60 years of age, with 
a female predominance in most series. In approximately 7 % 
of cases, familial syndromes (Carney syndrome) associated 
with myxoma exist, in which skin myxomas, pigmented 
cutaneous lentigines, blue nevi, and endocrine or testicular 
tumors are concomitantly found, with an autosomal domi-
nant pattern of inheritance. Myxomas in this latter group 
tend to occur earlier (<40 years), may be multicentric, and 
are more prone to recurrence [ 11 ,  12 ,  18 ]. 

  Papillary fi broelastomas  and lipomas are the next most 
common benign cardiac tumors in this population. Papillary 
fi broelastomas are the most common valvular cardiac tumor. 
Pathologists usually classify fi broelastomas as an advanced 
or more fl orid form of Lambl’s excrescences, which are 
degenerative changes of the valves. Typically, the aortic 
valve (followed by the mitral valve in frequency) is involved, 
and the lesion consists of a hyalinized central mucopolysac-
charide core lined by endocardial-type spindle cells. There is 
no clear distinction between a Lambl’s excrescence and a 
papillary fi broelastoma as they appear to represent ends of a 
continuum, with growth over months to decades observed in 
expectantly followed cases [ 9 ]. On discovery, most are small 
(<0.2–1.0 cm); the larger entities have been alternatively 

termed “giant Lambl’s” excrescences. They have a tendency 
to appear on either side of the aortic valve or on the atrial 
side of mitral valves. Less frequently, they have also been 
known to arise on mitral chordae or papillary muscles. 
Occurrence on right-sided valves has been reported 
 infrequently. Grossly the classic papillary fi broelastoma has 
innumerable fi lamentous avascular papillary fronds arising 
from the central stalk, giving the appearance of a “sea anem-
one” when resuspended in fl uid. On echocardiography, they 
appear round, oval, or irregular in shape and appear homog-
enous in texture (Fig.  25.3  and Video  25.2 ). Nearly half have 
a short stalk, which confers more mobility. They are found 
most frequently in the elderly as solitary lesions (<10 % 
occur as a multiple). Shedding of the threadlike elements 
and/or associated clot accounts for the frequent presentation 
by embolization (transient ischemic attack or stroke, angina 
or sudden death) [ 9 ,  11 ,  14 ].

    Lipomas  (Fig.  25.4 ) are encapsulated collections of 
benign fat cells which often occur in subepicardial or suben-
docardial locations and may grow into the pericardial space. 
Although benign, usually discovered incidentally and easily 
distinguished by MRI imaging characteristics, these tumors 
tend to increase progressively and can cause mass effect, 
heart block, or tachyarrhythmias (Video  25.3 ). Pathologically 
lipomas can be diffi cult to distinguish from lipomatous 
hypertrophy of the interatrial septum, which is a normal fi nd-
ing particularly in elderly or obese patients (see later section 
on pseudotumors). However, lipomatous hypertrophy is due 
to an expansion of normal fat which stays confi ned to the 
interatrial septum and spares the fossa ovalis, producing a 

a b
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  Fig. 25.3    Papillary fi broelastoma, seen on ( a ) TEE short-axis and ( b ) 
long-axis views, with Video  25.2  This 48-year-old female presented 
with palpitations. Stress echocardiography incidentally revealed a 
1.1 cm mobile mass on the aortic aspect of the right coronary cusp. 

Although otherwise asymptomatic, resection was advised due to 
embolic risk. She underwent a minimally invasive surgery in which the 
tumor and its thin stalk were resected, with no further valve repair 
required       
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characteristic dumbbell-shaped mass. Although lipomatous 
hypertrophy may reach impressive thickness (1–2 cm), if the 
location is typical and there are no associated atrial arrhyth-
mias or caval obstruction, no treatment is indicated [ 19 ].

    Pericardial cysts  are benign fl uid-fi lled tumors of the 
parietal pericardium thought to be a congenital abnormality 
[ 20 ]. They may be solitary or multilocular and some have 
been documented to grow to massive (>20 cm) size [ 21 ]. 
They account for approximately 20 % of the benign primary 
cardiac masses (overall incidence 1:10,000) [ 2 ,  21 ] and com-
monly occur near the cardiophrenic borders (right more fre-
quently than left) causing apparent cardiomegaly on chest 
X-ray and an encapsulated echolucent area on echocardiog-
raphy [ 22 ]. Of known cases, 75 % are asymptomatic. 
However, if large they may cause atypical chest pain, breath-
lessness, atrial fi brillation, persistent cough, or compressive 
problems such as right ventricular outfl ow tract obstruction. 
Rare cases of cardiac tamponade due to intrapericardial rup-
ture and hemorrhage have been reported [ 23 ]. 

  Rhabdomyomas  are the most common primary cardiac 
neoplasm in children and are usually found during the fi rst 
year of life [ 24 ]. They tend to be found as solid intramyocar-
dial lesions, containing striated myocyte fi bers, and 90 % 
occur as multiple tumors. Although larger tumors have been 
known to cause arrhythmias, left ventricular outfl ow tract 
obstruction, and heart failure, most patients are asymptom-
atic. Half of the cases are associated with tuberous sclerosis. 

Most regress spontaneously and, overall, these tumors are 
rare in young adults [ 2 ]. 

  Fibroma  is the second most common pediatric cardiac 
neoplasm [ 2 – 4 ]. They arise in the ventricular myocardial 
layer, are fi ve times more common in the left ventricle, and 
are solid tumors consisting of fi broblasts. Tumors can 
become quite large and develop calcifi c foci. Unlike 
 ̀rhabdomyomas, fi bromas do not spontaneously regress and 
may grow to a size that obliterates the heart chamber, inter-
feres with valvular function, or causes arrhythmia, necessi-
tating surgical resection [ 25 ]. 

 Very rare primary tumors arising within the heart are 
listed in Table  25.1  and Fig.  25.1a  and include hemangio-
mas, hamartomas (Purkinje cell tumors), teratomas, and 
pericardial mesotheliomas. Some may have malignant poten-
tial or be otherwise life-threatening via paracrine or hemody-
namic mechanisms.  

    Benign vs. Malignant 

 As discussed above, 75 % of primary cardiac tumors are 
benign, with myxomas clearly predominating in adults and 
rhabdomyomas being most frequent in the pediatric popula-
tion. Of the 25 % of primary cardiac tumors that are malig-
nant, 75 % are  sarcomas  (Fig.  25.1b ) [ 1 – 4 ,  7 ]. There is no 
identifi ed genetic linkage or predisposition to such 

b
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  Fig. 25.4    Lipoma. This 82-year-old female had a history of lung can-
cer metastatic to the liver and bone. After experiencing syncope, she 
was found to have a cardiac mass ( arrow ) on echocardiography ( a ). The 
main differential diagnoses were lipomatous hypertrophy of the inter-
atrial septum, lipoma, myxoma, or lung metastasis. ( b ) On cardiac MRI 
(T1-weighted short-axis images at the base of the heart), a well-circum-
scribed homogeneous mass was located posterior to the SVC and right 
atrium. It appeared hyperintense on both T1- and T2-weighted images, 

hypointense after fat suppression, and did not enhance during or after 
fi rst-pass perfusion. Collectively the fi ndings were consistent with 
lipoma. However, the patient subsequently developed complications 
(Video  25.3 ) from lung cancer including partial superior vena cava 
(SVC) syndrome and pericardial tamponade, requiring pericardiocente-
sis and, ultimately, a pericardial window for palliation (Courtesy of 
Swathy Kolli, MD, Brigham and Women’s Hospital)       
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 neoplasms. In adults,  angiosarcoma  is the most common sar-
coma. Angiosarcomas tend to arise in the right heart, 
particularly the right atrium, have a multilobulated form, and 
may completely obliterate the chamber and invade the vena 
cava and tricuspid apparatus.  Rhabdomyosarcoma  is the sec-
ond most common malignant neoplasm of the adult heart, 
can arise in any cardiac chamber, and is multifocal in up to 
60 % of cases. All share the common characteristics of rapid 
invasive growth and metastasis with frequent extension to 
the pericardium. The prognosis is dismal even with surgical 
excision and attempts at radio- and chemotherapy.  

    Secondary (Metastatic: With Pericardial 
Involvement) 

 In large autopsy series of cancer patients, 4–12 % have meta-
static involvement of the heart. This number appears to be 
increasing due to increasing diagnostic tools, aggressive 
treatment of malignancies, and more thorough autopsies. 
Thus, secondary tumors outnumber primary cardiac tumors 
by 20–40 to 1 [ 1 – 5 ,  7 ]. In principle, any malignant tumor 
may metastasize to the heart. The most common primary 
neoplasm is bronchogenic carcinoma, followed by lympho-
mas and leukemia, breast cancer, and gastrointestinal (esoph-
ageal, pancreatic, or colon) cancer (see Fig.  25.1c ). This 
almost certainly refl ects the high prevalence of these neo-
plasms as well as the proximity of the primary source to the 
heart, since the actual rate of metastasis for most individual 
cancers is relatively low. The exception to this is malignant 
melanoma, which has a highest predilection (up to 50 % of 
cases) for cardiac metastasis. However, because of the rela-
tively low prevalence of this cancer, it accounts for only 1 % 
of cases of cardiac metastasis [ 26 ]. Melanoma is followed 
next by leukemia and lymphoma (up to 33 % of patients die 
with cardiac infi ltrates) and rare malignancies such as germ 
cell neoplasms and malignant thymoma in terms of predilec-
tion to metastasize to the heart. Despite fi nding involvement 
post-mortem, only a minority of melanoma (or other cancer) 
patients will actually manifest cardiac symptoms. 

 The most common site of involvement with metastatic 
disease is the pericardium followed by invasion of myocar-
dium. Heart valves are rarely affected [ 4 ]. It is common for 
the cardiac metastases to be small and multiple, or alterna-
tively they can cause diffuse thickening of the pericardium. 
However, bulky large solitary tumor lesions may also occur. 
Secondary tumors may invade the heart by direct extension, 
but transvenous migration and lymphatic or hematogenous 
routes also represent potential pathways to the heart 
(Fig.  25.5  and Video  25.4 ). The localization of the metasta-
ses tends to determine the patient’s symptomatology rather 
than the histologic type.

        Diagnostic Modalities 

 The cornerstone of detection and diagnosis of cardiac tumors 
has historically been  echocardiography , due to its ease and 
widespread availability. Echocardiography has the advan-
tages of being nonradioactive, easily portable, performed 
real time, and is able to not only visualize structural abnor-
malities but also discern any hemodynamic and valvular 
effects. The resolution of echocardiography is approximately 
2 mm and even less for 5 MHz transesophageal probes, 
enabling very small masses (e.g., Lambl’s excrescences) to 
be detected. 

 On echocardiography, however, tissue characterization is 
limited and tumors tend to be distinguished more by location 
rather than appearance. Nonetheless, important clues may 
be gleaned from the appearance of the tumor (size, solid vs. 
cystic, shape, degree of independent mobility, and friabil-
ity), its attachments, and extent of myocardial, endocardial, 
or pericardial invasion. Properties such as calcifi cation and 
cystic degeneration are viewed as echobright and echolucent 
areas on echocardiography, respectively (Fig.  25.6a , Video 
 25.5 ). Owing to the acoustic nature of the medium, echo 
artifacts may also arise and must be distinguished from true 
masses and normal structures before any invasive proce-
dures are advised (see section on pseudotumors below). 
Obstruction to caval or valvular infl ow is displayed as 
increases in peak spectral Doppler velocities and turbulence 
will manifest as a mosaic pattern on color Doppler imaging. 
Mitral stenosis and regurgitation caused by a left atrial myx-
oma prolapsing across the mitral valve is a classic example 
(see Fig.  25.2  and Videos  25.1a ,  25.1b ). The echocardio-
graphic appearance of this entity is so pathognomic that usu-
ally no further workup is required before surgical resection. 
Similarly, papillary fi broelastomas occur so characteristi-
cally on the valves and so typically appear as fi lamentous or 
amorphous structures which shimmer, undulate, and pro-
lapse that further assessment is usually not required 
(Fig.  25.3  and Video  25.2 ).

   Echocardiography also offers a convenient way to moni-
tor for recurrence, growth, or adverse sequelae posttreat-
ment. This is particularly true in cases of pericardial 
involvement, when effusive or constrictive physiology and 
iatrogenic complications from pericardiocentesis may ensue. 
Transesophageal echocardiography (TEE) is recommended 
for better identifi cation and delineation of tumor  involvement 
particularly with regard to atrial and valvular involvement or 
when transthoracic imaging is technically diffi cult. One 
notable exception to this is when the results of a TEE would 
 not  change management, even when the source of embolus is 
known to be cardiac [ 6 ]. Most cardiac valves, pulmonary 
veins, and the proximal superior vena cava can be examined 
with greater clarity and resolution by TEE. 
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 Beyond two-dimensional imaging, advanced echo tech-
niques can prove particularly useful in specifi c scenarios. 
Three-dimensional (3D) echocardiography is useful for 
assessing the overall size, location, and attachments of intra-
cavitary masses in real time. Doppler tissue imaging can reveal 
evidence of diastolic dysfunction due to infi ltrative myocardial 
processes and monitor response to therapy [ 27 ]. Intravenous 
echocardiography contrast, which consists of sonicated micro-
bubbles that pass freely through the pulmonary circulation, is 
useful for defi ning the borders of endocardium and masses in 
technically diffi cult cases. A more sophisticated use of echo 
contrast is to determine whether a tumor is neovascularized 
and, hence, more likely to be malignant as opposed to stromal 
[ 28 ]. While continuously infusing intravenous echo contrast, a 
“fl ash” of ultrasound waves with high mechanical index is 
used to destroy all microbubbles in the fi eld, and the mass is 
then observed for reperfusion with the contrast. Vascular enti-
ties are more likely to be true tumors, whereas lack of perfu-
sion by echo contrast is more indicative of a benign lesion, a 
normal fi nding, or thrombus. An example of the utility of 
intravenous echo contrast is shown in Video  25.6a . 

 A major advantage of echocardiography over the radio-
logic imaging modalities is the ability of echocardiography 
to visualize very small, fi ne, highly mobile structures which 
would not be adequately detected or displayed on the images 
of computed tomography (CT) and magnetic resonance 
imaging (MRI) which have slower acquisition times and 
frame rates. The resolution of transthoracic echocardiogra-
phy is close to 2 mm and that of TEE is higher. Thus, papil-
lary fi broelastomas, small mobile thrombi, and valvular 
lesions are far more likely to be detected and evaluated via 
ultrasound. 

 If a mass is detected on echocardiography without enough 
information to determine the probable etiology, it is appro-
priate to move on to other imaging modalities such as cardiac 
CT or MRI. In certain situations, all three modalities or even 
invasive procedures may be required to reliably make a 
defi nitive diagnosis [ 29 ]. 

 Cardiac MRI is an excellent modality for evaluating car-
diac masses because of its high resolution, ability to “cut” 
the heart in any imaging plane, and wider fi eld of view 
enabling evaluation of adjacent extracardiac structures 

a b
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  Fig. 25.5    Thrombus and renal cell cancer. ( a ) Apical four-chamber 
echocardiographic view of a mobile mass ( arrow ) in the right atrium 
which is not anchored to the interatrial septum and is seen in right 
atrial infl ow views (Video  25.4 ). ( b ) Subcostal views reveal the mass 
( arrow ) invading the right atrium from the inferior vena cava ( IVC ). 

Patient underwent right radical nephrectomy, caval resection, and 
extraction of renal cell carcinoma infi ltrating the renal vein and extend-
ing into the IVC and right atrium via a combined subdiaphragmatic and 
 atriotomy approach. The majority of the mass visualized in the right 
atrium was actually found to be tumor-associated thrombus       
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(Video  25.6b ). Of all the imaging modalities, MRI is able to 
display a greater range of soft tissue contrast. The higher 
intracellular and interstitial water content of malignant tissue 
and the increased vascularity are key features that distin-
guish malignant tumors on MRI. Detailed anatomic imaging 
is accomplished with standard spin-echo (T1-weighted) 
images. A higher degree of tissue characterization is achieved 
by T2-weighted imaging and T1 spin-echo techniques. 
Perfusion may be assessed with gadolinium enhancement. 
Myxomas will often appear heterogeneous in signal intensity 
on T1- and T2-weighted images and enhance with gadolin-
ium contrast material (unlike thrombus). Lipomas have very 

homogenous high signal intensity on T1-weighted images 
(Fig.  25.4b ) which will suppress on fat-saturated images. 
They do not enhance with gadolinium. Angiosarcomas are 
usually isointense relative to myocardium on T1-weighted 
images and hyperintense on T2-weighted images with a het-
erogeneous pattern of enhancement. Metastases from mela-
noma are usually hyperintense on T1-weighted imaging due 
to melanin content and enhance with gadolinium. MRI 
descriptions of the rarer cardiac tumors vary, and while there 
are few if any pathognomic features of any given histologic 
type, the signal characteristics, invasiveness, and vascularity 
or lack thereof can give strong clues as to origin [ 29 ]. 
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  Fig. 25.6    Caseous mitral annular calcifi cation. ( a  and Video  25.5 ) TEE 
apical fi ve-chamber view zoomed in on a spherical 3.5 cm 
 heterogeneously echogenic mass ( arrow ) which appears within the 
mitral annulus and protrudes into the left ventricular cavity in an 
80-year-old female presenting with fever and retinal artery occlusion. 
Note the acoustic shadowing (black ray cast by calcifi cation on the atrial 
surface of the mass, which prevents the ultrasound beams from passing 
through and obscures a narrow wedge of the left ventricle). ( b ) CT scan 
( left panel  = short axis and  right panel  = coronal view) confi rms dense 

calcifi cation, which is typical of caseous calcifi cation of the mitral 
 annulus. Despite this, due to concern that the mass ( arrow ) might 
 represent abscess or myxoma, it was surgically removed with recon-
struction of the left ventricular wall and mitral valve replacement. 
Cultures were negative, and by pathology, only fi brous connective tissue 
with  calcifi c degeneration and scant chronic infl ammation was found 
(Courtesy of Frank J. Rybicki, MD and John D. Groarke, MD, Brigham 
and Women’s Hospital)       
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 Disadvantages of cardiac MRI include the need for elec-
trocardiographic (ECG) gating which renders images in 
those with very irregular heart rates diffi cult, the possibility 
of dangerous or diffi cult imaging in those with implanted 
devices or claustrophobia, and the inability to demonstrate 
calcium in lesions. Gadolinium is contraindicated in patients 
with signifi cant renal dysfunction. Patients with dyspnea or 
orthopnea may be unable to hold their breath in the supine 
position required. 

 Ultrafast electron beam or multidetector cardiac CT 
(ECG gated) is often helpful as an adjunct modality in 
patients in whom MRI is not an option, especially when the 
presence of calcium may help differentiate etiologies. It is 
particularly useful for confi rming pericardial cysts and for 
distinguishing caseous mitral annular calcifi cation from 
other masses (Fig.  25.6b ). It may also distinguish fi bro-
mas, which tend to develop calcifi c foci, from rhabdomyo-
mas. Neovascularization of malignant tumors may also be 
detected by CT angiography. The latest improvements in 
CT acquisition now allow for high-resolution thin slice 3D 
reconstruction, perfusion imaging, and cine images (3D plus 
time) which can convey cardiac function and tumor motion 
[ 30 ]. The disadvantages of CT include the use of ionizing 
radiation. Overall tissue resolution of cardiac CT is interme-
diate between echocardiography and MRI. 

 Although positron emission tomography (PET) scanning 
with  18 F-FDG has clear utility in diagnosing and staging non-
cardiac tumors, it currently has only a limited role in cardiac 
tumor imaging due to its low resolution and lack of specifi c-
ity. However, whole-body scans with low-dose CT may be 
useful in differentiating benign from malignant tumors, in 
particular by excluding extracardiac metastases and, hence, 
can assist in preoperative assessment [ 31 ].  

    Treatment 

 Despite all the available advanced imaging tools, identifi ca-
tion of a cardiac mass may still be challenging. The pseudo- 
masses discussed in the next section are often more prevalent 
than true neoplasms. Suboptimal imaging, inaccessible loca-
tion, or an elderly or debilitated patient may render a strategy 
of watchful waiting more prudent than pursuit of a tissue 
diagnosis, particularly when one cannot determine if a small 
mass is a true neoplasm, a thrombus, or an artifact. In some 
cases, a histologic diagnosis can be obtained invasively from 
discrete right-sided masses using transvenous access and 
echo-guided biopsy with a bioptome in order to direct defi ni-
tive therapy. Pericardial effusions may be drained for cyto-
logic analysis and symptomatic relief. 

 Once obtained, however, defi nitive diagnosis often sim-
plifi es the management: atrial myxomas should be promptly 
resected due to the risk of embolization and sudden death 

[ 10 ,  12 ,  13 ]. An autologous or bovine pericardial patch is 
used to reconstruct the interatrial septum or atrial free wall. 
The 20-year survival rate is approximately 85 %. Because 
there is a recurrence rate of approximately 5 %, serial 
 follow- up with echocardiography is recommended. If Carney 
syndrome is diagnosed, all fi rst-degree relatives should be 
screened. 

 Review of the literature with regard to papillary fi bro-
elastomas has led to the following conclusions: larger pap-
illary fi broelastomas, particularly those >1 cm and those 
with more mobility (i.e., possessing a stalk), appear more 
likely to cause embolic cardiac or neurologic events. 
However,  embolization may be entirely unheralded. Thus, 
while it is relatively urgent that symptomatic patients 
undergo surgical excision, even asymptomatic patients 
should be considered if the lesion is left sided, large, and 
mobile (if the relative surgical risks are low) [ 9 ,  32 ]. Ideally 
the tumors may be resected while sparing overall valve 
integrity, avoiding the disadvantages of valve replacement. 
Very small asymptomatic papillary fi broelastomas in 
higher-risk patients may be monitored expectantly over 
time with echocardiography. 

 Experience has shown that lipomas grow slowly, and if 
the patient is asymptomatic, they may be merely observed 
over time. Rhabdomyomas in children tend to regress. Of the 
other benign primary cardiac tumors, the presence of associ-
ated symptoms such as obstruction to cardiac infl ow or out-
fl ow, arrhythmias, or heart failure usually mandates operative 
resection and reconstruction of the involved cardiovascular 
structure. In virtually all cases of benign tumor resection, 
overall long-term outcomes are good with no signifi cant 
recurrence rate [ 13 ]. 

 For pericardial cysts, options include empiric observa-
tion. Percutaneous aspiration (with injection of a sclerosing 
agent such as alcohol) or video-assisted thoracotomy for 
resection is recommended only for cysts thought to be too 
symptomatic or high risk to follow [ 20 ]. 

 In contrast, although primary solid malignant tumors of 
the heart are often resected requiring complex reconstruction 
of the heart, the results are disappointing [ 15 ]. If the tumor 
can be removed with clean margins and no metastases are 
detectable at diagnosis, the median survival increases from 5 
to 6 months to over a year [ 33 ]. On the other hand, the pres-
ence of metastases implies that any surgical resection will 
likely only be palliative in nature. Overall prognosis corre-
lates strongly with the histologic grade of malignancy [ 34 ]. 
Because of the rarity of these tumors, there is no standard-
ized therapy: adjuvant chemotherapy (typically doxorubicin 
and ifosfamide) and radiation treatment of metastases may 
be offered, but the benefi ts are not yet clear. Because of their 
extracardiac location, pulmonary artery sarcomas appear 
more amenable to radiation therapy. Even with radical 
 excision of cardiac sarcomas, local recurrence, infi ltration, 
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and metastases frequently recur; median survivals in most 
series range from 9 to 16 months. Alternative surgeries have 
been developed to try to improve this grim prognosis, includ-
ing cardiac transplantation and autotransplantation (cardiac 
explantation, resection of the tumor with heart reconstruc-
tion ex vivo, and reimplantation). The series are small with 
mixed results but promising disease-free intervals in some 
cases [ 35 ]. Needless to say, referral to tertiary centers with 
specialized expertise is recommended. 

 Treatment of secondary malignancies involving the heart 
depends on symptomatology, the extent of cardiac involve-
ment, and the nature of the underlying neoplasm. If there is 
signifi cant pericardial effusion with signs of impending 
 tamponade, pericardiocentesis is indicated. Analysis of the 
cytology of the fl uid can give diagnostic and prognostic 
information. For instance, a signifi cant percentage of both 
primary cardiac lymphoma (which most often occurs in 
Hodgkin’s disease and immunocompromised or HIV- 
infected patients) and secondary lymphoma can regress 
markedly in response to systemic chemotherapy [ 36 ]. Even 
in advanced cases of disseminated carcinomas, a surgical or 
percutaneously created pericardial window can provide at 
least palliative relief for a meaningful period. Intracavitary 
metastatic heart tumors are rarer, but in patients who have 
already undergone extensive systemic therapy of the primary 
neoplasm, one might consider resection mainly to improve 
quality of life.  

    Pseudo-neoplasms 

 With the abundance of cardiac imaging being performed by 
various modalities, it is inevitable that normal or slight vari-
ants of normal structures, degenerative or acquired lesions, 
and noncancerous masses will be detected. The onus is upon 
the cardiologist or radiologist to distinguish between the fol-
lowing entities (summarized in Table  25.2 ) and a true 
neoplasm.

   Masses such as thrombi and vegetations have obvious 
clinical implications. On echocardiography, thrombi 
appear relatively homogenous in echodensity and gel-like 
or deformable, although older thrombi may have more 
echobright regions and a compact immobile or laminated 
appearance. Clues that a mass is a thrombus include resid-
ing in areas of stasis such as the tip of the left atrial 
appendage or in a dyskinetic area of the ventricle (i.e., 
mural thrombi), “wisps” of spontaneous echo contrast 
(coagulating blood) associated with the surface, and asso-
ciated cardiac conditions such as mitral stenosis, poor con-
tractility, or atrial fi brillation. Rope-like or very elongated 
mobile masses in the right heart may actually represent 
thromboemboli from the deep venous system (Fig.  25.5b ) 
and indicate that the inferior vena cava and pulmonary 

arteries should be inspected. Immobile thrombi or those in 
patients receiving anticoagulation frequently regress or 
remain stable [ 37 ]. 

 Vegetations tend to have very irregular shapes and vary tre-
mendously in size but have a predilection for forming on the 
upstream side of valves or at areas of fl ow turbulence. Valves 
with degenerative changes, prosthetic valves, and indwelling 
catheters or pacemaker/defi brillator leads are well-recognized 
niduses for infection. Thick, immobile, heaped-up irregular 
masses affi xed to the annuli of older prosthetic valves may 
represent pannus (fi brovascular granulation tissue) which may 
interfere with both valve opening and closure. For both 
thrombi and vegetations, the larger and/or highly mobile 
masses that threaten the pulmonary or systemic and cerebral 
circulation with embolization or cause severe valvular dys-
function may compel emergent surgical resection. 

   Table 25.2    Pseudo-neoplasms of the heart   

 Nonneoplastic 
pathologies 

 Thrombus or fi brin 
 Vegetation 
 Pannus 
 Fibrin casts of prior indwelling catheters or 
wires 

 Normal or variants  Focal upper septal hypertrophy 
 Lipomatous hypertrophy of the interatrial 
septum 
 Eustachian valve 
 Chiari network 
 False tendon 
 Muscle bands, moderator band 
 Multiheaded papillary muscles 
 Redundant mitral or tricuspid chordae 
 Left atrial chords 
 Atrial appendage pectinate muscles 
 Interatrial septal aneurysm 
 Subaortic membrane 
 Left atrial wall infoldings 
 Crista terminalis 

 Degenerative  Lambl’s excrescence 
 Myxomatous mitral valve 
 Focal valvular calcifi cation 
 Caseous mitral annular calcifi cation 
 Pseudoaneurysm 

 Extracardiac  Epicardial fat 
 Esophageal hernias indenting the left atrial 
posterior wall 
 Ectatic aorta or aortic aneurysms indenting 
the left atrium 
 Vertebrae 
 Thymus (in infants) 

 Echo (acoustic) 
artifacts 

 Pulmonary vein/atrial wall refl ections 
(so-called Coumadin ridges) 
 Reverberation or mirror artifact 

 Radiologic artifacts  Swirling from inhomogeneous i.v. contrast 
distribution 
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 It is not uncommon for a normal or normal variant of a 
structure to be mistaken for a potential neoplasm on echocar-
diography, since the transducer plane can only capture a 
 two- dimensional slice of the heart. The most common error 
is mistaking lipomatous hypertrophy, upper septal hypertro-
phy, a redundant mitral chord or prominent/multilobed papil-
lary muscle, interatrial septal aneurysm, or pericardial fat for 
a mass [ 11 ]. Unusually prominent degenerative changes such 
as valvular calcifi cation or external compression of chambers 
of the heart by adjacent structures (e.g., from an esophageal 
hernia indenting the posterior wall of the left atrium) can all 
give the appearance of a large mass when viewed in one 
plane. Knowledge of the typical location of these abnormali-
ties, use of echo contrast, and careful angling of the trans-
ducer plane to track the boundaries and attachments of these 
entities can reveal their nature. If still unclear, cardiac CT or 
MRI with contrast may be called upon for tissue character-
ization and examination of the adjacent extracardiac struc-
tures. Individual expertise in the interpretation of the initial 
imaging modality as well as judicious use of multimodality 
imaging should reduce the risk of imaging-specifi c artifacts.       
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        Introduction 

 While great advances in molecularly targeted chemothera-
peutic agents have led to signifi cant improvements in sur-
vival for cancer patients, anthracycline agents, such as 
doxorubicin (Adriamycin), daunorubicin, and idarubicin, 
remain important therapeutic agents for the treatment of 
breast cancer, leukemias, and lymphomas. The effi cacy of 
anthracyclines is related to the cumulative dose adminis-
tered. However, the cumulative dose of anthracyclines is also 
responsible for the primary limiting toxicity, namely, cardio-
toxicity. Shortly after the introduction of doxorubicin, the 
fi rst major anthracycline to chemotherapy, it was recognized 
that treatment with this agent was associated with the devel-
opment of congestive heart failure [ 1 ,  2 ]. Subsequent studies 
demonstrated that 2.2 % of patients receiving anthracyclines 

developed heart failure [ 3 ,  4 ] and that there was a signifi cant 
increase in the incidence of clinical heart failure (dyspnea on 
exertion, orthopnea, rales, or peripheral edema) at a cumula-
tive dose of approximately 450 mg/m 2  [ 4 ]. Subsequent stud-
ies in patients with breast or lung cancer demonstrated 
objective evidence of left ventricular dysfunction, based on 
changes in the left ventricular ejection fraction (LVEF), at a 
cumulative dose of 300 mg/m 2  [ 5 ]. Patients who receive 
large bolus doses of doxorubicin are at greater risk for devel-
oping cardiotoxicity, while those who receive smaller, 
 fractionated doses have a lower likelihood of developing 
 cardiotoxicity [ 4 ]. 

 In addition to frequency and size of individual doses, 
patients >65 years of age; those with preexisting left ven-
tricular dysfunction or coronary artery disease, hypertension, 
and liver dysfunction; and those treated with other cardio-
toxic therapies (radiation therapy, trastuzumab, cyclophos-
phamide) are also at greater risk for developing cardiotoxicity 
(Table  26.1 ). Furthermore, women are at greater risk than 
men for developing anthracycline-mediated cardiotoxicity 
after surviving childhood cancers [ 6 ]. Recent work has 
attempted to develop a scoring system, based on baseline 
factors, including age, weight, and performance status, in 
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addition to cumulative dose of anthracycline, that can predict 
the risk of cardiotoxicity in women receiving anthracyclines 
for breast cancer [ 7 ].

   With increased experience with anthracyclines, the risk of 
cardiotoxicity has been more precisely defi ned. A retrospec-
tive analysis of three large multicenter trials of treatment of 
breast cancer and lymphoma demonstrated a signifi cant 
increase in the incidence of left ventricular dysfunction at a 
cumulative dose of 250–300 mg/m 2  [ 5 ]. Approximately 12 % 
of breast cancer patients receiving 270 mg/m 2  of doxorubicin 
will have an ejection fraction <50 % after therapy [ 8 ]. In addi-
tion, it has been recognized that left ventricular dysfunction 
can occur many years after anthracycline treatment has been 
completed. This has been a particular problem for survivors 
of childhood malignancies, who may develop evidence of 
cardiotoxicity more than 10 years after cure from their cancer 
[ 9 – 11 ]. Up to 65 % of patients with a history of a childhood 
malignancy treated with doxorubicin have echocardiographic 
evidence of left ventricular contractile abnormalities [ 12 ]. In 
the Childhood Cancer Survivor Study, treatment with 
<250 mg/m 2  of anthracycline increased the risk of developing 
congestive heart failure 2.4-fold, and treatment with ≥250 mg/
m 2  of doxorubicin increased the risk to 5.2-fold compared to 
individuals who did not receive anthracyclines [ 11 ]. 

 As discussed in detail later in this review, the development 
of congestive heart failure and decreases in LVEF represent 
the most profound manifestation of anthracycline-mediated 
cardiotoxicity. However, more subtle forms of cardiac dys-
function and structural changes may occur with anthracycline-
based chemotherapy, at much lower cumulative doses than 
those associated with systolic dysfunction. Although, histo-
logic changes in the cardiomyocyte may occur at doses of 
240 mg/m 2  [ 13 ,  14 ], these changes do not always correlate 
with the development of left ventricular systolic dysfunction.  

    Pathophysiology 

 The tumoricidal effects of the anthracyclines are based on 
disruption of DNA replication in rapidly dividing cancer 
cells through binding to topoisomerase II. However, the car-
diotoxic effects of anthracyclines are not mediated through 
these mechanisms as there is little active replication of car-
diac myocytes. It is believed that the primary mechanism 

responsible for anthracycline-mediated cardiotoxicity is 
related to the generation of free radicals. Specifi cally, the 
metabolism of doxorubicin is initiated by the oxidation of 
doxorubicin to doxorubicinol, a free radical containing an 
unpaired electron, through the action of NADH dehydroge-
nase [ 15 ]. This unpaired electron is transferred to oxygen, 
generating superoxide radical [ 16 ]. In addition to the genera-
tion of superoxide radical through doxorubicin oxidation, 
doxorubicin can form reactive oxygen species through inter-
action with non-heme iron via the Fenton reaction [ 17 ,  18 ]. 
The production of reactive oxygen species results in activa-
tion of p38 MAP kinase [ 19 ,  20 ] which activates caspases 3 
and 9, resulting in cardiomyocyte apoptosis [ 21 – 23 ]. 

 Anthracycline-mediated cardiotoxicity can exist in two 
forms: acute or chronic cardiotoxicity. Acute cardiotoxicity 
generally occurs within 1 week of receiving anthracycline 
chemotherapy and is thought to be due to an infl ammatory 
response [ 24 – 26 ]. It is associated with evidence of acute myo-
cyte necrosis as evidenced by an increase in serum biomarker 
concentrations and a decrease in the LVEF. In addition, there 
has been a case report describing a patient who developed 
takotsubo cardiomyopathy following acute treatment with 
doxorubicin [ 27 ]. Fortunately, in contrast to the chronic car-
diotoxicity caused by anthracyclines, the acute form generally 
resolves with normalization of left ventricular function. 

 Chronic anthracycline-mediated cardiotoxicity develops 
between 1 and 20 years after exposure to anthracycline 
agents [ 9 ]. As noted above, the incidence of left ventricular 
dysfunction increases with the cumulative dose of anthracy-
cline. Because the fi nal mechanism responsible for myocyte 
loss and left ventricular dysfunction in chronic anthracycline- 
mediated cardiotoxicity is apoptosis [ 28 – 30 ], there is usually 
no increase in the serum concentration of creatine kinase or 
troponin. Most importantly, the chronic form of anthracycline- 
mediated cardiotoxicity is usually irreversible.  

    Diagnosis 

    Assessment of Left Ventricular Function 

 The detection of anthracycline-mediated cardiotoxicity 
based on clinical history can be challenging given the fact 
that symptoms of fatigue, dyspnea, and peripheral edema can 
be caused by chemotherapy in the absence of left ventricular 
dysfunction due to factors such as anemia, aggressive hydra-
tion, and decreased nutritional intake. Therefore, careful 
attention to signs of congestive heart failure in the physical 
exam is essential. The current cornerstone for the diagnosis 
of anthracycline-mediated cardiotoxicity is serial assessment 
of LVEF. The most common methods for assessing LVEF in 
patients receiving chemotherapy are echocardiography and 
equilibrium radionuclide angiography (ERNA). 

   Table 26.1    Risk factors for anthracycline-induced cardiotoxicity   

 Cumulative anthracycline dose 
 Age >65 years 
 Hypertension 
 Concomitant use of radiation therapy 
 Use of other cardiotoxic agents (e.g., cyclophosphamide, 
trastuzumab) 
 Liver dysfunction 
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 The two methods have their relative merits and limitations 
that must be weighed for individual patients. Two- dimensional 
echocardiography offers the benefi ts of providing structural 
information about the heart in addition to the assessment of 
LVEF with the added benefi t of the absence of radiation expo-
sure. In contrast, ERNA is inherently quantitative, since it is a 
count-based method to measure left ventricular volumes. 
However, unlike echocardiography, ERNA does not provide 
information on valvular function or cardiac morphology. In 
addition, ERNA requires labeling of red blood cells with 
technetium-99 m  and is associated with a whole body exposure 
of approximately 2 mSv [ 31 ]. In studies that directly compare 
2- dimensional echocardiography and ERNA, the latter 
modality appears to be more sensitive to detecting subtle 
changes in left ventricular function [ 32 ,  33 ]. Because of the 
additional structural and functional information afforded by 
echocardiography as well as the lack of radiation exposure, it 
is reasonable to utilize this modality as the preferred method 
to assess LVEF if ejection fraction is measured quantitatively 
using methods such as the Simpson’s 2D method. Furthermore, 
3-dimensional echocardiography may provide measurements 
of LVEF that are comparable to those determined by ERNA 
[ 34 ]. If the endocardial borders cannot be clearly visualized, 
echo contrast can be used to improve delineation of the left 
ventricular cavity. However, if the left ventricular cavity still 
cannot be adequately visualized, LVEF can be evaluated by 
ERNA. The most important factor is to use the same method, 
either echocardiography or ERNA, for all assessments to 
minimize variability. 

 Cardiotoxicity is generally defi ned by a decrease in LVEF 
below the lower limit of normal or an absolute decrease in 
LVEF of >10 %, even if the ejection fraction remains normal. 
Based on these criteria, recommendations have been estab-
lished concerning the frequency of monitoring the LVEF and 
discontinuing anthracycline chemotherapy (Table  26.2 ). 
However, the risk of cardiotoxicity must be balanced by the 
likelihood of effi cacy of anthracycline therapy in making the 
fi nal decision concerning discontinuation of the anthracycline. 
It is for that reason that it is essential that an open dialogue is 
maintained between the cardiologist and oncologist.

   Additional data obtained from echocardiography or ERNA 
may be useful in detecting cardiotoxicity earlier than the gross, 
late changes manifested by a decrease in LVEF, although these 
other measures have not been verifi ed in large patient popula-
tions. Longitudinal strain, as assessed by echocardiography, 
decreases within 1 week of treatment with anthracyclines in 
patients with breast cancer [ 36 ]. Furthermore, decreases in 
longitudinal strain 3 months after receiving anthracyclines 
predict a subsequent decrease in LVEF [ 36 ]. Strain rate imag-
ing has also demonstrated early subclinical changes in con-
tractile function. Specifi cally, it has been demonstrated that 
echocardiographically derived strain rate is decreased in chil-
dren 2 h after receiving anthracyclines [ 37 ]. As with strain 

imaging, this decrease in longitudinal strain may persist for 
years after treatment with anthracyclines [ 38 ]. 

 Similarly, ERNA evaluation of diastolic function, as mea-
sured by the peak fi lling rate (PFR), has demonstrated a 
decrease in PFR prior to a decrease in LVEF in patients 
receiving anthracyclines [ 39 ]. In addition, changes in the 
synchrony of left ventricular contraction as assessed by 
phase analysis have been identifi ed in patients treated with 
anthracyclines [ 40 ], although no studies have been per-
formed to determine if early changes in left ventricular syn-
chrony predict subsequent decreases in the LVEF. 

 It is important to recognize, especially in older patients, that 
left ventricular dysfunction may be due to other causes. 
Therefore, in patients with risk factors for coronary artery dis-
ease or symptoms suggestive of myocardial ischemia, a workup 
for coronary artery disease should be considered. This is espe-
cially true in patients who develop left ventricular dysfunction 
at relatively low doses of anthracycline (<250 mg/m 2 ).  

    Endomyocardial Biopsy 

 Chronic anthracycline-mediated cardiotoxicity is associated 
with characteristic histopathologic changes [ 41 ,  42 ],  including 
cytoplasmic vacuolization, mitochondrial swelling, myofi bril 
dropout, and distention of the sarcoplasmic reticulum, which 
can be differentiated from changes that are seen with other 
causes of cardiomyopathy, such as viral myocarditis or giant 
cell myocarditis. As a result, endomyocardial biopsy has been 
given a class IIa (level of evidence: C) indication for use in diag-
nosing anthracycline-mediated cardiotoxicity by the American 
College of Cardiology (ACC) and the American Heart 
Association (AHA) [ 43 ]. As a matter of practicality, however, 

   Table 26.2    Guidelines for monitoring of left ventricular function and 
discontinuation of anthracycline therapy   

  Patients with a normal baseline LVEF  (≥ 50  %) 
 Repeat the study after 250–300 mg/m 2  
 Repeat the study after 400 mg/m 2  in patients with risk factors for 
cardiotoxicity a  or after 450 mg/m 2  in patients with no risk factors 
 Repeat the study prior to each subsequent dose of anthracycline 
above 450 mg/m 2  
  If there is an absolute decrease in LVEF  > 10  %  or to a value below 
50  %,  then discontinue therapy  
  Patients with an abnormal baseline LVEF  (< 50  %) 
 In patients with an LVEF >30 % but <50 %, repeat the study prior to 
each dose of anthracycline 
 Anthracycline therapy should not be initiated in patients with a 
baseline LVEF ≤30 % 
  If there is an absolute decrease in LVEF  > 10  %  and / or an LVEF of  
≤ 30  %,  then discontinue therapy  

  Adapted from Schwartz et al. [ 35 ] 
  a Risk factors include age >65 years, hypertension, exposure to other 
cardiotoxic agents, and liver dysfunction  
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endomyocardial biopsy is rarely used to confi rm a diagnosis of 
anthracycline-mediated cardiotoxicity, because the patient’s 
presenting history generally does not support other diagnoses 
that would require endomyocardial biopsy to confi rm.  

    Novel Methods to Identify 
Anthracycline- Mediated Cardiotoxicity 

 As noted above, a decrease in LVEF is a rather crude and late 
marker of anthracycline-mediated cardiotoxicity, and more 
sensitive methods to detect cardiomyocyte damage are needed 
to (1) identify heart muscle damage earlier than changes in 
LVEF and (2) identify patients at risk for cardiotoxicity prior to 
the initiation of anthracycline chemotherapy. Recent studies 
have demonstrated that individuals with an increase in the 
serum troponin I above the upper limit of normal 12–72 h after 
high-dose anthracycline infusion (200 mg/m 2  of epirubicin) 
were more likely to have a signifi cant, persistent decrease in 
LVEF 7 months after receiving chemotherapy [ 44 ,  45 ], 
although the LVEF was still within the normal range. 
Subsequent studies have demonstrated that a persistent increase 
in troponin I 1 month after anthracycline treatment was associ-
ated with a greater decline in LVEF than if the troponin was 
elevated only around the time of treatment [ 46 ]. Furthermore, 
patients with an elevated troponin I at both the early and late 
time point had a greater combined cardiac event rate (sudden 
death, cardiac death, acute pulmonary edema, heart failure, 
asymptomatic left ventricular dysfunction, arrhythmias, and 
conduction disturbances) than patients with only an early 
increase in the biomarker. While this biomarker holds promise 
in identifying those patients at risk for the development of 
anthracycline-mediated cardiotoxicity, its value in patients 
receiving lower doses of anthracyclines has not been estab-
lished. In children receiving lower doses of doxorubicin 
(median dose: 25 mg/m 2 ), there was no increase in the serum 
troponin T, although troponin I was not evaluated [ 47 ].  

    Personalized Identifi cation of Risk 
of Anthracycline-Mediated Cardiotoxicity 

 With the greater ease and availability of genotyping, there 
is cause to believe that individualized assessment of risk 
of anthracycline-mediated cardiotoxicity may be achieved 
through the identifi cation of genetic polymorphisms associ-
ated with this complication. In a study of the genetic deter-
minants of anthracycline cytotoxicity, genome-wide linkage 
analysis studies of 24 individual human cell lines identifi ed 
30 genes associated with cytotoxicity. These genes were 
associated with signaling pathways, axon guidance path-
ways, and anchoring pathways. While the strength of this 
study was based on the unbiased genome-wide approach 

to identifying genetic  polymorphisms, the study focused 
on general cellular  cytotoxicity, not  cardiotoxicity [ 48 ]. In 
contrast, studies specifi cally directed at identifying genetic 
polymorphisms responsible for anthracycline-mediated 
cardiotoxicity have focused on candidate genes rather than 
using an unbiased approach. In a study of 1,697 patients with 
non-Hodgkin’s lymphoma, the genes encoding NADP(H) 
oxidase and multidrug resistance protein 1 were identifi ed 
as modulating the risk of developing anthracycline-mediated 
cardiotoxicity [ 49 ]. However, another study in patients with 
a variety of childhood cancers did not fi nd an association 
between NADP(H) oxidase polymporphisms and the devel-
opment of anthracycline-mediated cardiotoxicity, but there 
was a trend toward an association between polymorphisms in 
the carbonyl reductase 3 gene and cardiotoxicity [ 50 ]. While 
these studies suggest that genetic markers of  cardiotoxicity 
may be present, unbiased genome-wide association study or 
exomic sequencing holds the promise for identifying a larger 
spectrum of candidate genes that might determine the sus-
ceptibility to anthracycline-mediated cardiotoxicity.   

    Management 

    Treatment of Established Cardiotoxicity 

 There are currently no therapies specifi c for the treatment of 
anthracycline-mediated cardiotoxicity. Rather, treatment follows 
the general AHA/ACC guidelines for the treatment of congestive 
heart failure [ 51 ] and focuses on aggressive treatment with ACE 
inhibitors, beta blockers, loop diuretics, and aldosterone-block-
ing agents. In patients with established anthracycline-mediated 
cardiotoxicity with an LVEF <45 %, the addition of enalapril (as 
well as carvedilol in some patients) normalized left ventricular 
function in 42 % of patients over a 36-month period [ 52 ]. Other 
studies also support a benefi cial role for ACE inhibitors in 
patients with anthracycline-mediated cardiotoxicity [ 53 ]. 
However, the benefi cial effects of ACE inhibition may not be 
permanent. In a retrospective study of survivors of childhood 
cancer with anthracycline-mediated cardiotoxicity, treatment 
with enalapril stabilized and even improved left ventricular frac-
tional shortening for up to 6 years [ 54 ]. Unfortunately, there was 
a progressive deterioration in left ventricular function thereafter. 

 Beta blockers have been used in a limited number of 
patients to treat anthracycline-mediated cardiotoxicity. Case 
reports have illustrated improvement in LVEF in patients 
with anthracycline-mediated cardiotoxicity treated with 
either metoprolol or carvedilol [ 55 – 57 ]. In a retrospective, 
case–control study comparing patients with idiopathic car-
diomyopathy to patients with anthracycline-mediated car-
diotoxicity, treatment with beta blocker increased LVEF 
from 28 to 41 % in patients with anthracycline-mediated car-
diotoxicity [ 58 ]. In one study comparing the effects of ACE 
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inhibitors alone to ACE inhibitors plus beta blockers in 
patients with anthracycline-induced cardiotoxicity, therapy 
with the combination of the two agents was associated with 
greater improvement in LVEF [ 59 ]. 

 The use of ACE inhibitors and/or beta blockers to treat indi-
viduals with anthracycline-mediated cardiotoxicity is based on 
small, retrospective studies or case reports bolstered by the 
more robust studies that have been performed for the general 
treatment of heart failure. Randomized, prospective trials will 
be required to evaluate the effi cacy of these classes of drugs in 
the specifi c treatment of anthracycline- mediated cardiotoxicity. 

 The use of more advanced heart failure therapies, including 
implantable cardiac defi brillators, cardiac resynchronization 
therapy, ventricular assist devices, and cardiac transplantation, 
requires very careful consideration and multidisciplinary dis-
cussions involving the cardiologist, oncologist, and the patient 
and his/her family. These therapies must be individualized and 
the decision to implement them is based not only on cardiac 
factors but also on the oncologic status of the patient.  

    Prevention of Cardiotoxicity 

 The current established methods to prevent the development of 
anthracycline-mediated cardiotoxicity are based on two con-
cepts: minimizing the exposure of doxorubicin to the cardio-
myocytes and decreasing the generation of reactive oxygen 
species. With respect to the fi rst concept, the early studies of 
anthracycline-mediated cardiotoxicity demonstrated that 
patients that received smaller, divided doses of anthracycline 
had a lower incidence of cardiotoxicity compared to those who 
received a larger, single dose of anthracycline [ 4 ]. This has led 
to many of the chemotherapeutic protocols currently in use. 

 Liposomal encapsulation of doxorubicin has also been used 
to decrease the cardiotoxicity associated with use of the drug. 
This occurs by preferentially increasing the accumulation of 
doxorubicin in tumors while also decreasing the clearance of 
the drug. A pegylated form of doxorubicin is available in the 
United States as a liposomal preparation (Doxil), although at 
the time of this review, there was a shortage of the drug. In stud-
ies of patients receiving >500 mg/m 2  of doxorubicin, use of 
Doxil was associated with a lower incidence of cardiotoxicity 
based on changes in LVEF and endomyocardial biopsy fi nd-
ings compared to the use of free doxorubicin [ 60 ]. Subsequent 
studies in patients with metastatic breast cancer who had 
received relatively lower doses of doxorubicin also demon-
strated lower rates of cardiotoxicity with use of Doxil [ 61 ]. 
However, while the pegylated liposomal formulation of doxo-
rubicin decreases its cardiotoxic effects, it can also decrease the 
tumoricidal effects of the drug [ 62 ]. A non-pegylated liposo-
mal preparation of doxorubicin, Myocet, is available for use in 
Europe and Canada, but has not been approved by the Food and 
Drug Administration for use in the United States. 

 The second strategy to prevent anthracycline-mediated 
cardiotoxicity involves measures aimed at decreasing the 
production of reactive oxygen species. Multiple preclinical 
studies using cells in culture as well as nontransgenic and 
transgenic animal models have demonstrated that decreasing 
the production of reactive oxygen species will result in 
decreased cardiotoxicity of anthracyclines. However, the 
results of clinical trials of antioxidant therapy have not estab-
lished a clear benefi t of these therapies [ 63 – 65 ]. 

 In contrast to therapies based on removing reactive oxy-
gen species, one therapy based on preventing the production 
of reactive oxygen species has been shown to be cardiopro-
tective in patients receiving anthracyclines. Dexrazoxane is a 
derivative of ethylenediaminetetraacetic acid (EDTA) that 
chelates intracellular iron, including iron complexed with 
doxorubicin, thereby decreasing the production of reactive 
oxygen species. Two multicenter trials of patients with breast 
cancer evaluated the cardioprotective value of dexrazoxane, 
with therapy initiated either at the beginning of anthracycline 
therapy or after a cumulative dose of 300 mg/m 2  had been 
achieved. With either strategy, the incidence of a signifi cant 
decrease in LVEF was reduced with use of dexrazoxane [ 66 , 
 67 ]; however, some data suggest that the cardiotoxic effect of 
doxorubicin is decreased with dexrazoxane therapy initiated 
at the beginning of anthracycline therapy [ 67 ,  68 ]. Based on 
this data, the use of dexrazoxane as a cardioprotective agent 
is recommended by the American Society of Clinical 
Oncology for patients treated with anthracyclines who have 
already received a cumulative dose of >300 mg/m 2  [ 69 ]. 

 In addition to these proven strategies, other cardioprotec-
tive therapies have been proposed for patients receiving 
anthracyclines. In patients who have an increase in serum 
troponin I during anthracycline therapy, treatment with enal-
april has been shown to prevent subsequent decreases in 
LVEF [ 70 ]. Similarly, treatment with carvedilol in patients 
who have received high cumulative doses of doxorubicin 
(>500 mg/m 2 ) decreases the likelihood of developing left 
ventricular dysfunction [ 71 ]. It must be kept in mind that 
these studies have included only a small number of patients 
and that larger, multicenter trials are necessary to determine 
the effi cacy of such potentially cardioprotective treatment. 
Nevertheless it is not unreasonable to consider initiating 
these generally well-tolerated medications in patients with 
risk factors for anthracycline-mediated cardiotoxicity.   

    Conclusion 

 With the continued use of anthracycline-based cancer 
chemotherapy, risks of permanent left ventricular dys-
function and congestive heart failure remain a challeng-
ing clinical problem. Current methods to detect 
anthracycline-mediated cardiotoxicity remain relatively 
crude and only identify the problem after it has caused 
signifi cant damage. As a result, the consulting cardiologist 
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must pay close attention to patients receiving anthracy-
clines and consider the use of cardioprotective agents, 
including ACE inhibitors and beta blockers, early in the 
treatment of the patient. Optimization of the patient’s 
therapy requires integration of the cardiologist into the 
team treating the patient’s cancer.      
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  Abbreviations 

   Abl    Abl kinase fused with Bcr in CML   
  Afi b    Atrial fi brillation   
  AHA/ACC     American Heart Association/American College 

of Cardiology   
  AV    Atrioventricular   
  CAD    Coronary artery disease   
  CHB    Complete heart block   
  CHF    Congestive heart failure   
  EGFR    Epidermal growth factor receptor   
  ERNA    Equilibrium radionuclide angiography   
  HDAC    Histone deacetylase   
  Kit     c-Kit (CD117) kinase receptor for stem cell factor   
  LV    Left ventricle   
  LVEF    Left ventricular ejection fraction   

  mAb    Monoclonal antibody   
  MI    Myocardial infarction   
  mTOR    Mammalian target of rapamycin   
  PDGFR    Platelet-derived growth factor receptor   
  RAR    Retinoic acid receptor   
  SVT    Supraventricular tachycardia   
  TKI    Tyrosine kinase inhibitor   
  VEGF    Vascular endothelial growth factor   
  VEGFR    VEGF receptor   

          Introduction 

   With great power comes great responsibility – Voltaire 

   This ancient statement fi nds new applicability in the modern 
era of molecularly targeted chemotherapeutic agents. While 
the explosion of knowledge regarding the molecular underpin-
nings of cancer has led to rapid and signifi cant improvements 
in therapy, little has been done to carefully defi ne the impacts 
of these new treatments on cardiovascular health and disease. 
In this chapter, we will review (1) the wide variety of targeted 
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therapies currently in use and their known, and potential, 
 cardiovascular side effects; (2) the currently limited clinical 
trial data regarding prevention, diagnosis, and treatment of 
such side effects; and (3) the establishment and future of car-
dio-oncology as a novel fi eld of research and clinical care. 

    What Are “Molecularly Targeted 
Chemotherapeutic Agents” 
and Why Are They Being Used? 

 The term “molecularly targeted” refers to a large group of rela-
tively new chemotherapeutic drugs specifi cally designed to alter 
cellular signaling pathways crucial for oncogenesis and metas-
tasis. These drugs can act either directly, altering signaling in 
cancer cells to interrupt their survival or proliferation (e.g., tyro-
sine kinase inhibitors) or promote their differentiation (e.g., reti-
noids), or indirectly, to interrupt tumor support systems (e.g., 
angiogenesis inhibitors). The strategy of selectively targeting 
crucial pathways or processes required for tumor cell survival 
and growth has revolutionized the treatment of a variety of 
hematologic and solid malignancies, dramatically improving 
length and quality of life for many patients. However, when the 
targeted pathways are also crucial for cardiovascular cell sur-
vival or function, interruption of these can lead to cardiovascular 
damage that can be reversible or irreversible. Years of prior 
experience with nontargeted cardiotoxic chemotherapeutic 
agents whose effects are largely irreversible (e.g., anthracy-
clines, reviewed in a Chap.   26    ) have led investigators to classify 
chemotherapeutic cardiotoxicity as Type I, that which is irre-
versible, and Type II, that which is largely reversible [ 1 ]. Though 
originally this classifi cation system was based on the pathologi-
cal fi ndings of signifi cant myocyte necrosis (as seen in Type I 
injury) versus very minimal or no myocyte necrosis (Type II 
injury), more recent data has blurred the reductionist boundary 
between these two classifi cations of cardiotoxicity, limiting the 
usefulness of this terminology [ 2 ]. As we will discuss below, the 
relative paucity of data regarding the pathological and patho-
physiologic cardiovascular effects of most of the newer molecu-
larly targeted chemotherapies limits our ability to currently 
predict long- term effects of these drugs, and most of the “revers-
ibility” that classifi es drugs in the Type II category is based on 
limited short-term follow-up.  

    What Types of Molecules and Pathways 
Are Being Targeted? 

 The types of molecular pathways currently being targeted 
are briefl y summarized in Table  27.1  (also, see [ 3 ]). Critical 
signaling pathways for cancer cell growth including receptor 
and non-receptor signaling kinases have been targeted for 
treatment of breast, renal cell, lung, and other cancers. Drugs 
that inhibit some of these pathways are sometimes referred 

to as tyrosine kinase inhibitors (TKI). One of the most suc-
cessful drugs in this class is trastuzumab (Herceptin), which 
has signifi cantly improved prognosis in patients with erbB2/
Her2-positive breast cancer [ 4 ,  31 ]. This is also one of the 
fi rst of the molecularly targeted chemotherapeutic agents to 
show signifi cant cardiotoxicity. Newer drugs, including 
mTOR and multi-kinase inhibitors, will require signifi cantly 
broader and longer use before their full cardiotoxicity profi le 
will be revealed. This will be discussed below.

       Why Is Targeting These Pathways Toxic 
in the Cardiovascular System? 

 Many of the fundamentally important cellular signaling path-
ways used by cancer cells to survive and proliferate are also 
crucial for normal cardiovascular cell function and survival. 
Multiple cell types in the cardiovascular system, including 
cardiac myocytes, vascular endothelial and smooth muscle 
cells, and cells of the cardiac conduction system, are suscep-
tible to interruption of these pathways. In addition, some of 
these molecularly targeted drugs can affect systemic processes 
(via both cardiovascular and non-cardiovascular targets) lead-
ing to adverse cardiovascular consequences including throm-
boembolism, hypertension, and dyslipidemia. These additional 
effects may have important short- and long-term consequences 
in patients with concomitant baseline cardiovascular risk fac-
tors or underlying cardiovascular disease.  

    Why Is Knowledge About the Cardiovascular 
Effects of These Drugs so Limited? 

 When faced with caring for patients undergoing potentially 
life-saving treatment with these new agents, one can quickly 
become frustrated by the paucity of good clinical trials data 
regarding the type, frequency, and outcomes of their cardiac 
side effects. Even worse, there is a near absence of data regard-
ing identifi cation of patients at risk, prevention, and treatment 
of cardiovascular complications from these therapies. There 
are a variety of reasons for the current state of knowledge. First, 
many of these agents are relatively new; therefore, large and 
long-term trial data are not available. Second, like most novel 
chemotherapeutic agents, many molecularly targeted agents 
have initially been trialed in patients with advanced cancer, 
who may have multiple comorbidities and whose long-term 
prognosis is poor. Thus, information on short-term effects may 
be modulated by concurrent additional cardiac risks and that on 
long-term effects is mostly lacking. Finally, cardiotoxicity 
monitoring in many older clinical trials was often superfi cial 
and cardiologists were rarely involved in this process. Luckily, 
largely in response to the signifi cant and unexpected cardiotox-
icity of the fi rst generation of molecularly targeted agents 
 (specifi cally trastuzumab), most clinical trials now involve 
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 better cardiotoxicity monitoring and include some level of car-
diac specialty oversight. However, specifi c clinical trials aimed 
at risk assessment, prevention, and treatment are still scant.   

    Pathophysiology 

 The mechanistic reasons for cardiotoxicity of targeted agents 
can sometimes be predicted based on known roles for their 
targeted signaling pathways in the human cardiovascular 
system. However, this approach often incompletely identifi es 
full risk and additional clinical data is essential. 

    Differences Between Human and Preclinical 
Models Limit Predictive Power of These Models 
for Clinical Side Effects 

 Predicting clinical cardiovascular toxicity based on preclini-
cal models has failed to identify every potential adverse out-
come for a number of reasons. An appreciation for these 
limitations is important because in order to fully understand 
the potential toxicity of each new agent, careful observation 
for early cardiovascular toxicity must be undertaken in the 
clinical setting. In some cases, drugs tailored to bind to 
human targets may not bind well to these same targets in 

    Table 27.1    Targeted drugs and cardiovascular side effects   

 Drug a   Target 

 Reported cardiovascular side effect b  

 Ref. c   LV effects  Arrhythmia  Hypertension  Thromboembolism 

  Tyrosine kinase pathway inhibitors  
 Trastuzumab  ErbB2 (Her2/neu)  ↓ LVEF, CHF  ↑ QTc  [ 3 – 7 ] 
 Lapatinib 
 Pertuzumab 
 Gefetinib  ErbB1 (EGFR)  ✓  [ 8 ] 
 Erlotinib 
 Cetuximab 
 Panitumumab 
 Bevacizumab  VEGF  MI, CHF  ✓  ✓  [ 9 ,  10 ] 
  Multi-kinase pathway inhibitors  
 Sorafenib  VEGFR, PDGFR, 

c-Kit, others 
 ↓ LVEF, CHF, MI  ↑ QTc, AFib  ✓  ✓  [ 11 – 13 ] 

 Pazopanib 
 Sunitinib 
 Imatinib  Abl, c-Kit, PDGFR, 

others 
 MI, CHF  ↑ QTc, AFib, 

others 
 ✓  ✓  [ 14 ] 

 Dasatinib 
 Nilotinib 
  mTOR inhibitors  
 Temsirolimus  mTOR  CHF  ✓  ✓  [ 15 ] 
 Everolimus 
  Hormone signaling pathway and hormone synthesis inhibitors  
 Tamoxifen  Estrogen receptor  MI, CHF  ✓  [ 16 – 20 ] 
 Toremifene 
 Fulvestrant 
 Bicalutamide  Androgen receptor  MI, CHF  ✓  [ 21 ] 
 Anastrozole  Block hormone 

synthesis 
 MI  ✓  ✓  [ 22 ,  23 ] 

 Exemestane 
 Letrozole 
  Other cellular pathway modulators  
 Vorinostat  HDAC inhibitors  MI  ↑ QTc, Afi b  ✓  [ 24 ] 
 Romidepsin 
 Bexarotene  Retinoid (RAR) 

agonists 
 ↓ LVEF, CHF  ✓  ✓  ✓  [ 25 ,  26 ] 

 Aliretinoin 
 Tretinoin 
 Bortezomib  Proteosome inhibitors  ↓ LVEF, CHF, MI  ↑ QTc, CHB  [ 27 – 30 ] 

    a For simplicity, generic names are used. Additional drugs are listed at   http://www.cancer.gov/cancertopics/factsheet/Therapy     
  b Side effect may not have been reported for all drugs shown, but is listed if reported for any drug in category 
  c Information extracted from data package inserts and other information from manufacturers (available at the FDA website:   http://www.fda.gov/    ) 
unless otherwise noted. Thus, many reported side effects may be based on small numbers with limited data regarding frequency in larger 
populations  

27 Cardiotoxicity of Molecularly Targeted Chemotherapeutic Agents

http://www.cancer.gov/cancertopics/factsheet/Therapy
http://www.fda.gov/


402

non-human cells, limiting prediction of toxicity in these 
models. This is the case with trastuzumab, where this human-
ized monoclonal antibody binds poorly to non-human erbB 
receptors. Thus, cardiac toxicity was not predicted in pre-
clinical models. Likewise, other targeted drugs may have 
altered binding or potency in humans versus other animals or 
in cell culture models. Susceptibility to induction of cell 
death may be signifi cantly higher in normal cardiovascular 
cells compared to tumor cells, many of which express high 
levels of multidrug resistance genes. Finally, some cellular 
survival pathways being targeted in cancer cells may have 
overlapping or redundant mechanisms in non-human cells 
that are not present or function differently in humans.  

    Predicting Cardiotoxicity Based on Cell Targets 

 As described above, many of the cellular pathways and pro-
cesses targeted by these new chemotherapeutic agents are 
important in non-cancer cells, including those of the cardio-
vascular system. In some cases, the cell-specifi c effects in 
the cardiovascular system have been studied. In others, 
adverse cardiovascular events have been described but the 
specifi c mechanism for these effects is not known. 

    Drugs That Target Cardiac Myocytes 
 Several of the kinases being targeted by these new chemothera-
peutic agents play important roles in cardiac myocyte protec-
tion and survival. Thus, interruption of these crucial pathways 
may culminate in irreversible myocyte cell death. In addition, 
some of these therapies may also affect ion  channel function 
and metabolic pathways in cardiac myocytes, leading to myo-
cyte dysfunction. The fi nding that trastuzumab can (either 
alone or in synergy with anthracyclines) cause cardiomyopathy 
may not be surprising when one considers that cardiac myo-
cytes also contain erbB2 receptors, the kinase targeted by 
trastuzumab in breast and other cancers [ 32 ]. This was not 
understood at the time trastuzumab fi rst underwent clinical tri-
als. Furthermore, signaling via erbB receptors has been shown 
to promote myocyte resistance to injury and survival, further 
supporting the concept that myocytes are a primary target in 
trastuzumab-induced cardiac dysfunction [ 32 – 35 ]. However, 
more recent data also suggests that vasculature may be an 
important target for anti-erbB- directed toxicity, highlighting 
the idea that more than one cell type may be affected [ 36 ]. 

 A number of drugs targeting the phosphoinositide 3-kinase 
(PI3K)/AKT/mammalian target of rapamycin (mTOR)/
S6-p70-kinase system are either in use or in development. 
This pathway also plays a crucial role in cardiomyocyte hyper-
trophy and survival [ 37 ]. Though the mTOR inhibitors cur-
rently in use appear to have limited cardiovascular side effects, 
additional targeting or combined targeting of these pathways 
may be anticipated to have cardiovascular side effects. 

 Proteosome inhibitors may have mixed effects, as in some 
models proteasome inhibition is detrimental to cardiomyo-
cyte survival, whereas in others it is benefi cial [ 38 ,  39 ]. Cases 
of fulminant congestive heart failure have been reported with 
some of these inhibitors; thus, investigation of potential car-
diac toxicity will need to be done for each new drug [ 27 ].  

    Drugs That Target Vasculature 
 Because many tumors require extensive vasculature, targeted 
drugs that prevent angiogenesis or disrupt tumor vasculature 
have been attractive cancer therapeutics. The vascular- 
targeted (or antiangiogenic) therapeutics currently in use 
have many cardiovascular side effects, due to both direct 
effects on normal vasculature and additional systemic effects. 
One of the more important vascular/systemic side effects of 
these drugs is signifi cant hypertension (discussed below) 
[ 40 ]. In addition, some of these drugs also target receptors on 
cardiac myocytes that are important for myocyte survival 
and have been found to be associated with increased risk of 
cardiomyopathy [ 11 ]. In animal models, targeting of these 
receptors synergized with hypertension to produce increased 
cardiac myocyte cell death (apoptosis), suggesting a poten-
tially irreversible mode of action [ 41 ].   

    Diagnosis 

 In the era of nontargeted chemotherapeutics, the main offend-
ers with regard to cardiotoxicity were anthracycline- based 
drugs. Since the most serious cardiovascular side effect of 
these drugs is cardiomyocyte death with subsequent declines 
in ventricular (LV) systolic function, detection of cardiotoxic-
ity has predominantly been diagnosed by modalities aimed at 
quantitating this parameter (equilibrium radionuclide angiog-
raphy (ERNA) or echocardiography). With so many newer 
targeted therapies whose cardiovascular effects are less well 
defi ned, cardiologists and oncologists are faced with the 
necessity to broadly monitor multiple cardiovascular parame-
ters. In many cases, we have limited or poor tools for detecting 
early cardiovascular toxicity due to these drugs. Below, we 
will focus on the described manifestations of cardiovascular 
toxicity, with the caveat that in the clinical setting, diagnosis of 
cardiotoxicity is essentially based on exclusion of more com-
mon types of cardiovascular disease as causal agents. 

    Cardiomyopathy 
 Because many of the new targeted therapies interrupt signal-
ing pathways crucial for cellular survival in cardiovascular 
cells as well as cancer, it does not seem surprising that dam-
age from these agents may ultimately lead to cardiac dys-
function. Fortunately fulminant heart failure is rare with 
most of these new agents. However, it is important to under-
stand that the long-term consequence of milder forms of 
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 cardiomyopathy is currently unclear, as most agents have 
been in use for only short periods of time. Subclinical 
declines in LV ejection fraction (LVEF) or the development 
of diastolic dysfunction that may be seen soon after treat-
ment may progress over time or render the cardiovascular 
system more susceptible to subsequent injury from more 
common forms of heart disease. Few guidelines have been 
established regarding the appropriate form and timing of 
monitoring for changes in ventricular systolic and diastolic 
function in patients undergoing therapy with most of the 
newer targeted agents. 

 Trastuzumab is one of the few agents with recommended 
monitoring because it was one of the fi rst targeted therapies 
clearly demonstrated to contribute to cardiomyopathy. Based 
on fi ndings that trastuzumab can increase the risk of cardio-
myopathy by four- to sixfold, it is recommended that cardiac 
monitoring be performed before treatment, every 3 months 
during treatment, at the end of treatment, and every 6 months 
after treatment for 2 years. Currently, the only specifi c param-
eter that is being monitored is LVEF, and measurement of this 
may be performed by radionuclide imaging (ERNA) or echo-
cardiography. It is recommended that trastuzumab be withheld 
if (1) there is a ≥16 % absolute decrease in LVEF from base-
line value or (2) there is a ≥10 % absolute decrease in LVEF 
from baseline to a value that is below the institutional lower 
limit of normal. In case of such changes in LVEF, it is recom-
mended that trastuzumab be held for at least 4 weeks, followed 
by repeat evaluation of LVEF. If LVEF returns to a normal 
value that is ≤15 % lower than the baseline LVEF, trastu-
zumab may be restarted. If LVEF remains decreased for >8 
weeks or trastuzumab is held on three occasions due to 
declines in LVEF, it should be permanently discontinued [ 42 ]. 

 Other biomarkers of trastuzumab-induced cardiomyopathy 
include serum troponins [ 43 ] and myocardial strain assessed 
by echocardiography [ 44 ,  45 ]. Future studies aimed at deter-
mining whether early intervention in patients demonstrating 
elevations in serum troponin or decreases in myocardial strain 
will alter future risk of cardiomyopathy are necessary before 
routine clinical use of these parameters can be implemented. 
As implied by these guidelines, trastuzumab- induced declines 
in LVEF may or may not be reversible. Overall data suggests 
that >60 % of patients who have declines in LVEF will recover 
some function, on average by 6 months after cessation of treat-
ment [ 46 ]. However, it is important to note that most large 
clinical trials of trastuzumab have not included longer-term 
(>12 months) follow- up of cardiac function, so it is unknown 
whether patients exposed to this drug will develop cardiomy-
opathy years after exposure, particularly as they are subject to 
additional cardiovascular disease processes that are more 
common with advanced age [ 2 ]. 

 VEGF-targeted therapies such as bevacizumab and suni-
tinib have been found to be associated with an increased risk 
of heart failure [ 47 – 49 ]. The relative risk of these therapies is 

diffi cult to assess since many patients included in these anal-
yses had prior cardiotoxic chemotherapy and may also have 
had additional underlying cardiac risk factors. For many 
other targeted therapies, only incidental data (often in the 
form of case reports) is available and few predictions can be 
made regarding the long-term effects on cardiac function for 
many of these drugs based on current information (see 
Table  27.1 ). 

 Underlying risk factors, including prior or concomitant 
treatment with other chemotherapies (especially anthracy-
clines), hypertension, coronary artery disease, or age >60 
years, have been shown to place patients at increased risk for 
cardiomyopathy from trastuzumab [ 50 ,  51 ] and other signal-
ing kinase inhibitors [ 11 ,  52 ]. It seems prudent, therefore, to 
assess for and minimize traditional cardiac risk factors where 
possible, though solid clinical trial data to support this notion 
does not yet exist.  

    Ischemia 
 Many of the targeted therapies aimed at tumor vasculature 
also have effects on normal vasculature in the heart and other 
organs [ 53 ,  54 ]. Patients with underlying cardiovascular dis-
ease may be particularly susceptible to such agents. 
Myocardial ischemia can occur in the setting of acute or 
chronic treatment with vascular-targeted therapies. Some 
case reports suggest that vasospasm, perhaps in vascular ter-
ritories with underlying noncritical atheromatous disease, is 
a signifi cant mechanism for promoting myocardial ischemia 
due to these agents, though no specifi c therapies based on 
this observation have been tested [ 55 ,  56 ]. 

 Use of antihormone-targeted therapies, tamoxifen, aro-
matase inhibitors, and androgen antagonists, has been asso-
ciated with a small increase in cardiac events, some of which 
are ischemic [ 57 – 59 ]. However, no well-controlled trials that 
allow calculation of relative risk in the setting of additional 
coronary risk factors currently exist. Because of potential 
adverse effects on lipid profi les in the setting of such thera-
pies, additional monitoring in patients with prior dyslipid-
emia or additional cardiac risk factors seems warranted [ 60 ]. 
Additional factors such as hypertension or thromboembo-
lism may be associated with targeted agents and promote 
myocardial ischemia.  

    Hypertension 
 Many of the vascular-targeted kinase inhibitors are associ-
ated with signifi cant increases in systemic blood pressure 
[ 9 ]. Some of these agents are even associated with severe 
hypertension, including hypertensive crisis [ 10 ]. The pres-
ence of hypertension in the setting of targeted agents has 
been shown to exacerbate associated cardiomyopathy [ 11 ]. 
Though the development of hypertension during therapy 
with these agents is generally a biomarker for chemothera-
peutic response, treatment of associated hypertension is 
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likely to be crucial to reduce cardiovascular events in these 
patients [ 61 ,  62 ]. Hypertension may also exacerbate cardio-
myopathy associated with other types of targeted therapies, 
e.g., trastuzumab [ 63 ]; thus, close attention to blood pressure 
during these therapies is also important for prevention and 
management of this complication.  

    Thromboembolism 
 Both the antihormone-targeted and vascular-targeted thera-
pies can increase the risk of thromboembolic events [ 40 ,  64 ]. 
These can be both venous and arterial and can contribute to 
stroke or myocardial ischemia. Some studies suggest that 
polymorphisms in coagulation factors may play an important 
role in risk for thromboembolism in response to such thera-
pies [ 65 ]. However, additional investigation is needed before 
routine use of such genetic or other testing can be used to 
determine which patients are at risk and how to manage this 
preventively.  

    Arrhythmias 
 Many targeted agents are associated with changes in electri-
cal properties of the myocardium, either by direct channel 
modulation or by other less well-defi ned mechanisms. 
Vascular-targeted kinase inhibitors and histone deacetylase 
(HDAC) inhibitors can be associated with signifi cant prolon-
gation of the QT interval, including rare induction of ven-
tricular arrhythmias [ 66 – 68 ]. QT prolongation, atrial 
arrhythmias, and complete heart block have also been seen 
with proteasome inhibition [ 28 ]. Based on these fi ndings, it 
is recommended that all patients undergoing such therapies 
undergo baseline ECG assessment. Particular attention 
should be paid to patients receiving additional agents (e.g., 
antibiotics, antiemetics) that can additionally prolong QT. 
Many patients undergoing cancer therapy are particularly 
prone to electrolyte abnormalities that may also increase the 
pro-arrhythmic effects of these drugs. These electrolyte 
abnormalities should be carefully monitored and corrected to 
reduce such risk.   

    Management 

 Currently, there is no specifi c clinical trial data on prevention 
or management of the cardiovascular complications of tar-
geted therapies. Decisions regarding use or cessation of these 
agents need to be made by a team approach with cardiolo-
gists and oncologists weighing the relative cardiac risk and 
oncologic benefi t for any given therapy. Given the paucity of 
trial data, this assessment can be quite challenging. All rec-
ommendations must be considered level of evidence IIB at 
the current time. When managing patients undergoing poten-
tially cardiovascular toxic chemotherapy, the following steps 
are recommended:

    1.    Pretreatment assessment should be performed in all patients 
undergoing potentially cardiovascular toxic therapy with 
targeted agents. This assessment should include a full tradi-
tional cardiovascular risk profi le, because underlying risk 
may render the patient more susceptible to these therapies 
and this risk may potentially be modifi able. Family history 
should include coronary disease and stroke history as well 
as cardiomyopathy screening. Lipid profi les, electrolytes, 
serum glucose and renal function, blood pressure, careful 
cardiovascular review of systems, and baseline ECG should 
all be assessed to understand the overall cardiovascular risk 
of each patient. Recall that these agents can have signifi cant 
effects on all these parameters, and understanding the pre-
treatment values can help discern whether abnormalities 
after treatment are due to the treatment itself or underlying 
nontreatment- related abnormalities. Because many of the 
agents are associated with cardiomyopathy, baseline assess-
ment of LV function is generally routinely recommended. 
Though ERNA has traditionally been used due to its excel-
lent quantitative characteristics for LVEF, improvements in 
echocardiographic imaging have made this modality 
equally effective in most patients. In addition, echocardiog-
raphy has the benefi t of increased sensitivity for additional 
anatomic and hemodynamic assessment compared to 
ERNA [ 69 ]. Echocardiography also has the advantage of 
not requiring additional radiation exposure. Generally, we 
prefer to use echocardiography, supplemented by ERNA 
where LVEF cannot be accurately assessed due to technical 
factors or is borderline (i.e., at or just below the lower limit 
of normal).   

   2.    During treatment, assessment is based on the relative base-
line risk of the patient, the targeted agent being used, and 
careful review of systems at the time of each administration 
of chemotherapy or follow-up visit. Of all these new agents, 
only trastuzumab has clearly defi ned time points for follow-
up assessment of cardiac toxicity and this is only for follow-
up of LVEF (see above). However, patients with baseline 
abnormalities (e.g., hypertension or borderline LVEF) 
should receive additional screening and follow-up through-
out their therapy. Certainly, all patients receiving vascular-
targeted therapies should have blood pressure assessment 
before each round of chemotherapy, and hypertension 
should be aggressively managed using current American 
Heart Association/American College of Cardiology (AHA/
ACC) guidelines. Patients with decreases in LV systolic 
function or borderline LVEF may benefi t from treatment 
with angiotensin-converting enzyme (ACE) inhibitors [ 63 ]. 
Management of congestive heart failure should also be done 
following current guidelines until additional data is avail-
able. ECG monitoring in patients receiving agents with 
known effects on QT interval is also important, particularly 
in those with borderline or prolonged baseline QT or other 
conduction abnormalities.   
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   3.    After treatment, follow-up depends on the baseline 
and during treatment cardiovascular fi ndings. Again, 
only trastuzumab has clearly defi ned follow-up goals 
(up to 2 years monitoring of LVEF). Because most of 
these drugs have been in use for short PERIODS of 
time, long-term effects on cardiovascular function are 
largely unknown. We advocate that patients receiving 
any drug with known risk of cardiomyopathy should 
undergo posttreatment assessment of LVEF. The tim-
ing and frequency of this is the subject of much debate. 
Recommendations are being prepared by several imag-
ing societies currently, though these will be based on 
consensus and large clinical trials are still necessary for 
best practice to be defi ned in this fi eld.      

    Future of Cardio-oncology 

 Optimal design and use of targeted therapies will continue to 
require input from both cardiologists and oncologists to 
avoid cardiovascular toxicity. The fi nding of cardiovascular 
abnormalities (including hypertension, dyslipidemia, ECG 
abnormalities, or LV dysfunction) before, during, or after 
cancer therapy should be handled using standard treatment 
guidelines for prevention and treatment. Additional under-
standing of the mechanisms of cardiovascular toxicity may 
eventually lead to more specifi c modes of prevention and 
treatment or to design of targeted therapies that will affect 
tumor cells and vasculature preferentially over normal car-
diovascular tissues.       
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        Introduction 

 Radiation therapy (RT) is an integral part of modern cancer 
care. Over 50 % of cancer patients will benefi t from the use 
of therapeutic radiation at some point in their disease course. 

Nonetheless, RT has been associated with toxicity and, 
 arguably, the heart is one of the best known examples. 

 The two diseases in which the detrimental effects of 
 radiation are best understood are breast cancer and Hodgkin’s 
lymphoma. The excellent survival rates of these two condi-
tions allow for long follow-up of patients with assessment of 
late toxicities. 

 It is helpful to understand that although the literature is 
full of reports of cardiotoxicity following breast cancer 
 treatment and Hodgkin’s lymphoma treatment, prior treat-
ments bear little resemblance to the method by which mod-
ern RT is delivered. Hodgkin’s disease treatment, for 
example, has shifted from relatively high-dose (40 Gy) 
total or subtotal nodal radiation (encompassing the medias-
tinal, supraclavicular, axillary, para-aortic, and sometimes 
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pelvic and inguinofemoral nodes) to a combination of 
 systemic chemotherapy paired with 20–30 Gy to an 
involved fi eld of the initially diseased nodes. This reduction 
in both dose and volume undoubtedly minimizes the toxic-
ity of treatment. A pediatric Hodgkin’s lymphoma series 
has shown a reduction in late cardiac morbidity with reduc-
tions in mediastinal radiation doses; specifi cally cohorts 
receiving 36, 30, 25, 20, and 0 Gy had associated cardiac 
disease incidence rates at 25 years of follow-up of 21 %, 
10, 6, 5, and 3 %, respectively [ 1 ]. Likewise, with breast 
cancer, treatment has shifted from the internal mammary 
nodal chain (located typically 3 cm lateral to the midline) 
with an  en face  “through-and-through” photon fi eld in a 
“hockey stick” confi guration [ 2 ] to 50 Gy delivered with 
orthovoltage to signifi cantly more judicious use of internal 
mammary nodal treatment with megavoltage irradiation. 
Patients treated from this earlier era have been found to 
have a 10 % increase in mortality [ 3 ], largely driven by pre-
mature cardiac death. Examination of the treatment meth-
ods used previously reveals mean doses to the heart as high 
as 23 Gy [ 4 ], compared to the more modest mean heart 
doses of 3 Gy today [ 5 ]. 

 The signifi cance of the move to megavoltage radiation is 
that dose inhomogeneity was greatly improved. In Hodgkin’s 
disease or treatment of seminoma in which the mediastinum 
was included, the use of orthovoltage radiation was particu-
larly problematic. This lower energy radiation was not very 
penetrating and there were signifi cant “hot spots” to the 
more superfi cial structures (like the anteriorly located coro-
nary arteries) as a consequence of getting the prescription 
dose to the nodal targets surrounding the tracheobronchial 
tree. With modern techniques, there is a much more even 
dose delivery throughout the target area and the sensitive 
anteriorly located coronary arteries are more likely to be 
relatively spared. 

 Additionally, radiation delivered pre-1991 did not use 
computed tomography (CT) simulation. Simulation is the 
process by which radiation oncologists “map out” the radi-
ation using CT data. This allows for more precise targeting 
as well as detailed analysis of the dose given to nearby 
organs from a given radiation plan. Prior to the early 1990s, 
all planning was done by fl uoroscopy, taking a single mea-
surement at the midpoint in the treated volume of the 
patient and prescribing the radiation on that basis. This did 
not always take into account varied patient thicknesses and 
contours which change the distribution of radiation. As a 
consequence, this often allowed for treatment “hot spots” 
in critical normal tissues like the heart due to inherent dose 
heterogeneity ; this can be better modulated in the modern 
era using 3- dimensional (3D) treatment planning and newer 
abilities that account for respiratory motion (4D 
planning).  

    Pathophysiology 

 The goal of oncologic RT is to aid in the cure or defi nitively 
cure localized malignancy. It is also used commonly for pal-
liation of local disease. These goals are achieved by using 
ionizing radiation to induce cancer cell death via necrosis, 
mitotic catastrophe, apoptosis, or autophagy or by inhibiting 
a cell’s ability to divide though induction of senescence. The 
largest contributing biochemical reaction responsible for 
induction of all of the aforementioned phenomena is DNA 
damage, specifi cally lethal DNA double-strand breaks 
(DSBs). Ionizing radiation causes DNA damage by both 
direct ionization but more commonly by indirect ionization 
through free radical formation by activation of water. While 
it is generally accepted that radiation is selective for rapidly 
dividing cells such as tumor cells or rapidly repopulating 
cells such as hematopoietic cells, there are potential side 
effects in any tissue treated with radiotherapy and cardiovas-
cular tissue is no exception. Adverse effects are most com-
monly seen in the pericardium, but the myocardium can also 
be impacted resulting in congestive heart failure (CHF) due 
to restrictive cardiomyopathy and obstructive coronary artery 
disease (CAD) due to damage to the vascular endothelium. 
In addition, adverse effects can be seen in the microvascula-
ture, conduction system, and valves. Patients with radiation- 
induced heart disease include survivors of Hodgkin’s disease, 
non-Hodgkin’s lymphoma, esophageal carcinoma, thy-
moma, lung cancer, breast cancer, and seminoma (given the 
historical practice of treating the mediastinum with radia-
tion) [ 6 ]. 

 The time to normal tissue injury and side effects depends 
on tissue kinetics of cell differentiation, loss, and repopula-
tion. Acute injury is seen usually during the course of 
 treatment (6–8 weeks) in tissues with rapid cell turnover 
such as the bone marrow, skin, and oropharyngeal, esopha-
geal, and gastrointestinal mucosa. Subacute injury can occur 
2 months to 1 year after the start of radiation such as with 
lung pneumonitis and is thought to occur during the “remod-
eling phase.” Finally, late injury occurs in cells that are lost 
from the tissue at a slow rate, such as blood vessel endothe-
lium, oligodendroglia or Schwann cells in neural tissue, 
tubule cells in the kidney, fi broblasts in skin and connective 
tissue, and osteoblasts and chondroblasts in bones. Timing 
and pathologic fi ndings of late effects varies between tissues. 
In addition, infi ltrating cells that secrete cytokines and 
growth factors [ 7 ] may also contribute to the pathogenesis of 
radiation effects unrelated to cell depletion such as in radia-
tion gliosis [ 8 ] or fi brosis. Although rare, cardiovascular side 
effects can occur acutely as with acute pericarditis during 
irradiation but are more commonly seen as late, chronic 
health issues. Some clinical studies show no evidence of 
clinical cardiovascular risk of RT in adult patients with 
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Hodgkin’s disease after more than 6 years following 
 chemotherapy and RT [ 9 ] and in patients with early-stage 
left-sided breast cancer, after as long as 10 years of follow-
up [ 10 ]. However, late radiation effects associated with ath-
erosclerosis and heart disease can take decades to occur after 
irradiation [ 11 – 14 ]. In early-stage breast cancer, a difference 
in death due to cardiovascular disease and specifi cally isch-
emic heart disease was established between patients receiv-
ing high-dose-volume RT to the heart and non-irradiated 
controls after 4–5 years. Cumulative incidence curves con-
tinued to diverge up to 12 years later [ 15 ]. As patients live 
longer following cancer therapy, this becomes a more com-
mon and diffi cult problem to manage.  

    Pathology 

 In addition to the increased incidence of clinical cardiovas-
cular symptoms secondary to RT, the effects of RT can be 
seen, measured, and quantifi ed in the cardiovascular system. 
The fi rst visible proof of radiation-related cardiovascular 
injury came from cardiac tissue analysis from surgical speci-
mens and autopsy data. Pathologically evident abnormalities 
were limited to late time points after radiation. When the 
myocardium is involved, diffuse interstitial fi brosis occurs. 
In a pathology review of 27 specimens, 14/20 (70 %) had 
radiation-related disease in the pericardium (6 with effu-
sions, 3 with constriction, and 2 with both). Twelve of 17 
patients (71 %) showed radiation injury involving a total of 
25 valves (9 mitral, 8 aortic, 5 tricuspid, and 3 pulmonary), 8 
of which were clinically signifi cant. Ten of 16 (63 %) exhib-
ited radiation-related fi brosis of the myocardium, which was 
moderate to severe only in the 7 patients receiving more than 
30 Gy. Two of 13 coronary arteries in relatively young men 
(26 and 44 years) with Hodgkin’s disease [ 16 ] had “unequiv-
ocal radiation-induced obstructions.”  

    Mechanisms 

 One possible mechanism of cardiovascular injury is damage 
to endothelial cells and subsequent induction of infl amma-
tory responses. It has been hypothesized that the induction of 
late coronary effects is due to endothelial cell damage with 
reports of severe alterations in myocardial capillaries includ-
ing irregularities of the endothelial cell membranes, cyto-
plasmic swelling, thrombosis, and wall rupture [ 17 ]. 
Quantitative analysis shows that the ratio of capillaries to 
myocytes may be reduced by as much as 50 % compared to 
untreated controls. Such a reduction in capillaries leads to 
ischemia and subsequent myocardial fi brosis [ 17 ]. Thus, 
radiation treatment produced a predictable and identifi able 

sequence of events that is identifi able histologically in the 
myocardial microvasculature [ 18 ]. These fi ndings are 
 supported clinically as breast cancer patients receiving high 
doses to large volumes exhibit increased mortality from isch-
emic heart disease, but not from myocardial infarction, 
which implies radiation-induced microvascular damage to 
the heart rather than large vessel disease for this particular 
type of exposure between 4 and 12 years following treatment 
[ 15 ]. Other studies argue that fractionated and very low 
radiotherapy doses may cause endothelial damage by killing 
radiosensitive cell populations such as monocytes that may 
be required for maintaining the intima [ 19 ]. Irradiation and 
doxorubicin together dramatically show independent and 
additive organ effects as seen on light microscopy suggesting 
clinically additive but distinct mechanisms of injury [ 18 ]. 
Further studies are warranted, but it appears that radiother-
apy has the potential to damage both microvascular and mac-
rovascular structures resulting in clinically apparent 
abnormalities in virtually any area or function of the heart. 
There is a dose-volume dependence and the time from expo-
sure to clinically apparent abnormality may vary greatly 
between specifi c heart tissues.  

    Diagnosis 

 Due to the clinically silent early effects of RT on cardiac 
 tissue, the majority of data evaluating the effects and patho-
physiology of radiation-induced cardiovascular change was 
previously based on long-term late effects such as clinical 
presentation with symptoms, intervention, and postmortem 
analysis. In addition to pathologic studies, long-term imag-
ing studies have been able to demonstrate the pathophysio-
logic effects of RT. In 31 patients 20–28 years after 
radiotherapy, cardiac MRI found pathologic changes in 70 % 
of patients consisting of reduced left ventricular function 
(ejection fraction (EF) <55 %) in 23 %, hemodynamically 
signifi cant valvular dysfunction in 42 %, late myocardial 
enhancement in 29 %, and perfusion defi cits in 68 % [ 20 ]. 
Cardiac computed tomography (CT) with coronary artery 
calcium scoring is another method that has been reported as 
useful [ 21 ]. This method followed by CT angiography of the 
coronary arteries detected RT-related CAD from patients 
(age 35–60) with Hodgkin’s lymphoma treated between ages 
11 and 27 to a mediastinal dose range of 34–45 Gy. Calcium 
scores, a measurement of plaque and calcium deposition in 
the coronary arteries, were signifi cantly greater when com-
pared to other patients of similar ages [ 22 ]. In breast cancer 
patients undergoing RT, calcium scores may also prove to be 
a useful harbinger of clinically signifi cant CAD [ 23 ]. But to 
add complexity to this concept, one study has suggested that 
calcium scores may be intrinsically higher in breast cancer 
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patients relative to the general population even before any 
RT is delivered [ 24 ]. 

 The most commonly used method for monitoring patients 
at risk of RT-induced cardiac side effects has been transtho-
racic echocardiography. Early attempts using echocardiogra-
phy for post-RT surveillance initially revealed that women 
without heart disease showed a decrease in left ventricular 
(LV) function, but this change was transient and not associ-
ated with symptoms, normalizing within 6 months. After 6 
months, a pericardial effusion was seen in one-third of 
patients [ 25 ]. New echocardiographic techniques, such as 
myocardial strain rate imaging (SRI), have the potential to 
detect early, silent, and preclinical RT-induced changes [ 26 ]. 
An example of this method was used in breast cancer patients 
receiving RT to the breast or chest wall. Standard echocar-
diography and SRI were used before RT, immediately after 
RT, and 2 months after RT. A reduction in strain was observed 
immediately after and 2 months post-RT in left-sided patients 
but not in right-sided patients [ 27 ]. Another recent study 
using conventional and tissue Doppler echocardiography 
before and 4–6 weeks after RT showed immediate detrimen-
tal effects of radiotherapy. After RT there was a decrease in 
early transmitral diastolic velocity ( E ),  E / A  ratio (indicating 
diastolic dysfunction), EF, early diastolic myocardial veloc-
ity ( E  m ), and  E  m / A  m  ( A  m  = late atrial diastolic myocardial 
velocity). There was also an increase in E-wave deceleration 
time, isovolumic relaxation time, isovolumic contraction 
time, and ejection time in patients treated for lung or breast 
cancer with mean heart dose of 13.1 Gy [ 28 ]. 

 Myocardial perfusion imaging (MPI) and cardiac cine 
magnetic resonance imaging (MRI) are two additional meth-
ods for detecting early RT-induced changes. With a median 
interval of 12.3 months between RT and MPI, 7 of 18 lung 
cancer patients (39 %) with centrally located tumors receiv-
ing radiotherapy or concurrent chemoradiotherapy (CRT) 
demonstrated an MPI defect versus only 1 of 15 patients 
(7 %) in a control group [ 29 ]. Similarly in breast cancer 
patients receiving tangential RT, there were increased perfu-
sion defects at 6 months with no additional change at 12 or 
18 months [ 30 ]. On the contrary, another MPI study demon-
strated new perfusion defects detected at 6, 12, 18, and 24 
months following RT with incidences of 27, 29, 38, and 
42 %, respectively. Although the loss of patients to follow-up 
over time somewhat infl uences these percentages, this data 
suggests a progressive increase in perfusion defects over 
time. These perfusion defects correlated with wall-motion 
abnormalities [ 31 ]. Finally, a recent study using cardiac cine 
MRI before, during, and after CRT for esophageal cancer 
demonstrated that CRT impairs left ventricular function at an 
early treatment stage (at 40 Gy during treatment and 0–12 
days posttreatment). 

 In addition to imaging modalities, serum biomarkers for 
early signs of cardiac toxicity have been shown for predict 

cardiac function decline from cancer therapy. For example, 
longitudinal strain reduction from baseline at 3 months and 
detectable high-sensitivity cardiac troponin I at 3 months 
were independent predictors of the development of cardio-
toxicity at 6 months [ 32 ]. Elevation of troponin I, a marker of 
acute myocardial damage, after high-dose chemotherapy 
(usually containing an anthracycline, trastuzumab, or both) 
is sensitive and reliable at predicting the development of 
future LVEF depression [ 33 – 36 ]. The use of troponin I for 
the use as a biomarker for RT-induced heart toxicity in early 
left-sided breast cancer has been negative in two studies [ 37 , 
 38 ], while another showed both brain natriuretic peptide 
(BNP) and troponin I were elevated due to radiotherapy 
although absolute levels were low [ 39 ]. Patients with left- 
sided breast cancer also show higher values of serum 
N-terminal pro-B-type natriuretic peptide (NT-proBNP) 
after RT when compared with non-RT-treated matched 
patients, and higher serum levels correlated high doses to 
small volumes of heart and ventricle [ 38 ]. In addition, novel 
biomarkers cardiotoxicity are emerging and the use of a 
multi-biomarker approach may allow for better identifi cation 
for cardiac risk in patients treated with anticancer therapy 
[ 40 ].  

    Patient Variability, Anatomy, 
and Radiation Fields 

 Anatomy, location of radiotherapy portal, and dose distribu-
tion play a crucial role in the clinical presentation of cardio-
vascular complications. The age of the patient is also very 
important with the highest concern being with children. 
Patient anatomy plays a most important role in treatment 
variability and heart dose [ 41 ]. Radiation-induced heart 
complications also appear to be related to total dose 
(>30 Gy), radiated tissue volume, and fraction size (dose 
administered per treatment) [ 42 ]. Dose-volume analysis 
suggests that the larger the irradiated cardiac volume, the 
lower the total dose that can cause cardiac damage, although 
there are clearly small but critical volumes (such as irradia-
tion of the left anterior descending coronary artery) that can 
cause clinically signifi cant disease. In lung cancer patients 
treated with RT and concurrent CRT, central tumors have a 
higher likelihood of cardiovascular side effects [ 29 ]. In 
breast cancer, left- sided breast cancer patients treated in 
older generations clearly have increased risks of cardiovas-
cular complications. A retrospective study of ~35,000 
women in Denmark and Sweden demonstrated an increased 
mean heart dose in left- sided breast cancer patients than 
right-sided patients (6.7 Gy vs. 2.7 Gy) correlating with 
increased risk for acute myocardial infarction (Hazard Ratio 
(HR) 1.22), angina (HR 1.25), acute pericarditis (HR 2.16), 
and aortic valvular disease (HR 1.7) for left-sided disease 
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[ 43 ]. When stratifi ed into high- and low-volume heart dose 
groups, the risk of death due to cardiovascular disease and 
specifi cally ischemic heart  disease was increased relative to 
non-irradiated surgical  controls in the high volume dose 
group [ 15 ]. Thus, the increased complication rate and death 

hazard is presumably due to increased heart dose. However, 
with sophisticated 3D treatment planning systems, we can 
now anticipate that in the subset of left-sided patients who 
would be at increased risk, and for those patients with little 
to no heart in the treatment fi eld, cardiovascular complica-
tions should be minimal. Diagnostic abnormalities are 
higher in left-sided breast cancer patients with a larger 
median central lung distance (CLD). CLD is the measure-
ment in the radiation portal beams eye view from chest wall 
to the radiation fi eld edge in the lung (Fig.  28.1 ). Patients 
with RT-induced congestive heart failure (CHF) also have a 
larger median CLD [ 44 ]. Central lung distance is a surrogate 
for the amount of heart irradiated and was a commonly used 
method in the 2D era. Now that 3D dosimetry is widely 
available, more detailed patient-specifi c heart dosimetry is 
the preferred method for maximizing the safety of a radio-
therapy plan.

   When analyzing treatment planning, tangential fi elds for 
left-sided breast cancer results in a higher mean heart dose 
compared to right-sided breast cancer since the primary radi-
ation fi elds include the anterior portion of the heart and a 
segment of the LAD [ 41 ]. Obstructive coronary artery dis-
ease is not only generally increased in left-sided patients but 
specifi cally in the middle and distal LAD and distal diagonal 
arteries, correlating with the radiated volumes (Fig.  28.2a, b ) 
[ 45 ]. Adding the internal mammary nodal chain down to the 
fi fth intercostal space as a target for RT also signifi cantly 
increases heart dose [ 41 ]. This may deliver higher radiation 
doses to the proximal right coronary artery (RCA), particu-
larly in right-sided breast cancers in which the IM nodes are 
being specifi cally targeted (Fig.  28.2c, d ).

  Fig. 28.1    Typical “beams eye view” of a breast tangent portal 
fi lm, showing the radiotherapy treatment fi eld.  MHW  maximum heart 
width,  CLD  central lung distance,  MHL  maximum heart length 
(From Correa et al. [ 44 ], with permission)       

a b

  Fig. 28.2    ( a ) Coronary artery angiogram superimposed on computed 
tomography (CT) illustrating coronary arteries. Numerals  1–3  represent 
segments of the right coronary artery (RCA),  6–10  represent segments 
of the left anterior descending artery (LAD), and  5  represents left main 
coronary artery (LMCA), and left circumfl ex artery (LCX) segments 

not shown. Artery segments at increased risk ( 1, 2, 7, 8  and  10 ) are 
highlighted in  yellow . ( b ) Dose distribution of a left-sided tangential 
breast fi eld (From Nilsson et al. [ 45 ], with permission). Dose distribu-
tion in a right ( c ) and left ( d ) side internal mammary node (IMN) fi eld 
(From Taylor et al. [ 41 ], with permission)       
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   Imaging studies have also verifi ed the specifi c location of 
RT-induced damage, linking the dosimetric studies on heart 
dose to clinical outcome and pathologic change. As described 
above, a reduction in myocardial strain was observed imme-
diately after and 2 months post-RT in left-sided breast cancer 
patients, but there was a specifi c reduction in strain and strain 
rate after RT in the apical left ventricular (LV) segments of 
these patients, but not in mid or basal segments. Strain defi -
cits were related to RT dose, as segments exposed to >3 Gy 
showed decrease in strain, but not in segments receiving 
<3 Gy [ 27 ]. Similarly, in left-sided breast cancer patients 

receiving tangential RT, there were increased perfusion 
(MPI) defects at 6 months specifi cally in the LAD distribu-
tion compared to pretreatment baseline. There were no 
increases in perfusion defects in the left circumfl ex (LCX) or 
RCA distributions. In multivariate analysis, the SPECT per-
fusion changes in the LAD distribution at 6 months were 
independently associated with the percent of LV irradiated 
[ 30 ]. Another MPI study noted new perfusion defects occur-
ring in only 10–20 % of patients with less than 5 % of the LV 
included in the RT fi elds but as high as 50–60 % of patients 
with greater than 5 % of the LV treated (Fig.  28.3a, b ) [ 31 ].

a b

Pre-RT Post-RT

  Fig. 28.3    ( a ) Myocardial perfusion study demonstrating normal perfusion before RT and ( b ) perfusion defi cit post-RT corresponding with radia-
tion fi eld ( b ) (From Marks et al. [ 31 ], with permission)       

c d

Fig. 28.2 (continued)
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       Chemotherapy and Comorbidities 

 Patients receiving radiotherapy often receive chemothera-
peutic regimens before, after, and even during radiotherapy. 
Of all chemotherapeutic drugs, anthracyclines are the most 
recognized as being cardiotoxic. Anthracyclines such as 
doxorubicin often play a key role in the treatment of both 
Hodgkin’s lymphoma and breast cancer. Unfortunately, this 
population of patients commonly receives radiation dose to 
the heart. Early pathologic studies showed that radiotherapy 
and doxorubicin separately caused increased fi brosis with 
capillary/arterial narrowing (sparing myocytes), and dra-
matic effects including vacuolization of cardiac myocytes 
(sparing vasculature), respectively. Combining the therapies 
resulted in abnormalities to both vasculature and myocytes 
[ 18 ,  46 ], but no additive histological effect on either. 
However, in a variety of animal models combining radiation 
and chemotherapy using different fractionation schedules, an 
additive effect was found when measuring the clinical mani-
festations and severity of myocardial lesions [ 47 ]. Clinical 
data, however, suggest that combined mediastinal radiother-
apy and doxorubicin may be supra-additive in their respec-
tive risks of cardiac toxicity, particularly for congestive heart 
failure and valvular heart disease [ 48 ]. By itself, doxorubicin 
toxicity is exponentially dose dependent and increases dra-
matically when cumulative doses exceed 500 mg/m 2  in adults 
[ 49 ]. Toxicity may be decreased by continuous intravenous 
infusion [ 50 ]. Patient age is also a factor in both radiotherapy 
and anthracycline toxicity with pediatric patients being sig-
nifi cantly more susceptible to cardiotoxicity [ 48 ,  51 – 53 ]. 

 In addition to doxorubicin, many other chemotherapeutic 
agents may increase risk of acute and chronic cardiovascular 
disease. Of note is trastuzumab (Herceptin), which improves 
disease-free survival in Her2-positive breast cancer. While 
the additional incidence is not as large in magnitude as doxo-
rubicin, adjuvant trastuzumab treatment is cardiotoxic, espe-
cially when given concomitantly with paclitaxel after 
doxorubicin and cyclophosphamide [ 54 ,  55 ]. Additionally, 
while tamoxifen is felt to be cardioprotective due to its favor-
able effect on the lipid profi le, aromatase inhibitors do not 
have this favorable effect. As such, cardiovascular events are 
modestly higher on patients on aromatase inhibitors, 
although this is controversial [ 56 ]. Other therapeutic drugs 
associated with cardiotoxicity are reviewed elsewhere, and 
although milder and/or rare with regard to toxicity and inci-
dence, their risks are not negligible [ 57 ,  58 ]. Such therapies 
include platinum agents, alkylating agents, taxanes, vinca 
alkaloids, biological agents (IL-2 and TNFα), hormonal 
therapy, monoclonal antibodies, targeted small molecules, 
and various other therapies such as all-trans-retinoic acid 
(ATRA) and arsenic trioxide (ATO). 

 While RT to the heart increases the risk of various forms 
of cardiovascular disease, independent comorbidities may 
have an additive effect on cardiovascular risk. For example, 

the risk of any heart disease in women receiving RT is higher 
for women diagnosed with ischemic heart disease prior to 
breast cancer diagnosis compared to all other women [ 43 ]. In 
SPECT perfusion changes in left-sided breast cancer patients 
receiving RT are independently associated with hormonal 
therapy ( p  = 0.005) and pre-RT hypercholesterolemia 
( p  = 0.006), in addition to percent irradiated LV [ 30 ]. Thus, 
it should be assumed that radiation’s effect on the 
 cardiovascular system is enhanced by the common cardiac 
risk factors such as obesity, smoking, family history, diabetes 
mellitus, hyperlipidemia, hypertension, hormone therapy, 
and other cardiotoxic treatments such as trastuzumab and 
doxorubicin.  

    Management 

 Guidelines for accepted heart dose tolerance levels have 
been described. The minimum tolerance dose defi ned as a 
severe complication rate of 5 % at 5 years (TD 5/5) is 60, 45, 
and 40 Gy, where the volume of total heart treated is 1/3, 2/3, 
and 3/3, respectively. The maximum tolerance dose defi ned 
as severe complication rate of 50 % at 5 years (TD 50/5) is 
70, 55, and 50 Gy treating 1/3, 2/3, and 3/3 of the heart vol-
ume, respectively [ 59 ]. When the whole heart and pericar-
dium are irradiated, older experience from managing 
Hodgkin’s lymphoma suggests an increasing risk for con-
strictive pericarditis above doses of 30 Gy. Doses of 15 Gy or 
lower have a negligible risk [ 60 ,  61 ]. The QUANTEC 
(Quantitative Analyses of Normal Tissue Effects in the 
Clinic) initiative recommends a heart volume of <10 % get-
ting 25 Gy or more of in breast cancer patients [ 62 ]. 

 With regard to Hodgkin’s disease, doses >40 Gy to the 
mediastinum are associated with signifi cantly increased risk 
of stroke, chronic heart failure, and myocardial infarction 
[ 63 ]. As noted, lower radiation doses (30, 25, 20, or 0 Gy vs. 
36 Gy) result in signifi cantly decreased risk of cardiac dis-
ease. Fortunately, more modern Hodgkin’s combined modal-
ity therapy using lower radiation doses have been proven to 
be equally effective and we can expect reduction of late 
effects due to dose reduction [ 1 ]. In addition, subcarinal 
shield blocking at doses of 20–30 Gy can decrease the inci-
dence of pericardial disease to 2.5 % [ 60 ]. Due to potentially 
large fi elds and the necessity for targeting the mediastinum, 
the benefi ts of 3D treatment planning may be more limited in 
Hodgkin’s disease. Now that Hodgkin’s lymphoma treat-
ment includes low-dose involved-fi eld radiotherapy (limiting 
radiotherapy only to the involved nodal area, not the next 
echelon), a movement towards further reducing the volume 
of mediastinal radiotherapy in what is termed “involved node 
radiotherapy” is expected to further decrease normal tissue 
and heart exposures [ 64 ,  65 ]. 

 Since patient anatomy contributes the greatest variability 
to heart dose [ 41 ], 3D treatment planning is especially useful 
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in breast cancer treatment. Death from RT-induced ischemic 
heart disease has substantially decreased over time suggest-
ing that improvements in radiotherapy technique have 
resulted in reductions in toxicity. For example, each succeed-
ing year after 1979, the hazard of ischemic heart disease 
death in left-sided breast cancer patients declined by 6 % 
compared to right-sided patients [ 66 ]. 

 In addition to 3D treatment planning, patient position can 
improve normal tissue doses to lung and heart. For example, 
in breast cancer, prone treatment can decrease heart and lung 
dose in left-sided patients, in some cases completely exclud-
ing the heart from the fi eld (Fig.  28.4 ). Prone positioning 
combined with advanced treatment planning such as inten-
sity modulated radiotherapy (IMRT) has also been shown to 
improve heart and lung dose [ 67 ]. The prone position allows 
for breast tissue to fall away from the chest wall by gravity 
such that the radiation beams to cover the whole breast do 
not need to be deep to the chest wall (see Fig.  28.4 ). IMRT 
using multifi eld techniques, even in the supine position, may 
be used to minimize heart dose [ 68 ,  69 ]. Dynamic treatment 
techniques such as breath holding at deep inspiration can 
also greatly reduce heart dose. This technique is simple and 
can signifi cantly reduce the cardiac volume included within 
the radiation portals by 40 % compared to end-tidal volume 
breath hold. Forced expiratory breath hold increases cardiac 
dose by 21 % [ 70 ].

   Patients with heart disease induced by RT and chemoRT 
should be treated with angiotensin-converting enzyme inhib-
itors (ACEIs) or angiotensin receptor blockers (ARBs), beta 
blockers (BB), loop diuretics, and ICDs when indicated, 
similar to patients with non-RT-induced heart disease. In 
addition, other comorbidities for heart disease should be 
addressed in patients receiving RT to the heart. Interestingly, 

proper cardiac treatment may be lacking in some patients 
receiving cardiotoxic therapy. In one study, 40 % of patients 
who received anthracycline and/or trastuzumab had 
decreased LVEF (<55 %) and of these, 40 % received ACEI 
or ARB therapy, 51 % received BB therapy, and 54 % of had 
cardiology consultation. Patients with asymptomatic 
decreased LVEF, 31 % received ACEI or ARB therapy, 35 % 
received BB therapy, and 42 % had cardiology consultation. 
Of those with symptomatic decreased LVEF, 100 % received 
BB therapy, 89 % received cardiology consultation, but only 
67 % received ACEI or ARB therapy. Thus, cancer survivors 
in general are often not receiving treatment consistent with 
treatment guidelines [ 71 ]. 

 In addition to early detection of patients at increased car-
diac risk, discussed in the diagnosis section above, upfront 
presymptomatic medical therapy or cardioprotective agents 
concurrent with ongoing treatment may eventually play a 
role in preventing RT- and chemoRT-induced heart toxicity. 
For example, anthracycline cardiotoxicity may induce pro-
gressive deterioration of cardiac function continuing years 
after treatment. Patients who received an ACEI for more than 
3 months have a remarkably potent and long-lasting recov-
ery, while other non-treated patients did not spontaneously 
regain cardiac function [ 72 ]. In patients treated with high- 
dose cardiotoxic chemotherapy, early treatment with enala-
pril, an angiotensin-converting enzyme inhibitor (ACEI), 
prevented development of late cardiotoxicity in both non- 
randomized studies [ 36 ] and randomized studies where treat-
ment was given only to high-risk patients with increased 
troponin I values [ 73 ]. Cardiotoxicity was defi ned as >10 % 
unit decrease in LVEF, where a 43 % incidence of cardiotox-
icity was seen in the control group compared to 0 % inci-
dence with enalapril ( p  < 0.001) [ 73 ]. Dexrazoxane, an iron 

  Fig. 28.4    Dosimetry of a 
left-sided breast tangential fi eld 
where heart dose was improved 
from prone positioning due to 
individual cardiac anatomy       
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chelator, prevents heart damage from anthracyclines with no 
effect on response rate or survival between the dexrazoxane 
and control groups. It is thought that if the risk of cardiac 
damage is expected to be high, it might be justifi ed to use 
dexrazoxane in patients with cancer treated with anthracy-
clines. However, there is a theoretical risk of adverse effects 
with regard to effi cacy of cancer therapy [ 74 ]. While neither 
ACEIs nor dexrazoxane has been used to correct or protect 
from RT-induced damage alone, it is not unreasonable to 
hypothesize a similar benefi t for RT-induced heart toxicity 
pending adequate testing in the future.  

    Patients with Pacemakers and Implantable 
Cardioverter Defi brillators (ICDs) 

 It is very common to see and treat patients with implanted 
pacemakers and ICDs in the radiotherapy clinic. These 
implantable electronic devices typically have tolerances of 
2–5 Gy depending on the manufacturer. Since the 1970s 
more sophisticated implantable devices have been manufac-
tured, but the use of more radiosensitive metal-oxide semi-
conductors has decreased radiation tolerance. Tolerance also 
depends on type of radiotherapy, dose rate, and volume of 
device treated. Dose to device should always be calculated 
and devices should be removed or displaced out of the fi eld 
if necessary [ 75 ,  76 ]. Removal should ideally be performed 
prior to formal radiotherapy planning to prevent treatment 
delay. In addition to potential dysfunction due to radiation 
damage, electric and magnetic fi elds generated by linear 
accelerators (LINACs) are another potential method of caus-
ing interference [ 76 ,  77 ]. 

 In general, treatment of patients with pacemakers and 
ICDs is very safe. As long as the device is out of the direct 
radiation fi eld and within factory described tolerance, mul-
tiple studies have shown that these patients can be treated 
safely without any documented device dysfunction suggest-
ing scatter dose and electromagnetic fi elds are negligible 
[ 77 ,  78 ]. However, one prospective study showed that while 
treatment is safe, one patient with prostate cancer receiving 
IMRT had posttreatment device malfunction suggesting a 
small but potential risk even when the device is well out of 
the RT fi eld [ 79 ]. Finally, it is unknown how radiotherapy 
affects the leads or site of lead implant in the heart. Despite 
the fact that complications and device malfunction are rare as 
long as appropriate precautions are taken, the device should 
be checked before, during (time interval is not standard and 
should be discussed with cardiology team), and after treat-
ment as a precaution in pacer-dependent patients. In severe 
cardiac disease where patients are dependent on ICDs for 
continued survival, heart rate and blood pressure should be 
taken before and after each treatment with video-assisted 
EKG cardiac monitoring during treatment if necessary. 

 Key Points 

•     Cardiology consultation and follow-up for patients 
receiving thoracic RT are necessary. In patients 
with preexisting cardiac disease, close coordination 
prior to therapy is warranted with possible clear-
ance needed from cardiologist prior to RT and 
chemoRT similar to presurgery evaluation.  

•   Serial cardiologic evaluation and possibly bio-
marker testing should be considered for all patients 
receiving thoracic RT [ 6 ].  

•   Early, presymptomatic treatment with ACEIs or 
ARBs can be considered in patients determined to 
be at high risk for RT-induced cardiac disease. 
Administration of concurrent cardioprotective 
agents, such as dexrazoxane, during treatment may 
be considered in high-risk patients pending addi-
tional evidence.  

•   Physicians should look for signs and symptoms of 
heart disease as well as instruct patients about spe-
cifi c signs of disease. Signs of disease include angi-
nal pain, dyspnea, and diaphoresis for CAD; chest 
pain, dyspnea, cyanosis, peripheral edema, muffl ed 
heart sounds, venous distension, and pulsus para-
doxus for pericarditis; dyspnea on exertion, periph-
eral edema, tachypnea, rales, hepatomegaly, 
syncope, and palpitations for cardiomyopathy with 
congestive heart failure (CHF); weakness, cough, 
dyspnea, new murmur, and pulsating liver for val-
vular disease; and palpitations and dyspnea for 
arrhythmias.  

•   Pericarditis
 –    When constrictive pericarditis is secondary to 

irradiation or recurrent malignancy, open biopsy 
of the  pericardium is advised.  

 –   Effusions are often asymptomatic, but if tampon-
ade develops, pericardiocentesis is necessary.     

•   If chronic effusive-constrictive pericarditis devel-
ops, patients may require pericardiectomy.  

•   Medical therapy for heart disease such as CHF, 
arrhythmia, and CAD should be similar to patients 
without a history of RT to the chest.
 –    Associated symptoms such as ascites and periph-

eral edema can be controlled with diuretics     
•   The treating radiation oncologist should counsel 

patients at the time of informed consent that tho-
racic radiation can contribute to cardiac risk. 
Patients should be made aware that while this risk 
factor cannot be modifi ed after the radiation is 
given, modifying other preventable lifestyle risk 
factors is advisable. Primary care physicians should 
reinforce lifestyle changes to reduce cardiovascular 
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        Introduction 

 Normal pregnancy is a unique physiological state. It imposes a 
profound challenge to the cardiovascular system in a relatively 
short period of time. These changes are necessary to meet the 
increased demands of a rapidly growing feto- placental unit. 
Fortunately, most young women have suffi cient cardiovascu-
lar reserve. However, failure to achieve these adaptations is 
associated with maternal and fetal complications like hyper-
tensive disorders and fetal growth restriction [ 1 – 6 ]. In women 
with preexisting heart disease, the work and volume load can 
cause deterioration in cardiac function [ 7 – 9 ]. 

 The cardiovascular system can be viewed as a closed 
 circuit. The heart is the central core organ directing fl ow 
between the venous and arterial systems. Exchange of oxy-
gen, carbon dioxide, and nutrients, the fi nal goal of the circu-
lation, takes place on a microcirculatory level in the 
capillaries. While central hemodynamics have been mostly 
studied due to the prominence and accessibility of the heart 
and large artery systems, knowledge about the venous com-
partment, local organ perfusion systems, and the microcircu-
lation are equally essential for a complete understanding of 
the normal physiology of pregnancy. In this chapter we will 
discuss normal adaptation to pregnancy of the various com-
ponents of the cardiovascular system.  

    Methods of Cardiovascular Monitoring 

 Hemodynamic monitoring is of clinical importance in the 
management of women with cardiovascular disease or severe 
hemodynamic complications like preeclampsia [ 10 – 13 ]. 
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Secondly, it can be of scientifi c interest in both healthy 
 pregnant women and various other pregnancy complications 
[ 14 ,  15 ]. The ideal tool would be noninvasive, cheap, reli-
able, and easy to use at the bedside and offer a broad range of 
information. While different methods exist, experience and 
validation during pregnancy remain questionable for most of 
them [ 16 ,  17 ]. 

 The pulmonary artery catheter (PAC) was often used in the 
1980s and 1990s for the management of severe preeclampsia 
[ 10 – 13 ,  18 – 26 ]. As it measures both cardiac output and fi ll-
ing pressures, it contributed to the pathophysiological knowl-
edge of the condition [ 10 ,  12 ,  23 ,  26 ]. Its invasive nature 
along with controversy about clinical benefi t has abated the 
enthusiasm for this method such that it is now rarely used 
in pregnant women [ 27 ,  28 ]. However, it remains the gold 
standard for hemodynamic monitoring. Ideally, alternative 
methods should be validated in pregnancy against PAC [ 16 ]. 

 Experience with pulse contour analysis in pregnancy 
(PiCCO ® , LIDCO TM  plus, FloTrac TM /Vigileo TM ) is limited 
[ 14 ,  29 ,  30 ]. 

 Thoracic bioimpedance has mainly been used for longitu-
dinal hemodynamic cardiac output measurements in research 
settings [ 31 – 35 ]. While the method is simple, safe, and easy 
to use, there are some serious concerns about its accuracy, 
reliability, and validation [ 16 ,  36 ]. Thoracic bioreactance has 
been developed to overcome the limitations of impedance 
cardiography. It is based on changes in frequency rather than 
amplitude and therefore less susceptible to interference. 
Bioreactance holds promise but has not been validated and is 
rarely used in pregnancy [ 16 ,  17 ,  37 ]. Esophageal Doppler 
output measurements in pregnancy have shown poor agree-
ments with thermodilution, and the method is not well toler-
ated by all women [ 38 ]. 

 Transthoracic echocardiography has become a preferen-
tial method for the hemodynamic assessment of both ill and 
healthy pregnant women [ 39 ]. Its noninvasive nature allows 
bedside measurements, including structural and functional 
information. Most advanced obstetric ultrasound devices can 
be equipped with supplemental cardiac modules. As such, 
the method is accessible and can relatively easily be learned 
by caregivers with prior ultrasound experience. The Doppler 
method for cardiac output measurements has been validated 
in pregnancy against both thermodilution and Fick’s method 
[ 40 – 46 ]. Additionally, ultrasound permits the investigation 
of peripheral arterial systems by the assessment of resistance 
and pulsatility indexes. 

 Finally cardiac MRI can be used in pregnancy [ 47 ]. 
Although expensive, it offers accurate structural and hemo-
dynamic information and can be of great benefi t in women 
with structural heart disease with suboptimal ultrasound 
image resolution [ 48 ]. While experience in pregnancy is lim-
ited, the technique is considered safe after the fi rst trimester. 
Gadolinium contrast is best avoided [ 49 ].  

    Central Hemodynamics 

    Initiating Mechanisms 

 Cardiovascular adaptation starts very early in pregnancy. 
A primary fall in systemic and renal vascular tone induces 
an increase in the renal blood fl ow and glomerular fi ltration 
resulting in plasma volume expansion [ 50 – 54 ]. This is accom-
panied by a further reduction in systemic vascular resistance 
(SVR) and arterial pressure as well as an increase in stroke 
volume (SV) and cardiac output (CO) [ 39 ,  51 ,  55 – 60 ]. 

 A substantial part of the adaptation occurs before the pla-
centa becomes functional at around 8–12 weeks. In fact, 
similar changes as in early pregnancy have been observed in 
the luteal phase of the menstrual cycle [ 61 ]. It means that 
adaptation to pregnancy starts soon after ovulation and is 
probably triggered by substances produced by the corpus 
luteum. The exact mechanisms that initiate and sustain the 
primary fall in vascular resistance and subsequent hemody-
namic adaptations remain to be elucidated. Reduced respon-
siveness to vasopressors such as angiotensin 2, thromboxane, 
and norepinephrine and increased sensitivity and production 
of vasodilators like prostacyclin and nitric oxide have been 
well described [ 62 – 65 ]. There are some indications that 
relaxin, a hormone structurally related to insulin, might be a 
key factor in initiating and sustaining the changes in preg-
nancy [ 63 ]. It is produced by the corpus luteum and, later, by 
the placenta and decidua and acts as a potent vasodilator 
through various nitric oxide pathways. 

 As mentioned before, the primary trigger is a fall in arte-
rial and venous tone [ 50 ,  52 ,  66 ]. This leads to a rise in CO, 
a decrease in SVR, and reduction in mean arterial pressure 
[ 39 ,  50 ,  60 ,  67 ]. These changes are most prominent during 
the fi rst trimester and reach a maximum in the second 
 trimester when, remarkably, the nutritive requirements of the 
feto- placental unit still remain relatively small (Fig.  29.1 ).

       Blood Volume 

 The expansion of blood volume is triggered by the state of 
vascular underfi lling and the increased renal perfusion [ 50 , 
 52 – 54 ,  68 ]. It rises gradually until 28–34 weeks and then 
plateaus until delivery [ 51 ]. The increase in plasma volume 
is more important as compared to the increase in red cell 
volume leading to a physiologic hemodilution [ 58 ,  69 ]. The 
total blood volume increases 50 % above nonpregnant val-
ues. Along with the drop in SVR, it allows high-fl ow low- 
resistance perfusion in order to meet the increased oxygen 
demands of the feto-placental unit and several maternal 
organs including the kidneys, skin, and heart [ 70 ]. Secondly, 
it forms a protective reserve for maternal blood loss around 
parturition.  
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    Vascular Resistance 

 Vascular resistance initially drops in the fi rst and second 
t rimester by 30–50 %, reaching its nadir by the end of the 
second trimester [ 39 ,  58 – 60 ,  67 ]. It then remains stable until 
the end of the third trimester to slightly rise again towards 
term. Plasma renin is increased and atrial natriuretic peptide 
(ANP) levels are reduced, indicating that volume expansion 
is proportional and in reaction to the vasodilatation and 
increased vascular capacitance [ 66 ,  68 ].  

    Cardiac Output, Stroke Volume, and Heart Rate 

 The increase in CO of 30–50 % mirrors the reduction in 
SVR. It is initiated by a rise in heart rate (HR) and subse-
quently accompanied by an increase in SV as soon as plasma 
volume expansion occurs [ 39 ,  50 – 53 ,  67 ]. After a rapid 
climb in the fi rst half of pregnancy, it reaches a plateau in the 
second trimester after which it remains constant until the end 
of pregnancy [ 35 ,  39 ,  56 ,  60 ,  67 ,  71 – 73 ]. Towards term there 
is a slight reduction in SV which is probably compensated by 
an elevation in HR [ 39 ,  60 ,  67 ,  71 ,  72 ]. Some studies indicate 
a slight reduction in CO towards term due to this fall in SV 
[ 56 ,  74 ,  75 ]. This discrepancy probably refl ects the large 
interpersonal variation between subjects and the limitations 
of the methods used to determine CO [ 39 ,  73 ]. The factors 
contributing to an elevation in SV during pregnancy are the 
increasing preload due to a rising blood volume and a reduc-
tion in afterload due to the decline in SVR. 

 More important than the slight variations between studies 
is the effect of maternal position on CO. As from 20 weeks 
gestation, supine position directly reduces maternal CO 
through aortocaval compression by the gravid uterus, thereby 
reducing preload and increasing afterload [ 47 ,  76 ]. Therefore, 
output should be measured in a left lateral position from as 
soon as 20 weeks gestation. Also in case of fetal or maternal 
distress, left lateral tilt is critical in enhancing output in the 
second half of pregnancy [ 77 ].  

    Blood Pressure 

 Both systolic and diastolic pressure fall early in gestation as 
a result of the reduction in SVR, reaching a nadir in the sec-
ond trimester of 5–10 mmHg below values prior to preg-
nancy [ 67 ,  78 – 80 ]. In the third trimester, blood pressure 
gradually returns towards nonpregnant values.  

    Systemic Pressures 

 Central venous pressure remains within the normal nonpreg-
nant range. The increased right ventricular preload, associated 
with volume expansion, is compensated for by afterload 
reduction through a decrease in pulmonary vascular resistance 
[ 18 ,  21 ,  52 ]. Left ventricular fi lling pressures (invasively 
refl ected by pulmonary capillary wedge pressure) and pulmo-
nary artery pressures, whether measured invasively or nonin-
vasively, remain within normal nonpregnant ranges [ 21 ,  67 ].   

    Cardiac Adaptation 

    Left Ventricular Systolic Function and Mass 

 Assessment of left ventricular systolic function during preg-
nancy is mostly performed by ultrasound. It is complicated 
by the inherent limitations of the ultrasound technique as 
well as by the major fl uctuation in loading conditions during 
pregnancy. As such, most standard indices are relatively 
indirect and only partly refl ect different aspects of ventricu-
lar function. A good and complete denominator of global 
systolic function independent of loading conditions is still 
lacking. Newer techniques like tissue Doppler, strain analy-
sis and speckle tracking are promising, as they offer addi-
tional information on left ventricular function. 

 Ejection fraction (EF) and fractional shortening (FS) are 
the most classic indices of left ventricular systolic function. 
They primarily refl ect the function of the circumferential 
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fi bers of the myocardium. Both EF and FS probably slightly 
increase early in pregnancy, then remain constant until 
30 weeks and subsequently slightly decrease towards term 
[ 25 ,  39 ,  56 ,  60 ,  67 ,  81 ]. The increase early in pregnancy sug-
gests increased myocardial contractility. Still, there is dis-
crepancy between several studies concerning the changes in 
EF and FS [ 72 ,  82 ]. It is probably due to the fact that the left 
ventricular volumes, used to calculate these parameters, are 
most often derived from the Teichholz formula, which is 
based on geometrical assumptions that are probably not met 
during pregnancy. While the Simpson methods of discs sum-
mation as well as 3D echocardiography are probably more 
accurate, they can be hampered by decreased echogenicity 
due to the cardiac axis displacement as well as engorgement 
of breast tissue during pregnancy. 

 Assessment of myocardial contractility using the less 
load-dependent ventricular end-systolic stress (ESS) and 
mean velocity of circumferential fi ber thickening (Vcfc) 
relationship also offers confl icting results, although it seems 
that myocardial contractility is at least continuously pre-
served during pregnancy [ 67 ,  81 ,  83 – 85 ]. 

 Analysis of left ventricular long axis function offers infor-
mation on subendocardial longitudinally arranged fi bers 
which are more prone to refl ect subtle myocardial impair-
ment. Apical M-mode measurements through the mitral 
annulus show an increase in left ventricular long axis dis-
placement with gestation until 23 weeks with a subsequent 
decrease reaching values below preconceptional readings 
towards term [ 56 ]. Long axis shortening decreases signifi -
cantly with gestation [ 71 ,  86 ]. Tissue Doppler of the mitral 
annulus, which is less load dependent, does not show any 
changes in S’ velocity during pregnancy[ 71 ]. These fi ndings 
also suggest that contractility and systolic function are pre-
served throughout pregnancy and might even be slightly 
enhanced in the fi rst half of pregnancy. 

 The recent introduction of strain, strain rate analysis, as 
well as speckle tracking permits investigation of myocardial 
deformation and left ventricular twist (torsion) and untwist. 
A higher deformation rate in the fi rst trimester suggests a 
state of increased contractility in response to the hemody-
namic changes of early pregnancy [ 72 ]. In the third trimester, 
a small but signifi cant reduction in longitudinal deformation 
and deformation rate is observed, without changes in cir-
cumferential and radial strain [ 72 ]. This reduction in longi-
tudinal strain occurs despite an increase in global ventricular 
performance, refl ected by left ventricular stroke work, sug-
gesting that strain and strain rate are also infl uenced by load-
ing conditions and chamber geometry. As such, they cannot 
be used as a surrogate for global myocardial function, but 
they are more sensitive than other conventional parameters 
in refl ecting subtle changes in ventricular function. 

 Speckle tracking analysis shows that pregnancy is accom-
panied by an increase in left ventricular twist and twist 

velocity due to increased apical rotation without changes in 
untwist and untwist velocity [ 87 ,  88 ]. 

 Structurally, pregnancy is characterized by a proportional 
increase of both chamber size and wall dimensions. This 
leads to an eccentric hypertrophy which is characteristic of 
volume loading conditions [ 5 ,  72 ]. Left atrial and ventricular 
diameters augment with increasing gestational age, reaching 
peaks at around 34 weeks [ 52 ,  57 ,  60 ,  67 ,  72 ,  89 ]. By term, 
left ventricular mass exceeds nonpregnant values by 50 % 
[ 57 ,  60 ,  67 ,  72 ]. This physiologic and reversible hypertrophy 
is similar to the one observed in endurance athletes. It is a 
compensatory mechanism, reducing wall stress by increas-
ing wall thickness. As such, the necessary stroke volume can 
be achieved despite increases in both preload and afterload 
and reduced diastolic fi lling time [ 57 ]. 

 In conclusion myocardial performance is increased dur-
ing pregnancy. However, this is not uniformly refl ected in all 
different markers of systolic function. This is probably 
related to the complex interaction between changes in left 
ventricular geometry, loading conditions, and limitations of 
the investigational methods. Globally one can conclude that 
myocardial function is preserved or slightly increased in 
 normal healthy pregnancy, and the changes in left ventricular 
morphology and structure can be regarded as a physiological 
adaptation to the changes in loading conditions in order to 
preserve myocardial function.   

    Diastolic Function 

 As with left ventricular systolic function, the assessment of 
diastolic function is greatly infl uenced by the alterations in 
loading conditions during pregnancy. Pulsed wave Doppler 
analysis of the mitral valve shows an initial increase in 
E-wave (E) and A-wave (A) velocities as compared to pre-
pregnancy values [ 57 ]. While early fi lling slightly diminishes 
with gestational age, the atrial contribution to ventricular 
fi lling increases leading to an increased A and decreased 
E/A ratio towards term [ 71 ,  90 ]. Doppler of the pulmonary 
venous fl ow shows a transient peak in systolic forward fl ow 
velocity in the second trimester, a gradual slight decrease in 
pulmonary venous diastolic velocity, and increase in pulmo-
nary venous reversed fl ow at atrial contraction along with 
gestation [ 90 ]. With increasing myocardial hypertrophy, 
ventricular compliance and hence E-wave velocity dimin-
ishes, which partly explains this pattern of impaired relax-
ation. Nevertheless, the observed changes in pulsed wave 
Doppler of the mitral annulus mostly remain a refl ection of 
changing loading conditions during pregnancy. 

 Load-independent tissue Doppler of the mitral annu-
lus better demonstrate changes in diastolic function during 
pregnancy. There are no signifi cant changes in either septal 
or lateral peak E′ and A′ velocities during normal gestation 
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[ 71 ,  86 ]. However, E/E′ ratio reaches the upper end of nor-
mality with a broadening of the range in the late third trimes-
ter, possibly refl ecting a marginal increase in left ventricular 
fi lling pressure [ 71 ]. A slight increase in A′ with subsequent 
decrease in E′/A′ ratio is consistent with enhanced left atrial 
contraction [ 71 ]. The Tei index, which is a global measure 
for both left ventricular systolic and diastolic function, is 
characterized by a broader range during pregnancy com-
pared to nonpregnant controls [ 71 ]. The absence of changes 
in untwist parameters using speckle tracking echocardiogra-
phy further suggests normal diastolic function during preg-
nancy despite the volume overload [ 88 ]. 

 In conclusion normal pregnancy is associated with nor-
mal diastolic function. Analysis of diastolic function best 
includes load-independent methods like tissue Doppler or 
speckle tracking in order to differentiate changing loading 
conditions from real diastolic dysfunction.  

    Labor and Delivery 

 During labor and delivery, maternal hemodynamics are 
infl uenced by several factors like anxiety, analgesia, uterine 
contractions, Valsalva maneuver, blood loss, and maternal 
position. An increase in SV and CO is observed from the 
beginning of the fi rst stage of labor which further augments 
as dilation progresses [ 91 – 93 ]. During each contraction, 
300–500 ml of blood from the uterine sinusoids is forced 
again in the systemic circulation thereby increasing preload 
[ 94 ]. Maternal discomfort and exertion can further increase 
the HR thereby augmenting CO 50 % above pre-labor values. 
Arterial pressure also increases during each contraction by 
about 15–20 mmHg (see Fig.  29.1 ). The changes can be more 
prominent in recumbent as compared to left lateral position 
due to caval compression as well as to occlusion of the distal 
aorta during contraction with redistribution of the stroke vol-
ume in the upper half of the body [ 58 ,  95 ]. It is evident that 
the abrupt onset and magnitude of these changes can pose a 
serious challenge to patients with cardiovascular disease. 

 Epidural analgesia also infl uences the hemodynamic 
changes during labor. Pain and anxiety are often reduced and 
both the fl uid challenge and reactive vasodilatation can also 
infl uence loading conditions [ 96 ]. In controlled circum-
stances, the severe hemodynamic changes due to labor are 
often attenuated by epidural anesthesia.  

    Postpartum 

 The gradual hemodynamic adaptation to pregnancy is rap-
idly reversed after delivery. 

 Immediately postpartum, CO and SV are still elevated 
 compared to pre-labor values [ 58 ,  91 – 93 ]. The massive auto-

transfusion from the uterine blood volume and relief of caval 
obstruction compensate for postpartum blood loss [ 97 ]. Both SV 
and CO remain elevated for the fi rst 24 h after which they gradu-
ally decline. The reduction is most prominent within the fi rst 
2 weeks postpartum but can continue until 6 months postpartum 
before reaching prepregnancy values [ 78 ,  97 – 99 ] (see Fig.  29.1 ). 

 Heart rate falls rapidly after delivery. Mean arterial pres-
sure initially drops immediately postpartum but returns to 
pre-labor levels on the second day postpartum. It then gradu-
ally declines over the following 2 weeks [ 97 ]. Left atrial 
dimensions normalize within the fi rst 2 weeks, refl ecting the 
rapid normalization of blood volume in the puerperium [ 100 ]. 

 While most cardiac adaptations progressively return to 
normal values within 6 months after delivery, some minor 
structural changes can remain longer or even become 
 permanent [ 39 ,  55 ,  67 ,  78 ,  101 ,  102 ]. In subsequent pregnan-
cies, hemodynamic adaptation is often more prompt and pro-
nounced. The latter suggests that pregnancy induces some 
form of cardiovascular imprinting which is protective in fur-
ther pregnancies and possibly later life.  

    Peripheral Systems 

    Arterial System 

 Changes in the systemic arterial circulation in normal preg-
nancy are characterized by a decreased peripheral resistance 
and increased arterial compliance and distensibility [ 103 , 
 104 ]. The latter is mainly achieved by a reduction in smooth 
muscle tone, although there are some indications that some 
degree of structural vessel wall remodeling during pregnancy 
could also play a role. 

 Aortic valve cross-sectional area slightly increases between 
the fi rst and third trimester [ 67 ,  83 ,  103 ]. Therefore, left ven-
tricular outfl ow tract diameter should always be determined 
simultaneously with the velocity time integral, when assessing 
stroke volume by ultrasound at different gestational ages. 

 Global arterial compliance increases in the fi rst trimester 
and remains elevated thereafter. The magnitude of peripheral 
wave refl ection at the aorta is reduced [ 104 ,  105 ]. Noninvasive 
assessment of arterial stiffness by applanation tonometry, 
using pulse wave analysis and velocity, showed a transient 
decrease in augmentation index, with a nadir by the end of 
the second trimester. The reduction in central aortic blood 
pressure is more pronounced than the decline in peripheral 
blood pressure [ 105 ,  106 ].  

    Venous Hemodynamics 

 While the scientifi c interest in venous (patho) physiology is 
certainly less than their arterial and cardiac counterparts, 
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the venous compartment nevertheless is important as it 
serves as a large volume reservoir storing approximately 
two thirds of total blood volume. In a state of extensive 
vascular expansion, it becomes even more prominent as it 
greatly contributes to the regulation of cardiac output. The 
splanchnic veins in particular serve as a major storage pool 
where much of the unstressed blood volume can remain 
and be mobilized when necessary [ 107 ]. In pregnancy, 
venous distensibility and capacitance are greatly increased. 
They return to prepregnancy values within 3 months post-
partum [ 107 – 109 ]. Investigation of the venous hemody-
namics can be performed noninvasively using Doppler 
ultrasound which also has a role in pathophysiological 
research of complicated hemodynamic syndromes such as 
preeclampsia [ 110 ].   

    Regional Blood Flows 

    Uterine Blood Flow 

 With increasing demands of nutrition and oxygen from the 
rapidly growing products of conception, several adaptations 
take place in the uterine circulation. From early gestation, 
uterine artery diameter progressively increases, while pulsa-
tility and resistance indices decrease [ 31 ,  111 – 117 ]. Uterine 
blood fl ow increases from 50 ml/min in the fi rst trimester to 
500–750 ml/min at term [ 114 ,  116 ,  117 ]. The increase in 
uterine blood fl ow is not only in absolute terms but also in 
proportion to the total cardiac output [ 118 ]. 

 The trophoblast invasion with arterial remodeling of spi-
ral arteries allows appropriate uteroplacental exchange but 
also contributes to the reduction of arterial resistance [ 116 ].  

    Renal Blood Flow 

 It is very clear that renal hemodynamics play a major role in 
normal adaptation to pregnancy [ 54 ,  115 ]. Renal blood fl ow 
increases during pregnancy. While the results are less con-
clusive, renal artery resistance index probably rises during 
pregnancy, reaching a peak by the end of the second trimes-
ter and then slowly returning to normal values postpartum.  

    Cerebral Blood Flow 

 The cerebral circulation can be analyzed by noninvasive 
transcranial Doppler and MRI. Both Doppler technique and 
MRI technique show a decrease in middle cerebral artery 
velocity as well as a 20 % reduction in total cerebral blood 
fl ow at term [ 119 – 121 ].   

    The Microcirculation 

 The microcirculation is the site of exchange of oxygen and 
nutrients [ 122 ]. The importance of microcirculatory dys-
function, independent from macrocirculatory changes, is 
emerging in several pathological conditions such as sepsis 
and shock [ 123 – 125 ]. Research on microvascular param-
eters has mainly been hampered by technical diffi culties. 
The gold standard, intravital microscopy, remains diffi cult 
outside the laboratory setting. Capillaroscopy, plethysmog-
raphy, and laser Doppler have been used in pregnancy but 
are each hampered by several limitations [ 126 – 130 ]. More 
recent technical innovations like Orthogonal Polarization 
Spectral (OPS) imaging and Sidestream Dark Field (SDF) 
imaging are promising [ 131 ,  132 ]. They allow a combination 
of  microvascular vessel density and fl ow velocity measure-
ments at the bedside. 

 Thus far, microvascular research in pregnancy remains 
limited and mostly focused on pathological conditions like 
preeclampsia. Information on normal pregnancy is scarce 
and is mainly derived from healthy pregnant control groups. 
As such, it offers little information regarding the longitudinal 
adaptation to normal pregnancy. Anim-Nyame et al. showed 
a reduction in isovolumetric venous pressure as compared to 
nonpregnant controls [ 126 ]. Hassan et al. showed increased 
skin capillary density in pregnancy, reaching a peak by the 
end of the second trimester with subsequent gradual reduc-
tion to nonpregnant values 6 weeks postpartum [ 127 ].      
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        Introduction 

 Hypertension affects 10 % of pregnancies and covers    a 
spectrum of hypertensive pregnancy disorders, including 
preeclampsia, eclampsia, and chronic and gestational 
hypertension (Table  30.1 , Fig.  30.1 ) [ 1 ]. Approximately 
one- half of all hypertensive pregnancy disorders are due to 
preeclampsia, a hypertensive disorder which is unique to 
pregnancy and further characterized by proteinuria. 
Preeclampsia and related conditions, namely, eclampsia, its 
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convulsive form, and HELLP syndrome (an acronym for 
 h emolysis,  e levated  l iver enzymes, and  l ow  p latelet count), 
remain leading causes of fetal and maternal morbidity and 
mortality. Maternal complications occur as a consequence 
of hypertensive end-organ damage of the central nervous 
system (stroke), kidneys (acute renal failure), and heart 
(acute cardiac decompensation). In a study examining all 
maternal deaths after the 20th week of pregnancy, pre-
eclampsia and eclampsia were responsible for 790 of 4,024 
deaths between 1979 and 1992 [ 2 ]. The overall preeclamp-
sia-eclampsia case-fatality rate was 6.4 cases per 10,000 
cases at delivery. The burden is even higher in developing 
countries.

    Over the last 50 years, much progress has been made in 
improving the treatment of preeclampsia with respect to 
blood pressure control and prevention of eclamptic seizures. 
However, the etiology of this condition remains elusive, 
resulting in a failure to develop specifi c screening, preven-
tive, and treatment strategies. Delivery remains the main-
stay of therapy for severe forms and anticipated 

life-threatening complications. As severe forms of pre-
eclampsia commonly develop before 34 weeks of gestation, 
labor induction under these circumstances typically results 
in a preterm delivery and low birth weight with related neo-
natal complications. 

 Hypertensive pregnancy disorders may have an impact 
on public health well beyond the affected pregnancies [ 3 ]. 
Epidemiological studies have demonstrated consistently 
an association between an increased risk for cardiovascu-
lar disease in adulthood and a low birth weight, which, in 
children born to preeclamptic mothers, may occur as a 
consequence of either prematurity or intrauterine growth 
retardation. In addition, women with a history of hyper-
tensive compared to normotensive pregnancies are at 
increased risk for cardiovascular disease later in life [ 4 ]. 
Therefore, improved screening, prevention, and treatment 
of hypertensive pregnancy disorders may not only opti-
mize immediate pregnancy outcomes, but may have long-
term impact on women and their children years after the 
affected pregnancies. 

   Table 30.1    Classifi cation and defi nitions of hypertensive pregnancy disorders   

 Chronic hypertension  BP ≥140/±90 mmHg before pregnancy or before the 20th week of gestation 
 Preeclampsia-eclampsia  A pregnancy-specifi c disorder that is a multisystem disease characterized by hypertension 

≥140/±90 mmHg, on at least two occasions at least 6 h apart, and proteinuria ≥300 mg in a 24 h urine 
collection; after 20 weeks gestation 
 The convulsive form of preeclampsia is eclampsia and affects 0.1 % of all pregnancies 

 Preeclampsia superimposed on 
chronic hypertension 

 Up to 30 % of women with chronic hypertension develop preeclampsia, as heralded by the occurrence of 
de novo proteinuria in the third trimester. In women with chronic hypertension and preexisting 
proteinuria (i.e., before 20 weeks of gestation), the diagnosis of superimposed preeclampsia is likely 
with any of the following fi ndings: sudden increase in proteinuria, sudden worsening of previously 
well-controlled blood pressure, new onset of thrombocytopenia, or elevated liver function tests 

 Gestational hypertension  New onset of hypertension ≥140/±90 mmHg, on at least two occasions at least 6 h apart, after 20 weeks 
gestation, in the absence of proteinuria (≤300 mg in a 24 h urine collection). If blood pressure returns to 
normal by 12 weeks postpartum, the diagnosis of transient hypertension of pregnancy can be assigned. If 
elevated blood pressure persists, the diagnosis of chronic hypertension is made 
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 There are many factors to consider when contemplating 
the treatment of hypertension during pregnancy. These 
encompass maternal factors, including duration and severity 
of hypertension and presence of end-organ damage, as well 
as fetal factors, such as the safety of blood pressure medica-
tions and the potential for compromised uteroplacental and 
fetal circulation due to overzealous blood pressure control. 
The following discussion will address the pathophysiology 
of the various hypertensive pregnancy disorders, related 
diagnostic criteria, and treatment options.  

    Cardiovascular Adaptation to Normal 
Pregnancy 

 The normal physiological changes occurring in pregnancy 
facilitate adequate blood perfusion of the developing vascu-
lar bed and fetal circulation that are required for normal fetal 
development and growth [ 5 ]. 

 During pregnancy, cardiac output is increased by about 
50 %. At least half of the increase is accomplished within the 
fi rst 8 weeks of pregnancy. The augmented cardiac output is 
attained through an increase in vascular volume (preload), a 
decrease in systemic vascular resistance (afterload), and an 
increase in chronotropy. The left ventricular ejection fraction 
remains unchanged throughout pregnancy. 

 The combination of increased preload and heart rate and 
decreased afterload has dramatic effects on systemic blood 
pressure. In general, blood pressure drops during the fi rst and 
second trimesters, resulting in a reduction of about 10 mmHg 
in diastolic pressure by the end of the second trimester. Blood 
pressure typically increases during the third trimester and 
approximates prepregnancy values by the time of delivery. 

 Preload also can be affected by the size and position of the 
fetus. Supine positioning causes compression of the maternal 
inferior vena cava and a subsequent decrease in preload. The 
heart rate increases in an attempt to maintain cardiac output, 
but the net result of supine positioning may be decreased 
blood pressure and possibly decreased placental blood fl ow. 
For this reason, it is important for women to lie in the left 
lateral position rather than supine. 

 Renal changes include increased blood fl ow and a corre-
sponding increase in glomerular fi ltration rate (GFR). Renal 
blood fl ow increases by about 75 % over prepregnancy val-
ues, and this leads to at least a 40 % increase in GFR. The 
serum creatinine concentration is appropriately decreased, to 
about 0.5 mg/dL. In fact, gravid women with a creatinine 
that would be considered “normal” in the nonpregnant state 
may have underlying renal insuffi ciency. Due to the increased 
blood fl ow, renal size increases by about 1–2 cm. 

 These changes in cardiovascular and renal physiology 
may not occur in women with preexisting cardiac and renal 

diseases or, alternatively, may unmask or worsen pre-
existing conditions, such as hypertension, in susceptible 
individuals.  

    Pathophysiology of Preeclampsia 

 There is accumulating evidence suggesting that endothelial 
dysfunction plays a central role in the pathogenesis of pre-
eclampsia [ 6 ]. In addition, the fact that hypertension rapidly 
resolves upon the removal of products of conception has lead 
to several theories implicating structural and/or functional 
changes in the developing placenta as factors causing pre-
eclampsia. In normal pregnancy, the invasive activity of cyto-
trophoblast leads to important changes in the spiral arteries 
(~100–150 in total), causing them to lose muscle and elastic 
tissue and undergo transformation into fl accid, large capaci-
tance uteroplacental arteries [ 7 ]. These changes occur both in 
more superfi cial, decidual portions, and in deeper, myometrial 
segments during normal pregnancy [ 8 – 10 ]. The net result of 
these changes, frequently referred to as “physiological change” 
or “spiral artery remodeling,” is an increased blood supply that 
meets the increased metabolic demands of the developing 
fetus and placenta. In preeclampsia, the placental spiral arter-
ies fail to lose their musculoelastic layers ultimately leading to 
decreased placental perfusion [ 10 ,  11 ]. Placental hypoxia is 
viewed frequently as an early event that may cause placental 
production of soluble factors leading to endothelial dysfunc-
tion [ 12 ]. However, multiple research efforts have failed to 
identify one or more molecules of placental origin that can 
cause a reproducible effect on systemic endothelial function. 

 Recent reports have demonstrated that women with pre-
eclampsia have elevated levels of the soluble receptor for vas-
cular endothelial growth factor (VEGF) of placental origin 
[ 13 ]. This soluble receptor, also known as sFlt-1 (from fms- 
like tyrosine kinase receptor-1), may bind and neutralize 
VEGF and the closely related placental growth factor (PlGF), 
leading to decreases in free VEGF and PlGF levels, which are 
required for active fetal and placental angiogenesis during 
pregnancy [ 14 ]. Thus, elevated sFlt-1 levels may be the miss-
ing link between placental ischemia on one side and endothe-
lial dysfunction, mediated by sFlt-1 neutralization of VEGF 
and PlGF, on the other. However, urine and serum measure-
ments of circulating angiogenic proteins have not provided  
reliable screening tools for preeclampsia with the currently 
available techniques [ 15 ]. In addition, their roles as possible 
therapeutic targets remain to be determined. We have recently 
shown that proteinuria in preeclampsia is not merely a function 
of endothelial dysfunction, but likely a consequence of both 
disruption of the glomerular fi ltration barrier [ 16 ] and loss of 
glomerular epithelial cells, i.e., podocytes [ 17 ]. The clinical 
applicability of these fi ndings remains to be determined.  
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    Hypertensive Disorders of Pregnancy: 
Diagnostic Classifi cations 

 In 2000, the National High Blood Pressure Education Program 
(NHBPEP) working group on high blood pressure in preg-
nancy defi ned hypertension as a blood pressure ≥140 mmHg 
systolic and/or ≥90 mmHg diastolic on 2 occasions at least 
6 h apart [ 1 ]. Blood pressures ≥160 mmHg systolic and/or 
≥110 mmHg diastolic signify severe hypertension. 

 The hypertensive disorders of pregnancy are classifi ed on 
the basis of clinical and laboratory abnormalities. Clinical 
criteria include signs such as hypertension, and symptoms 
such as headache or abdominal pain. Common laboratory 
tests used in the assessment of hypertension during preg-
nancy include urinalysis, hemoglobin, hematocrit, platelet 
count, serum uric acid, serum albumin, and kidney and liver 
function tests. 

    Pregnancy and Blood Pressure Measurement 

 The diagnosis of hypertension during pregnancy requires 
accurate measurements of both the systolic and diastolic pres-
sures [ 1 ]. Ideally, this requires manual blood pressure mea-
surements. Many automated machines have not been tested 
for use during pregnancy and, therefore, may provide unreli-
able readings. Obtaining a manual blood pressure is the best 
approach, using Korotkoff phase V (disappearance) rather 
than Korotkoff phase IV (muffl ing of sounds) to determine the 
diastolic pressure. In the clinical setting, blood pressure should 
be measured in the sitting position. In recumbent hospitalized 
patients, care must be taken to measure the blood pressure in 
the left lateral decubitus position to abrogate the blood pres-
sure change caused by the compression of the inferior vena 
cava by the gravid uterus. In all cases, the arm in which the 
blood pressure is being measured should be maintained at the 
level of the heart to avoid spuriously low readings from eleva-
tion of the arm. Hypertension is diagnosed at a systolic pres-
sure ≥140 mmHg and/or a diastolic pressure ≥90 mmHg. 

  Preeclampsia  (previously termed pregnancy-induced 
hypertension and toxemia of pregnancy) is a pregnancy- 
specifi c disorder clinically characterized by hypertension 
and proteinuria that occurs after 20 weeks of gestation. 
Proteinuria is diagnosed in patients with ≥300 mg of protein 
in a 24-h urine specimen. When a 24-h specimen cannot be 
obtained, or if a diagnosis is urgently required, a dipstick 
result of 1+ or greater or a protein-to-creatinine ratio of 
0.3 g/24 h will suffi ce. The 24-h urine collection, however, 
remains the gold standard and should be completed if 
possible. 

 Preeclampsia traditionally has been considered a disease of 
fi rst pregnancy. However, women with a history of preeclamp-
sia are at increased risk during subsequent pregnancies. 

Several other risk factors are well recognized, which may aid 
in the early recognition of patients at risk (Table  30.2 ). For 
high-risk patients, the following laboratory values should be 
obtained early in pregnancy: hemoglobin, hematocrit, platelet 
count, serum uric acid, and creatinine level. In addition, 
patients should have a urinalysis, which, if confi rming the 
presence of 1+ protein, should be followed by a 24-h urine 
protein measurement. Patients who develop hypertension in 
the second half of pregnancy should be tested biweekly, with 
additional testing to include serum transaminase levels, lac-
tate dehydrogenase levels, and peripheral blood smear and 
serum albumin levels to monitor for hepatic dysfunction, 
hemolysis, and capillary leak, respectively. The role of early 
testing and serial measurements is to facilitate an early diag-
nosis of preeclampsia and to assess disease severity and 
progression.

   Preeclampsia may develop de novo in previously healthy 
pregnant women or may occur in women with preexisting 
conditions, such as renal disease or chronic hypertension, 
i.e., superimposed preeclampsia. In women with chronic 
hypertension, but no proteinuria at baseline, preeclampsia is 
heralded by the development of proteinuria after 20 weeks 
gestation. Some women may have proteinuria at baseline, 
which can signifi cantly complicate the diagnosis. In general, 
the development of severe hypertension (≥160 mmHg sys-
tolic and/or ≥110 mmHg diastolic) or any of the signs or 
symptoms of severe preeclampsia (Table  30.3 ) signifi es the 
development of superimposed preeclampsia; up to 30 % of 
pregnancies in women with chronic hypertension may be 
affected.

   Several different strategies have been evaluated for pre-
vention of preeclampsia, including a low-salt diet [ 18 ], low- 
dose aspirin [ 19 ], antioxidants [ 20 ], and calcium [ 21 ] and 
magnesium supplements [ 22 ]. With the exception of calcium 
supplementation for calcium-defi cient women and low-dose 
aspirin for women at high risk (i.e., those with a history of 
chronic hypertension and preeclampsia in a previous preg-
nancy), these approaches have failed to demonstrate repro-
ducible benefi ts. 

   Table 30.2    Risk factors for preeclampsia   

 Diabetes mellitus 
 Renal disease 
 History of preeclampsia with previous pregnancies 
 Extremes of maternal age 
 Multiparity 
 Multiple gestations 
 Family history of preeclampsia 
 Chronic hypertension (either essential or secondary) 
 Thrombophilias 
 Trophoblastic disease (i.e., hydatidiform mole) 
 Autoimmune and connective tissue diseases 
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  Chronic hypertension  in pregnant women is diagnosed 
based on the presence of hypertension before the 20th week 
of gestation. The diagnosis may be diffi cult in young women 
with little or no medical history. Physiological changes dur-
ing pregnancy lead to a fall in blood pressure during the fi rst 
and second trimesters. In a woman with undiagnosed hyper-
tension prior to pregnancy, this may lead to normal readings 
early in pregnancy. During the third trimester, the return to 
prepregnancy hypertensive values may lead to a false diag-
nosis of new-onset hypertension. While most patients with 
chronic hypertension fare well during pregnancy, those who 
develop superimposed preeclampsia are at a particularly 
high risk for cerebral hemorrhage and placental abruption. 

  Gestational hypertension  is characterized by new-onset 
hypertension after the 20th week of gestation, in the absence 
of proteinuria. Women who develop gestational hyperten-
sion after 30 weeks gestation have a 10 % risk of progressing 
to preeclampsia; this risk is increased to 30 % in women who 
present before 30 weeks gestation. Women who do not 
develop proteinuria are diagnosed with either transient 
hypertension (normalization of blood pressure by 12 weeks 
postpartum) or chronic hypertension (elevated blood pres-
sure and need for blood pressure treatments persisting after 
pregnancy and delivery). 

 During the fi rst 5 postpartum days, blood pressures in 
normotensive women tend to be higher compared to preg-
nancy values, likely due to fl uid shifts from the interstitial 
space and resultant transient rise in intravascular volume. 

While hypertension in most of these women resolves by 2–4 
weeks postpartum, some of these women may remain hyper-
tensive and require antihypertensive treatment. A subset of 
these patients may progress to preeclampsia/eclampsia that, 
due to the onset after delivery, may represent a diagnostic 
challenge leading to delayed treatment. 

  HELLP syndrome  is believed to be a deceptive form of 
preeclampsia, which presents with a distinctive and ominous 
triad of microangiopathic hemolytic anemia, hepatocellular 
injury, and consumption of platelets [ 23 ]. Right upper quad-
rant and epigastric pain may occur as a consequence of a 
hepatic hematoma and resultant stretching of Glisson’s cap-
sule. It may herald hepatic rupture, which is associated with 
high maternal and fetal mortality rates. Urgent delivery 
remains the mainstay of treatment for patients with HELLP 
syndrome. Retrospective analyses of HELLP syndrome 
patients, in whom urgent delivery was not undertaken, have 
documented an extremely high perinatal infant mortality of 
70 % [ 24 ]. 

  Eclampsia  refers to the development of seizures in a 
woman with preeclampsia or gestational hypertension. 
While the classic presentation is the development of seizures 
in a woman with severe preeclampsia, up to 20 % of cases 
occur in women with no evidence of proteinuria and many 
cases occur in patients with mild hypertension. The mainstay 
of treatment is intravenous magnesium sulfate, which has 
been shown to be more effective than either phenytoin or 
diazepam for seizure prophylaxis in women with severe pre-
eclampsia and for prevention of recurrent seizures in those 
with eclampsia [ 25 ].   

    Management 

    Preconception Counseling 

 Women with a history of hypertension should be evaluated 
before pregnancy for target organ damage, such as left ven-
tricular hypertrophy, hypertensive nephropathy, and retinop-
athy, which will help establish blood pressure treatment 
goals. Patients with clinical clues suggestive of secondary 
hypertension (e.g., hard-to-control hypertension requiring 
more than three antihypertensive agents and/or indicative 
laboratory and clinical fi ndings) should undergo a workup 
for secondary hypertension (primary hyperaldosteronism, 
pheochromocytoma, and renal artery stenosis). Therefore, 
prepregnancy counseling of women with chronic hyperten-
sion may require expertise outside the realm of obstetrics. 
Some forms of secondary hypertension, and particularly 
pheochromocytoma and renovascular hypertension, may fur-
ther increase the risk for adverse pregnancy outcomes beyond 
that of essential hypertension; thus, surgery (for pheochro-
mocytoma) or revascularization (for renal artery stenosis) 

   Table 30.3    Diagnostic criteria for severe preeclampsia   

 Criteria  Remarks 

 Severe hypertension  Blood pressure ≥160 systolic and/or 
≥110 diastolic 

 Severe proteinuria  Protein ≥5 g in 24 h, or ≥3+ by 
dipstick 

 Renal impairment  Serum creatinine >1.2 mg/dL 
 Oliguria  Urine output <500 mL in 24 h 
 Microangiopathic hemolytic 
anemia a  

 Schistocytes on blood smear 

 Hepatic involvement a   Right upper quadrant pain (may 
herald hepatic rupture) 
 Nausea, vomiting 
 Elevated liver function test results 
(at least twice the upper limits of 
normal) 

 Thrombocytopenia a   Platelet count <100 × 10 9 /L 
 Neurological signs and 
symptoms b  

 Altered mental status, headache, 
visual changes, cerebrovascular 
events 

 Cardiovascular compromise  Pulmonary edema or cyanosis 
 Fetal complications  Fetal growth restriction 

 Intrauterine fetal distress 

   a Presence of these fi ndings should prompt consideration of HELLP 
syndrome 
  b May represent impending eclampsia  
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should be considered before pregnancy. In this population of 
young women of childbearing age, these interventions may 
result in the cure of hypertension. Prepregnancy evaluation 
further should address changes in medications to those that 
have acceptable safety profi les in pregnancy and counseling 
regarding pregnancy risks. It is estimated that as many as 
25 % of women with chronic hypertension may develop 
superimposed preeclampsia. These women are at a particu-
larly high risk for cerebral hemorrhage and placental abrup-
tion. It remains unclear as to whether early treatment of 
chronic hypertension in pregnancy prevents preeclampsia 
[ 26 ]. In the absence of randomized prospective trials ade-
quately powered to address this important clinical question, 
practicing physicians should treat chronically hypertensive 
women according to currently accepted national guidelines, 
which are presented and discussed below.   

    Initiation of Therapy and Treatment Goals 

 The rationale for treatment of mild-to-moderate hypertension 
in pregnancy (defi ned as a diastolic blood pressure 
90–100 mmHg), along with therapeutic blood pressure goals, 
is the subject of an ongoing debate. Central to these disagree-
ments is the lack of well-designed and adequately powered 
studies demonstrating reductions in obstetric complications 
with antihypertensive treatment for this degree of hyperten-
sion. Coupled with the concerns that fetal risks may be 
increased – due to both intrauterine exposure to medications 
with potential adverse effects and abrupt blood pressure low-
ering leading to a decrease in uteroplacental blood fl ow and 
fetal hemodynamic compromise – this is commonly used as 
an argument to discontinue antihypertensive drugs during 
pregnancy in women with hypertension predating their preg-
nancies. In addition, it is frequently assumed that hyperten-
sion of 4–5 months duration in a young woman (without other 
cardiovascular risk factors) does not affect her immediate and 
long-term cardiovascular health. The arguments against this 
approach come from evidence suggesting that mild chronic 
hypertension may lead to increased maternal and fetal risks 
[ 27 ] and that treatment of chronic hypertension may prevent 
progression to severe hypertension [ 26 ]. These unanswered 
questions underscore the need for prospective, randomized, 
and likely multicenter trials that will be adequately powered 
to compare the effects of different blood pressure targets on 
maternal and fetal outcomes. Based on the current guidelines, 
for purposes of treatment, hypertension during pregnancy 
may be divided into two general categories. The fi rst includes 
the acute hypertensive syndromes of preeclampsia/eclamp-
sia/HELLP syndrome. The second general category is chronic 
hypertension. According to the Working Group report of the 
NHBPEP, fi rst-line oral and intravenous treatment is methyl-
dopa and hydralazine, respectively [ 1 ].  

    Hypertension in Preeclamptic Patients 

 The acute hypertensive syndromes of preeclampsia/eclamp-
sia/HELLP syndrome carry a high risk for maternal and fetal 
morbidity and mortality. The most important reason for the 
initiation of antihypertensive treatment in these patients is to 
prevent maternal cerebrovascular and cardiac complications. 
While hypertension in these settings can be treated medi-
cally, the defi nitive treatment remains delivery. 

 Most experts agree that therapy should be initiated for 
blood pressures of ≥160/110 mmHg in order to decrease the 
incidence of maternal cardiac and cerebral events. It is com-
mon clinical practice to initiate treatment as the diastolic 
blood pressure approaches 100 mmHg [ 28 ]. The medica-
tions most commonly used for the urgent control of hyper-
tension include intravenous hydralazine and labetalol. Oral 
agents may be considered if delivery is not expected within 
the next 48 h. Medications that may be used, along with 
their safety profi les, are summarized in Table  30.4 . The 
NHBPEP guidelines suggest that preconception medica-
tions be continued in women with chronic hypertension 
who become pregnant, with the exception of angiotensin-
converting enzyme inhibitors (ACEI) and angiotensin II 
receptor blockers (ARBs), as both have been associated 
with adverse fetal effects [ 29 ]. Commonly, antihypertensive 
medications other than methyldopa and hydralazine are 
being used more often in pregnancy (Table  30.4 ), particu-
larly in patients for whom blood pressure control either can-
not be achieved with these agents or because of intolerable 
side effects. Beta-blockers, with the exception of atenolol, 
and calcium channel blockers (CCBs) are acceptable medi-
cations that can be continued in patients with prepregnancy 
hypertension. The use of diuretic therapy during pregnancy 
has been controversial, primarily due to theoretical con-
cerns. In the 1970s, physicians were advised that diuretics 
may actually be contraindicated because of the potential 
deleterious effects on placental blood fl ow. This recommen-
dation was based on a study that has not been replicated 
[ 30 ]. Subsequent studies have indicated that diuretics are 
not associated with adverse perinatal effects [ 31 ]. The 2000 
NHBPEP Working Group Report recognized that the major 
concern for the use of diuretics in pregnancy is primarily 
theoretical, as supporting evidence for their deleterious 
effects is lacking.

   Control of blood pressure does not cure preeclampsia or 
prevent progression of preeclampsia; eclamptic seizures can 
occur when the blood pressure is only mildly elevated. 
Therefore, in addition to antihypertensive therapy, pre-
eclamptic patients should receive seizure prophylaxis with 
intravenous magnesium sulfate that should be continued 
during labor and delivery and for at least 24 h after delivery. 
As magnesium is renally excreted, the rate of continuous 
infusion, but not the loading dose, should be adjusted, i.e., 
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decreased in women with renal failure. Serum magnesium 
levels should also be checked more frequently (every 1–2 h) 
in these women compared to women with normal renal 
function (every 4–6 h). Non-pharmacological treatment 
should include bed rest, which has been demonstrated to 
promote diuresis, lower blood pressure, and reduce prema-
ture labor. Salt restriction is not routinely recommended for 
women with preeclampsia who frequently are volume con-
tracted; it may be advisable for women with histories of 
chronic hypertension who followed a low-sodium diet 
before pregnancy.  

    Chronic Hypertension in Pregnancy 

 For women with chronic hypertension, medications pre-
scribed before pregnancy can be continued during preg-
nancy, except ACEI, ARBs, and atenolol. For pregnant 
patients with chronic hypertension, but on no treatment, 
therapy is usually instituted for a systolic pressure 
≥150 mmHg and/or diastolic blood pressure ≥100 mmHg. 
Treatment thresholds are higher for pregnant than for non-
pregnant patients due to the lack of studies to support the 
benefi t of treatment for mild diastolic hypertension (90–
99 mmHg) and concerns with respect to fetal safety, as 
treatment- induced blood pressure drops may be associated 
with impaired fetal growth [ 32 ]. An exception is made in 
women with evidence of end-organ damage: in the presence 
of renal disease, proteinuria, left ventricular hypertrophy, 
and retinopathy, antihypertensive therapy is initiated for a 
diastolic blood pressure ≥90 mmHg. 

    Perspectives 

 Similar to the general population, hypertension is the most 
common medical disorder encountered during pregnancy 
and remains one of the major causes of pregnancy-related 
maternal deaths in the United States [ 33 ]. However, treat-
ment recommendations for hypertension in pregnancy, unlike 
those for the general population, have not evolved. For exam-
ple, the elevations in systolic blood pressure in preeclamptic 
patients, at which pharmacotherapy is indicated, have not 
been established. Also, the prevailing view that pregnant 
women with hypertension are at low risk for  cardiovascular 
complications within the short duration of pregnancy may be 
true for young, otherwise healthy women, but not those with 
advanced age at fi rst pregnancy (a trend commonly described 
in developed countries), who may have subclinical evidence 
of vascular damage. New evidence that has emerged with 
respect to the pathophysiology of preeclampsia and the pos-
sible benefi ts of early treatment of hypertension in the gen-
eral population may affect future guidelines for the 
management of hypertension in pregnancy. 

 A study of 29 women with severe preeclampsia who devel-
oped strokes indicated that the systolic blood pressure was 
155 mmHg or more in all women before the stroke. In con-
trast, the diastolic blood pressure was 105 mmHg or more in 
only 20 % of the affected women [ 34 ]. The authors suggested 
a paradigm shift and recommended the initiation of antihy-
pertensive therapy when the systolic blood pressure reaches 
or exceeds 155–160 mmHg. In addition, posterior reversible 
encephalopathy syndrome (PRES), a clinically recognizable 
entity of neurological signs and symptoms, coupled with the 

    Table 30.4    Therapeutic options for treatment of hypertension in pregnancy   

 Benefi ts  Risks 

 Central agents 
 Preferred  Methyldopa  Proven safety and effi cacy  Neuro-depressant side effects 
 Alternative  Clonidine  Effi cacy similar to methyldopa  Unproven safety 
 Beta-blockers 
 Preferred  Labetalol  Safety and effi cacy similar to methyldopa. May be 

used for hypertensive urgency 
 Fetal bradycardia, neonatal hypoglycemia, 
decreased uteroplacental fl ow 

 Contraindicated  Atenolol  N/A  Intrauterine growth retardation 
 Calcium channel blockers 
 Preferred  Nifedipine  Lowers blood pressure without affecting umbilical 

artery fl ow 
 Fetal distress, profound hypotension with 
magnesium 

 Alternative  Verapamil  Similar effi cacy to other oral agents  Untested safety profi le, risk of interaction 
with magnesium 

 Direct vasodilators 
 Preferred  Hydralazine  Most effi cacious oral agent  Maternal neuropathy, drug-induced lupus, 

neonatal thrombocytopenia and lupus 
 Alternative  Nitroprusside  Effective in severe hypertension  Cyanide and thiocyanate toxicity 
 Diuretics 
 Preferred  Thiazide  Useful in chronic hypertension, renal failure, 

congestive heart failure 
 Volume contraction, electrolyte 
abnormalities 

 Contraindicated  Spironolactone  N/A  Possible fetal antiandrogen effects 
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 Key Points 

•     The etiology and pathogenesis of preeclampsia 
remain elusive.  

•   No reliable early marker for preeclampsia currently 
exists.  

•   The risk for superimposed preeclampsia is ≥25 % in 
women with a history of chronic hypertension.  

•   The only defi nitive treatment for preeclampsia and 
eclampsia is delivery.  

•   The goal of hypertension treatment is to prevent 
maternal cardiovascular complications, as treatment 
of hypertension does not prevent preeclampsia.  

•   Severe maternal complications include stroke, acute 
renal failure, and acute cardiac decompensation; 
adverse fetal outcomes include prematurity, intra-
uterine growth retardation, and intrauterine demise.  

•   Affected women may be at a greater risk for cardio-
vascular disease later in life. As such, they should 
receive advice regarding established preventive 
lifestyle measures, and their modifi able risk factors 
should be treated according to current guidelines.    

neuroimaging fi ndings of vasogenic edema in the posterior 
circulation, seems to occur at lower peak systolic blood pres-
sure readings in pregnant [ 35 ,  36 ] compared to nonpregnant 
patients with hypertensive encephalopathy [ 35 ,  37 ]. One pos-
sible explanation is that the threshold at which an elevation in 
blood pressure may lead to brain edema may be decreased in 
pregnancy [ 38 ]. Finally, recent studies in nonpregnant popu-
lations have shown that treatment of hypertension of even 
short duration may decrease subsequent cardiovascular risks, 
i.e., result in better outcomes with earlier and more effective 
treatment [ 39 ,  40 ]. However, extrapolating these fi ndings to 
hypertensive pregnant patients is diffi cult, mainly due to the 
signifi cant differences in their overall cardiovascular risks, 
but underscores the need for future research focusing on 
immediate and long- term cardiovascular outcomes, as func-
tions of blood pressure control, over the course of pregnancy.  

    Timing of Delivery 

 The decision to proceed with delivery can be made only after 
a careful assessment of risks to the fetus and mother. 
Consideration should be given to postponing delivery in 
pregnancies affected by preeclampsia before 32 weeks gesta-
tion, as the fetus is still immature and may suffer profound 
consequences due to incomplete respiratory development. 
This approach is only reasonable in cases where the maternal 
risk is relatively low, such as in mild hypertension without 
evidence of hepatic or cerebral involvement. Outpatient 
management can be considered for mild preeclampsia: an 
asymptomatic patient with treatment-responsive hyperten-
sion in the absence of marked proteinuria (<1 g/24 h) under-
going regular monitoring for evidence of progression to 
more severe disease. 

 Induction of labor should be entertained in circumstances 
of adequate fetal development or progression to severe forms 
of hypertensive disease, irrespective of fetal maturity. For 
women requiring delivery prior to 34 weeks gestation, corti-
costeroid therapy should be initiated in order to accelerate 
fetal lung development. In the case of severe hypertension, a 
trial of antihypertensive therapy may be undertaken. If an 
adequate response is not observed in 24–48 h, the high risk 
of maternal cerebral or cardiac events should prompt consid-
eration of delivery. Other indications for urgent delivery 
include HELLP syndrome, progressive renal failure, pre-
monitory signs of eclampsia, or fetal distress.   

    Future Complications 

 Traditionally, the cardiovascular complications of hyperten-
sive pregnancy disorders were believed to be confi ned to preg-
nancy, and elimination of the placenta was felt to be akin to 

cure. In recent years, however, observational studies have con-
sistently demonstrated that women with a history of hyperten-
sive pregnancies are more likely to develop hypertension, 
ischemic heart disease, or stroke later in life [ 41 ]. The highest 
risk was reported for women with severe forms of preeclamp-
sia who delivered prematurely. The likely mechanism for this 
association is that these two conditions share several common 
risk factors, such as renal disease and diabetes mellitus, which 
may lead to hypertensive pregnancy disorders and cardiovas-
cular disease at different times in a woman’s life. Alternatively, 
hypertensive pregnancy disorders may result in metabolic and 
vascular changes that might increase the overall cardiovascu-
lar risk later in life [ 42 ]. Either way, a history of hypertensive 
pregnancy disorders may aid in identifying women at risk for 
future cardiovascular disease. Primary prevention in these 
women should focus on lifestyle modifi cations (exercise, 
weight loss, and smoking cessation), early detection of cardio-
vascular disease risk factors, and treatment according to evi-
dence-based national guidelines [ 43 ].   

    Summary of the Key Guidelines 

    The National High Blood Pressure Education 
Program (NHBPEP) Working Group on High 
Blood Pressure in Pregnancy [ 1 ] 

     1.    Classifi cation of the hypertensive pregnancy disorders
•    Chronic hypertension  
•   Preeclampsia-eclampsia  
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•   Preeclampsia superimposed on chronic hypertension  
•   Gestational hypertension      

   2.    Diagnostic criteria
•    Hypertension: blood pressure ≥140 mmHg systolic 

and/or ≥90 mmHg diastolic on 2 occasions at least 6 h 
apart  

•   Proteinuria (which, together with hypertension, repre-
sent the diagnostic criteria for preeclampsia): ≥300 mg 
of protein in a 24-h urine specimen. When a 24-h spec-
imen cannot be obtained, or if a diagnosis is urgently 
required, a dipstick result of 1+ or greater or a protein-
to- creatinine ratio of 0.3 g/24 h      

   3.    Treatment goals
•    Diastolic blood pressure <105 mmHg for acute hyper-

tension associated with preeclampsia  
•   Blood pressure <150/100 mmHg in pregnant patients 

with chronic hypertension      
   4.    Preferred agents

•    Methyldopa for oral use  
•   Hydralazine for intravenous use         

    Effectiveness-Based Guidelines 
for the Prevention of Cardiovascular Disease 
in Women: 2011 Update: A Guideline 
from the American Heart Association [ 43 ] 

     1.    Preeclampsia may be an early indicator of cardiovascular 
risk.   

   2.    A careful and detailed history of pregnancy complica-
tions should be obtained from women later in their lives.   

   3.    Postpartum referral to a primary care physician or cardi-
ologist, such that risk factors can be monitored and con-
trolled years after pregnancy; their conventional risk 
factors should be treated according to current evidence- 
based guidelines.          
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        Introduction 

 The hemodynamic changes that occur during pregnancy 
challenge the adaptability of the cardiovascular system in 
patients with preexisting heart disease. The greater meta-
bolic and hemodynamic needs of pregnancy are accompa-
nied by changes in blood volume, peripheral vascular 
resistance, and cardiac output. In women with underlying 
cardiomyopathy, however, the demands of pregnancy, labor, 
and delivery pose additional stressors that can lead to clinical 
decompensation, arrhythmias, and maternal death [ 1 ]. 
Although heart disease is present in only 0.2–4 % of all preg-
nant women in the industrialized world [ 2 ], data from the 

United Kingdom suggests that a cardiac etiology is the most 
common cause of death among pregnant women in the 
 developed world [ 3 ,  4 ]. Data from the Centers for Disease 
Control suggests that pregnancy-related mortality increased 
in the United States from 1998 to 2005 and the proportion of 
deaths related to cardiovascular disease has also increased 
[ 5 ,  6 ]. In a study that examined the characteristics of delivery 
and postpartum hospitalizations from 1995 to 2006 in the 
United States, about 1.4 % of delivery hospitalizations were 
complicated by chronic heart disease; an increase was found 
for specifi c congenital heart disease conditions, cardiac 
arrhythmias, cardiomyopathy, and congestive heart failure 
[ 7 ]. Moreover, the rate of postpartum hospitalizations in 
patients with chronic heart disease has tripled. Severe com-
plications associated with delivery were more common in 
2004–2006 than they were from 1995 to 1997 in patients 
with chronic heart disease. Registry data on pregnancy in 
women with heart disease have demonstrated a maternal 
mortality of 1 %, which may seem low but is 100 times 
higher than in healthy pregnant patients [ 8 ]. 

    Abstract 

   Women with cardiomyopathy are at risk for complications during and after pregnancy if 
they are unable to adapt to the hemodynamic changes of pregnancy. The hemodynamic 
challenges of pregnancy, labor, and delivery pose unique risks to this group of patients 
which can result in clinical decompensation with overt heart failure, arrhythmias, and even 
maternal death. A multidisciplinary approach and a controlled delivery are crucial to ade-
quate management of patients with underlying heart disease. Preconception planning, 
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women of childbearing age. In this chapter, the risk assessment of pregnancy in women 
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 Outcomes of pregnant women with preexisting dilated 
cardiomyopathy have been recently examined [ 9 ]. Heart 
 failure, which typically occurred late in the pregnancy or 
postpartum, was the most common complication. Moreover, 
registry data has demonstrated that maternal mortality for 
pregnant women with heart disease was highest in the 
patients with cardiomyopathy [ 8 ]. In this chapter, cardiomy-
opathies that affect women of childbearing age and prepreg-
nancy risk assessment will be reviewed. In addition, 
evaluation of cardiomyopathy during pregnancy, labor, and 
delivery will be addressed. Peripartum cardiomyopathy will 
not be discussed in detail, as this subject is as addressed in 
Chap.   33     [ 10 – 15 ].  

    Cardiomyopathy in Women 
of Childbearing Age 

 A diverse set of potential etiologies of cardiomyopathy exist 
for women of childbearing age. Table  31.1  outlines these eti-
ologies, in no particular order or degree of incidence. Future 
studies are required to determine the incidence in developing 
and industrialized countries. Initial fi ndings of the European 
Registry on Pregnancy and Heart disease (ROPAC) docu-
mented a 7 % prevalence of cardiomyopathy of 1,321 preg-
nant women with heart disease between 2007 and 2011 
[ 8 ]. The most common etiologies described were dilated 

cardiomyopathy, peripartum cardiomyopathy, hypertrophic 
cardiomyopathy, and “other,” which may include chemother-
apy-related cardiomyopathy, among others. The differential 
diagnosis of heart failure in pregnancy is broad and includes 
valvular etiologies (aortic stenosis, aortic regurgitation, 
mitral stenosis, and mitral regurgitation), previously undiag-
nosed congenital heart disease, hypertensive heart disease, 
pregnancy associated myocardial infarction, and eclampsia 
or preeclampsia.

       Preconception Evaluation, 
Risk Assessment, and Counseling 

    Preconception Evaluation 

 Women with known or suspected cardiomyopathy require a 
complete preconception evaluation and counseling in order 
to stratify the maternal and fetal risks of pregnancy. 
Preconception risk assessment and counseling are now con-
sidered class I recommendations by the European Society of 
Cardiology (ESC) for the management of pregnant women 
with cardiac disease as well as by American College of 
Cardiology/American Heart Association (ACC/AHA) 
 guidelines for adults with congenital heart disease [ 17 ,  18 ]. 
A detailed history and physical exam, assessment of exercise 
capacity with New York Heart Association (NYHA) func-
tional class, and a 12-lead electrocardiogram are essential 
(Table  31.2 ). Echocardiography is indicated in women with 
a history of known or suspected cardiomyopathy, valvular or 
congenital heart disease that may result in systemic ventricu-
lar dysfunction, signifi cant dyspnea, or any symptoms or 
signs of heart failure [ 16 ]. Moreover, the echocardiogram 
can determine the etiology of the cardiomyopathy if not 
 previously known and quantify the degree of pulmonary 

    Table 31.1    Etiologies of cardiomyopathy that affect women of 
 childbearing age   

 Idiopathic dilated cardiomyopathy 
 Myocarditis 
  Viral cardiomyopathy 
  Chagas’ disease 
  Lyme disease 
  Human immunodefi ciency virus (HIV) infection 
 Ischemic heart disease 
 Infi ltrative disease (restrictive cardiomyopathy) 
 Hypertrophic cardiomyopathy 
 Peripartum cardiomyopathy 
 Hypertensive disorders 
 Chemotherapy related (doxorubicin, trastuzumab) 
 Connective tissue disease (systemic lupus erythematosus) 
 Substance abuse (alcohol, cocaine) 
 Other 
  Stress-induced (takotsubo) cardiomyopathy 
  Noncompaction cardiomyopathy 
  Tachycardia-mediated cardiomyopathy 
   Endocrine related (thyroid dysfunction, acromegaly, 

pheochromocytoma) 
  Inherited/familial cardiomyopathy 
  Arrhythmogenic right ventricular dysplasia 
  Obstructive sleep apnea 

  Adapted with permission from Stergiopoulos et al. [ 16 ]  

   Table 31.2    Preconception evaluation   

 Thorough history of cardiac symptoms and physical exam 
 12-lead electrocardiogram 
 Baseline exercise tolerance and NYHA functional class (exercise 
testing if needed) 
 Baseline echocardiogram 
  Assessment of ventricular function (right and left) 
  Assessment of pulmonary artery pressure 
 Presence and degree of valvular dysfunction 
 Assessment of stability of cardiac hemodynamics over time 
 Effective contraception until pregnancy desired 
 Adjustment of medications to prevent adverse fetal events 
 Genetics referral for patients with heritable cardiac lesion 
 Risk assessment of pregnancy, labor, and delivery 
 Discussion regarding breast feeding and need for medical therapy 

  Adapted with permission from Stergiopoulos et al. [ 16 ] 
  NYHA  New York Heart Association Class  
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hypertension, valvular dysfunction, and left ventricular or 
systemic ventricular systolic function [ 19 ]. Poor functional 
status has been previously associated with maternal or fetal 
complications [ 20 ]. Functional capacity may be an important 
predictor of the ability to tolerate a pregnancy, regardless of 
the underlying lesion. In a recent study examining pregnancy 
outcomes in women with congenital heart disease, an abnor-
mal chronotropic response to exercise correlated with 
adverse pregnancy outcomes [ 21 ]. Prior to conception, 
adjustment of medications to prevent adverse fetal events 
and toxicity should be addressed. Some women may require 
a genetics referral if a heritable cardiac lesion is known or 
suspected.

       Estimation of Maternal Pregnancy Risk 

 In order to estimate the risk of pregnancy in a woman with 
preexisting heart disease, several approaches are now avail-
able. In general, the risk of complications increases with 
increasing disease complexity [ 22 ]. Risk estimation can be 
carried out using risk scores derived from studies involving 
diverse groups of women with various forms of heart dis-
ease. Siu and colleagues [ 23 ] developed a commonly used 
risk score (CARPREG; Table  31.3 ) to identify predictors of 
the development of unfavorable cardiac events in pregnant 
women with heart disease. This risk assessment may be used 
to allow for the establishment of a plan of management for 
the antepartum, peripartum, and postpartum periods. The 
risk score has been validated in several studies, although 
overestimation has been described [ 24 ]. Among pregnant 
women with known cardiac disease, poor prognostic factors 
include any of the following: prior cardiac events, prior 
arrhythmias, a NYHA functional class >II, peripheral 

 cyanosis, signifi cant valvular or outfl ow tract obstruction, 
and systemic ventricular dysfunction with left ventricular 
ejection fraction (LVEF) <40 % [ 23 ,  25 ,  26 ]. When one or 
more of these features are combined, the risk is more than 
additive [ 23 ,  25 ,  26 ]. Women at elevated risk for adverse 
events should be managed by a multidisciplinary team at a 
tertiary care center equipped with the expertise to handle 
high-risk pregnancies – now considered a class I recommen-
dation by the European Society of Cardiology (ESC) [ 27 ]. 
As part of a complete risk assessment, plans for monitoring 
at the time of labor and delivery and postpartum, type of 
delivery, anesthetic concerns, and need for antibiotic prophy-
laxis should be addressed.

   The Task Force on the Management of Cardiovascular 
Diseases during pregnancy from the ESC recommends that 
maternal risk assessment be carried out according to a 
modifi ed World Health Organization (WHO) risk classifi -
cation [ 17 ,  28 ]. The WHO risk assessment integrates all 
known maternal cardiovascular risk factors including 
comorbid conditions and underlying heart disease. The 
application of previous risk assessment models has been 
limited by the inclusion of mainly congenital patients. The 
basic principles are shown in Table  31.4 . In patients who 
are categorized as WHO class I, pregnancy risk for adverse 
events is very low and cardiology follow-up during preg-
nancy can be limited to 1–2 visits. In those patients who are 
WHO II, pregnancy risk is considered low or moderate, and 
follow-up every trimester at a minimum is indicated. For 
women who are WHO III, there is a high risk of complica-
tions and frequent (often monthly or twice monthly) visits 
are required. In conditions in which pregnancy is WHO IV, 
pregnancy is contraindicated. Notably, women at particu-
larly high risk include those with pulmonary hypertension 
of any cause (Eisenmenger’s syndrome), Marfan syndrome 
with aortopathy (aortic root >45 mm) [ 29 ], a history of 
peripartum cardiomyopathy with any residual impairment 
of left ventricular function, and severe left ventricular dys-

   Table 31.3    Risk stratifi cation for pregnant patients with cardiac 
disease   

  Risk assessment for adverse maternal and fetal outcomes based on 
CARPREG data  
 Any prior cardiac event or arrhythmia (heart failure, transient 
ischemic attack, stroke before pregnancy) 
 Baseline NYHA functional class >II or cyanosis 
 Systemic ventricular dysfunction (ejection fraction <40 %) 
 Left heart obstruction 
  Mitral valve area <2 cm 2  
  Aortic valve area <1.5 cm 2  
  Peak LV outfl ow tract gradient >30 mmHg by echocardiography 

  Adapted from Siu et al. [ 23 ] 
 CARPREG risk score: For each predictor of adverse event, a point is 
assigned. Risk estimation of cardiovascular maternal complications is 
as follows: 
 0 point: 5 % 
 1 point: 27 % 
 >1 point: 75 % 
  NYHA  New York Heart Association,  LV  left ventricular  

   Table 31.4    General principles of modifi ed World Health Organization 
(WHO) classifi cation of maternal cardiovascular risk   

 Risk class  Risk of pregnancy by medical condition 

 I  No detectable increased risk of maternal mortality and 
no/mild increase in morbidity 

 II  Small increased risk of maternal mortality or moderate 
increase in morbidity 

 III  Signifi cantly increased risk of maternal mortality or 
severe morbidity. Expert counseling required. If 
pregnancy is decided upon, the intensive care specialist’s 
cardiac and obstetric monitoring is needed throughout 
pregnancy, childbirth, and the postpartum period 

 IV  Extremely high risk of maternal mortality or severe 
comorbidity; pregnancy contraindicated. If pregnancy 
occurs termination should be discussed. If pregnancy 
continues, care as for class III 

  Adapted with permission from Regitz-Zagrosek et al. [ 17 ]  
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function (LVEF <30 %, NYHA III–IV) [ 15 ]. In these 
 situations, patients are counseled against pregnancy alto-
gether. In patients who become pregnant, termination 
should be offered. If termination is determined to be an 
unacceptable option for the patient, the pregnancy is con-
sidered high risk and is treated as WHO III.

       Preconception Counseling 

 Along with preconception risk assessment, preconception 
counseling is essential [ 17 ,  30 ]. A study of women with con-
genital heart disease found that more than one third of 
women could not recall if they were ever counseled by a 
health-care provider or if they were ever informed of an 
increased risk for maternal complications [ 31 ]. Moreover, a 
similar proportion could not recall whether they were told of 
an increased risk of congenital heart disease in their off-
spring. Strict prenatal care and early risk stratifi cation are 
fundamental measures to improve the prognosis of preg-
nancy in women with heart disease.  

    Contraceptive Choices in Women 
with Cardiomyopathies 

 Choice of contraception requires consideration of preg-
nancy risk, available contraception options as well as their 
risks and benefi ts, failure rates, understanding the conse-
quences of unplanned pregnancy, and the preferences of the 
woman. Cardiologists are responsible for educating women 
about safe contraceptive options as they relate to their car-
diac condition, a position recently endorsed by professional 
societies [ 28 ]. Furthermore, it is now a class I recommen-
dation from the ESC guidelines that prepregnancy and 
postconception risk assessments and counseling are per-
formed in all women with known or suspected congenital 
or acquired heart or aortic disease [ 14 ]. There is consider-
able room for improvement in this area. In a survey of 
women with congenital heart disease, it was noted that only 
half of the women surveyed had recalled receiving specifi c 
information about contraception from a nurse or physician 
[ 26 ] and many women do not use adequate methods of birth 
control [ 30 ]. 

 Contraceptive options include (1) combined hormonal 
contraceptives (COCs; estrogen/progestin formulations), (2) 
progestin-only formulations, (3) intrauterine devices, (4) 
barrier methods, and (5) sterilization/permanent forms of 
contraception [ 31 ,  32 ]. The most comprehensive guidance 
comes from a British working group that developed guide-
lines for the use of COCs in women with heart disease using 
the WHO format [ 31 ,  33 – 35 ], which has recently been modi-
fi ed by the Centers for Disease Control [ 36 ]. Both estrogen 

and progestins have adverse cardiac effects. However, the 
most clinically important are those of estrogens which can 
cause thromboembolic events and hypertension. In women 
with severe systemic ventricular dysfunction, maternal 
 complication rates of pregnancy are high and pregnancy is 
 contraindicated. Due to the potential for thromboembolic 
complications, combined hormonal contraceptives in the 
form of pills, transdermal patches, or vaginal rings are not 
recommended. Monthly injectable formulations that contain 
medroxyprogesterone acetate are no longer appropriate for 
patients with heart failure because of the tendency for fl uid 
retention [ 36 ]. Barrier methods and the levonorgestrel- 
releasing intrauterine devices are the safest and most effec-
tive options that can be used in women with cardiomyopathy 
and reduced systemic ventricular function, cyanotic heart 
disease, and advanced pulmonary hypertension [ 36 ]. A 
detailed discussion regarding family planning is indicated so 
that patients can better understand the risks of pregnancy and 
contraception.   

    Diagnosis of Heart Failure in Pregnancy 

 The clinical diagnosis of heart failure can be complicated in 
a pregnant woman. Symptoms such as dyspnea, fl uid reten-
tion, palpitations, and fatigue are common in normal preg-
nancy. However, complaints of marked dyspnea on exertion, 
paroxysmal nocturnal dyspnea, orthopnea, and recumbent 
cough are most often pathologic. The physical examination 
fi ndings of a normal pregnancy can often mimic disease. A 
thorough physical and echocardiographic evaluation can 
often clarify the differences between physiologic and 
pathologic changes. Serial physical examinations, as well 
as echocardiographic evaluations during pregnancy, per-
haps as often as once a trimester, can aid in determining 
changes in clinical status and assist in the early diagnosis of 
heart failure. Physical examination fi ndings such as the 
evaluation of jugular veins should be performed in the left 
lateral decubitus position so that the gravid uterus and fetus 
do not compress the inferior vena cava, inhibiting venous 
return. Mildly elevated jugular venous pressure is not 
pathologic in a pregnant woman. The presence of an S3 gal-
lop in a patient with cardiomyopathy is nearly always 
pathologic, while an S3 can be noted in normal pregnant 
patients without any history of cardiac disease. An S4 gal-
lop in any pregnant woman is always pathologic and should 
warrant further evaluation. Lower extremity edema, when 
more than mild, is often pathologic, especially when severe 
or progressive. However, lower extremity edema is com-
mon and can have multiple etiologies in the pregnant 
woman (i.e., deep vein thrombosis, nephrotic syndrome, 
heart failure). Pulmonary crackles are always pathologic in 
pregnancy. 
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    Brain Natriuretic Peptide in Pregnancy 

 Increases in volume load during pregnancy are thought to 
be a central factor ultimately responsible for most cardiovas-
cular clinical events. In the nonpregnant state, B-type 
 natriuretic peptide (BNP) increases in response to this type 
of volume load and predicts adverse outcomes in a variety of 
cardiac conditions [ 32 ]. While clinical and echocardio-
graphic predictors have been described [ 23 ], risk stratifi ca-
tion of pregnant women with cardiomyopathy remains 
incomplete. BNP can be useful in the adjudication of sus-
pected clinical events in pregnant women with heart disease 
[ 33 ]. BNP levels are elevated in many women with heart dis-
ease during pregnancy, compared with normal pregnant con-
trols. Importantly, normal BNP values in women with heart 
disease predict a low probability of adverse events. While 
there is no defi nite cutoff value in pregnancy, BNP values of 
<100 pg/ml have a very high negative predictive value for 
adverse events. Notably, this data was derived from a study 
that included 20 % of women with cardiomyopathy and left 
ventricular dysfunction, suggesting that BNP measurement 
can be useful in this population. BNP was highest in this 
group of patients, in both those with and without clinical 

events, suggesting that the volume load of pregnancy may be 
at least in part responsible for clinical deterioration. Future 
studies are required in larger numbers of women with heart 
disease and pregnancy. Nevertheless, BNP offers an attrac-
tive option for the potential early identifi cation of deteriora-
tion in status, before acute events occur. This is particularly 
important in pregnant women with cardiomyopathy, as 
decompensation can be abrupt and adverse events harm both 
the mother and fetus.   

    Outcomes in Women 
with Cardiomyopathy in Pregnancy 

    Dilated Cardiomyopathy 

 Dilated cardiomyopathy (DCM) is defi ned as dilation of the 
left ventricle with impairment of systolic function (Fig.  31.1 ). 
Many causes of DCM have been identifi ed, some of which 
are listed on Table  31.1 . However, in up to 50 % of cases, the 
etiology is not identifi ed [ 34 ] and is termed idiopathic. 
Genetic causes are exceedingly rare, with an estimated 
 prevalence of 1:2,500 [ 35 ]. Pregnancy in women with dilated 

a b

  Fig. 31.1    A pregnant woman with familial dilated cardiomyopathy. A 
25-year-old woman with a history of familial dilated cardiomyopathy 
with moderately reduced left ventricular systolic function prior to preg-
nancy. She had an implantable cardioverter defi brillator (ICD) placed 
for primary prevention of sudden cardiac death prior to pregnancy. She 
was hospitalized at 26 weeks gestation for congestive heart failure and 
appropriate ICD fi ring for ventricular tachycardia and was managed 
with in-hospital bed rest and medically with carvedilol, sotalol, and 
intermittent intravenous furosemide. She developed worsening heart 
failure and worsening left ventricular systolic dysfunction (LVEF 

declined from 35 to 25 %) at 30–32 weeks gestation. Her heart failure 
was refractory and she was delivered at 33 weeks by urgent Cesarean 
section with epidural anesthesia and sedation and central and arterial 
lines for closer monitoring of her hemodynamics. Her postpartum 
course was unremarkable without further heart failure or arrhythmia. 
Panel  a  Parasternal long axis view (end-diastolic dimension) demon-
strating mild left ventricular dilation and tethering of the mitral leafl ets. 
Panel  b  Parasternal long axis view (end-systolic dimension). Panel  c  
M-mode of the left ventricle demonstrating poor contractility, consis-
tent with severe left ventricular systolic dysfunction       
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cardiomyopathy has been associated with poor maternal 
outcomes. As such, pregnancy in women with a cardiomy-
opathy and LVEF <30 % are classifi ed as WHO IV and is, 
therefore, contraindicated. Potential complications include 
arrhythmias, thromboembolism, heart failure, worsening 
left ventricular systolic function, and sudden cardiac death. 
Women with documented idiopathic or doxorubicin-induced 
cardiomyopathy with mild–severe left ventricular systolic 
dysfunction were examined as part of a larger prospective 
cohort study [ 9 ]. Nearly 40 % of pregnancies were compli-
cated by at least 1 maternal cardiac event, defi ned as 
 pulmonary edema, sustained arrhythmia, stroke, angina, 
myocardial infarction, cardiac arrest, or cardiac death. There 
were no cardiac deaths in this study up to 6 months postpar-
tum. The most common adverse events were arrhythmias 
and heart failure. Predictors of adverse events were moder-
ate or severe left ventricular dysfunction and/or NYHA 
functional class III or IV [ 9 ]. In a study of pregnant women 
with either dilated cardiomyopathy or peripartum cardiomy-
opathy from India, maternal mortality was nearly 16 % [ 36 ]. 
The mean ejection fraction was 32 % and approximately 
half were NYHA class IV [ 9 ]. Other investigators have 
described worsening of NYHA class during pregnancy and 
worsening fractional shortening and left ventricular end-
diastolic dimension [ 37 ]. Both maternal and fetal death rates 
are higher in developing countries than developed countries 
in women with heart disease [ 8 ]. In the European Registry 
on Pregnancy and Heart disease, the highest maternal mor-
tality was found in patients with cardiomyopathy [ 8 ] who 
also had the highest rate of heart failure and ventricular 
arrhythmias.

       Late Effects of Pregnancy 
on the Cardiomyopathic Heart 

 Pregnancy appears to alter the natural history of the disease 
over the short term, perhaps partly related to the hemody-
namic load of pregnancy, labor, and delivery, as well as the 
discontinuation of many crucial medications for the manage-
ment of heart failure due to patient preference or contraindi-
cations. In women with moderate or severe left ventricular 
dysfunction, the 16-month event-free survival was worse in 
pregnant women compared with nonpregnant controls with a 
similar degree of baseline left ventricular impairment [ 9 ] 
(Fig.  31.2 ). Some authors propose increased oxidative stress 
causing additional damage to the left ventricle as a potential 
mechanism for worsening heart failure and event-free sur-
vival [ 38 ]. Future research is required to elucidate mecha-
nisms of worsening left ventricular function during and after 
pregnancy.

       Left Ventricular Noncompaction 
Cardiomyopathy 

 Left ventricular noncompaction cardiomyopathy, also 
known as noncompaction cardiomyopathy (NCCM), is a 
cardiomyopathy characterized by a distinctive hypertra-
beculated morphological appearance of the myocardium 
(Fig.  31.3 ). It appears to be a familial disease in up to 60 % 
of patients, demonstrating an autosomal dominant inheri-
tance pattern but with considerable genetic heterogene-
ity [ 35 ]. The exact prevalence of NCCM is unclear but it 
may not be as rare as previously thought due to increas-
ing recognition and diagnosis. Several affected genes have 
been described, with  beta- myosin heavy chain ( MHY7 ) 
being the most common, followed by myosin binding 
protein C ( MYBPC3 ) and cardiac troponin T ( TNNT2 ). 
Noncompaction of the left ventricular myocardium is felt 
to be due to intrauterine arrest of endocardial compaction, a 
process by which the loose interwoven meshwork of myo-
cardial fi bers of the developing embryonic myocardium 
fails to condense and deep intertrabecular recesses remain, 
causing a spongy appearance [ 39 ]. The diagnosis of NCCM 
can be made using echocardiography or cardiac magnetic 
resonance imaging; noncompacted areas are usually in 
the apical, inferior, and lateral walls of the left ventricle. 
Echocardiographic contrast aids in the diagnosis [ 40 ], but 
little data exist to support its use or safety in pregnancy. 
Magnetic resonance imaging is considered safe, especially 
after the fi rst trimester. However, the risks of gadolinium 
use in pregnancy are not known; its use is not advisable 
in pregnancy at any time [ 41 ]. Prognosis in nonpregnant 
patients with noncompaction cardiomyopathy depends on 
the presence of symptoms. Asymptomatic patients have a 

c

Fig. 31.1 (continued)
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good prognosis with few cardiovascular events [ 42 ], while 
patients presenting with heart failure (NYHA III or IV), 
sustained ventricular arrhythmias, stroke, embolic event, 
or an enlarged left atrium have an unfavorable progno-
sis [ 43 ]. Interestingly, left ventricular dimension and left 

 ventricular systolic dysfunction are less strongly associated 
with  outcome [ 42 ].

   Experience with noncompaction cardiomyopathy and 
pregnancy is limited. Risk assessment would likely be simi-
lar to other cardiomyopathies during pregnancy. NCCM in 
itself has an increased thrombogenic risk with systemic 
embolism described in 4 % of symptomatic nonpregnant 
patients [ 42 ]. Moreover, pregnancy may be assumed to 
enhance this risk by inducing hypercoagulability. However, 
routine therapy with antiplatelet agents or anticoagulants 
cannot be routinely recommended in this group during 
 pregnancy. Notably, underlying NCCM may be present in 
 asymptomatic antepartum patents who cannot tolerate the 
hemodynamic stress of pregnancy resulting in clinical 
decompensation. Such a presentation may be confused with 
peripartum cardiomyopathy [ 44 – 47 ]. The importance of 
 correctly diagnosing this type of cardiomyopathy relates 
to the classifi cation of NCCM as a genetic disorder. 
 First-degree relatives should be offered genetic screening 
and echocardiography to identify the disease in the asymp-
tomatic phase [ 48 ].  

    Hypertrophic Cardiomyopathy 

 Hypertrophic cardiomyopathy (HCM) is the most common 
genetic cardiac disorder with an estimated prevalence of 
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  Fig. 31.2    Comparison of cardiac 
outcome in pregnant versus 
nonpregnant women with 
signifi cant left ventricular 
dysfunction. Sixteen-month 
survival free from adverse events 
in pregnant women ( dashed line ) 
compared with nonpregnant 
women ( solid line ). Time zero is 
defi ned as (1) the fi rst antenatal 
visit for pregnant women and (2) 
the index visit to the heart failure 
clinic for nonpregnant women 
(With permission from Grewal 
et al. [ 9 ])       

  Fig. 31.3    Noncompaction cardiomyopathy. Four-chamber-view mag-
netic resonance imaging of a patient with noncompaction cardiomyopa-
thy (Reproduced with permission from Stergiopoulos et al. [ 16 ])       
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1:500. Familial occurrence is as high as 90 %, mainly with 
autosomal dominant inheritance. Abnormalities in more than 
ten known genes are described, but mutations of the beta- 
myosin heavy chain and myosin binding protein C are the 
most commonly affected genes [ 35 ]. HCM is characterized 
by pathologic hypertrophy of the left ventricle, resulting in 
obstructive (Fig.  31.4 ) or nonobstructive forms. The clinical 
course and the risks during pregnancy are highly variable, 
ranging from asymptomatic to severe forms of heart failure, 

arrhythmias, and sudden cardiac death. Most women who 
experience no or mild symptoms prior to pregnancy are 
likely to be at low risk for complications [ 50 – 52 ]. However, 
the small subset of patients with signifi cant symptoms prior 
to pregnancy are at increased risk of developing complica-
tions during pregnancy. Moreover, the higher the left ven-
tricular outfl ow tract (LVOT) gradient is prior to pregnancy 
or in the fi rst trimester, the greater the likelihood of cardiac 
events during pregnancy. Sudden death is a recognized 

a b
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  Fig. 31.4    Hypertrophic cardiomyopathy. Panel  a  Two-dimensional 
echocardiogram (parasternal long axis view) from a patient with hyper-
trophic cardiomyopathy who survived sudden cardiac death. The inter-
ventricular septum measures 3.1 cm. The common fi nding of a small 
posterior pericardial effusion is noted. Panels  b ,  c  End-diastolic ( b ) and 
systolic ( c ) short axis images demonstrating near obliteration of the left 

ventricular cavity at end systole. Panel  d  Continuous wave Doppler 
analysis of the left ventricular outfl ow tract (LVOT) obstruction (due to 
severe systolic anterior motion of the mitral valve, not shown) demon-
strating severe LVOT obstruction (Figure reproduced with permission 
from Vainrib and Stergiopoulos [ 49 ])       
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 complication of HCM during pregnancy, but the incidence is 
unclear [ 51 ]. Identifying patients at risk for sudden death is 
an important aspect of counseling and management, as is the 
treatment of arrhythmias and heart failure. Heart failure can 
be the fi rst presentation during pregnancy or postpartum. 
Maternal morbidity is related to NYHA functional class 
before pregnancy and clinical deterioration is more common 
in patients with outfl ow tract obstruction. Special consider-
ation must be given to the potential for decreased venous 
return at the time of labor and delivery, either due to acute 
blood loss or the Valsalva maneuver during delivery, which 
can create or exacerbate outfl ow tract obstruction. 
 Beta- blockers are considered the mainstay of therapy in 
pregnancy, especially at the time of labor and delivery [ 17 ]. 
Vaginal delivery is uneventful in the majority of asymptom-
atic patients, despite possible hemodynamic complications 
during labor and delivery.

       Subsequent Pregnancy in Women with a 
History of Peripartum Cardiomyopathy 

 Women with a history of peripartum cardiomyopathy may 
seek another pregnancy, as many women may be in the midst 
of family building when this occurs. There is sparse data 
available for counseling women in this regard. Elkayam 
et al. [ 53 ] noted in a study involving a small number of 
women that LVEF increased after the initial pregnancy but 
decreased again in the subsequent pregnancy. In addition, 
about half of the women in whom the ejection fraction did 
not normalize and who became pregnant had complications 
including heart failure, worsening ejection fraction, and 
death. Ejection fraction at the time of initial diagnosis 
impacts the outcome of subsequent pregnancy [ 54 ]. Based 
on limited evidence, women in whom the ejection fraction 
has not normalized and in whom the initial ejection fraction 
was less than 25 % should be counseled against subsequent 
pregnancy [ 14 ,  17 ]. Therefore, women with a history of peri-
partum cardiomyopathy and any residual impairment of left 
ventricular systolic function are considered WHO class IV 
(pregnancy is contraindicated). Women who are not candi-
dates for another pregnancy require counseling regarding 
contraception or sterilization.  

    Pregnancy in the Heart Transplant Patient 

 Although this practice is evolving, pregnancy after cardiac 
transplantation has been generally discouraged by most 
centers. The potential risks to the prospective mother and 
concerns regarding maternal longevity and the teratogenic 
effects of immunosuppressant medications have been cited 
as the primary reasons [ 55 ]. Cardiac transplant recipients 
are asked to avoid pregnancy within the fi rst year of 

 transplantation as this is the period of highest risk for 
 rejection after transplantation. Patients considered poten-
tially suitable for pregnancy after transplantation are those 
with no rejection within 1 year, adequate and stable graft 
function, no acute infections, and maintenance of stable 
immunosuppressant medications. An important point 
regarding the physiology of the post-transplant heart is that 
the heart is denervated, with a loss of vagal tone, leading to 
higher-than-normal resting heart rates (typically 80–100 
beats per minute or higher). Importantly, pregnancy causes 
a physiologic increase in the heart rate and the denervated 
heart may be more sensitive to circulating catecholamines 
and volume changes. In addition, the increased blood vol-
ume may cause hemodilution and affect serum drug levels. 
It appears that acute rejection is not increased in pregnant 
transplant recipients [ 56 ]. Infection remains a constant con-
cern, the risk of which may be increased in pregnancy. 
Hypertension and preeclampsia are common and are major 
factors associated with the increased prevalence of preterm 
delivery and fetal growth restriction in transplant patients 
[ 57 ]. Teratogenic effects of immunosuppressant medica-
tions require discussion with the mother prior to pregnancy. 
However, the risks of rejection due to discontinuation of 
antirejection medications far outweigh the teratogenic 
risks. Often, medications require adjustment to the lowest 
effective dose. If rejection complicates a pregnancy, sys-
tolic and/or diastolic heart failure may become an issue. 
Antibiotic prophylaxis is required for transplant recipients 
with a transplant valvulopathy at the time of delivery 
according to guidelines [ 58 ]. Vaginal delivery is considered 
safe in this population.   

    Neonatal Outcomes 

 There is limited information available on neonatal outcomes 
of pregnant women with heart disease. In patients who are at 
high risk for maternal events, their fetuses are also at high 
risk for events. Thus, maternal and neonatal events are highly 
correlated. Neonatal complications occur in 20–28 % of 
patients with diverse cardiac conditions with a neonatal mor-
tality of 1–4 % [ 25 ]. Maternal predictors of neonatal events 
in women with heart disease include baseline NYHA func-
tional class II or greater, left heart obstruction, smoking dur-
ing pregnancy, mechanical valve prosthesis, multiple 
gestation, and the use of oral anticoagulants during preg-
nancy [ 25 ]. The most common neonatal complications are 
premature birth and small for gestational age. Less com-
monly observed complications are respiratory distress syn-
drome, intraventricular hemorrhage, and death [ 24 ,  25 ]. 
Specifi cally in women with dilated cardiomyopathy, a fetal 
adverse event rate of 20 % is described with small for gesta-
tional age and preterm delivery being the most common [ 9 ]. 
There were no neonatal deaths in this study.  

31 Cardiomyopathies, Heart Failure, and Pregnancy



452

    Management of Heart Failure 
in Pregnancy, Labor, and Delivery 

    Medical Therapy of Heart Failure in Pregnancy 

 The goals of therapy in a pregnant woman with heart failure 
are similar to those of a nonpregnant woman. These include 
relief of symptoms, control of hemodynamics, and treatment 
and/or reversal of precipitating factors such as anemia, 
 infection, thyroid disorder, and arrhythmias. In addition, the 
continuation of medications that prolong survival should 
occur whenever possible. However, medications that are 

contraindicated throughout pregnancy (angiotensin-convert-
ing enzyme inhibitors or angiotensin receptor blockers) 
should not be used in pregnancy and should be discontinued 
prior to conception (Table  31.5 ).

       Arrhythmias Associated with Cardiomyopathy 

 Arrhythmias are common in patients in the setting of 
 preexisting structural heart disease. Supraventricular and 
ventricular arrhythmias requiring treatment develop in up to 
15 % of patients with congenital heart disease during preg-

   Table 31.5    Medical management of chronic heart failure in pregnancy   

 Drug/class  Purpose  Comment 

  Diuretics  
 Furosemide  Generally reserved for treatment of pulmonary edema  Can result in uteroplacental hypoperfusion 

 Use of lowest possible dose  Contraindicated in settings in which uteroplacental 
hypoperfusion is already reduced (IUGR, preeclampsia) 
 FDA class C a  

 Digoxin  Not considered fi rst-line therapy for heart failure in 
nonpregnant patients 

 Generally considered safe 

 No improvement in mortality  Useful in treatment of persistent symptoms despite 
standard therapy 

 Considered useful in pregnancy given limitations of 
medical armamentarium 

 FDA class C 

  Vasodilators  
 Hydralazine  Commonly used oral antihypertensive agent in pregnancy  Demonstrated effi cacy in hypertension 

 Can be substituted for ACE inhibitor during pregnancy  Risk of hypotension 
 Pregnancy already reduces SVR 
 Avoid large or precipitous decreases in blood pressure 
 FDA class C 

 ACE inhibitors/ARB  Proven benefi t in treatment of chronic heart failure in 
nonpregnant patients 

 Contraindicated throughout pregnancy due to teratogenic 
effects. Associated with oligohydramnios, neonatal death 
secondary to renal failure, renal agenesis 
 FDA class C for fi rst trimester; D for second and third 
trimesters 

 Amlodipine  Alternative to ACE inhibitor in pregnancy  Can be used with hydralazine if needed 
 FDA class C 

 Nitrates  May be used to treat decompensated heart failure  FDA class C 
  Beta-blockers  
 Carvedilol, labetalol, 
metoprolol, propranolol 

 Essential component to chronic heart failure therapy  Generally safe and effective in pregnancy 
 Agents that are beta-1 selective are preferable  Can cause IUGR 
 Beta-blockers should be continued throughout pregnancy  Infants born to mothers on beta-blockers should be 

observed for at least 72 h after birth 
 FDA class C 

  Aldosterone antagonists  
 Spironolactone, 
eplerenone 

 Prolongs survival in selected heart failure patients  No data to support safety in pregnancy 
 Not routinely used in pregnancy  FDA class D 

 Warfarin  Risk/benefi t ratio needs to be discussed with the patient 
for treatment and prophylactic anticoagulation in severe 
left ventricular dysfunction 

 First trimester teratogenesis 
 Dosing is complicated in pregnancy 
 FDA class X 

  Adapted with permission from Stergiopoulos et al. [ 16 ] 
  ACE  inhibitor, angiotensin-converting enzyme inhibitor,  ARB  angiotensin receptor blocker,  IUGR  intrauterine growth retardation,  SVR  systemic 
vascular resistance 
  a Food and Drug Administration (FDA) class: A (controlled studies show no risk), B (no evidence of human risk in controlled studies), C (risk can-
not be ruled out), D (positive evidence of risk), X (contraindicated in pregnancy)  
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nancy [ 22 ]. In a study cohort of mainly women with  structural 
heart disease, the recurrence rates of arrhythmias during 
pregnancy or the early postpartum period were elevated to 
44 % in women with sinus rhythm at baseline [ 59 ]. Rhythm 
disturbances included recurrence of supraventricular tachy-
cardia, atrial fi brillation or fl utter, and ventricular tachycar-
dia. Adverse fetal events were noted more commonly in 
women who developed antepartum arrhythmias compared to 
those that did not. Episodes of sustained tachyarrhythmia 
may not be well tolerated and can cause fetal and placental 
hypoperfusion. Table  31.6  summarizes the management of 
arrhythmias during pregnancy.

      Atrial Flutter and Atrial Fibrillation 
 Atrial fl utter and atrial fi brillation are considered uncommon 
in pregnancy unless structural heart disease or hyperthyroid-
ism is present. A rapid ventricular response can result in 
hypotension and hemodynamic instability which can cause 
fetal and placental hypoperfusion. Therefore, in patients 
with hemodynamic instability, prompt electrical cardiover-
sion is usually required to prevent further detrimental hemo-
dynamic consequences to the fetus and mother. 

 In hemodynamically stable patients with structurally 
 normal hearts, pharmacologic termination of atrial fl utter or 
atrial fi brillation can be considered. In such cases, intrave-
nous ibutilide or fl ecainide have been shown to be effective 
in pregnancy in a limited case series [ 60 ]. Amiodarone is 
not recommended as a frontline agent due to its toxic 
effects on the fetus. Rate control with atrioventricular nodal 
blocking agents such as digoxin, beta-blocking agents, 
and non- dihydropyridine calcium channel blockers 

 (verapamil,  diltiazem) can be considered. Beta-blockers are 
recommended as the fi rst-line agent, with calcium blockers 
as  second-line agents (see Table  31.6 ) [ 17 ]. 

 Indications for anticoagulation in the setting of cardiover-
sion and for chronic thromboembolic prophylaxis follow the 
same recommendations for nonpregnant patients [ 61 ]. A 
decision regarding long-term anticoagulation in pregnancy 
would be assessed using established criteria, with either the 
CHADS2 or CHA 2 DS 2 VASc scores. Patients with a risk 
score of ≥2 are at elevated risk for thromboembolic 
events and full-dose anticoagulation with warfarin or low 
molecular weight heparin can be considered. The choice of 
anticoagulant is based on the stage of the pregnancy [ 62 ]. 
Subcutaneous low molecular weight heparin is used in the 
fi rst trimester and the last month of pregnancy and must be 
dose-adjusted for body weight which often changes as preg-
nancy advances. Warfarin can be used for the second trimes-
ter without teratogenic effects on the fetus, but bleeding risks 
remain.    

    Labor and Delivery 

 A multidisciplinary approach is critical for the optimal 
 management of patients at the time of labor and delivery 
[ 16 ]. Consultation among the patient’s obstetrician, obstetri-
cal anesthesiologist, and cardiologist is required by the onset 
of the third trimester with a clear understanding from the 
patient regarding the delivery plan. The decision regarding 
the timing and mode of delivery is made based on the hemo-
dynamic status of the patient and obstetrical considerations 
[ 16 ]. Early delivery is not required in all patients with cardio-
myopathies or heart failure; the decision is based on failure 
of the patient to respond to medical therapy and the overall 
hemodynamic status of the patient. Virtually all pregnant 
women with cardiac disease should expect an attempt at vag-
inal delivery, now considered a class I recommendation by 
the ESC guidelines on the management of pregnant women 
with heart disease [ 17 ], unless obstetric contraindications 
exist. A vaginal delivery often poses less hemodynamic risk, 
as Cesarean delivery is accompanied by approximately twice 
as much blood loss. Recommendations for the peripartum 
obstetric management of women with heart disease have tra-
ditionally included vaginal delivery unless the patient is 
unstable or obstetric indications exist, early induction of 
labor, shortening of the second stage of labor during vaginal 
delivery, and a low threshold for elective Cesarean section. 
However, a recent single center study using logistic regres-
sion and propensity matching compared women with heart 
disease to those without and demonstrated that women with 
heart disease were more likely to undergo induction of labor 
at term for logistic reasons rather than for the indication of 
maternal heart disease [ 63 ]. Assisted vaginal deliveries were 
more common, but the rates of Cesarean sections were the 

    Table 31.6    Management of arrhythmias during pregnancy   

  Management of supraventricular tachycardia (SVT)  
 For acute conversion of SVT, vagal maneuvers followed by 
adenosine (class I) 
 Immediate electrical cardioversion is recommended for any 
tachyarrhythmia with hemodynamic instability (class I) 
 For long-term management of SVT, digoxin or metoprolol/
propranolol (class I) 
 Atenolol should not be used for any arrhythmia (class III) a  
  Management of ventricular tachycardia (VT)  
 For the long-term management of congenital long QT syndrome, 
beta-blocking agents are recommended during pregnancy and 
postpartum (class I) 
 For the long-term management of idiopathic sustained VT, oral 
metoprolol, propranolol, or verapamil is recommended (class I) 
 Immediate electrical cardioversion of VT is recommended for 
sustained, unstable, and stable VT (class I) 

  Adapted with permission from Regitz-Zagrosek et al. [ 17 ] 
 Classes I–III refer to European Society of Cardiology (ESC) classes of 
recommendation based on level of evidence and the strength of recom-
mendation (REF) 
  a Atenolol is considered Food and Drug Administration (FDA) class D, 
due to hypospadias (fi rst trimester), low birth weight, bradycardia, and 
hypoglycemia in the fetus (second and third trimester)  
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same in both groups. Invasive cardiac monitoring was rarely 
used. Adverse maternal cardiac events were rare (2 % of 
pregnancies). A less aggressive approach may be used in the 
future, but more data are required. In contrast, in the European 
Registry on Pregnancy and Heart disease (ROPAC), 41 % of 
patients underwent Cesarean section, compared with 23 % of 
the general population studied [ 8 ]. Assisted vaginal delivery 
was performed commonly in 32 % of the vaginal deliveries. 
In a study of dilated cardiomyopathy patients, most deliver-
ies were vaginal (81 %), and the most frequently used form 
of anesthesia was epidural in 86 % of patients [ 9 ]. Indications 
for Cesarean delivery were unrelated to preexisting cardiac 
disease in any one of these patients. Anesthetic consider-
ations in pregnant women with chronic or new onset heart 
failure require a specialized approach and, when possible, 
should be planned in the antepartum period. These are 
reviewed in Tables  31.7  and  31.8 .

   Table 31.7    Management during labor and delivery and postpartum 
concerns   

 Multidisciplinary approach required 
 Use of vaginal delivery with excellent anesthesia, possibly with 
assisted second stage of labor 
 Left lateral decubitus position 
 Cesarean section – according to obstetric indications 
 Medical therapy – optimization of loading conditions 
  Anesthetic choices for labor and delivery in the setting of heart 
failure  
 General anesthesia 
   Volatile agents (sevofl urane, isofl urance, desfl urane) can decrease 

SVR 
  Reserved for emergency situations 
  Rapid sequence induction can lead to cardiovascular instability 
  Mortality is highest at the time of induction and intubation 
 Regional anesthesia 
  Includes spinal, epidural, or combined spinal-epidural 
   Technique of choice in patients with heart failure and pregnancy 

for delivery 
   Offers afterload reduction and blunts hemodynamic response of 

labor and delivery 
   Low concentration of bupivacaine and lipophilic opiates allow for 

hemodynamic stability 
 Sedation 
  Can accompany regional techniques if needed 
   Agents such as propofol, midazolam, and fentanyl have been used 

without fetal issues 
  Aspiration risk exists 
  Postpartum concerns  
 Medical therapy to optimize loading conditions (treatment of 
pulmonary edema) 
 Hemodynamic and telemetry monitoring for 12–24 h 
 Consider options for contraception or sterilization 

  Adapted with permission from Stergiopoulos et al. [ 16 ] 
  SVR  systemic vascular resistance  

   Table 31.8    Summary of guideline recommendations   

 Recommendations  Class (level) a  

 Prepregnancy risk assessment and 
counseling are indicated in all women with 
known or suspected congenital or acquired 
cardiovascular and aortic disease 

 I (C) 

 Vaginal delivery is recommended as fi rst 
choice in most patients 

 I (C) 

 Women with dilated cardiomyopathy should 
be informed about the risk of deterioration 
of the condition during pregnancy and 
thereafter 

 I (C) 

 Women with heart failure during pregnancy 
should be treated according to current 
guidelines for nonpregnant patients, except 
for those medications that are 
contraindicated 

 I (B) 

 Beta-blockers can be considered for all 
patients with hypertrophic cardiomyopathy 

 II (C) 

 Subsequent pregnancy is not recommended 
if LVEF does not normalize in women with 
a history of peripartum cardiomyopathy 

 III (C) 

  Adapted from Regitz-Zagrosek et al. [ 17 ] 
  LVEF  left ventricular ejection fraction 
  a Class of recommendation and level of evidence  

 Key Points 

•     Women with cardiomyopathy are at risk for 
 complications during and after pregnancy if they 
are unable to adapt to the hemodynamic changes of 
pregnancy.  

•   A diverse set of potential etiologies of cardiomy-
opathy exist for women of childbearing age.  

•   Pregnancy risk can be estimated.  
•   Pregnancy in women with a cardiomyopathy and 

left ventricular ejection fraction of <30 % is 
 classifi ed as World Health Organization class IV 
and is therefore contraindicated.  

•   Potential complications include arrhythmias, 
thromboembolism, heart failure, worsening left 
ventricular systolic function, and cardiac death.  

•   Most women with hypertrophic cardiomyopathy 
tolerate pregnancy well, except symptomatic 
patients prior to pregnancy and those with a high 
left ventricular outfl ow tract gradient.  

•   Women with a history of peripartum cardiomyopa-
thy and any residual impairment of left ventricular 
systolic function are considered WHO class IV.  

•   A multidisciplinary approach is critical to the 
 optimal management of patients at the time of labor 
and delivery.    
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        Introduction 

 Many women with valvular heart disease are of  childbearing 
age and will want to become pregnant or will present for care 
already pregnant. In some cases, underlying valve disease 
will substantially complicate pregnancy and increase the risk 
for adverse outcomes for the mother and fetus. This chap-
ter will discuss the hemodynamic changes of pregnancy, the 
outcomes of pregnancy with specifi c valve lesions, and the 
role of preconceptual counseling.  

    Hemodynamics of Pregnancy 

 The hemodynamic changes during pregnancy may worsen 
the hemodynamics of underlying valvular disease resulting 
in adverse outcomes for the mother and fetus. It is important 
to understand the hemodynamic changes of both pregnancy 
and delivery when counseling and managing women with 
valvular heart disease. As the changes during pregnancy are 
quite different than those during delivery, some patients may 
do well during pregnancy but have signifi cant cardiovascular 
symptoms during delivery or in the fi rst 24–48 h postpartum. 

 During pregnancy, cardiac output steadily increases by up 
to 50 % of baseline values. The increase in cardiac output is 
achieved by an increase in heart rate of up to 20 % and an 
increase in blood volume of up to 50 % that results in 
increased preload [ 1 ]. The increase in blood volume does not 
have a similar increase in red cell mass; therefore, there is a 
relative anemia of pregnancy that may further drive the 
increased cardiac output. The relative anemia is blunted 
by iron supplementation. The placenta is a low-resistance 
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vascular bed which contributes to decreasing systemic vas-
cular resistance (SVR) through the course of pregnancy. The 
systemic blood pressure may be somewhat lower or may stay 
the same, depending on the relative balance of low SVR and 
increased cardiac output. Pulmonary artery pressures gener-
ally remain unchanged during pregnancy and delivery unless 
a disease process is present that causes increased pulmonary 
vascular resistance and pulmonary pressures. Systemic 
venous return may be impaired in later pregnancy by the 
gravid uterus which can compress the inferior vena cava 
when the patient is supine. Therefore, for signifi cantly 
preload- dependent valve lesions, the left lateral decubitus 
position may be better tolerated. 

 During delivery, anxiety and pain contribute to marked 
increases in heart rate and blood pressure [ 2 ]. Uterine con-
tractions result in an increase in venous return during the 
contraction which diminishes between contractions. Once 
the placenta is delivered, the SVR rises abruptly and there is 
an immediate return of up to 500 ml of blood back into the 
maternal circulation. The combination may raise left ven-
tricular end-diastolic pressures and precipitate pulmonary 
edema. Over the fi rst 2 weeks after delivery, extravascular 
volume is redistributed to the circulation which may result in 
additional volume. 

 In addition to the hemodynamic changes during preg-
nancy and delivery, there are changes to connective tissues 
necessary to facilitate delivery through an otherwise rigid 
pelvis. The impact of changing levels of matrix metallopro-
teinases and fi brinogen necessary for pelvic relaxation is sys-
temic and can affect the aorta and other large arteries. Thus, 
for patients at risk for aortic dissection or rupture, pregnancy 
and the puerperium pose a particularly high-risk time due to 
hemodynamic and connective tissue changes [ 3 ,  4 ]. 

 The hemodynamic changes of pregnancy are variably tol-
erated by women with valvular disease, depending on the 
nature and severity of the valve dysfunction. In general, 
patients with regurgitant lesions tolerate pregnancy well due 
to the decreased SVR. However, delivery itself, with the 
abrupt increases in vascular resistance and blood pressure, 
may be poorly tolerated in those with substantial regurgita-
tion, especially if there is left ventricular (LV) dysfunction. 

 Alternatively, patients with stenotic lesions may tolerate 
pregnancy poorly due to the rise in cardiac output, blood vol-
ume, heart rate, and the relative anemia. The decrease in 
SVR and blood pressure may not be readily overcome in the 
face of severe LV obstructive lesions, particularly aortic ste-
nosis. Delivery may be diffi cult because of the further 
increase in heart rate and blood pressure. Mixed lesions can 
be particularly diffi cult to predict; patients with signifi cant 
mixed stenosis and regurgitation may tolerate pregnancy 
more poorly than similar degrees of isolated stenosis or 
regurgitation. 

    Physical Exam 

 On exam, systolic murmurs are heard in 80 % of pregnant 
women. These are generally fl ow murmurs, grades 1–2, and 
heard along the sternal borders. They may represent 
increased blood fl ow through the pulmonary artery and 
aorta, but are not refl ective of pathologic changes. However, 
as in nonpregnant patients, any murmur that is loud (grade 
3/6 or greater), any diastolic murmur, or any murmur with 
radiation patterns typical of signifi cant valve dysfunction 
(carotids, apex, back) warrants further evaluation [ 5 ]. Lower 
extremity edema is common, but should not be severe in a 
normal pregnancy. Attention should be paid to the jugular 
venous pressure (JVP) and lung exam, as evidence of ele-
vated JVP or pulmonary crackles are not typical of normal 
pregnancy.   

    Specifi c Valve Lesions 

    Aortic Stenosis 

 Most women of childbearing age with aortic stenosis have 
congenital aortic stenosis. Like other stenotic lesions, aortic 
valve gradients predictably rise during pregnancy due to 
increased transvalvular fl ow associated with the increased 
cardiac output and plasma volume seen during pregnancy. 
Cardiac output and stroke volume reach a peak by approxi-
mately 20 weeks of gestation and then plateau [ 6 ]. Although 
peak and mean gradients increase during pregnancy, valve 
area remains stable when calculated according to the conti-
nuity equation [ 7 ,  8 ]. Furthermore, women with aortic steno-
sis may have LV hypertrophy and reduced compliance [ 9 ] 
which can manifest as heart failure when intravascular vol-
ume and preload increase. 

    Maternal Risk 
 Although severe aortic stenosis is considered to be a high- 
risk lesion in pregnancy, mild-to-moderate aortic stenosis is 
well tolerated during pregnancy [ 8 ,  10 ]. However, because 
early series reported high maternal mortality in pregnant 
women with aortic stenosis [ 11 ], current guidelines recom-
mend that women with severe or symptomatic aortic stenosis 
be advised to avoid pregnancy until the aortic stenosis is 
treated [ 12 ]. 

 Women with more severe aortic stenosis are more 
likely to have adverse cardiovascular events during preg-
nancy [ 10 ,  13 ]. Women with mild or moderate stenosis 
(valve area >1.0 cm 2  and peak gradient <64 mmHg) rarely 
have life-threatening maternal cardiovascular complica-
tions during pregnancy [ 8 ]. However, approximately 
10–15 % of women with severe aortic stenosis develop 
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cardiac complications during pregnancy. The most com-
mon events are heart failure requiring diuretics (~7 %) or 
maternal arrhythmia (~3 %) [ 14 ]. Death remains very rare 
in modern series [ 8 ,  15 ,  16 ]. Nonetheless, when compared 
to other forms of congenital heart disease, congenital aor-
tic stenosis remains a high-risk lesion, and many women 
will increase one New York Heart Association (NYHA) 
class during the course of pregnancy [ 16 ,  17 ]. Women 
who are symptomatic prior to pregnancy remain at very 
high risk and should be counseled against pregnancy until 
the obstruction is relieved. 

 There is some data to suggest that pregnancy may acceler-
ate the need for aortic valve intervention late postpartum 
when compared with similar women who do not become 
pregnant [ 18 ]. However, as pregnancy is not known to affect 
aortic valve area or left ventricular function [ 8 ,  19 ], these 
data should be interpreted cautiously until they are 
confi rmed. 

 Patients with bicuspid aortic valve have an intrinsic aor-
topathy which predisposes to dilation and dissection. 
Bicuspid aortic valve has been associated with dissections in 
pregnancy, and the risk appears to be greatest in women with 
an ascending aortic diameter >4 cm prior to pregnancy, with 
an average diameter at the time of dissection of 5.3 cm [ 20 , 
 21 ]. However, given the high prevalence of bicuspid aortic 
valve in the general population and the rarity of dissection, 
the risk of dissection in women without substantial aortic 
dilation may not be as high as previously suspected and may, 
in part, be driven by selective reporting [ 21 ,  22 ]. Pregnancy 
in women with a bicuspid aortic valve and aortic diameters 
below or near 4 cm is probably not a major risk for 
dissection.  

    Fetal and Neonatal Risk 
 Severe aortic stenosis is a risk factor for adverse fetal and 
neonatal outcomes [ 10 ,  17 ]. Approximately 10–15 % of such 
pregnancies are associated with adverse fetal events, mostly 
premature delivery, small for gestational age, or respiratory 
distress syndrome [ 8 ,  14 ]. Not all authors have found an 
association between isolated aortic stenosis and adverse fetal 
and neonatal outcomes, however [ 16 ]. 

 Some families with bicuspid aortic valve have an autoso-
mal dominant pattern of inheritance with variable penetrance 
[ 23 ,  24 ] so recurrence in offspring is frequent.  

    Evaluation and Treatment 
 Echocardiography should be performed preconception, 
whenever possible [ 12 ]. B-type natriuretic peptide (BNP) 
can be helpful in managing aortic stenosis [ 25 – 27 ]. BNP 
 levels behave similarly in pregnant and nonpregnant women 
[ 28 ]. Serial echocardiography will reliably demonstrate an 
increased transvalvular gradient during pregnancy. The 

development of LV systolic dysfunction or pulmonary hyper-
tension is a cause for concern. 

 If symptoms develop during pregnancy, bed rest and 
diuretics are the mainstays of therapy. Inpatient diuresis 
and hemodynamic monitoring may be required. Balloon 
aortic valvuloplasty and aortic valve replacements have 
been performed in pregnant women with severe symptom-
atic aortic stenosis but present considerable fetal risk and 
are discussed in more detail elsewhere in this chapter 
[ 29 – 31 ].   

    Aortic Regurgitation 

 In women of childbearing age, aortic regurgitation is usually 
a result unicommissural or bicommissural aortic valve, prior 
intervention for aortic stenosis, prior endocarditis, or aortic 
root dilation from an intrinsic aortopathy. 

    Maternal Risk 
 Asymptomatic aortic regurgitation is generally well toler-
ated in pregnancy [ 16 ]. Chronic aortic regurgitation is char-
acterized by high preload and high afterload. During 
pregnancy, preload increases but afterload falls [ 32 ] and 
diastole shortens due to tachycardia. This combination of 
decreased afterload and tachycardia could theoretically 
decrease aortic regurgitation [ 33 ] although this has not been 
rigorously demonstrated. 

 Patients with severe aortic regurgitation and depressed LV 
systolic function are more likely to develop heart failure or 
worsening of ejection fraction during surgery [ 34 ]. These 
patients meet established guideline criteria for aortic valve 
replacement [ 12 ] which should be performed prior to preg-
nancy. Patients with aortic regurgitation secondary to signifi -
cant root dilation are at risk of dissection during pregnancy, 
particularly if the aortic diameter is >4 cm.  

    Fetal Risk 
 It does not appear that stable, asymptomatic aortic regurgita-
tion with preserved LV systolic function increases obstetric 
or neonatal complications, although the number of women 
studied is relatively small [ 16 ].  

    Evaluation and Treatment 
 Bed rest and diuretic therapy should be used for symptom-
atic patients. Systemic vasodilators have been used with 
variable success in chronic aortic regurgitation in nonpreg-
nant women. Notably, angiotensin-converting enzymes 
(ACE) inhibitors are contraindicated due to teratogenicity. 
Nifedipine has been used safely in pregnancy for other indi-
cations but has not been studied in the setting of aortic regur-
gitation in pregnancy [ 35 ].   
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    Mitral Stenosis 

 Mitral stenosis in pregnancy is usually rheumatic in origin 
and is often diagnosed when a previously healthy woman 
develops heart failure in pregnancy. 

    Maternal Risk 
 Moderate or severe mitral stenosis is poorly tolerated during 
pregnancy and typically presents in the second trimester. The 
mitral valve gradient increases due to increased intravascular 
volume and increased cardiac output. Tachycardia preferen-
tially shortens diastole which increases the transvalvular 
fl ow rate and further worsens the gradient across the mitral 
valve. High mitral valve gradients obligate left atrial hyper-
tension, precipitate pulmonary edema, and may cause atrial 
fi brillation which can further increase heart rate and worsen 
pulmonary venous congestion and pulmonary edema. 

 The majority of women with moderate or severe mitral 
stenosis have a functional decline during pregnancy [ 10 ,  36 ]. 
Approximately 50 % of women with signifi cant mitral steno-
sis will increase more than one NYHA functional class, a 
signifi cantly worse outcome than is seen in other forms of 
valve disease. Approximately 75 % of women with signifi -
cant mitral stenosis will be hospitalized during pregnancy, 
and most will require cardiac medications, mostly diuretics 
and beta-blockers. Women with a history of symptomatic 
mitral stenosis or associated pulmonary hypertension are at 
increased risk [ 10 ]. Maternal mortality is very rare.  

    Fetal Risk 
 Adverse fetal or neonatal risks complicate approximately 
30 % of pregnancies in women with mitral stenosis. Adverse 
outcomes are more likely with more severe valve disease. 
Prematurity, small for gestational age, low birth weight, and 
respiratory distress syndrome are the most common compli-
cations [ 10 ,  36 ].  

    Evaluation and Treatment 
 An electrocardiogram should be performed to evaluate for 
atrial fi brillation and determine the possible need for antico-
agulation during pregnancy. Echocardiography remains the 
gold standard for evaluation of mitral stenosis. The echocar-
diogram should determine the mitral valve morphology 
including the degree of leafl et thickening, presence and sym-
metry of commissural fusion, degree of valve calcifi cation, 
and involvement of subvalvular shortening and thickening. 
Mitral regurgitation should also be graded and rheumatic 
involvement of other valves should be evaluated. The pres-
ence of associated pulmonary hypertension is important to 
determine as patients with pulmonary hypertension have 
worse outcomes [ 10 ]. 

 It is reasonable to obtain an echocardiogram each trimester 
or if the patient develops a signifi cant change in symptoms. 

During pregnancy the mitral valve gradient increases, as 
described above. However, the mitral valve area as determined 
by the pressure-half-time method or by planimetry should 
remain stable through pregnancy [ 36 ]. 

 Brain-type natriuretic peptide (BNP) levels correspond 
with the severity of mitral stenosis [ 37 ,  38 ] and can be useful 
to trend during pregnancy, particularly if signs and symp-
toms remain ambiguous. Healthy women without heart dis-
ease have stable and low levels of BNP throughout pregnancy 
[ 39 ]. If BNP remains low, this is reassuring. Conversely an 
elevated BNP in this population is associated with worse out-
comes [ 40 ]. 

 The mainstay of therapy is restricted activity, diuretics, 
and beta-blockers. Beta-blockers slow the heart rate and 
decrease mitral valve gradient. Diuretics provide relief of 
pulmonary congestion. The metabolism of metoprolol is 
often upregulated during pregnancy requiring higher doses. 
Thus, the dose should be titrated to clinical effect [ 41 ]. If 
atrial fi brillation develops, digoxin can be useful for 
 additional rate control, and anticoagulation should be 
strongly considered. 

 Severe symptomatic mitral stenosis refractory to conser-
vative medical therapy may require intervention during 
pregnancy. Patients with suitable valve morphology may be 
considered for balloon mitral valvuloplasty. Optimal timing 
is between 14 and 22 weeks in order to avoid radiation 
exposure during organogenesis. Balloon mitral valvulo-
plasty has been performed extensively during pregnancy 
with good maternal and fetal outcomes. Maternal mortality 
is <1 % and fetal demise is rare [ 42 ]. Radiation dose should 
be minimized but is generally considered safe if kept under 
5 rads. If >10 rads of exposure takes place, consideration 
should be given to termination due to high rates of teratoge-
nicity, central nervous system abnormalities, or increased 
risk of childhood leukemias [ 43 ]. Transesophageal echocar-
diography can be used to minimize fl uoroscopy time [ 44 ]. 
Acutely, left atrial pressure acutely decreases on average by 
13 mmHg, valve area increases, and pulmonary pressures 
normalize in most patients [ 42 ,  45 ]. If the patient is not a 
candidate for balloon mitral valvuloplasty, surgical com-
missurotomy or mitral valve replacement can be consid-
ered. As discussed elsewhere, the risk of fetal demise 
remains high (>10 %) when cardiopulmonary bypass is 
used in pregnancy [ 31 ,  44 ,  46 ]. 

 Women with mitral stenosis are at high risk for pulmonary 
edema in the peripartum and immediate postpartum period. 
Pain and stress associated with labor precipitate tachycar-
dia. Beta-blockers and adequate analgesia and anesthesia 
can mitigate this. Often an arterial catheter is placed for 
hemodynamic monitoring, particularly if intravenous beta-
blockers are used. Pulmonary artery catheters have been 
used in severe pulmonary edema in order to guide therapy 
but are less frequently used in the contemporary era. At the 
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time of delivery, afterload and intravascular volume abruptly 
rise which can lead to acute pulmonary edema. Aggressive 
diuresis (>200 cc/h) in the immediate postpartum period is 
often required, and regular clinical evaluations for the fi rst 
48 h postpartum are required to monitor for decompensation.   

    Mitral Regurgitation 

 The most common etiologies of mitral regurgitation in preg-
nancy are prior endocarditis, myxomatous degeneration, 
rheumatic disease, and mitral valve prolapse. 

    Maternal Risk 
 Mild and moderate mitral regurgitation are usually well tol-
erated during pregnancy because the decrease of SVR in 
pregnancy decreases the severity of the mitral regurgitation. 
Severe mitral regurgitation can lead to pulmonary conges-
tion, particularly in the second and third trimesters [ 16 ,  34 ]. 
Supraventricular arrhythmias can also precipitate deteriora-
tion, usually in the second and third trimesters. Women with 
atrial arrhythmias, reduced LV systolic function, and prior 
symptomatic heart failure are at highest risk.  

    Fetal Risk 
 Fetal risk is elevated in women with symptoms of heart fail-
ure, arrhythmias, or decreased LV systolic function. In well- 
compensated patients, fetal risk does not appear markedly 
elevated [ 16 ].  

    Evaluation and Treatment 
 Prepregnancy echocardiography should be used to grade the 
severity of regurgitation, evaluate for associated pulmonary 
hypertension, and exclude LV systolic dysfunction. Patients 
with pulmonary hypertension or reduced LV ejection frac-
tion should be referred for valve surgery prior to pregnancy 
[ 12 ]. During pregnancy, the severity of mitral regurgitation 
does not change markedly and LV function generally remains 
stable [ 34 ]. Diuretics and activity restriction are the main-
stays of therapy for mitral regurgitation during pregnancy.   

    Pulmonic Regurgitation 

 Pulmonic regurgitation in pregnancy is usually secondary to 
prior palliation for pulmonic stenosis or tetralogy of Fallot. In 
these instances, pulmonary regurgitation is usually severe and 
present since infancy; right ventricular dilation is common. 

    Maternal Risk 
 Pregnancy is well tolerated in most women with pulmonary 
regurgitation. In the largest series of women undergoing 
pregnancy with pulmonary regurgitation, there were no 

deaths. Supraventricular tachycardia was the most frequent 
complication, affecting 2–6 % of women, but may be less 
common in women who are treated with adequate doses of 
diuretics [ 47 ]. Women with more severe pulmonary regur-
gitation seem to be at greatest risk for the development of 
right heart failure [ 13 ,  17 ,  47 – 49 ], and right heart failure is 
more common in those with preexisting right ventricular 
systolic dysfunction [ 13 ]. However, symptomatic right 
heart failure is usually effectively treated with diuretics and 
long-term sequelae are uncommon. Residual anatomic 
defects associated with the original congenital heart lesion, 
such as peripheral pulmonary artery stenosis or LV systolic 
dysfunction, also increase the risk of adverse maternal out-
comes [ 47 ].  

    Fetal Risk 
 Fetal risk is not well defi ned in this population but appears to 
be low. Depending on the underlying congenital heart defect, 
there may be considerable (>5 %) risk of inheritance. A 
22q11.2 microdeletion (DiGeorge syndrome) is found in 
approximately 6 % of patients with tetralogy of Fallot and 
may be diffi cult to diagnose clinically [ 50 ,  51 ]. Inheritance is 
50 %. Fluorescence in situ hybridization (FISH) testing for 
22q11.2 microdeletion is clinically available and should be 
discussed with women with tetralogy of Fallot as part of their 
preconception counseling.  

   Evaluation and Treatment 
 Because adverse maternal outcomes are closely linked to 
associated anatomic defects such as LV systolic dysfunc-
tion, peripheral pulmonary stenosis, and pulmonary hyper-
tension, the preconception echocardiogram should look for 
these fi ndings and, when possible, be performed at a center 
with expertise in congenital heart disease [ 52 ]. Volume sta-
tus should be monitored at each clinic visit, and diuretics 
should be used to treat signs of right heart failure. During 
normal pregnancy intravascular volume increases, and a 
right ventricular heave, elevated JVP, and lower extremity 
edema are common which can lead to the erroneous diagno-
sis of right heart failure in the compensated patient [ 43 ]. 
BNP can help guide therapy when physical fi ndings are 
ambiguous [ 38 ,  39 ,  53 ].   

    Pulmonic Stenosis 

 Pulmonic stenosis in pregnant women is congenital or 
postoperative. 

   Maternal Risk 
 In one large series of 60 women with pulmonary stenosis 
undergoing pregnancy, approximately 40 % had been previ-
ously repaired and had residual pulmonic stenosis. There were 
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no adverse maternal events [ 17 ]. This excellent  outcome was 
confi rmed in subsequent series [ 16 ,  47 ]. However, one large 
study demonstrated a 15 % incidence of hypertension- related 
disorders of pregnancy (pregnancy- induced hypertension, 
preeclampsia, eclampsia) which is higher than the 8 % seen in 
the general population. Thromboembolic complications were 
also higher than expected (~2 %) [ 54 ]. These fi ndings are lim-
ited by study design and require further validation.  

   Fetal Risk 
 As in other valvular abnormalities, fetal risk is elevated in 
women with heart failure, arrhythmias, or associated pulmo-
nary hypertension. In the absence of these fi ndings, fetal out-
comes are usually good [ 17 ,  34 ]. The risk of miscarriage or 
preterm delivery may be as high as 19 and 16 %, respectively, 
slightly higher than the general population [ 54 ]. The risk of 
congenital heart disease in the offspring of women with iso-
lated pulmonic stenosis is approximately 3 % [ 54 ,  55 ].  

   Evaluation and Management 
 During echocardiography for pulmonic stenosis, it is 
important to distinguish right ventricular systolic pressure 
(calculated from the tricuspid regurgitation jet velocity) 
from pulmonary artery systolic pressure (calculated by 
subtracting maximum pulmonic valve gradient from the 
right ventricular systolic pressure). Pulmonic valve gradi-
ent (and consequently right ventricular systolic pressure) 
increases during pregnancy, but pulmonary pressures 
should remain normal. The rare women who develop right 
heart failure due to pulmonic stenosis should be treated 
with diuretics.    

    Risk Scores 

 Several models have been developed in order to predict 
maternal and neonatal risk (Fig.  32.1 ). These are discussed 
in detail in Chap.   34    . A comparison of the most commonly 
used scoring systems is summarized on Table  32.1 .

        Prosthetic Valves 

 For women who have high-risk or symptomatic valve dis-
ease prior to pregnancy, elective valve replacement or 
repair, if possible, prior to conception is indicated. The 
selection of the appropriate valve type is challenging 
because biologic valves are safer in pregnancy for the 
mother and fetus but have limited life span which requires 
future reoperation [ 56 ,  57 ]. 

    Biologic Valves in Pregnancy 

 The major advantage of biologic valves is their reduced 
thrombogenicity such that they do not require anticoagulation 
during pregnancy and are associated with fewer maternal, 
obstetric, and neonatal complications than mechanical valves. 

 However, biologic valve degeneration is accelerated in 
younger patients [ 57 – 60 ]. As many as 73 % of patients 
younger than 30 years of age have substantial valve deterio-
ration within 10 years compared with only 17 % of patients 
older than 60 years of age [ 61 ]. This means that women with 
biologic valves placed in their 20s or 30s will require several 
valve replacements over their lifetime, and redo operations 
have substantially increased operative mortality [ 59 ]. Newer 
generation bioprosthetic valves are likely more durable than 
older bioprosthetic valves with one author reporting valve 
survival of >90 % at 12 years, even in younger patients [ 62 ], 
but robust confi rmatory data is lacking [ 63 ]. 

 Pericardial valves, autografts, and homgrafts may have 
superior durability in younger patients when compared to 
porcine bioprosthetic valves [ 57 ,  59 ,  64 ]. In young patients 
with aortic valve disease, a Ross procedure places a pulmo-
nary autograft into the aortic position, and a homgraft is 
placed in the pulmonic position. However, patients who 
undergo the Ross procedure are predisposed to degenera-
tion of the neo-pulmonic as well as the neo-aortic valves 
and can be predisposed to neo-aortic root dilation as well. 
There has been enormous variability in the long-term out-
comes of patients who have undergone the Ross procedure, 
and results are highly dependent upon the surgeon and 
institution [ 65 ]. 

 There is confl icting information as to whether pregnancy 
accelerates degeneration of biologic valves [ 66 – 69 ]. Several 
authors have found high rates of valve failure in young 
patients who have become pregnant, but this phenomenon 
may be in part due to the fact that these patients are younger 
which is an established risk factor for biologic valve deterio-
ration. Furthermore, these studies are generally of earlier 
generation biologic valves which are believed to have 
reduced longevity compared with contemporary valves. 
However, several recent studies comparing young women 
with biologic valves who did and did not become pregnant 
did not fi nd any evidence of accelerated valve deterioration 
in the 43 women who became pregnant [ 57 ,  69 ,  70 ]. 

 One option favored by many institutions is to recommend 
a biologic valve during childbearing years which subse-
quently gets changed to a mechanical valve. While this strat-
egy may necessitate an additional operation, that risk is 
partially offset by the lower rate of complications during 
pregnancy.  
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  Fig. 32.1    The modifi ed risk score for cardiac complications during 
completed (20 weeks of gestation) pregnancies in women with con-
genital heart disease (expressed as % of the total number of completed 
pregnancies).  AV  atrioventricular,  AVA  aortic valve area,  LHO  left heart 

obstruction,  NYHA  New York Heart Association,  PG  peak gradient, 
 Pulm  pulmonary,  Syst  systemic (Adapted with permission from 
Drenthen et al. [ 16 ])       

   Table 32.1    Comparison of risk factors for adverse maternal adverse outcomes   

 ACC/AHA guidelines [ 12 ]  Siu et al. [ 17 ]  Drenthen et al. [ 16 ]  Khairy et al. [ 13 ] 

  Study group   599 pregnancies, 224 
women with heart disease 

 1,302 pregnancies in women with 
congenital heart disease 

 90 pregnancies, 54 women 
with congenital heart disease 

  History   Prior cardiac event or 
arrhythmia 

 Prior arrhythmia cardiac 
medication prior to pregnancy 

 Prior history of heart failure, 
smoking history, weight 

  NYHA class   AR, MS, MR with class III–IV 
symptoms 

 NYHA >II or cyanosis  NYHA >2  NYHA ≥2 

  Valve lesion   AS with or without symptoms  Left heart obstruction  ≥Moderate mitral regurgitation  Severe pulmonic regurgitation 
 Mechanical prosthesis  ≥Moderate tricuspid regurgitation 

 Left heart obstruction 
(AVA <1 cm 2 , pressure 
gradient >50 mmHg) 
 Mechanical prosthesis 

  Ejection 
fraction  

 AV or MV disease with 
EF <40 % 

 Systemic ventricular 
dysfunction (EF <40 %) 

 Decreased subpulmonic 
ventricular EF 

   ACC/AHA  American College of Cardiology/American Heart Association,  AR  aortic regurgitation,  MS  mitral stenosis,  MR  mitral regurgitation,  AS  
aortic stenosis,  AV  aortic valve,  MV  mitral valve,  AVA  aortic valve area,  NYHA: NYHA  New York Heart Association,  EF  ejection fraction,  mmHg  
millimeters of mercury  
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    Mechanical Valves in Pregnancy 

 Pregnancy is a hypercoagulable state which increases the 
risk of mechanical valve thrombosis so effective uninter-
rupted anticoagulation is absolutely essential throughout 
[ 71 – 73 ]. Strategies for anticoagulation are discussed 
below. 

   Maternal Complications 
 The maternal complication rate is consistently found to be 
high in women with mechanical valves [ 71 – 76 ]. The throm-
boembolic rate during pregnancy ranges from 2.4 to 10.3 % 
depending on the type of valve and the strategy of anticoagu-
lation used [ 71 ]. With ineffective anticoagulation the throm-
boembolic rate is as high as 60 % [ 74 ]. Even with effective 
anticoagulation, women with mechanical valves are at high 
risk during pregnancy and should be managed by an interdis-
ciplinary team which includes a cardiologist, high-risk 
obstetrician, and an anticoagulation clinic with expertise in 
pregnancy. 

 Maternal mortality rate is ~2.9 % and is usually due to 
thromboembolic complications. Mortality is even higher in 
women with inadequate anticoagulation. The risk of major 
bleeding at the time of delivery is 2.5 %, but others have 
reported rates as high as 10 % [ 74 ,  77 ]. The presence of a 
mechanical valve increases maternal risk 75-fold [ 16 ].  

   Fetal Complications 
 The rate of fetal complications is closely linked to the strat-
egy of anticoagulation used during pregnancy and is dis-
cussed in more detail below. In women with mechanical 
valves, the overall rate of spontaneous abortion is approxi-
mately 25 %, and the rate of congenital fetal anomalies is 
approximately 3.5 % and is substantially higher in women 
who take warfarin during the fi rst trimester [ 74 ].   

    Anticoagulation for Mechanical Valves 
in Pregnancy 

 The most important consideration when selecting an antico-
agulation regimen during pregnancy is to ensure therapeutic 
uninterrupted anticoagulation. There is no universally 
accepted anticoagulation strategy as maternal risk needs to 
be balanced against fetal risk. Each anticoagulation strategy 
has signifi cant limitations and challenges. Therefore, the 
appropriate strategy needs to be individualized and thor-
oughly discussed with the patient. Women at the highest risk 
for thromboembolic complications (those with older genera-
tion mechanical atrioventricular valve, prior thromboem-
bolic complication, multiple mechanical valves, or atrial 
fi brillation and a mechanical valve) may require more inten-
sive anticoagulation which increases fetal risk and the risk of 

maternal hemorrhage. The most comprehensive guidelines 
for anticoagulation during pregnancy are provided by the 
American College of Chest Physicians in 2012, and treat-
ment options are summarized in Table  32.2  [ 78 ].
•      Warfarin throughout pregnancy : The use of warfarin 

throughout pregnancy is associated with the lowest rate of 
maternal thromboembolism but the highest rate of fetal 
malformation. For most women, the risk of fetal compli-
cations makes uninterrupted warfarin an unappealing 
choice. It may be a reasonable option for women at the 
highest risk of thromboembolic complication after careful 
discussion with the patient and obstetrician. Women 
should be transitioned to a shorter-acting agent (dose- 
adjusted low molecular weight heparin or dose-adjusted 
unfractionated heparin) at week 35 to avoid labor while 
on warfarin which increases maternal and fetal 
 hemorrhagic complications. The rate of maternal throm-
boembolism is as low as 3.9 % in women treated with 
uninterrupted warfarin, a signifi cantly lower rate than is 
seen in other strategies of anticoagulation during preg-
nancy [ 74 ,  79 ].For women at highest risk of thrombotic 
complication, low-dose aspirin can be added [ 78 ]. The 
overall risk of warfarin embryopathy (midfacial hypopla-
sia, skeletal anomalies, central nervous system abnormal-
ities, and developmental delay) among women treated 
with warfarin during the fi rst trimester ranges from 3.7 to 
7.3 % in two large systematic reviews [ 74 ,  78 ,  80 ]. Some 
authors believe the rate is even higher [ 59 ]. Warfarin 
embryopathy appears to be restricted to women who take 
warfarin during the fi rst trimester. The rate of warfarin 
embryopathy is dose related and is lower in women who 
require less than 5 mg/day [ 81 ]. The rate of spontaneous 
abortion is also higher in women who take warfarin dur-
ing the fi rst trimester. For many women and providers, the 
risk of teratogenicity is unacceptable and therefore an 
alternative regimen is selected.  

    Table 32.2    Recommended anticoagulant regimens in pregnant women 
with mechanical heart valves [ 78 ]   

 ACCP guidelines. The selection of any of the following regiments is 
acceptable 

 1.  Adjusted-dose bid LMWH throughout pregnancy 
   Doses adjusted to achieve the manufacturer’s peak anti-Xa 

LMWH 4 h postinjection 
 2. Adjusted-dose UFH throughout pregnancy 
   Administered subcutaneously every 12 h in doses adjusted to keep 

the mid-interval aPTT at least twice control or attain an anti-Xa 
heparin level of 0.35–0.70 U/ml 

 3.  UFH or LMWH (as above) until the 13th week, with substitution 
by vitamin K antagonists until close to delivery when UFH or 
LMWH is resumed 

  Modifi ed from Bates et al. [ 78 ] 
  ACCP  American College of Chest Physicians,  LMWH  low molecular 
weight heparin,  UFH  unfractionated heparin,  aPTT  activated partial 
thromboplastin time  
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•    Heparin (either unfractionated or low molecular weight) 
during the fi rst trimester followed by warfarin : Because 
warfarin embryopathy appears to be highest in the fi rst 
trimester, the approach of using heparin during the fi rst 
trimester followed by warfarin has been used. This option 
has lower thrombotic risk than using heparin throughout 
pregnancy [ 74 ] and lower fetal risk than uninterrupted 
warfarin. In order to minimize fetal risk, heparin should 
replace warfarin by week 6. Frequent pregnancy testing is 
reasonable in women taking warfarin so that the transition 
can be made in a timely fashion.
 –    Dose-adjusted low molecular weight heparin (pre-

ferred) or dose-adjusted unfractionated heparin can be 
used in the fi rst trimester. Because dosing can be 
unpredictable in pregnancy, dose adjustment is manda-
tory (see below).  

 –   Unfractionated heparin can be given as a continuous 
infusion or as twice daily subcutaneous dosing.  

 –   While warfarin embryopathy is not common if use is 
restricted to second and third trimester, minor neurode-
velopmental problems may be slightly more common 
in children exposed to warfarin during the later trimes-
ters [ 82 ].  

 –   After 12 weeks the patient is transitioned to warfarin 
until week 35.     

•    Heparin throughout pregnancy:  Patients at lowest risk for 
thromboembolic complications (bileafl et tilting disk in the 
aortic position, no atrial fi brillation or prior thromboem-
bolic complication) may consider a heparin throughout 
pregnancy. Neither unfractionated heparin nor low molec-
ular weight heparin crosses the placenta, and teratogenic-
ity is not increased [ 78 ]. The rate of maternal 
thromboembolic complication is highest in women on 
heparin throughout pregnancy (compared to women who 
take warfarin) and ranges from 8.6 to 15 % [ 74 ,  76 ,  83 ]. 
Careful dose adjustment likely reduces the risk of throm-
boembolic complications. The majority of cases of valve 
thrombosis in women taking low molecular weight heparin 
occur in those receiving a fi xed, weight-based dose [ 83 ].
 –    Fixed, weight-based dosing of either unfractionated hep-

arin or low molecular weight heparin is associated with 
unacceptable levels of thrombosis and is contraindicated 
[ 83 ]. The therapeutic dose often fl uctuates throughout 
pregnancy so regular monitoring is required [ 84 ].  

 –   Unfractionated heparin is associated with higher rates 
of heparin-induced thrombocytopenia and osteoporo-
sis. Continuous infusion is also associated with cathe-
ter complications such as infection or endocarditis.     

•   Fondaparinux, parenteral direct thrombin inhibitors, oral 
direct thrombin inhibitors (dabigatran), and oral anti-Xa 
inhibitors (rivaroxaban, apixaban) should be avoided in 
pregnancy [ 78 ].  

 –    Dose monitoring    See Table  32.2 .        

    Valve Thrombosis in Pregnancy 

 Despite adequate anticoagulation, the risk of valve throm-
bosis is elevated in pregnancy. Valve thrombosis is poten-
tially catastrophic and should be diagnosed quickly. 
Echocardiography, transesophageal echocardiography, and 
fl uoroscopy can all be used to clarify the mechanism of 
valve thrombosis. Surgery has traditionally been the main-
stay of therapy for mechanical valve thrombosis, but throm-
bolytics are used with increasing frequency and may have 
better outcomes in patients with severe symptoms or LV 
dysfunction, particularly if the thrombus is less than 1 cm 
by transesophageal echocardiography [ 85 – 87 ]. There are no 
prospective trials on the use of thrombolytic therapy in preg-
nancy. However, teratogenicity is not described and fetal loss 
is approximately 6 %. Major maternal hemorrhage is com-
mon if delivery is within 24 h of therapy [ 88 ]. 

 For patients who are not candidates for thrombolytic ther-
apy during pregnancy, emergent valve replacement is an 
option. As discussed below, cardiac surgery with cardiopul-
monary bypass carries a high rate of fetal loss [ 88 ].  

    Cardiac Surgery During Pregnancy 

 For women who have symptoms refractory to medical ther-
apy or acute valve dysfunction not amenable to thrombolytic 
therapy, cardiac surgery during pregnancy remains an option. 
Fetal loss rate is approximately 15–30 %. The maternal mor-
tality rate is also high (7–13 %), refl ecting the severity of 
illness in this population [ 31 ,  46 ,  89 ,  90 ]. Higher NYHA 
functional class and emergency surgery are associated with 
worse maternal and fetal outcomes [ 90 ]. The effects of car-
diopulmonary bypass on placental circulation are not well 
defi ned. When feasible, surgery should be avoided during the 
fi rst trimester to avoid teratogenicity. Coordination between 
the obstetrical team and cardiac team is critical. Continuous 
fetal heart monitoring should be performed throughout the 
perioperative period.  

    Labor and Delivery 

 Pregnant women with signifi cant valvular disease should be 
delivered in centers with expertise in their management. The 
optimal care is delivered by a multidisciplinary team of 
obstetricians, cardiologists, and anesthesiologists who can 
anticipate the hemodynamic perturbations of labor and deliv-
ery, treat any that arise, and are prepared for acute deteriora-
tion in the maternal or fetal condition. 

 As a general rule, labor and delivery should be “short and 
pain-free” in women with signifi cant valve disease. Vaginal 
delivery is preferred unless obstetric indications dictate a 
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cesarean section. The only circumstance where guidelines rec-
ommend a cesarean delivery on the basis of maternal heart dis-
ease is for women with Marfan syndrome and aortic dilation. 
The general goal is to allow maternal pushing as long as toler-
ated, but be ready to assist the second stage of labor. Adequate 
treatment of pain and anxiety typically involves an epidural or 
local blocks, in addition to intravenous pain medication or anx-
iolytics as needed. Caution should be taken with those patients 
who may not tolerate the decrease in afterload associated with 
an epidural. Either an alternative approach should be consid-
ered or appropriate medical therapy to support blood pressure 
should be readily available. Anticoagulation may impact the 
ability to perform an epidural, particularly if enoxaparin is 
used on the day prior to delivery. 

 Some patients may benefi t from invasive monitoring dur-
ing pregnancy, such as an arterial line or pulmonary artery 
catheter. One experienced center reported a steady decline 
in their use of invasive monitoring as they gained more 
experience in the delivery of patients with signifi cant heart 
disease [ 91 ].  

    Preconceptual Counseling 

 Ideally, all women with heart disease should receive precon-
ceptual counseling regarding the risks of pregnancy, includ-
ing maternal risk and any anticipated fetal issues, such as 
medication exposure or inheritance of congenital heart dis-
ease. As with the management of these patients, this counsel-
ing is best done by practitioners with expertise, especially in 
patients with signifi cant valve disease. Comprehensive coun-
seling can be provided by either the cardiologist or the obste-
trician expected to care for the patient during pregnancy. 
However, it is ideal for the patient to meet with both the car-
diologist and the obstetrician. In some cases, women with 
mild disease who will likely have a normal pregnancy and 
delivery are under the misconception that they are at increased 
risk. On the other end of the spectrum, some women with 
severe symptomatic valve disease may not understand the 
high-risk nature of pregnancy or the possible need for valve 
intervention prior to any anticipated pregnancy. 

 Preconceptual counseling should take into account the 
patient’s functional status, heart disease history, exam, and 
echocardiographic fi ndings. Some patients may benefi t from 
additional testing, such as other imaging (magnetic reso-
nance imaging or computed tomography) or exercise testing. 
Counseling should include not only an assessment of risk but 
discussion of what can be done to minimize the likelihood of 
complications during pregnancy, how labor and delivery will 
be managed, and what medications may be necessary. Many 
women will be under the assumption that a cesarean section 
is obligatory or that medications cannot be used during preg-
nancy, while others hope for “natural” or even at home deliv-
eries; thus, establishing the patient’s expectations and desires 

is an important part of counseling. Since there is an increased 
risk of fetal congenital heart disease in women with congeni-
tal heart disease, counseling must include assessment of this 
risk. Fetal echocardiography is appropriate for all women 
with congenital heart disease and the role, and limitations of 
fetal echocardiography should be discussed as part of pre-
conceptual counseling. In summary, counseling will be indi-
vidualized, tailored to the patient’s valve disease, severity of 
disease, presence of symptoms, need for medications, and 
desires surrounding pregnancy, labor and delivery, and the 
inheritance patterns of the maternal heart disease (Table  32.3 ). 
For those patients for whom pregnancy isn’t advised, effec-
tive contraception must be addressed and provided. For 
women who meet criteria for valve intervention, either cath-
eter based or surgical, these should be completed prior to 
pregnancy. However, if women are not otherwise in need of 
a valve procedure, it is not generally recommended to pursue 
intervention solely to make pregnancy “safer.”        

   Table 32.3    Key components of preconceptual counseling   

 Accurately identify all relevant lesion 
 Assess symptoms and physical exam 
 Assess functional status 
  Consider exercise testing 
 Address medications 
 Meet with maternal-fetal medicine specialist 
 Discuss recurrence risk 
  Fetal echocardiogram 

 Key Points 

•     The hemodynamic changes of pregnancy are variably 
tolerated by women with valvular disease, depending 
on the nature and severity of the valve dysfunction.  

•   Severe aortic stenosis is considered to be a high-risk 
lesion in pregnancy.  

•   Mitral stenosis in pregnancy is usually rheumatic in 
origin and is often fi rst diagnosed when a previously 
healthy woman develops heart failure in pregnancy.  

•   Moderate or severe mitral stenosis is poorly toler-
ated during pregnancy and typically presents in the 
second trimester. The mitral valve gradient increases 
due to increased intravascular volume, increased 
cardiac output, and tachycardia.  

•   The majority of women with moderate or severe mitral 
stenosis have a functional decline during pregnancy.  

•   Preconceptual counseling should take into account 
the patient’s functional status, heart disease history, 
physical exam, and echocardiographic fi ndings.  

•   For women who have high-risk or symptomatic 
valve disease prior to pregnancy, elective valve 
replacement prior to conception is indicated.    
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        Introduction 

 Peripartum cardiomyopathy (PPCM) is an uncommon but 
increasingly recognized type of cardiomyopathy that 
affects otherwise healthy women during late pregnancy, 
delivery, or afterwards. Heart failure during pregnancy has 
been recognized since the late nineteenth century [ 1 ]. 
Although the medical literature fi rst reported it as a clinical 
entity in 1937 [ 2 ], it was not until 1971 that the term “peri-
partum cardiomyopathy” was proposed by Demakis et al. 
to include the specifi c diagnostic criterion of onset between 
the last month of pregnancy and 5 months following 
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 delivery [ 3 ]. Since that time, diagnostic criteria have 
evolved to include systolic dysfunction (i.e., left ventricu-
lar ejection fraction (LVEF) ≤45 %) and the absence of 
any other identifi able cause of heart failure. PPCM was 
formally defi ned in 2000 by the National Institutes of 
Health [ 4 ]. As our understanding of this uncommon condi-
tion has evolved, so has its defi nition [ 5 ]. Table  33.1  com-
pares the working defi nitions of PPCM.

   While the true incidence of PPCM is unknown, it is likely 
underreported, and large variations by chronological era and 
geographic region exist. Estimates of the incidence of PPCM 
are 1 case for every 2,000–4,000 live births, affecting roughly 
1,000–2,000 women annually in the United States [ 6 ]. The 
rate is reportedly much higher in other countries, such as 
South Africa (1:1,000), Haiti (1:300), or Nigeria (1:100) [ 5 ]. 
PPCM has also been reported in Caucasians, Japanese, 
Chinese, Indians, and Korean women but much less com-
monly in Hispanic women. PPCM is not restricted to any 
particular childbearing age, but in 58 % of cases the age at 
presentation is greater than 30 years [ 7 ]. 

 PPCM currently ranks as one of the leading causes of 
pregnancy-related morbidity and mortality [ 8 ,  9 ] with a high 
rate of relapse with subsequent pregnancies [ 10 ,  11 ]. 
Outcomes with PPCM are highly variable among patients 
with the potential in some for full recovery of LV function. 
Yet, a substantial proportion requires chronic medical ther-
apy and possibly advanced cardiac interventions such as 
mechanical circulatory support or heart transplantation. 
While little is known about morbidity and mortality risks in 
offspring, one population-based cohort study reported that 
neonates born to women with PPCM were more likely to be 
premature, have low or very low birth weight, be small for 
gestational age, and have lower 5-min Apgar scores com-
pared to those born to healthy mothers [ 12 ]. 

 Numerous predisposing factors for PPCM have been 
identifi ed, but few have been validated with large population- 
based studies and the defi nitive etiology remains unclear. 
Risk factors that have been proposed include tocolytic ther-
apy, preeclampsia or toxemia, gestational hypertension, mul-
tiparity and multiple gestation, older age, and non-Caucasian 
ethnicity [ 4 ,  9 ,  13 ]. Although these risk factors have been 

associated with a higher incidence of PPCM, they cannot 
conclusively predict who will or will not develop PPCM. 

 Given that PPCM occurs around a life event that other-
wise should be “normal” and joyful in healthy females, the 
diagnosis can impart substantial hardship on patients and 
their families. The emotional and psychological distress 
PPCM patients endure has not been studied, and it is likely 
that additional social and mental support is required. The 
extent of this assistance is usually proportional to the sever-
ity of illness and the patient’s ability to proceed with usual 
activities of life without undue limiting symptoms.  

    Pathophysiology 

 Despite extensive research on the underlying etiology, to 
date no defi nitive causes have been identifi ed and PPCM 
remains a diagnosis of exclusion. PPCM can be distinguished 
from other forms of cardiomyopathy mostly by its occur-
rence during or around pregnancy. Evidence suggests that 
multiple triggers may initiate the disease, although the patho-
logic process still remains uncertain. 

    Oxidative Stress and Excessive 
Prolactin Production 

 Recent studies point to a mechanistic cascade involving oxi-
dative stress, the prolactin-cleaving protease cathepsin D, and 
the hormone prolactin to explain the pathophysiology of 
PPCM. During pregnancy and delivery, oxidative stress 
appears to trigger cathepsin D expression in cardiomyocytes, 
which cleaves the 23 kDa prolactin into a 16 kDa fragment. 
Expression of 16 kDa prolactin has been found in mice mod-
els (with a cardiac-specifi c deletion for signal transducer and 
activator of transcription-3) to cause vasoconstriction, apop-
tosis, infl ammation, and dissociation of the capillary struc-
tures within the endothelial cells, which can potentially lead 
to damage to or impair metabolism and contractility of car-
diomyocytes [ 14 – 16 ]. This theory is supported by small clin-
ical reports of postpartum women with PPCM responding to 

   Table 33.1    Comparison 
of PPCM defi nitions   

 2000 National Institutes of Health  2010 European Society of Cardiology 

 4 criteria: 
 1.  HF developed within the last month of 

pregnancy or within 5 months of delivery 
 1.  An idiopathic cardiomyopathy presenting with HF 

 2.  Absence of other identifi able etiology of HF  2.  Presenting in the last month of pregnancy or in the 
months following delivery 

 3.  No prior cardiac history  3.  No other cause of HF is found 
 4.  Evidence of left ventricular systolic dysfunction  4.  Diagnosis of exclusion 

 5.  Left ventricular ejection fraction <45 % 

  The ESC defi nition is less strict on the diagnostic time frame and the level of left ventricular dysfunction 
  PPCM  peripartum cardiomyopathy,  HF  heart failure  
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treatment with the dopamine D2 receptor agonist, bromocrip-
tine, which has been shown to reduce secretion of prolactin 
from the posterior pituitary gland [ 15 ,  17 ]. Whereas treat-
ment with bromocriptine prevents the development of PPCM 
in mice models, forced myocardial expression of 16 kDa pro-
lactin results in the cardiac phenotype of PPCM, providing 
additional evidence for this theory of the pathogenesis of 
PPCM [ 17 ].  

    Systemic Infl ammation and Apoptosis 

 Myocardial disruption due to systemic infl ammation and 
apoptosis may also play a role in the pathophysiology of 
PPCM. Serum markers of infl ammatory processes including 
soluble death receptor sFas/Apo-1, C-reactive protein 
(CRP), interferon gamma (IFN-γ), tumor necrosis factor-
alpha (TNF-α), and interleukin-1 and interleukin-6 (IL1 and 
IL6) have all been shown to be elevated in patients with 
PPCM [ 13 ,  18 ,  19 ]. Plasma levels of the apoptosis signaling 
surface receptor Fas/APO-1 not only correlate with the 
severity of LV dysfunction at diagnosis but are also an inde-
pendent predictor of subsequent mortality [ 18 ]. An investi-
gation into the effects of inhibition of TNF-α with 
pentoxifylline in patients with PPCM already receiving opti-
mal medical therapy demonstrated clinical improvement in a 
small nonrandomized study of treated patients ( n  = 30) com-
pared with controls ( n  = 29) [ 20 ]. CRP levels have been 
shown to be positively correlated with LV end-systolic and 
end-diastolic diameters and negatively with EF in 100 
PPCM patients at presentation [ 18 ].  

    Viral Pathology 

 Viral infection in the mother leading to the development of 
myocarditis may be another possible mechanism for cardiac 
dysfunction in PPCM. The identifi cation of viral infection, 
including cardiotropic enteroviruses in PPCM, has been 
reported. However, this data is far from conclusive [ 21 ]. The 
incidence of myocarditis on endomyocardial biopsies ranges 
widely (9–78 %) across studies with small cohorts of PPCM 
patients [ 22 – 25 ].  

    Abnormal Immune Response 

 An abnormal autoimmune response to fetal antigens 
released into the maternal blood has been suggested as a 
possible contributor to the development and progression of 
PPCM [ 26 ]. High titers of autoantibodies against selected 
cardiac tissue proteins have been shown to be present in a 
majority of women with the diagnosis of PPCM [ 27 ]. In a 

larger multicenter international study, Warraich et al. com-
pared IgG profi les against cardiac myosin heavy chain in 
patients with PPCM, idiopathic dilated cardiomyopathy, 
and normal controls [ 28 ]. All IgG subclasses were elevated 
in PPCM compared to idiopathic dilated cardiomyopathy. 
Furthermore, the levels of these antibodies were correlated 
with clinical presentation and New York Heart Association 
(NYHA) functional class.  

    Other Possible Etiologies 

 Other proposed hypotheses to explain PPCM include abnor-
mal hemodynamic response (i.e., increased cardiac demand 
during pregnancy, hypertension), nutritional defi cits (i.e., 
defi ciency of micronutrients such as selenium), or excess 
(i.e., salt) hormonal abnormalities, possible genetic links, 
and other environmental factors [ 4 ,  13 ]. Overall, it seems 
that a multifactorial mechanism may be at play, and further 
investigation is required to determine the extent to which 
these factors may be interlinked to produce the clinical phe-
notype of PPCM.   

    Familial, Heritable, and Genetic 
Associations with PPCM 

 The genetic predisposition to PPCM is poorly understood. In 
fact, both the 2006 American Heart Association (AHA) and 
the 2008 European Society of Cardiology (ESC) classifi ca-
tion systems for cardiomyopathies state that PPCM does not 
have a genetic basis. The AHA classifi cation tree labels 
PPCM as “acquired,” [ 29 ], while the ESC system classifi es 
PPCM as “nonfamilial” [ 30 ]. While the heritable infl uences 
on PPCM have not been studied in depth, limited evidence 
suggests that PPCM does occur within families [ 31 – 34 ]. 

 The clustering of PPCM within similar populations and in 
families leads to the possibility of inherited sources of dis-
ease. The genetic causes for PPCM have only begun to be 
explored with some early evidence of a genetic association 
existing for a few proposed genetic loci. These include loci 
identifi ed through the study of other similar conditions and a 
few genetic variants validated in research studies that specifi -
cally evaluated the genetics of PPCM. 

 Various cardiomyopathies have a genetic basis [ 35 ], and a 
few studies of PPCM have evaluated whether mutations dis-
covered for other cardiomyopathies also lead to PPCM due 
to similar pathophysiology [ 36 ,  37 ]. In one [ 36 ] molecular 
genetic analysis of index cases in fi ve dilated cardiomyopa-
thy families, three PPCM patients showed no mutations in 
the cardiomyopathy genes  LMNA ,  TNNT2 , and  MYH7 , while 
one patient had a  TNNC1  mutation ( Gln50Arg ). The second 
study reported that 45 PPCM cases were found in 42 families 
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with familial cardiomyopathy and that genetic testing of 14 
of the PPCM cases showed mutations in six of the cases, 
including one mutation each in the cardiomyopathy genes 
 MYH7 ,  SCN5A ,  TNNT2 ,  PSEN2 ,  MYBPC3 , and  MYH6  (no 
cardiomyopathy mutations were found in any of the 14 genes 
among 253 controls) [ 37 ]. 

 In the only genome-wide association study of PPCM- 
associated variants to date, more than 500,000 single nucleo-
tide polymorphisms were studied in 41 PPCM cases and 49 
age-discordant (elderly) cardiovascular disease-free patients 
[ 38 ]. One polymorphism (rs258415) on chromosome 12 near 
the  PTHLH  gene was signifi cantly associated with PPCM 
( p  = 2.1 ×10 −8 ) after multiple-testing correction (requiring 
 p  < 9.0 × 10 −8 ). This association was validated when the 41 
cases were compared to a second set of  n  = 654 controls, 
when a separate set of 30 cases were compared to multiple 
sets of controls, and when 29 pregnancy-associated cardio-
myopathy cases were evaluated [ 38 ]. 

 Thus, despite current international consensus statements 
on cardiomyopathies, the etiology of PPCM is, at least in 
part, found in genetic factors. Genetic knowledge about 
PPCM should stimulate improvements in the detection and 
treatment of PPCM.  

    Presentation, Diagnosis, and Management 

 Because PPCM occurs in otherwise healthy females, the 
diagnosis is often missed or comes late when the clinical pre-
sentation of acute heart failure becomes more evident. 
Recognizing heart failure in a pregnant female is often chal-
lenged by differentiating between mild symptoms of a 

 normal pregnancy due to plasma volume expansion versus 
those of the pathologic condition of PPCM [ 4 ]. When symp-
toms appear to be out of proportion to a normal pregnancy, 
PPCM should be suspected and defi nitive evaluation under-
taken so that appropriate treatment may be initiated. There 
are no signs or symptoms specifi c to PPCM. Instead, patients 
typically present with congestive (shortness of breath, dys-
pnea on exertion, cough) or low-fl ow (fatigue, exercise intol-
erance) symptoms that are common to systolic heart failure 
from any cause. Signs on physical exam will vary depending 
on the patient’s acuity and whether a single or both ventricles 
are involved. Signs and symptoms can be subtle and mild in 
a stable outpatient or severe and catastrophic in another with 
cardiogenic shock (Table  33.2 ). A scored, patient- 
administered test quantifying the degree of symptoms 
(orthopnea, dyspnea, cough, edema, excessive weight gain, 
palpitations) may be useful if PPCM is suspected [ 39 ]. A 
higher score represents a higher symptom burden that in turn 
necessitates confi rmatory testing for PPCM. Early diagnosis 
of PPCM and initiation of treatment are crucial since delays 
in treatment often lead to poorer outcomes [ 8 ].

   When PPCM is suspected, the following steps summa-
rized in Table  33.2  aid in confi rming the diagnosis (see algo-
rithm on Fig.  33.1 ):
     1.    A careful history including determining the onset of 

symptoms related to pregnancy and to exclude prior car-
diac disease or other contributing comorbidities   

   2.    A thorough physical examination as is done in heart fail-
ure of other etiologies   

   3.    Diagnostic testing that includes an assessment of LV 
function, chest X-ray, electrocardiogram, and laboratory 
testing    

    Table 33.2    Signs, symptoms, and possible fi ndings with diagnostic testing   

 Symptoms  Signs  Possible aberrations on diagnostic tests 

 Dyspnea  Jugular venous distention   BNP : elevation fi vefold higher 
 Orthopnea  Tachypnea   CRP and hsCRP : may be mildly elevated 
 Paroxysmal nocturnal 
dyspnea 

 Hypoxia   OxLDL and INF-γ : signifi cantly elevated 

 Cough  Tachycardia   ECG : ST-T wave abnormalities, sinus tachycardia, left bundle branch block, left 
ventricular hypertrophy, new onset atrial or ventricular arrhythmias, conduction 
abnormalities 

 Edema  Rales   CXR : cardiomegaly, pulmonary congestion, interstitial infi ltrates, pleural effusion 
 Chest pain/pressure  Third heart sound/S3   Echocardiogram : left ventricular systolic dysfunction with or without dilation, 

right ventricular enlargement with reduced function, restrictive pattern, mitral 
and tricuspid valve regurgitation 

 Palpitations  Right ventricular heave   Cardiac MRI : fi brosis, thrombus 
 Abdominal pain/
discomfort 

 Laterally displaced PMI 

 Fatigue  Murmur of mitral or tricuspid 
valve regurgitation 

 Activity intolerance  Edema 

   PMI  point of maximal impulse,  BNP  brain natriuretic peptide,  CRP  c-reactive protein,  hsCRP  high sensitivity CRP,  oxLDL  oxidized low-density 
lipoprotein,  IFN-  γ  interferon gamma,  TNF  tumor necrosis factor,  ECG  electrocardiogram,  CXR  chest X-ray,  MRI  magnetic resonance imaging  
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Consider another
diagnosis

Is LVEF
≤0.45?

Is she
pregnant?

 • Begin usual HF therapy
   and follow-up

 • Begin usual HF therapy

 • Contraception counseling
 • Contraception counseling

 • Contraception counseling

 • Contraception counseling

 • Advanced HF therapies

Develop delivery
plan with OB

 • Advanced HF therapies
 • Consider emergent deliverly

 • Close regular follow-up

 • Mind drug fetal and
    lactation safety restrictions

Are results
suggestive of

another etiology of
cardiomyopathy?

Obtain CBC, CMP,
cardiac enzymes, TSH,

ferritin, troponin

Consider another
diagnosis

1. Pregnant or within 6 months of delivery

Assess LV function,
CXR, BNP

3. No history of heart disease, arrhythmia, or cardiomyopathy

2. More than usual dyspnea and cough with paroxysmal
    nocturnal dyspnea and edema

Confirm another
diagnosis

Diagnosis of PPCM
confirmed

No

Does your female patient meet the following criteria?

No

No

No

Yes

Yes

Yes

Stable StableUnstable Unstable

Yes

  Fig. 33.1    An algorithm for the diagnosis and management of PPCM. 
 PPCM  peripartum cardiomyopathy,  LV  left ventricular,  CXR  chest 
X-ray,  BNP  B-type natriuretic peptide,  LVEF  left ventricular ejection 

fraction,  CBC  complete blood count,  CMP  comprehensive metabolic 
panel,  TSH  thyroid-stimulating hormone,  OB  obstetrics,  HF  heart 
failure       
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  The differential diagnosis of PPCM includes other 
forms of cardiomyopathy, primary valvular heart disease, 
anemia, thyroid disorders, myocardial infarction, sepsis, 
severe preeclampsia, and amniotic fl uid or pulmonary 
embolism [ 40 ,  41 ]. 

 Diagnostic imaging is most easily performed with echo-
cardiography. Cardiac magnetic resonance imaging (MRI) 
as an adjunctive imaging modality may be considered to 
assess and quantify the degree of LV dysfunction, to detect 
the presence of an intracardiac thrombus, and possibly to 
detect infl ammatory changes during the acute phase of the 
disease [ 42 ], although controversy exists in terms of the abil-
ity of MRI to differentiate PPCM from other forms of cardio-
myopathy [ 43 ]. The routine use of endomyocardial biopsy is 
not recommended [ 44 ]; however, it may be used to exclude 
autoimmune myocarditis when suspected [ 45 ]. Brain natri-
uretic peptides (BNP) or N-terminal pro-BNP (NT-pro-BNP) 
can be elevated in PPCM [ 19 ] and should be assessed to aid 
in the diagnosis. An elevated cardiac troponin T has been 
found to negatively correlate with LVEF at 6 months [ 46 ]. 

 Treating PPCM for the most part will be similar to other 
cardiomyopathies with the exception of addressing preg-
nancy status and desire to breastfeed. A pregnant patient 
with PPCM will require counseling regarding the risk of 
continuing with the pregnancy, timing and mode of delivery, 

and the safety of medications during pregnancy and lactation 
(Tables  33.3  and  33.4 ). Ultimately, management decisions 
will vary based on pregnancy status and the presence of 
hemodynamic instability (Fig.  33.2 ). When hemodynamic 
instability is evident in a pregnant female, rapid decision- 
making should include specialists in heart failure, intensive 
care medicine, and high-risk obstetrics/perinatology to pro-
vide multidisciplinary care [ 5 ]. Treatment should focus on 
providing symptomatic relief of congestion and restoring 
hemodynamic stability and may include diuretic therapy, 
oxygen in the presence of hypoxia, noninvasive positive 
pressure ventilation, and afterload reduction. Invasive hemo-
dynamic monitoring, intravenous inotropes, vasopressors, 
and mechanical intubation should be considered if required 
to improve the hemodynamic profi le.

     Hemodynamic instability in a pregnant PPCM patient 
should prompt decisions about early delivery. Otherwise, 
careful symptom and hemodynamic monitoring of both 
mother and fetus should occur until delivery [ 5 ]. If possible, 
a vaginal delivery is preferred [ 47 ]. During pregnancy, 
diuretics should be used cautiously in order to avoid 
decreases in placental blood fl ow; nitrates and hydralazine 
should be used preferentially over the angiotensin- converting 
enzyme (ACE) inhibitor or angiotensin receptor blockers 
(ARBs); beta-1 selective beta-blockers are preferred. 

   Table 33.3    Medication safety profi le during pregnancy   

 FDA pregnancy category B  FDA pregnancy category C  FDA pregnancy category D  FDA pregnancy category X 

 Dobutamine  Amlodipine  Amiodarone  Warfarin 

 Enoxaparin  Bisoprolol  Candesartan 
 Eplerenone  Bumetanide  Captopril (second, third trimester) 
 Ethacrynic acid  Captopril (fi rst trimester)  Enalapril (second, third trimester) 
 Hydrocholorothiazide  Carvedilol  Irbesartan 
 Sotalol  Digoxin  Lisinopril 
 Torsemide  Diltiazem  Losartan (second, third trimester) 

 Dopamine  Telmisartan 
 Enalapril (fi rst trimester)  Trandolapril (second, third trimester) 
 Furosemide  Valsartan 
 Hydralazine 
 Isosorbide mononitrate 
 Isosorbide dinitrate 
 Lisinopril (fi rst trimester) 
 Losartan (fi rst trimester) 
 Metoprolol succinate 
 Mexiletine 
 Milrinone 
 Nitroprusside 
 Spironolactone 
 Trandolapril (fi rst trimester) 
 Verapamil 
 Unfractionated heparin 

  FDA (Food and Drug Administration) Pregnancy Category: A, controlled studies show no risk to fetus; B,  either  animal studies show no risk  and  
there are no controlled trials in humans  or  animals have shown risk  but  controlled trials in humans showed no risk; C, no evidence of risk in humans 
but animal studies show increased risk to fetus; D, positive evidence of risk in humans; X, contraindicated in humans. For reference:   www.drugs.
com/pregnancy      
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Previously, breastfeeding had been encouraged, not only for 
the benefi ts to the infant but because breastfeeding women 
have been reported to have higher rates of recovery of LV 

function [ 48 ]. However, this practice is presently controver-
sial due to the potential role of prolactin in the development 
of PPCM [ 5 ]. 

 Principles of chronic management of PPCM will mirror 
those of systolic heart failure of other etiologies [ 44 ]. The 
duration of ongoing therapy in the setting of normalized LV 
function is not clear. Recovery of LV function has been 
found to occur within 2–12 months [ 9 ,  49 – 51 ]. For this rea-
son, it has been thought that ACE inhibitors (or ARBs) and 
beta-blockers should be continued at least for 1 year, if not 
indefi nitely. There is not yet enough evidence to guide deci-
sions to discontinue therapy. Limited reports have shown 
mixed results in outcomes after medical therapy was discon-
tinued in the setting of normalized LV function [ 8 ,  51 ]. The 
response to therapy should be monitored with echocardiog-
raphy to assess for recovery or the need for further heart fail-
ure therapies such as resynchronization therapy or an internal 
cardioverter defi brillator (ICD) for persistent LV dysfunc-
tion. Because recovery of LV function may be delayed, early 
interventions with an ICD or transplant should be avoided, if 
possible, to allow for the full extent of myocardial recovery 
[ 5 ,  48 ]. In the interim, wearable external defi brillators and 
mechanical assist devices as a bridge to recovery may be rea-
sonable [ 5 ,  48 ,  49 ]. Patients with PPCM with persistently 
reduced LVEF should have close surveillance and aggressive 
treatment and ultimately be considered for advanced heart 
failure therapies [ 52 ]. Early consideration of mechanical 

   Table 33.4    Heart failure medication safety profi le during lactation   

 Drugs and lactation (LactMed) database a  

 Likely safe  Avoid if possible  No information 

 Benazepril b   Amiodarone  Amlodipine 
 Captopril b   Bumetanide  Bisoprolol 
 Digoxin, oral  Ethacrynic acid  Candesartan 
 Enalapril b   Furosemide  Carvedilol 
 Enoxaparin  Sotalol  Diltiazem 
 Hydrochlorothiazide  Torsemide  Eplerenone 
 Hydralazine  Irbesartan 
 Metoprolol  Lisinopril 
 Quinapril b   Losartan 
 Spironolactone  Mexiletine 
 Unfractionated heparin  Nitroglycerin 
 Verapamil  Ramipril 
 Warfarin  Sotalol 

 Telmisartan 
 Trandolapril 
 Valsartan 

   a   http://toxnet.nlm.nih.gov/cgi-bin/sis/search     
  b Ingested amounts of ACE inhibitors from a mother’s milk are not 
expected to cause adverse effects; however, use caution in neonates and 
preterm infants to avoid hypotension. World Health Organization 
(WHO) and American Academy of Pediatrics (AAP) drugs and lacta-
tion ratings may differ from above  
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• Consider anticoagulation  Fig. 33.2    PPCM management based on 
pregnancy status and hemodynamic stability. 
 ACEi  angiotensin-converting enzyme 
inhibitor,  ARB  angiotensin receptor blocker, 
 BB  beta-blocker,  AA  aldosterone antagonist, 
 LMWH  low molecular weight heparin       
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 circulatory support should be made when cardiogenic shock 
is present. Mechanical circulatory support can be used as a 
bridge to recovery, since a signifi cant portion of patients will 
have LV recovery by 6 months, or as a bridge to decision for 
cardiac transplantation [ 52 ]. 

 Anticoagulation to treat or prevent thromboembolic 
events may be necessary given the hypercoagulable state 
observed during pregnancy and in the early postpartum 
months [ 53 ,  54 ]. Atrial fi brillation, pulmonary embolism, 
and deep vein thrombosis are clear indications for systemic 
anticoagulation that may occur in patients with PPCM. 
During pregnancy, low molecular weight heparin is safest, 
since it does not cross the placenta. Warfarin has been 
found to be teratogenic, particularly in the fi rst trimester of 
pregnancy and therefore should not be used during that 
period [ 55 ]. Other treatments for PPCM with limited expe-
rience include bromocriptine, pentoxifylline, and immune 
globulin. 

 The extent of recovery of cardiac function following 
PPCM has important implications on outcomes and espe-
cially on determining the safety of future pregnancies. One 
of the largest database analyses in PPCM to date included 
187 patients in the United States that showed ventricular 
function returned to normal in 61 % of patients; an initial 
LVEF >30 % was the only predictor of recovery [ 49 ]. This 
confi rms other studies that suggest that a higher LVEF, with-
out dilation, at the time of diagnosis confers a lower risk of 
recurrence or poor outcomes after a subsequent pregnancy 
[ 48 ,  49 ,  56 ]. Freedom from recurrence of PPCM cannot be 
guaranteed, as even groups with recovered ventricular func-
tion have had reductions in LVEF with a subsequent preg-
nancy [ 57 ]. In general, women with a history of PPCM 
should be discouraged from attempting another pregnancy, 
particularly those with residual cardiac dysfunction [ 58 ]. 
The risk of recurrent heart failure is high in subsequent preg-
nancy, especially in those who do not have complete recov-
ery of LV function [ 59 ]. In the largest study to date, 20 % of 
women with a history of PPCM developed recurrent heart 
failure in a subsequent pregnancy [ 48 ]. No maternal deaths 
were reported in this study. In contrast, 40 % of women with 
persistent cardiac dysfunction after PPCM had recurrent 
heart failure in a subsequent pregnancy and the maternal 
mortality was 19 %.  

    Obstetric Considerations 

 Antenatal PPCM, by defi nition, is diagnosed during the last 
month of pregnancy (>36 weeks’ gestation). Because the 
clinical course is variable and diffi cult to predict [ 60 ], most 
authorities recommend delivery at the time of diagnosis. The 
timing and mode of delivery depends largely on the fetal and 
maternal clinical status [ 48 ]. The obstetric management of 

patients with PPCM should be geared toward an expeditious 
delivery in order to minimize maternal and fetal risks. A 
team approach to intrapartum and postpartum care is impera-
tive and should include input from the obstetrician and/or a 
maternal-fetal medicine specialist, the cardiologist, an inten-
sivist, a neonatologist, and an anesthesiologist with special 
expertise in cardiac disease. 

 Vaginal delivery is preferred for women in stable condi-
tion and may attenuate the hemodynamic fl uctuations that 
accompany parturition. However, a long induction of labor in 
a medically unstable patient increases the likelihood of 
maternal and fetal morbidity and mortality. Cesarean deliv-
ery is more rapid and allows easier coordination of care 
among experienced medical personnel. However, when com-
pared to vaginal delivery, cesarean delivery is associated 
with more blood loss, increased postoperative pain, a slower 
recovery, and increased risk of complications such as infec-
tion, thromboembolism, and damage to surrounding pelvic 
organs [ 61 ]. 

 Recommendations for family planning should be initi-
ated soon after delivery. The number of contraceptive 
options available to women with a history of PPCM varies 
according to postpartum cardiac function. More permanent 
methods of contraception such as tubal ligation or vasec-
tomy should be strongly considered [ 59 ]. Women with 
residual LV dysfunction should avoid the use of combina-
tion hormonal contraceptive devices because of the increased 
risk of thromboembolism associated with estrogen.  

    Outcomes 

 Much of what is known about outcomes for patients with 
PPCM has been limited to case reports and small observa-
tional series. Large global registries or prospective studies 
are lacking. Existing PPCM outcomes data vary consider-
ably. Roughly half of patients with PPCM recover cardiac 
function on usual heart failure therapy within 6 months of 
diagnosis [ 8 ,  24 ,  51 ,  62 ]. This is a greater degree of recovery 
than non-peripartum women or men with new onset heart 
failure [ 63 ]. Recovery was as high as 78 % in one PPCM 
database created through internet participation [ 50 ]. The 
time to recovery ranges from 2 to 9 months [ 9 ,  51 ,  64 ] with 
continued recovery up to 1 year [ 51 ,  65 ]. Lower LVEF at 
baseline ( < 25 %), non-Caucasian race, and delayed diagno-
sis predicted major adverse events, with most occurring 
within the fi rst year of diagnosis [ 8 ]. Conversely, a prelimi-
nary LVEF >30 % and LV end-diastolic dimension (LVEDD) 
<5.5–6.0 cm at the time of diagnosis was predictive of ven-
tricular recovery [ 49 ]. Other predictors of LV recovery 
include low baseline levels of biomarkers [ 19 ,  46 ], diagnosis 
after delivery, presence of gestational hypertension/pre-
eclampsia, and breastfeeding [ 50 ]. 
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 Factors associated with lack of recovery include a dilated 
heart (LVEDD >5.6 cm), presence of LV thrombus, and 
African-American race. 

 Internal cardioverter defi brillators are placed in 4–16 % 
of patients [ 8 ,  64 ]. Cardiac transplantation was considered in 
up to 23 % [ 56 ] and performed in 6–11 % of PPCM patients 
[ 8 ,  24 ,  51 ,  65 ,  66 ]. The use of mechanical support has been 
low at 2 % [ 8 ] or 3 % [ 47 ,  58 ]. A recent analysis of the United 
Network for Organ Sharing (UNOS) database revealed that 
the 485 cardiac transplant recipients who were transplanted 
for PPCM were younger than other recipients, had higher 
sensitization, and higher acuity and listing status [ 67 ]. 
Posttransplant, they had more rejection, poorer graft sur-
vival, and shorter graft half-life compared to all other recipi-
ents, males and other females [ 67 ]. Patients bridged with 
mechanical support experienced improved survival [ 68 ]. 

 Mortality rates for PPCM in the United States range from 
0 to 19 % [ 6 ,  51 ,  58 ,  67 ]. In the last decade, mortality in both 
Haiti and South Africa was 15 % [ 13 ,  69 ,  70 ], whereas in 
Turkey it was as high as 30 % [ 70 ]. 

 Discontinuation of heart failure therapy in patients with 
PPCM is controversial. Some studies have documented no 
worsening of LV function after medical therapy was discon-
tinued where as others have found deterioration in LV func-
tion with medication withdrawal [ 48 ,  50 ].      
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with global implications.  

•   Its pathophysiologic process is likely multifactorial 
and may include a genetic predisposition.  

•   Our understanding of PPCM has been challenged 
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•   The clinical presentation, diagnostic assessment, 
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      Introduction 

 Due to surgical advances, most children born with congenital 
heart disease (CHD) now survive to adulthood [ 1 – 3 ] and, as a 
consequence, there is a growing population of young women 
with CHD of childbearing age. The superimposed hemody-
namic stress of pregnancy in this population can contribute to 
complications for the women and their babies. Potential 
maternal cardiac complications include deterioration in ven-
tricular function, heart failure, arrhythmias, thromboembolic 
events, and endocarditis. Therefore, risk assessment and man-
agement of pregnancy is an important aspect of their care. 

 This chapter will review the physiologic changes associ-
ated with pregnancy, focusing on the interaction between 
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these changes and the congenitally abnormal heart, consider-
ations for preconception counseling and assessment of preg-
nancy risk in women with CHD, and management of 
common cardiovascular complications in this population.  

    Pathophysiology 

 Plasma volume increases by an average of 40–50 % during 
pregnancy. A relatively greater increase in plasma volume 
compared to red cell volume results in a physiologic anemia 
of pregnancy [ 4 ,  5 ]. In early pregnancy, the cardiac output 
increases as a consequence of increased stroke volume and, 
later in pregnancy, an increase in heart rate contributes to a 
further increase in cardiac output. Although there is signifi -
cant individual variation, cardiac output peaks at 25–50 % 
above non-gravid levels during the second trimester [ 6 – 11 ]. 
During labor, cardiac output increases beyond peak pregnancy 
levels, with additional increments during contractions when 
as much as 500 mL of blood may be returned to the circulation 
from the contracting uterus [ 12 ]. At full cervical dilatation, 
cardiac output is as much as 30 % above pre-labor output [ 5 ]. 
Regional anesthesia modulates these effects by causing 
peripheral vasodilation, while supine positioning can reduce 
venous return due to compression of the inferior vena cava. 

 Women with obstructive lesions such as mitral or aortic 
stenosis who are asymptomatic prior to pregnancy may 
become symptomatic for the fi rst time as a result of the 
increased cardiac output. An inability to increase cardiac 
output due to a fi xed obstruction to fl ow can elevate left- 
sided intracardiac pressure, thus predisposing to heart failure 
and arrhythmias [ 13 ]. Regurgitant lesions are generally bet-
ter tolerated in pregnancy than stenotic lesions. However, for 
women with repaired tetralogy of Fallot with residual severe 
pulmonic regurgitation and dilated or dysfunctional right 
ventricles, the additional volume load can contribute to the 
development of arrhythmias and right heart failure [ 14 ,  15 ]. 

 The mean arterial pressure falls in association with a 
decline in the diastolic blood pressure, reaching a nadir at 
approximately 20 weeks’ gestation before returning to nor-
mal or supranormal levels by 38 weeks’ gestation [ 5 ,  7 ]. 
Fluctuations in blood pressure during pregnancy, brought 
about by changes in vascular resistance and cardiac output, 
can lead to decompensation in some women with CHD. For 
example, in women with large intracardiac shunts associ-
ated with pulmonary hypertension or Eisenmenger syn-
drome, decreases in peripheral vascular resistance may 
facilitate increases in right-to-left shunting and result in 
cyanosis. Low oxygen saturations are associated with recur-
rent miscarriage, poor fetal growth, and intrauterine growth 
retardation [ 16 ]. 

 Pregnancy is a prothrombotic state exposing women to 
a substantially higher risk of venous thrombotic events 
 compared to nonpregnant women; this risk extends into the 

postpartum period [ 17 ,  18 ]. The propensity to thrombosis 
associated with pregnancy can be particularly dangerous for 
some women with CHD. Women with right-to-left shunt 
lesions are at risk of systemic thromboembolism [ 19 ]. 
Women with a univentricular circulation following a Fontan 
palliation are at risk for pulmonary thromboembolism during 
pregnancy. Women with mechanical valves are at risk for 
thromboembolic complications, including valve thrombosis 
and cardioembolic stroke. Valve thrombosis can be fatal; the 
risk is highly dependent on the type of anticoagulant used 
[ 20 ] and will be discussed in more detail below.  

    Diagnosis 

 Occasionally, the hemodynamic stress of pregnancy will 
lead to symptoms or accentuation of physical fi ndings and 
the recognition of a new diagnosis of CHD. More commonly, 
however, women with CHD will be aware of their cardiac 
condition prior to pregnancy. A full history and examination 
should focus on delineating the underlying cardiac diagnosis 
as well as any palliative or corrective surgeries or interven-
tions. Risk factors for adverse outcomes should be identifi ed 
including signs and symptoms of heart failure, arrhythmias, 
chest pain or syncope, as well as an obstetric history captur-
ing details pertaining to maternal, fetal, and neonatal out-
comes during previous pregnancies. In familial conditions 
such as Marfan syndrome, other connective tissue disorders, 
or in women with syndromic clinical features, a detailed 
family history should be emphasized. A history of sudden or 
unexplained death in family members may point to a diagno-
sis of familial aortopathy, cardiomyopathy, or arrhythmia. 
Genetic testing of the patient (and family), preimplantation 
genetic diagnosis, or chorionic villus sampling may be con-
sidered in some instances. Fetal echocardiography can iden-
tify major CHD in the fetus [ 21 ,  22 ]. Postnatal pediatric 
cardiology assessments can be helpful to exclude minor 
CHD not detected by fetal echocardiographic screening [ 23 ]. 

 Maternal functional status and baseline oxygen saturation 
should be documented as they are important determinants of 
outcome during pregnancy [ 16 ]. The medication history is 
important to identify drugs that are potentially toxic to the 
fetus, such as angiotensin-converting enzyme inhibitors 
(ACEI) and warfarin. 

 All pregnant women with CHD should have a standard 
12-lead electrocardiogram and a transthoracic echocardio-
gram, both of which are safe during pregnancy. The hemo-
dynamic changes of a normal pregnancy may produce 
small increases in the left- and right-sided chamber dimen-
sions and transvalvular gradients on echocardiography 
[ 24 ]. A Holter ambulatory monitor should be considered to 
identify the mechanism of symptomatic arrhythmias. In 
women with CHD, an exercise stress test can be helpful for 
prepregnancy risk  assessment; an abnormal chronotropic 

R. Hatton et al.



483

response to exercise has been associated with adverse preg-
nancy outcomes [ 25 ]. If an exercise stress test is felt to be 
necessary during pregnancy to guide management, a sub-
maximal stress test to a peak heart rate of 80 % of predicted 
maximum can be performed safely [ 26 ]. Cardiac biomark-
ers such as B-type natriuretic peptide (BNP) may help to 
adjudicate the basis of symptoms during pregnancy that 
might be of cardiac origin [ 27 ]. 

 Investigations requiring radiation exposure should be 
considered in situations where alternative diagnostic tests do 
not yield the necessary information. When clinically indi-
cated, diagnostic tests, such as chest x-rays, should not be 
withheld. Radiation exposure of less than 0.5 mGy is not 
thought to be deleterious to the developing fetus. A chest 
x-ray exposes the fetus to approximately 0.002 mGy and 
computed tomography (CT) of the chest, approximately 
0.2 mGy [ 28 ,  29 ]. If complete visualization of the thoracic 
aorta is necessary to clarify complex cardiac anatomy, a car-
diac MRI does not expose the patient or fetus to radiation 
and is likely safe [ 30 ,  31 ]. Use of gadolinium as MRI con-
trast during pregnancy is not recommended because the 
long-term effects of gadolinium on the developing fetus are 
not known [ 26 ].  

    Management 

    General Approach to the Assessment 
of Pregnancy Risk 

 Although most women with CHD do well during preg-
nancy, they are at increased risk of adverse cardiac events 
during pregnancy and the early postpartum period com-
pared to normal women [ 19 ]. Adverse cardiovascular events 
occur in approximately 10–20 % of pregnancies in women 
with congenital heart disease [ 19 ,  32 ,  33 ]. Arrhythmias and 
heart failure are the most common, although cardiac arrest, 
cerebrovascular events, endocarditis, and aortic dissections 
also occur [ 19 ,  32 ,  34 ,  35 ]. The probability of maternal car-
diac complications varies according to the underlying car-
diac lesion and overall cardiac status of the mother. Certain 
high-risk conditions need special consideration: pulmonary 
arterial hypertension [ 36 ], Marfan syndrome with dilated 
aortic root [ 37 – 39 ], signifi cant ventricular dysfunction [ 35 , 
 40 ], symptomatic left ventricular infl ow or outfl ow tract 
obstruction [ 35 ,  41 ], and history of peripartum cardiomy-
opathy, especially if there is residual left ventricular sys-
tolic dysfunction after the index pregnancy [ 42 ,  43 ] 
(Table  34.1 ).

   Not only does pregnancy pose short-term risks to the 
mother but it may also have long-term implications for 
women with CHD [ 38 ,  45 ,  46 ]. For instance, women with 
subaortic right ventricles are at risk of deterioration in ven-
tricular function after pregnancy [ 45 ], women with Marfan 

    Table 34.1    Classifi cation of maternal cardiac risk during pregnancy   

 Risk Class  Description  Examples 

 I  Uncomplicated, small, or 
mild 

 Pulmonary stenosis 
 Ventricular septal defect 
 Patent ductus arteriosus 
 Mitral valve prolapse with 
no more than trivial 
regurgitation 

 Successfully repaired 
simple lesions 

 Ostium secundum atrial 
septal defect 
 Ventricular septal defect 
 Patent ductus arteriosus 
 Total anomalous pulmonary 
venous connection 

 II  If otherwise 
uncomplicated and well 

 Unoperated atrial septal 
defect 
 Repaired tetralogy of Fallot 
 Most arrhythmias 

 II–III  Depending on the patient  Mild left ventricular 
impairment 
 Hypertrophic 
cardiomyopathy 
 Native or tissue valvular 
disease not considered 
WHO IV 
 Marfan syndrome without 
aortic dilatation 

 III  Subaortic right ventricle  Congenitally corrected 
transposition of the great 
arteries 
 Simple transposition of the 
great arteries post-Mustard 
or Senning procedure 

 Anticoagulation-
dependent valve disease 

 Mechanical valve 

 Other complex 
congenital heart disease 

 Post-Fontan operation 
 Cyanotic heart disease 
 Other complex congenital 
heart disease 

 IV  Subaortic ventricular 
pathology 

 NYHA III–IV 
 Subaortic ventricular 
ejection fraction <30 % 
 Severe left ventricular 
outfl ow tract obstruction 
 Previous peripartum 
cardiomyopathy with any 
residual impairment of left 
ventricular systolic function 

 Pulmonary vascular 
disease 

 Pulmonary arterial 
hypertension from any 
cause 

 Aortopathy  Marfan syndrome with 
aorta dilated >40 mm 

  Adapted from Thorne et al. [ 44 ]. Used with permission 
 Risk classifi cation (WHO [World Health Organization] defi nition of 
risk): I – Morbidity and mortality not appreciably higher than for the 
general population; II – Small increased risk of morbidity and mortal-
ity; III – Signifi cant increase in the risk of morbidity and mortality, 
management in a high-risk pregnancy program is recommended; IV – 
Risk of morbidity and mortality is prohibitively high, termination 
should be recommended  
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syndrome and a dilated aortic root are at risk of accelerated 
aortic dilation after pregnancy [ 38 ], and women with aortic 
stenosis are more likely to have valve interventions after 
pregnancy [ 47 ]. Women with CHD who experience adverse 
cardiovascular events during pregnancy are at increased risk 
of additional adverse cardiovascular events late after preg-
nancy [ 46 ] (Fig.  34.1a, b ).

   The goals of preconception assessment include optimiza-
tion of the maternal cardiac condition, counseling address-
ing the risk of pregnancy and long-term consequences for 
both mother and child, and planning for medication adjust-
ment in anticipation of or at the time of pregnancy, when 
necessary. When pregnancy is considered to be very high 
risk, appropriate advice regarding the effi cacy and safety of 
various contraception options should be discussed. In this 
instance, other options that may be discussed include adop-
tion or surrogacy.  

    Assessment of Maternal Cardiac Risk 

 Preconception assessment is an important component of 
pregnancy management. When estimating pregnancy risk, 
both global or general cardiac risk factors and lesion-specifi c 
risks need to be considered. Two common tools for global 
risk assessment are the Cardiac Disease in Pregnancy 
(CARPREG) score and the ZAHARA score    [ 34 ,  35 ] 
(Table  34.2 ). The CARPREG score is based on a prospective 
multicenter Canadian study of pregnancy outcomes in 599 
women with heart disease (Fig.  34.2 ). The CARPREG study 
identifi ed four predictors of adverse pregnancy outcome. 
One point is  allocated for presence of each of the 4 risk fac-
tors: prior cardiac event, baseline New York Heart 
Association (NYHA) functional class >2 or cyanosis, left 
heart obstruction, and systemic ventricular systolic function 
<40 %. Risk can then be estimated based on the total score. 
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  Fig. 34.1    Adverse maternal 
cardiac events following 
pregnancy. ( a ) Late risk of 
adverse maternal cardiac events 
stratifi ed according to the 
presence or absence of cardiac 
event in pregnancy. ( b ) Late risk 
of adverse maternal cardiac 
events stratifi ed according to the 
CARPREG risk scores of 0, 1, or 
>1 (Adapted from Balint et al. 
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The CARPREG risk score has been validated by other groups 
[ 32 ]. The ZAHARA score was based on 1,302 completed 
pregnancies in women with CHD. The ZAHARA study 
identifi ed 9 risk factors related to adverse maternal cardiac 
events and a weighted scoring system was devised based on 
those risk factors. Some women with high-pregnancy risk, 
such as those with Marfan syndrome with dilated aortas or 
those who have undergone Fontan operations, may not have 
been represented in the large cohort studies from which the 
global risk predictors were derived. Thus, their pregnancy 
risk is not captured by the global risk scoring systems. 
Therefore, in addition to the global risk scores, it is impor-
tant to integrate risk information about a specifi c lesion when 
available A general approach to risk on a lesion-by-lesion 
basis, taking into account known lesion-specifi c risk infor-
mation, has been proposed (Table  34.2 ).

        Low-Risk Cardiac Lesions 

 Pregnancies in women with pulmonary stenosis, repaired 
total anomalous pulmonary venous return, and small or 
repaired atrial septal defect, ventricular septal defect, 
or  patent ductus arteriosus are considered low risk for 
adverse cardiac events during pregnancy [ 48 – 50 ]. Women 
with unrepaired isolated atrial septal defect have low rates 
of  cardiac complications but may be at risk for other 
 complications such as preeclampsia or small for gestational 
age births.  

    Intermediate and High Risk Cardiac Lesions 

 Women with simple lesions with signifi cant residua or 
sequelae are at intermediate risk. In addition, many CHD 
lesions fall into the intermediate-risk category such as con-
genitally corrected transposition of the great arteries and 
complete transposition of the great arteries following an 
atrial switch operation. When assessing pregnancy risk in 
women with these conditions, it is important to also con-
sider general risk predictors such as subaortic ventricular 
function or functional capacity, as these factors can have a 
major impact on pregnancy risk. These women are at risk 
for developing heart failure and systemic ventricular dys-
function which may persist after pregnancy in some cases 
[ 45 ,  51 ]. In one series, subaortic right ventricular dysfunc-
tion progressed in 25 % of pregnancies and was irreversible 
in 75 % of the cases in which it had progressed during preg-
nancy [ 35 ]. Following a Fontan operation, women require 
careful risk evaluation prior to pregnancy. They are at risk 
for arrhythmia, heart failure, and thromboembolism [ 52 , 
 53 ]. While women with Fontan operations can do well dur-
ing  pregnancy, for some women, such as those with failing 
Fontan circulation or impaired subaortic ventricular func-
tion, pregnancy can be associated with substantial risk. The 
late effects of pregnancy on the single ventricle are unknown. 
Miscarriage rates are high in this population (up to 50 %), 
and premature labor is common [ 52 ,  53 ]. Women with 
 cyanotic heart disease are at risk for developing heart failure 
and arrhythmias even if they do not have pulmonary hyper-
tension [ 16 ].  

    Specifi c High-Risk Cardiac Lesions 

    Marfan Syndrome 
 Due to the hemodynamic and perhaps hormonal changes of 
pregnancy, aortic dilation and dissection can occur during and 
shortly after pregnancy in women with Marfan syndrome and 
preexisting aortopathy. Progressive aortic dilatation occurs in 
some women and is a risk factor for dissection [ 38 ,  54 ]. Aortic 

    Table 34.2    The CARPREG and ZAHARA risk scores   

  CARPREG risk predictors    Weighted risk  
 Prior cardiac event or arrhythmia  1 
 Baseline NYHA class > II or cyanosis  1 
 Left heart obstruction (MVA <2 cm 2 , 
AVA <1.5 cm 2  or peak LVOT gradient 
>30 mmHg) 

 1 

 Reduced systemic ventricular systolic 
function (LVEF <40 %) 

 1 

 Maximum possible score  4 
  CARPREG score    Risk of cardiac event  
 0  5 % 
 1  27 % 
 >1  75 % 
  ZAHARA risk predictors    Weighted risk  
 History of arrhythmias  1.5 
 Baseline NYHA class >1  0.75 
 Left heart obstruction (PG >50 mmHg 
or AVA <1 cm 2 ) 

 2.5 

 Cardiac medication prior to pregnancy  1.5 
 Systemic AV valve regurgitation 
(mod/severe) 

 0.75 

 Pulmonic AV valve regurgitation 
(mod/severe) 

 0.75 

 Mechanical valve prosthesis  4.25 
 Cyanotic heart disease 
(corrected/uncorrected) 

 1.0 

 Maximum possible Score  13 
  ZAHARA score    Risk of cardiac event  
 0–0.5  2.9 % 
 0.51–1.5  7.5 % 
 1.51–2.5  17.5 % 
 2.51–3.5  43.1 % 
 >3.51  70 % 

  Adapted from Siu    et al. [ 35 ] and Drenthen et al. [ 34 ] 
  NYHA  New York Heart Association,  MVA  mitral valve area,  AVA  aortic 
valve area,  LVOT  left ventricular outfl ow tract,  AV  atrioventricular, 
 LVEF  left ventricular ejection fraction,  PG  peak gradient  
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dissection occurs in approximately 3 % of pregnancies [ 55 ]. 
Risk can be stratifi ed according to aortic dimensions and is 
highest in women with signifi cant dilation (>44 mm) of the 
proximal aorta and in the peripartum period [ 54 ,  56 ,  57 ].  

    Eisenmenger Syndrome 
 Pregnancy risk in women with pulmonary arterial hyperten-
sion, including Eisenmenger syndrome, remains very high 
with mortality rates of approximately 30 % [ 26 ,  36 ,  58 ,  59 ]. 
Even with advanced therapies for pulmonary arterial hyper-
tension such as prostacyclin analogues, pregnancy risk 
remains high [ 36 ]. Women, therefore, should be advised to 
use safe and effi cacious contraception to avoid becoming 
pregnant [ 44 ,  60 ].  

    Mechanical Valves 
 Women requiring anticoagulation for mechanical valves 
during pregnancy face a high rate of early fetal loss, up to 
25 % [ 20 ,  61 ]. The risk of valve thrombosis in pregnancy 
varies from 4 to 30 % depending on the regime of antico-
agulation employed [ 20 ,  61 ,  62 ]. In addition to the type of 
anticoagulant used, the location and type of valve and the 
history of valve or other thrombosis impact the risk of 
valve thrombosis. Major bleeding is less common, occur-
ring in 2.5 % of pregnancies, mostly in the peripartum 
period [ 20 ]. Fetal embryopathy occurs in 5–11 % of cases 
of women using warfarin throughout the fi rst trimester; 

there is some evidence that this risk is dose related 
[ 20 ,  63 ].  

    Aortic Stenosis 
 Women with mild and moderate aortic stenosis usually tolerate 
pregnancy well [ 13 ,  64 ]. However, heart failure has been 
reported in up to 16 % of women with severe aortic stenosis 
[ 13 ,  41 ,  64 ,  65 ].Although rare, maternal deaths have been 
reported [ 41 ]. Most cases of congenital aortic stenosis in preg-
nant women are due to bicuspid aortic valve disease, and some 
of these women will have an associated aortopathy [ 66 ,  67 ]. 
Although women with bicuspid valve aortopathy are at risk of 
aortic dissection, the risk appears to be signifi cantly lower than 
for women with Marfan syndrome [ 37 ]. Risk assessment 
should include an echocardiogram to assess the degree of aortic 
stenosis and an exercise stress test to assess functional capacity 
and ensure adequate blood pressure response to exercise [ 26 ].   

    Assessment of Fetal and Neonatal Risk 

 Women with CHD have an increased risk of fetal and neona-
tal complications in pregnancy [ 33 ] primarily related to a 
high prevalence of prematurity, low birth weight for gesta-
tional age, and transmission of heart diseases to offspring. 
Overall risk of adverse fetal and neonatal events is more than 
twice that of normal pregnancies, and it is further increased 
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  Fig. 34.2    Estimation of adverse 
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according to the CARPREG risk 
score. Frequency of maternal 
primary cardiac events, as 
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in women with obstetric risk factors (history of premature 
birth, incompetent cervix or cesarean section, intrauterine 
growth retardation, antepartum bleeding, uterine or placental 
abnormalities), with multiple gestation, who are smokers, 
and who require anticoagulation [ 33 ]. Adverse fetal out-
comes are particularly common in patients with cyanotic 
heart disease. Women with oxygen saturations less than 
85 % prior to pregnancy have been reported to have live birth 
rates of only 12 % [ 16 ] as well as a high incidence of prema-
ture birth and low birth weights for gestational age [ 16 ]. 

 The transmission rate of CHD to offspring of women with 
CHD is approximately 3–5 % [ 32 ,  33 ,  68 ,  69 ]. However, 
women with conditions with autosomal dominant transmis-
sion, such as Marfan syndrome or 22q11 deletion syndrome, 
will transmit to 50 % of their fetuses. Genetic counseling 
prior to pregnancy is appropriate for all women with CHD 
and especially so when the transmission risk is high.  

    Assessment of Obstetric Risk 

 In common with all women, those with CHD are at risk of 
obstetric complications including pregnancy-induced hyper-
tension, preeclampsia or eclampsia, premature rupture of the 
membranes, premature labor, and postpartum hemorrhage. 
However, because of limited cardiac reserve and other altera-
tions of physiology, women with CHD may tolerate such 
obstetric complications less well and their onset may be the 
trigger for cardiac decompensation of various types. 
Hypertensive disorders of pregnancy are more common in 
women with transposition of the great arteries, aortic coarcta-
tion, aortic stenosis, pulmonic stenosis, and pulmonary atre-
sia with ventricular septal defect [ 19 ]. Postpartum hemorrhage 
is more common in women with cyanotic heart disease [ 16 ].  

    Contraception Options 

 When considering contraception in women with CHD, it is 
important to consider the following: (1) the risk of pregnancy 
for the mother, (2) available forms of contraception and their 
risks and benefi ts, (3) failure rates and the consequences of 
an unplanned pregnancy, and (4) preferences of the woman 
[ 70 ]. Possible contraception options include barrier methods, 
combined oral contraceptives (estrogen/progestin), progestin- 
only methods, intrauterine devices, sterilization, and emer-
gency contraception. The use of inappropriate contraception 
can expose the woman to adverse events; however, contra-
ception is often not discussed or the discussion is not recalled 
[ 71 – 73 ]. In one study of women with CHD, 20 % were using 
a form of contraception contraindicated in their heart condi-
tion, while nearly 30 % of women considered high risk for 
pregnancy were using no contraception [ 73 ]. The number of 

women who had not been counseled about contraception or 
the risk of pregnancy approached 50 % [ 73 ]. 

 Barrier methods such as male condoms have been shown 
to have high failure rates with unintended pregnancies 
occurring in as many as 20 % of cases [ 74 ]. Thus, although 
there are no contraindications to their use in patients with 
CHD, they are not recommended as a sole form of contra-
ception on grounds of inadequate effi cacy. 

 Combined hormonal contraceptives as oral tablets, trans-
dermal patches, and vaginal rings contain estrogen and pro-
gestins. When used correctly, they can be very effi cacious 
[ 74 ]. However, they have been associated with venous and 
arterial thrombosis [ 75 – 78 ] and are therefore not advisable 
in women with intracardiac shunts who are at risk for para-
doxical emboli, women with a univentricular circulation [ 79 , 
 80 ] or Eisenmenger syndrome [ 70 ] who are at risk pulmo-
nary emboli, and women with mechanical valves who are at 
risk for valve thrombosis [ 20 ,  44 ,  60 ,  70 ]. 

 Most progesterone-only pills have higher failure rates than 
combined hormonal contraceptives [ 74 ]. Intramuscular injec-
tions (Depo-Provera®), subdermal devices (Implanon®), and 
intrauterine devices (Mirena®) using progesterone are more 
effi cacious than the oral pill formulation. Progesterone-only 
preparations have not been associated with venous or arte-
rial thrombosis and thus are suitable for many women with 
cardiac disease (Table  34.3 ) [ 81 ]. Care must be taken when 
implanting intrauterine devices in women with a univentric-
ular circulation as insertion may induce a vagal response and 
cause circulatory collapse.

   Emergency contraceptive pills are safe for women with 
CHD but can interfere with warfarin metabolism and, thus, 
INR monitoring is recommended [ 70 ]. 

 Women who have a prohibitively high-pregnancy risk 
may need to consider permanent forms of contraception. 
Female sterilization by minimally invasive procedures, 
such as laparoscopic tubal ligation, is relatively safe for 
many women with CHD. However, the insuffl ation of car-
bon dioxide into the abdominal cavity can raise intra-
abdominal pressure to a degree that venous return to the 
heart can be impaired. In susceptible women, such as those 
with a Fontan circulation, this can produce circulatory col-
lapse. The general anesthetic used for a laparoscopic pro-
cedure can also cause adverse hemodynamic changes in 
women with CHD. Thus, the risks need to be carefully con-
sidered and discussed with the patient. Laparoscopic tubal 
ligation in women with CHD should be performed by expe-
rienced operators with a cardiac anesthesiologist and in a 
center where appropriate cardiac support is available. The 
Essure® and Adiana® systems are alternative, less inva-
sive approaches to sterilization [ 82 ]. The Essure system 
employs stainless steel coils inserted in the fallopian tubes 
[ 83 ,  84 ] and the Adiana system uses a silicone matrix to 
obstruct the fallopian tubes [ 83 ,  85 ,  86 ]. Women with CHD 
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may have a shortened life span such that the male partner 
may outlive his spouse and wish to father children with a 
new partner. This needs to be discussed if male sterilization 
is being considered [ 70 ].  

    Approach to Management During Pregnancy 

 All women with CHD should be reviewed at least once dur-
ing pregnancy by a cardiologist with expertise in pregnancy 
and CHD [ 26 ]. For women with low-risk cardiac lesions, this 
assessment may simply serve to provide reassurance. Women 
with moderate- or high-risk congenital lesions (World Health 
Organization (WHO) classifi cation II–IV, Table  34.1 ) will 
require more frequent follow-up during pregnancy and 
should be managed by physicians with expertise in preg-
nancy and heart disease. A multidisciplinary approach to 
care is recommended with input from cardiology, high-risk 
obstetrics (maternal-fetal medicine), and obstetric anesthesia 
[ 26 ]. The focus of care for women with intermediate- and 
high-risk lesions includes regular surveillance, management 
of complications, and working closely with high-risk obstet-
rics and obstetric anesthesia to determine the optimal strat-
egy for labor and delivery. A management plan should be 
developed, recorded, and made easily available to all care 
providers. 

 A woman’s cardiac status, functional reserve, and perceived 
ability to cope with the stress of labor and delivery will ulti-
mately determine the approach to management of the puerpe-
rium. Almost all women with CHD can undergo a vaginal 
delivery. Cesarean delivery is rarely required for cardiac indica-
tions. Cesarean delivery should be considered in patients with 
aortic dilatation greater than 45 mm, aortic dissection, and acute 
severe decompensated heart failure and for women presenting 
in spontaneous preterm labor while on anticoagulation [ 26 ]. 

 Induction of labor can be safely performed in women 
with CHD when necessary and has not been associated with 
higher rates of cesarean section than in normal controls [ 87 ]. 
Women should labor in the left lateral position to minimize 
compression of the inferior vena cava. A carefully titrated 
epidural anesthetic is recommended for most patients with 
CHD to mitigate the elevation of cardiac output associated 
with the pain of labor. Care must be taken to avoid systemic 
hypotension with regional anesthetics, particularly in patients 
with left heart obstructive lesions, Fontan circulation, or 
Eisenmenger syndrome [ 26 ]. During the second stage of 
labor, women with CHD and limited cardiac reserve or 
Fontan circulation should avoid the Valsalva maneuver by 
avoiding maternal expulsive efforts. The presenting part can 
descend unaided during contractions followed by an assisted 
delivery. Noninvasive cardiac monitoring with telemetry or 
oximetry may be useful for some women with CHD during 

   Table 34.3    Risk of combined hormonal contraceptives    in women with congenital heart disease   

 WHO class 1 
 Always usable 

 WHO class 2 
 Broadly usable 

 WHO class 3 
 Caution with use 

 WHO class 4 
 Do not use 

 Minor valve lesions: 
   Mitral valve prolapse 

with mild regurgitation 
   Bicuspid aortic valves 

with normal function 
  Mild pulmonic stenosis 

 Tissue prosthetic valve lacking 
WHO 3 or 4 features 

 Thrombotic risk, 
even on warfarin 

 Mechanical 
valves: bileafl et 
valves 

 Thrombotic 
risk, even on 
warfarin 

 Mechanical valves: 
Bjork-Shiley, 
Starr-Edwards, any 
tricuspid 

 Repaired coarctation with 
no hypertension or 
aneurysm 

 Uncomplicated mild native 
mitral or aortic valve disease 

 Previous 
thromboembolism 

 Pulmonary 
hypertension from 
any cause 

 Simple congenital lesions 
repaired in childhood and 
with no sequelae 

 Most arrhythmias other than 
atrial fi brillation or fl utter 

 Atrial arrhythmia  Dilated 
cardiomyopathy 
 LV dysfunction 
from any cause 
with EF <30 % 

 Past cardiomyopathy fully 
recovered, including peripartum 
cardiomyopathy 

 Fontan circulation 

 Uncomplicated Marfan 
syndrome 
 Congenital heart disease lacking 
any WHO 3 or 4 features: 
   Small left to right shunts not 

reversible with physiological 
maneuvers 

 Risk of paradoxical 
embolism 

 Potential reversal 
of left to right 
shunt 
 Unoperated ASD 

 Risk of 
paradoxical 
embolism 

 Cyanotic heart 
disease; pulmonary 
AVM 

   Adapted from Thorne et al. [ 44 ]. Used with permission 
  WHO  World Health Organization,  ASD  atrial septal defect,  LV  left ventricle,  EF  ejection fraction,  AVM  arteriovenous malformation  
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labor and delivery, but invasive monitoring (pulmonary 
artery or arterial catheters) is rarely needed [ 88 ]. 

 Immediate postpartum management centers on ensuring 
adequate hemostasis, as well as minimizing the risk of 
thromboembolic phenomena with elastic support stockings 
and early mobilization. Although most of the pregnancy 
changes in hemodynamics resolve soon after delivery, com-
plete return to baseline does not occur until 6 months post-
partum. Therefore, women should continue to be followed 
up after delivery for up to 6 months or until they have 
returned to baseline function.  

    Management of Maternal Cardiac 
Complications 

    Heart Failure 
 Heart failure complicating pregnancy has been reported in 
5–17 % of pregnancies in women with CHD [ 19 ,  32 ,  33 ]. As 
with other complications in pregnancy, event rates are depen-
dent on the underlying cardiac lesion. Rates are highest in 
women with systemic ventricular systolic dysfunction [ 45 , 
 89 ], left-sided outfl ow tract lesions [ 41 ,  90 ], pulmonary atre-
sia/VSD [ 46 ], or Eisenmenger syndrome [ 36 ,  59 ,  91 ]. 

 Differentiating between symptoms of heart failure and 
symptoms of a normal pregnancy can be diffi cult. Measuring 
the BNP level in these instances can be helpful [ 27 ]. The 
peak hemodynamic changes of pregnancy occur during the 
last trimester and congestive heart failure is more likely to 
occur during this trimester [ 40 ]. There is also an increased 
risk at the time of labor and delivery secondary to increases 
in cardiac output and autotransfusion from the contracting 
uterus. Continuing use of and dosages of heart failure medi-
cations should be reconsidered prior to discharge from hos-
pital, because dosing may differ in the nonpregnant state. 
Ongoing heart failure management may be required in the 
postpartum period. 

 The mainstays of heart failure therapy in the nonpregnant 
population include beta-blockers, angiotensin-converting 
enzyme (ACE) inhibitors, spironolactone, and diuretics. In 
pregnant women, ACE inhibitors are contraindicated due to 
their negative impact on fetal renal development, particularly 
in the second and third trimester [ 92 ].Although one study 
suggested an increased risk with fi rst-trimester exposure to 
ACE inhibitors [ 93 ], subsequent studies have not supported 
this fi nding [ 94 – 96 ]. Spironolactone is not recommended 
because of its antiandrogenic effects. Hydralazine is an alter-
native afterload-reducing agent that can be used with relative 
safety at all stages of pregnancy. Beta-blockers (except aten-
olol) are often used during pregnancy after a discussion with 
the mother of the risks and benefi ts. Atenolol has been impli-
cated to a greater extent than other beta-blockers in lower 
birth weight babies and is often avoided during pregnancy 

[ 97 ,  98 ]. Diuretics can be used for symptomatic relief but 
dehydration should be avoided.  

    Arrhythmias 
 Arrhythmias requiring treatment in pregnancy have been 
reported in 2–5 % of pregnancies in women with CHD, but 
the incidence is higher in women with transposition of the 
great arteries who have undergone an atrial switch procedure 
[ 19 ], Ebstein anomaly, or Fontan operation [ 53 ]. Mitral ste-
nosis, whether congenital or rheumatic in origin, is associ-
ated with atrial arrhythmias, predominantly atrial fi brillation 
[ 41 ,  99 ]. Most arrhythmias during pregnancy are atrial in 
origin. Atrial arrhythmias are poorly tolerated in some 
 subgroups of women with CHD. For instance, in women 
with a Fontan circulation, atrial arrhythmia can result in the 
rapid development of right atrial thrombus, pulmonary 
emboli, and heart failure. In women with impaired ventricu-
lar function, loss of atrial contribution to ventricular fi lling 
can reduce cardiac output, raising atrial pressure, and result 
in congestive cardiac failure. In these groups of women, 
aggressive treatment of atrial arrhythmias is often necessary. 
Ventricular arrhythmias are less common during pregnancy 
and, when identifi ed, structural heart disease should be 
excluded and the arrhythmia should be treated, often in con-
junction with a cardiac electrophysiologist. 

 Direct current cardioversion can be performed safely for 
the acute management of symptomatic arrhythmias associ-
ated with hemodynamic instability [ 26 ]. In the management 
of maternal atrial arrhythmias, the shock is synchronized to 
the mother’s QRS signal, but not to the fetal QRS signal. 
Defi brillation pads/paddles should be positioned to minimize 
exposure of the uterus to the defi brillator discharge. Chemical 
cardioversion of supraventricular tachycardias can be safely 
attempted with adenosine after vagal maneuvers fail. Beta- 
blockers or digoxin are often used for the treatment of atrial 
arrhythmias [ 26 ]. Treatment of ventricular arrhythmias is 
more complicated and should be individualized. Amiodarone 
is only used during pregnancy in exceptional instances, 
because of potential adverse effects on the fetal thyroid. 
Electrophysiology studies and ablation procedures are 
reserved for refractory cases because they expose the fetus to 
ionizing radiation [ 26 ].  

    Marfan Syndrome and Aortic 
Dilation and Dissection 
 Women with Marfan syndrome and other aortopathies, such 
as Loeys-Dietz syndrome or vascular (formerly type IV) 
Ehlers-Danlos syndrome, are at risk for aortic complica-
tions during pregnancy. In women with Marfan syndrome 
and dilated aortic roots, avoidance of pregnancy until after 
aortic root replacement is recommended. Recommendations 
for the absolute aortic dimension requiring prepregnancy 
intervention vary among guidelines. The American Heart 
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Association/American College of Cardiology guidelines for 
the diagnosis and management of patients with thoracic 
aortic disease suggest that surgical intervention should 
occur if the aortic dimension is greater than 40 mm [ 100 ], 
whereas the European Society of Cardiology taskforce on 
the management of cardiovascular disease during preg-
nancy suggests intervention if the aortic dimension is 
greater than 45 mm [ 26 ]. The Canadian Cardiovascular 
Society consensus conference on the management of adults 
with congenital heart disease suggests intervention if the 
aortic dimension is greater than 44 mm [ 101 ]. During preg-
nancy, beta-blocker therapy is recommended for women 
with Marfan syndrome in the hope of limiting progressive 
dilation or dissection of the aorta. This recommendation is 
based upon limited data examining the use of beta-blockers 
in the nonpregnant Marfan population [ 26 ,  101 – 105 ]. There 
may be late effects of pregnancy on the dilated aorta in 
women with Marfan syndrome. One small study showed 
that women with an aortic diameter greater than 40 mm at 
the start of pregnancy had higher rates of aortic root dilation 
following pregnancy, when compared to nonpregnant con-
trols [ 26 ]. Another study showed that a larger increase in 
aortic diameter during pregnancy and the absence of beta-
blocker therapy were associated with a higher rate of long-
term adverse outcomes [ 106 ]. 

 Women with aortopathy should be followed every 
6–8 weeks throughout pregnancy with serial echocardio-
graphic assessment of the proximal thoracic aorta [ 26 ,  101 , 
 102 ]. Aortic dissection should be immediately excluded in 
any pregnant woman with acute severe chest pain. In cases of 
acute aortic dissection during pregnancy, management is 
similar to that in the nonpregnant patient and is considered a 
medical emergency. Blood pressure control and surgical 
assessment are paramount. There is signifi cant associated 
maternal and fetal morbidity and mortality, particularly in 
the setting of type A dissection [ 37 ].  

    Anticoagulation of Mechanical Valves 
 Warfarin, unfractionated heparin, and low molecular weight 
heparin (LMWH) are all associated with high rates of sponta-
neous abortion in early pregnancy (approximately 15–25 %), 
thought to be related, at least in part, to subplacental bleeding 
[ 20 ,  62 ]. Pregnancy is a prothrombotic state and is associated 
with signifi cant maternal thromboembolic risk in women with 
mechanical heart valves. Valve thrombosis, when it occurs, is 
associated with maternal mortality in 40 % of cases and there-
fore effective anticoagulation is of utmost importance. Warfarin 
and other vitamin K antagonists are associated with lower rates 
of valve thrombosis when compared to heparin formulations. 
The risk of valve thrombosis is approximately 4 % with oral 
anticoagulants used throughout pregnancy, 9–10 % when 
unfractionated heparin is substituted in the fi rst trimester and at 
term only (a vitamin K antagonist is used from the 13th to the 
36th week of gestation), and up to 30 % when unfractionated 

heparin is used throughout pregnancy [ 20 ,  61 ,  62 ]. Rates of 
thromboembolic complications during pregnancy in women 
using low molecular weight heparins vary between 5 and 20 % 
[ 61 ,  62 ,  107 ,  108 ]. Warfarin has superior maternal safety but is 
associated with embryopathy following exposure during the 
6th–12th weeks of gestation [ 109 ]. Warfarin embryopathy has 
been identifi ed in as high as 11 % of pregnancies where warfa-
rin was given throughout the fi rst trimester [ 20 ]. However, some 
data suggest that when a dose of less than 5 mg of warfarin per 
day provides adequate anticoagulation, the risk of embryopathy 
with fi rst-trimester use is lower [ 63 ,  110 ]. Heparin does not 
cross the placenta and is not teratogenic but is associated with 
higher rates of maternal thrombotic complications [ 20 ]. 

 Guidelines for the management of anticoagulation in 
pregnant women with mechanical valves are available from 
the European Society of Cardiology task force on the man-
agement of cardiovascular disease during pregnancy [ 26 ], 
the American College of Cardiology/American Heart 
Association guidelines for the management of patients with 
valvular heart disease [ 111 ], and the American College of 
Chest Physicians evidence-based clinical practice guidelines 
on antithrombotic therapy and prevention of thrombosis 
[ 112 ]. Recommendations for anticoagulation management 
differ slightly among the three groups. The 2012 guidelines 
from the American College of Chest Physicians and the 2011 
recommendations from the European Society of Cardiology 
are shown in Table  34.4 .

   When warfarin is used, close monitoring of the INR is 
required. With low molecular weight heparin, anti-factor Xa 
levels should be measured every 2–4 weeks during preg-
nancy and should be maintained at 0.8–1.2 U/mL 4–6 h after 
administration (peak level). Even at this level, pre-dose con-
centrations can be subtherapeutic [ 26 ]. Although thrombotic 
complications have occurred in patients on therapeutic doses 
of anticoagulants, patient non-compliance and subtherapeu-
tic dosing are the best recognized risk factors for thrombo-
embolic events in these women [ 62 ,  114 ]. 

 Valve thrombosis should be suspected in patients present-
ing with progressive dyspnea, embolic events (TIA, stroke, 
ischemic chest pain), or cardiac collapse. Transesophageal 
echocardiography or other imaging should be performed 
immediately to exclude valve thrombosis. When valve 
thrombosis is identifi ed urgent, surgical assessment is criti-
cal [ 115 ]. Fibrinolytics may be a feasible option for critical 
patients, although experience is limited. Risks include embo-
lization and subplacental bleeding [ 26 ,  116 ,  117 ]. 

 Major bleeding complicates 2.5 % of pregnancies requir-
ing anticoagulation, mostly at the time of delivery [ 20 ]. 
Thus, the timing and mode of delivery must be carefully 
planned. Since warfarin therapy exposes the fetus to a risk of 
intracranial hemorrhage, a cesarean delivery is indicated 
unless maternal warfarin has been replaced with heparin at 
least 2 weeks prior to labor to reduce the risk of fetal intra-
cranial hemorrhage [ 26 ].  
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    Eisenmenger Syndrome and Pulmonary 
Arterial Hypertension 
 The risk of pregnancy in women with pulmonary arterial 
hypertension (PAH), including PAH secondary to congenital 
heart disease such as Eisenmenger syndrome, remains pro-
hibitively high [ 26 ,  36 ]. Women should be advised to use 
adequate and safe contraception so to avoid becoming preg-
nant [ 44 ,  60 ]. The endothelin-1 receptor antagonist bosentan 
can reduce the effectiveness of progesterone-only pills [ 44 ]. 

 For women with Eisenmenger syndrome who become 
pregnant, notwithstanding the risk involved, multidisciplinary 
care is critical. This includes involvement of cardiologists 
with expertise in adult congenital heart disease, pulmonary 
hypertension physicians, maternal-fetal medicine specialists 
(high-risk obstetricians), and obstetric anesthetists. Advanced 
therapies for PAH (prostacyclin analogues, phosphodiester-
ase inhibitors) should be considered. Endothelin-1 receptor 
antagonists, such as bosentan, are teratogenic in animals and 
are not recommended in pregnancy [ 26 ]. Frequent follow-up 
is advisable throughout pregnancy with serial transthoracic 
echocardiography to monitor pulmonary pressures and right 
ventricular function. Some experts also follow serial serum 
BNP levels. In women with intracardiac right-to-left shunts, 
the peripheral vasodilation associated with pregnancy can 
increase the degree of shunting resulting in worsening cyano-
sis. Supplemental oxygen can be used but will likely not 
reverse the cyanosis. Restriction of physical activities is also 

recommended. Up-titration of PAH therapy may be required 
as pregnancy progresses, particularly if symptoms are wors-
ening despite diuretic therapy. Right heart failure can be man-
aged with diuretics, such as furosemide, using caution to 
avoid hypovolemia. Patients with preexisting indications for 

   Table 34.4    American college of chest physicians guidelines on the use of antithrombotic therapies in pregnant women with mechanical valves   

 Recommendation  Grade of recommendation 

 For women requiring long-term vitamin K antagonists who are attempting pregnancy and are candidates for 
LMWH substitution, frequent pregnancy tests are recommended with substitution of LMWH for vitamin K 
antagonists when pregnancy is achieved rather than switching to LMWH while attempting pregnancy 

 Grade 2C 

 Avoid the use of oral direct thrombin (e.g., dabigatran) and anti-Xa (e.g., rivaroxaban, apixaban) inhibitors  Grade 1C 
 For pregnant women with mechanical heart valves, one of the following anticoagulant regimens is 
recommended in preference to no anticoagulation: 

 Grade 1A 

   (a)  Adjusted-dose bid LMWH throughout pregnancy. Doses be adjusted to achieve the manufacturer’s peak 
anti-Xa LMWH 4 h postsubcutaneous injection or 

   (b)  Adjusted-dose UFH throughout pregnancy administered subcutaneously every 12 h in doses adjusted to 
keep the mid-interval aPTT at least twice control or attain an anti-Xa heparin level of 0.35–0.70 U/mL or 

   (c)  UFH or LMWH (as above) until the 13th week, with substitution by vitamin K antagonists until close 
to delivery when UFH or LMWH is resumed 

 In women judged to be at very high risk of thromboembolism in whom concerns exist about the effi cacy and 
safety of UFH or LMWH as dosed above (e.g., older generation prosthesis in the mitral position or history of 
thromboembolism), vitamin K antagonists throughout pregnancy with replacement by UFH or LMWH (as 
above) close to delivery are recommended, rather than one of the regimens above 

 Grade 2C 

  Adapted from Bates et al. [ 112 ,  113 ] Used with Permission 
 Grade 1A – Strong recommendation, high-quality evidence. Benefi ts clearly outweigh risks. Recommendation can apply to most patients 
 Grade 1B – Strong recommendation, moderate-quality evidence. Benefi ts clearly outweigh risks. Recommendations can apply to most patients 
 Grade 1C – Strong recommendation, low- or very low-quality evidence. Benefi ts clearly outweigh risks. Recommendations can apply to most 
patients 
 Grade 2A – Weak recommendation, high-quality evidence. Benefi ts closely balanced with risks. Best action may differ depending on patient 
circumstances 
 Grade 2B – Weak recommendation, moderate-quality evidence. Benefi ts closely balanced with risks. Best action may differ depending on patient 
circumstances 
 Grade 2C – Weak recommendation, low- or very low-quality evidence. Other alternatives may be equally reasonable 
  UFH  unfractionated heparin,  LMWH  low molecular weight heparin  

 Key Points 

•     Pregnancy poses a hemodynamic burden that can 
result in complications in some women with con-
genital heart disease.  

•   The stress of pregnancy may also have long-term 
implications on cardiac function, disease progres-
sion, and mortality.  

•   All women with congenital heart disease who are 
 contemplating pregnancy should be counseled regard-
ing pregnancy risk and risks to long-term health.  

•   Global risk assessment tools, such as the CARPREG 
and ZAHARA scores, can help to estimate the risk 
of cardiovascular complications during pregnancy. 
These estimates of risk should be supplemented 
with lesion-specifi c data if available.  

•   In cases where the risk is unacceptably high, man-
agement should focus on the appropriate use of safe 
contraception, including permanent contraception.  
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anticoagulation should consider continuing that therapy 
throughout pregnancy. 

 Prematurity is common in women with Eisenmenger 
syndrome [ 36 ]. A planned vaginal or cesarean delivery is 
preferable to an emergency cesarean delivery, and the mode 
of delivery should be based on the expertise available at 
each center [ 26 ]. A regional anesthetic approach has been 
associated with less mortality than a general anesthetic in 
this population of women [ 36 ]. 

 Maternal deaths often occur in the postpartum period and 
women should therefore not be discharged early but rather 
should be monitored in hospital for an extended period up to 
1 week [ 58 ].     

    Guidelines 

 Recommendations pertaining to pregnancy risk assessment 
in women with congenital heart disease are available in the 
European Society of Cardiology task force on the manage-
ment of cardiovascular diseases during pregnancy [ 26 ], the 
American Heart Association/American College of Cardiology 
guidelines for the management of adults with congenital 
heart disease [ 102 ], and the Canadian Cardiovascular Society 

consensus conference on the management of adults with con-
genital heart disease [ 101 ,  118 ,  119 ]. 

 The most comprehensive recommendations pertaining to 
management of cardiovascular complications during preg-
nancy are in the European Society of Cardiology task force 
on the management of cardiovascular diseases during preg-
nancy [ 26 ]. Management recommendations for specifi c con-
ditions can be found in other guidelines. The European 
Society of Cardiology task force on the management of car-
diovascular disease during pregnancy [ 26 ], the American 
College of Cardiology/American Heart Association guide-
lines for the management of patients with valvular heart dis-
ease [ 111 ], and the American College of Chest Physicians 
Evidence-Based Clinical Practice Guidelines on 
Antithrombotic Therapy and Prevention of Thrombosis [ 112 ] 
provide recommendations for anticoagulation management 
in women with mechanical heart valves during pregnancy. 
Management recommendations for thoracic aortic aneurysms 
can be found in the American Heart Association/American 
College of Cardiology guidelines for the diagnosis and man-
agement of patients with thoracic aortic disease [ 100 ]. 
Recommendations for management of arrhythmias can be 
found in the joint American Heart Association/American 
College of Cardiology and European Society of Cardiology 
guidelines on the management of ventricular arrhythmias and 
the prevention of sudden cardiac death [ 120 ], the guidelines 
for the management of patients with supraventricular arrhyth-
mias [ 121 ], and the guidelines for the management of patients 
with atrial fi brillation [ 122 ]. Recommendations on antibiotic 
prophylaxis at the time of labor and delivery can be found in 
the American Heart Association/American College of 
Cardiology guideline update on valvular heart disease: 
focused update on infective endocarditis [ 123 ].     

   References 

       1.    Marelli AJ, Mackie AS, Ionescu-Ittu R, Rahme E, Pilote L. 
Congenital heart disease in the general population: changing prev-
alence and age distribution. Circulation. 2007;115:163–72.  

   2.    Warnes CA, Liberthson R, Danielson GK, et al. Task force 1: the 
changing profi le of congenital heart disease in adult life. J Am 
Coll Cardiol. 2001;37:1170–5.  

    3.    Moons P, Bovijn L, Budts W, Belmans A, Gewillig M. Temporal 
trends in survival to adulthood among patients born with congeni-
tal heart disease from 1970 to 1992 in Belgium. Circulation. 
2010;122:2264–72.  

    4.    Pritchard JA. Changes in the blood volume during pregnancy and 
delivery. Anesthesiology. 1965;26:393–9.  

      5.    Hunter S, Robson SC. Adaptation of the maternal heart in preg-
nancy. Br Heart J. 1992;68:540–3.  

    6.    Easterling TR, Benedetti TJ, Schmucker BC, Millard SP. Maternal 
hemodynamics in normal and preeclamptic pregnancies: a longi-
tudinal study. Obstet Gynecol. 1990;76:1061–9.  

    7.    Gilson GJ, Mosher MD, Conrad KP. Systemic hemodynamics and 
oxygen transport during pregnancy in chronically instrumented, 
conscious rats. Am J Physiol. 1992;263:H1911–8.  

•   Women with pulmonary arterial hypertension, 
Marfan syndrome with dilated aortas, severe sub-
aortic ventricular dysfunction, severe symptomatic 
left heart obstructive lesions, and prior peripartum 
cardiomyopathy with residual ventricular impair-
ment remain at high risk of adverse outcomes 
including death and should be advised not to 
become pregnant.  

•   If a woman at intermediate or high risk of an adverse 
cardiac outcome during pregnancy chooses to pro-
ceed with pregnancy, regular clinical and echocar-
diographic follow- up during pregnancy and the 
early postpartum is advised.  

•   Common cardiovascular complications include 
heart failure and arrhythmias. Most complications 
can be managed with medical therapy.  

•   Labor and delivery should be planned in advance 
with input from cardiologists, maternal-fetal medi-
cine specialists (high-risk obstetricians), and obstet-
ric anesthetists. Plans should be documented and 
disseminated.  

•   Cesarean delivery is rarely indicated for cardiac 
reasons.  

•   The hemodynamic and other changes of pregnancy do 
not resolve immediately postpartum, and therefore, 
women remain at risk for postpartum complications.    

R. Hatton et al.



493

   8.    Gilson GJ, Samaan S, Crawford MH, Qualls CR, Curet LB. 
Changes in hemodynamics, ventricular remodeling, and ventricu-
lar contractility during normal pregnancy: a longitudinal study. 
Obstet Gynecol. 1997;89:957–62.  

   9.    Robson SC, Hunter S, Boys RJ, Dunlop W. Serial study of factors 
infl uencing changes in cardiac output during human pregnancy. 
Am J Physiol. 1989;256:H1060–5.  

   10.    Karamermer Y, Roos-Hesselink JW. Pregnancy and adult congen-
ital heart disease. Expert Rev Cardiovasc Ther. 2007;5:859–69.  

    11.    Hennessy TG, MacDonald D, Hennessy MS, et al. Serial changes 
in cardiac output during normal pregnancy: a Doppler ultrasound 
study. Eur J Obstet Gynecol Reprod Biol. 1996;70:117–22.  

    12.    Robson SC, Dunlop W, Boys RJ, Hunter S. Cardiac output during 
labour. Br Med J (Clin Res Ed). 1987;295:1169–72.  

      13.    Yap SC, Drenthen W, Pieper PG, et al. Risk of complications dur-
ing pregnancy in women with congenital aortic stenosis. Int 
J Cardiol. 2008;126:240–6.  

    14.    Veldtman GR, Connolly HM, Grogan M, Ammash NM, Warnes 
CA. Outcomes of pregnancy in women with tetralogy of Fallot. 
J Am Coll Cardiol. 2004;44:174–80.  

    15.    Greutmann M, Von Klemperer K, Brooks R, Peebles D, O’Brien 
P, Walker F. Pregnancy outcome in women with congenital heart 
disease and residual haemodynamic lesions of the right ventricu-
lar outfl ow tract. Eur Heart J. 2010;31:1764–70.  

         16.    Presbitero P, Somerville J, Stone S, Aruta E, Spiegelhalter D, 
Rabajoli F. Pregnancy in cyanotic congenital heart disease. 
Outcome of mother and fetus. Circulation. 1994;89:2673–6.  

    17.    Marik PE. Venous thromboembolism in pregnancy. Clin Chest 
Med. 2010;31:731–40.  

    18.    Pabinger I, Grafenhofer H. Thrombosis during pregnancy: risk 
factors, diagnosis and treatment. Pathophysiol Haemost Thromb. 
2002;32:322–4.  

          19.    Drenthen W, Pieper PG, Roos-Hesselink JW, et al. Outcome of 
pregnancy in women with congenital heart disease: a literature 
review. J Am Coll Cardiol. 2007;49:2303–11.  

              20.    Chan WS, Anand S, Ginsberg JS. Anticoagulation of pregnant 
women with mechanical heart valves: a systematic review of the 
literature. Arch Intern Med. 2000;160:191–6.  

    21.    Allan LD, Crawford DC, Chita SK, Tynan MJ. Prenatal screening 
for congenital heart disease. Br Med J (Clin Res Ed). 1986;292:
1717–9.  

    22.    Wan AW, Jevremovic A, Selamet Tierney ES, et al. Comparison of 
impact of prenatal versus postnatal diagnosis of congenitally cor-
rected transposition of the great arteries. Am J Cardiol. 2009;104:
1276–9.  

    23.    Thangaroopan M, Wald RM, Silversides CK, et al. Incremental 
diagnostic yield of pediatric cardiac assessment after fetal echo-
cardiography in the offspring of women with congenital heart dis-
ease: a prospective study. Pediatrics. 2008;121:e660–5.  

    24.    Campos O. Doppler echocardiography during pregnancy: physio-
logical and abnormal fi ndings. Echocardiography. 1996;13:
135–46.  

    25.    Lui GK, Silversides CK, Khairy P, et al. Heart rate response dur-
ing exercise and pregnancy outcome in women with congenital 
heart disease. Circulation. 2011;123:242–8.  

                            26.    Regitz-Zagrosek V, Blomstrom Lundqvist C, Borghi C, et al. ESC 
Guidelines on the management of cardiovascular diseases during 
pregnancy: the Task Force on the Management of Cardiovascular 
Diseases during Pregnancy of the European Society of Cardiology 
(ESC). Eur Heart J. 2011;32:3147–97.  

     27.    Tanous D, Siu SC, Mason J, et al. B-type natriuretic peptide in 
pregnant women with heart disease. J Am Coll Cardiol. 2010;56:
1247–53.  

    28.    Wang PI, Chong ST, Kielar AZ, et al. Imaging of pregnant and 
lactating patients: part 2, evidence-based review and recommen-
dations. AJR Am J Roentgenol. 2012;198:785–92.  

    29.    Ain DL, Narula J, Sengupta PP. Cardiovascular imaging and diag-
nostic procedures in pregnancy. Cardiol Clin. 2012;30:331–41.  

    30.    Kok RD, de Vries MM, Heerschap A, van den Berg PP. Absence 
of harmful effects of magnetic resonance exposure at 1.5 T in 
utero during the third trimester of pregnancy: a follow-up study. 
Magn Reson Imaging. 2004;22:851–4.  

    31.    Clements H, Duncan KR, Fielding K, Gowland PA, Johnson IR, 
Baker PN. Infants exposed to MRI in utero have a normal paedi-
atric assessment at 9 months of age. Br J Radiol. 2000;73:
190–4.  

        32.    Khairy P, Ouyang DW, Fernandes SM, Lee-Parritz A, Economy 
KE, Landzberg MJ. Pregnancy outcomes in women with congeni-
tal heart disease. Circulation. 2006;113:517–24.  

        33.    Siu SC, Colman JM, Sorensen S, et al. Adverse neonatal and car-
diac outcomes are more common in pregnant women with cardiac 
disease. Circulation. 2002;105:2179–84.  

      34.    Drenthen W, Boersma E, Balci A, et al. Predictors of pregnancy 
complications in women with congenital heart disease. Eur Heart 
J. 2010;31:2124–32.  

          35.    Siu SC, Sermer M, Colman JM, et al. Prospective multicenter 
study of pregnancy outcomes in women with heart disease. 
Circulation. 2001;104:515–21.  

          36.    Bedard E, Dimopoulos K, Gatzoulis MA. Has there been any 
progress made on pregnancy outcomes among women with pul-
monary arterial hypertension? Eur Heart J. 2009;30:256–65.  

      37.    Immer FF, Bansi AG, Immer-Bansi AS, et al. Aortic dissection in 
pregnancy: analysis of risk factors and outcome. Ann Thorac 
Surg. 2003;76:309–14.  

      38.    Meijboom LJ, Vos FE, Timmermans J, Boers GH, Zwinderman 
AH, Mulder BJ. Pregnancy and aortic root growth in the Marfan 
syndrome: a prospective study. Eur Heart J. 2005;26:914–20.  

    39.    McKellar SH, MacDonald RJ, Michelena HI, Connolly HM, 
Sundt 3rd TM. Frequency of cardiovascular events in women with 
a congenitally bicuspid aortic valve in a single community and 
effect of pregnancy on events. Am J Cardiol. 2011;107:96–9.  

     40.    Grewal J, Siu SC, Ross HJ, et al. Pregnancy outcomes in women 
with dilated cardiomyopathy. J Am Coll Cardiol. 2009;55:45–52.  

        41.    Hameed A, Karaalp IS, Tummala PP, et al. The effect of valvular 
heart disease on maternal and fetal outcome of pregnancy. J Am 
Coll Cardiol. 2001;37:893–9.  

    42.    Goland S, Modi K, Bitar F, et al. Clinical profi le and predictors of 
complications in peripartum cardiomyopathy. J Card Fail. 2009;
15:645–50.  

    43.    Sliwa K, Fett J, Elkayam U. Peripartum cardiomyopathy. Lancet. 
2006;368:687–93.  

         44.    Thorne S, MacGregor A, Nelson-Piercy C. Risks of contraception 
and pregnancy in heart disease. Heart. 2006;92:1520–5.  

       45.    Guedes A, Mercier LA, Leduc L, Berube L, Marcotte F, Dore A. 
Impact of pregnancy on the systemic right ventricle after a 
Mustard operation for transposition of the great arteries. J Am 
Coll Cardiol. 2004;44:433–7.  

       46.    Balint OH, Siu SC, Mason J, et al. Cardiac outcomes after preg-
nancy in women with congenital heart disease. Heart. 2010;96:
1656–61.  

    47.    Tzemos N, Silversides CK, Colman JM, et al. Late cardiac out-
comes after pregnancy in women with congenital aortic stenosis. 
Am Heart J. 2009;157:474–80.  

    48.    Yap SC, Drenthen W, Meijboom FJ, et al. Comparison of preg-
nancy outcomes in women with repaired versus unrepaired atrial 
septal defect. BJOG. 2009;116:1593–601.  

   49.    Yap SC, Drenthen W, Pieper PG, et al. Pregnancy outcome in 
women with repaired versus unrepaired isolated ventricular septal 
defect. BJOG. 2010;117:683–9.  

    50.    Zuber M, Gautschi N, Oechslin E, Widmer V, Kiowski W, Jenni 
R. Outcome of pregnancy in women with congenital shunt lesions. 
Heart. 1999;81:271–5.  

34 Congenital Heart Disease: Pregnancy and Contraception



494

    51.    Canobbio MM, Morris CD, Graham TP, Landzberg MJ. Pregnancy 
outcomes after atrial repair for transposition of the great arteries. 
Am J Cardiol. 2006;98:668–72.  

     52.    Canobbio MM, Mair DD, van der Velde M, Koos BJ. Pregnancy 
outcomes after the Fontan repair. J Am Coll Cardiol. 1996;28:
763–7.  

      53.    Drenthen W, Pieper PG, Roos-Hesselink JW, et al. Pregnancy and 
delivery in women after Fontan palliation. Heart. 2006;92:
1290–4.  

     54.    Mulder BJ, Meijboom LJ. Pregnancy and Marfan syndrome: an 
ongoing discussion. J Am Coll Cardiol. 2012;60:230–1.  

    55.    Goland S, Elkayam U. Cardiovascular problems in pregnant 
women with Marfan syndrome. Circulation. 2009;119:619–23.  

    56.    Elkayam U, Ostrzega E, Shotan A, Mehra A. Cardiovascular 
problems in pregnant women with the Marfan syndrome. Ann 
Intern Med. 1995;123:117–22.  

    57.    Rossiter JP, Repke JT, Morales AJ, Murphy EA, Pyeritz RE. A 
prospective longitudinal evaluation of pregnancy in the Marfan 
syndrome. Am J Obstet Gynecol. 1995;173:1599–606.  

     58.    Kiely DG, Condliffe R, Webster V, et al. Improved survival in 
pregnancy and pulmonary hypertension using a multiprofessional 
approach. BJOG. 2010;117:565–74.  

     59.    Weiss BM, Zemp L, Seifert B, Hess OM. Outcome of pulmonary 
vascular disease in pregnancy: a systematic overview from 1978 
through 1996. J Am Coll Cardiol. 1998;31:1650–7.  

      60.    Thorne S, Nelson-Piercy C, MacGregor A, et al. Pregnancy and 
contraception in heart disease and pulmonary arterial hyperten-
sion. J Fam Plann Reprod Health Care. 2006;32:75–81.  

       61.    Yinon Y, Siu SC, Warshafsky C, et al. Use of low molecular 
weight heparin in pregnant women with mechanical heart valves. 
Am J Cardiol. 2009;104:1259–63.  

        62.    McLintock C, McCowan LM, North RA. Maternal complications 
and pregnancy outcome in women with mechanical prosthetic 
heart valves treated with enoxaparin. BJOG. 2009;116:1585–92.  

     63.    Vitale N, De Feo M, De Santo LS, Pollice A, Tedesco N, Cotrufo 
M. Dose-dependent fetal complications of warfarin in pregnant 
women with mechanical heart valves. J Am Coll Cardiol. 1999;33:
1637–41.  

     64.    Silversides CK, Colman JM, Sermer M, Farine D, Siu SC. Early 
and intermediate-term outcomes of pregnancy with congenital 
aortic stenosis. Am J Cardiol. 2003;91:1386–9.  

    65.    Lao TT, Sermer M, MaGee L, Farine D, Colman JM. Congenital 
aortic stenosis and pregnancy – a reappraisal. Am J Obstet 
Gynecol. 1993;169:540–5.  

    66.    Morgan-Hughes GJ, Roobottom CA, Owens PE, Marshall AJ. 
Dilatation of the aorta in pure, severe, bicuspid aortic valve steno-
sis. Am Heart J. 2004;147:736–40.  

    67.    Siu SC, Silversides CK. Bicuspid aortic valve disease. J Am Coll 
Cardiol. 2010;55:2789–800.  

    68.    Burchill L, Greenway S, Silversides CK, Mital S. Genetic coun-
seling in the adult with congenital heart disease: what is the role? 
Curr Cardiol Rep. 2011;13:347–55.  

    69.    Ouyang DW, Khairy P, Fernandes SM, Landzberg MJ, Economy 
KE. Obstetric outcomes in pregnant women with congenital heart 
disease. Int J Cardiol. 2010;144:195–9.  

        70.    Silversides CK, Sermer M, Siu SC. Choosing the best contracep-
tive method for the adult with congenital heart disease. Curr 
Cardiol Rep. 2009;11:298–305.  

    71.    Leonard H, O’Sullivan JJ, Hunter S. Family planning requirements 
in the adult congenital heart disease clinic. Heart. 1996;76:60–2.  

   72.    Kovacs AH, Harrison JL, Colman JM, Sermer M, Siu SC, 
Silversides CK. Pregnancy and contraception in congenital heart 
disease: what women are not told. J Am Coll Cardiol. 2008;52:
577–8.  

      73.    Vigl M, Kaemmerer M, Seifert-Klauss V, et al. Contraception in 
women with congenital heart disease. Am J Cardiol. 2010;106:
1317–21.  

      74.    Trussell J. Contraceptive failure in the United States. 
Contraception. 2011;83:397–404.  

    75.    Lidegaard O. Oral contraceptives, pregnancy and the risk of cere-
bral thromboembolism: the infl uence of diabetes, hypertension, 
migraine and previous thrombotic disease. Br J Obstet Gynaecol. 
1995;102:153–9.  

   76.      Poulter NR, Chang CL, Farley TMM, et al. Acute myocardial 
infarction and combined oral contraceptives: results of an interna-
tional multicentre case-control study. WHO Collaborative Study 
of Cardiovascular Disease and Steroid Hormone Contraception. 
Lancet 1997;349:1202–9.  

   77.   Poulter NR, Chang CL, Meirik O, et al. Venous thromboembolic 
disease and combined oral contraceptives: results of international 
multicentre case-control study. World Health Organization 
Collaborative Study of Cardiovascular Disease and Steroid 
Hormone Contraception. Lancet 1995;346:1575–82.  

    78.    Lidegaard O, Lokkegaard E, Jensen A, Skovlund CW, Keiding N. 
Thrombotic stroke and myocardial infarction with hormonal con-
traception. N Engl J Med. 2012;366:2257–66.  

    79.    Tsang W, Johansson B, Salehian O, et al. Intracardiac thrombus in 
adults with the Fontan circulation. Cardiol Young. 2007;17:
646–51.  

    80.    Varma C, Warr MR, Hendler AL, Paul NS, Webb GD, Therrien J. 
Prevalence of “silent” pulmonary emboli in adults after the Fontan 
operation. J Am Coll Cardiol. 2003;41:2252–8.  

    81.    Vasilakis C, Jick H, del Mar Melero-Montes M. Risk of idiopathic 
venous thromboembolism in users of progestagens alone. Lancet. 
1999;354:1610–1.  

    82.    Palmer SN, Greenberg JA. Transcervical sterilization: a compari-
son of essure(r) permanent birth control system and adiana(r) per-
manent contraception system. Rev Obstet Gynecol. 
2009;2:84–92.  

     83.    Abbott J. Transcervical sterilization. Curr Opin Obstet Gynecol. 
2007;19:325–30.  

    84.    Wittmer MH, Famuyide AO, Creedon DJ, Hartman RP. 
Hysterosalpingography for assessing effi cacy of Essure microin-
sert permanent birth control device. AJR Am J Roentgenol. 
2006;187:955–8.  

    85.    Anderson TL, Vancaillie TG. The Adiana System for permanent 
contraception: safety and effi cacy at 3 years. J Minim Invasive 
Gynecol. 2011;18:612–6.  

    86.    Vancaillie TG, Harrington DC, Anderson JM. Mechanism of 
action of the Adiana((R)) device: a histologic perspective. 
Contraception. 2011;84:299–301.  

    87.    Oron G, Hirsch R, Ben-Haroush A, et al. Pregnancy outcome in 
women with heart disease undergoing induction of labour. BJOG. 
2004;111:669–75.  

    88.       Goldszmidt E, Macarthur A, Silversides C, Colman J, Sermer M, 
Siu S. Anesthetic management of a consecutive cohort of women 
with heart disease for labor and delivery. Int J Obstet Anesth. 
2010;19:266–72.  

    89.    Therrien J, Barnes I, Somerville J. Outcome of pregnancy in 
patients with congenitally corrected transposition of the great 
arteries. Am J Cardiol. 1999;84:820–4.  

    90.    Elkayam U, Bitar F. Valvular heart disease and pregnancy part 
I: native valves. J Am Coll Cardiol. 2005;46:223–30.  

    91.    Weiss BM, Hess OM. Pulmonary vascular disease and pregnancy: 
current controversies, management strategies, and perspectives. 
Eur Heart J. 2000;21:104–15.  

    92.    Ratnapalan S, Koren G. Taking ACE inhibitors during pregnancy. 
Is it safe? Coll Fam Physicians Can. 2002;48:1047–9.  

R. Hatton et al.



495

    93.    Cooper WO, Hernandez-Diaz S, Arbogast PG, et al. Major con-
genital malformations after fi rst-trimester exposure to ACE inhib-
itors. N Engl J Med. 2006;354:2443–51.  

    94.    Caton AR, Bell EM, Druschel CM, et al. Antihypertensive medi-
cation use during pregnancy and the risk of cardiovascular malfor-
mations. Hypertension. 2009;54:63–70.  

   95.    Lennestal R, Otterblad Olausson P, Kallen B. Maternal use of anti-
hypertensive drugs in early pregnancy and delivery outcome, nota-
bly the presence of congenital heart defects in the infants. Eur 
J Clin Pharmacol. 2009;65:615–25.  

    96.    Li DK, Yang C, Andrade S, Tavares V, Ferber JR. Maternal expo-
sure to angiotensin converting enzyme inhibitors in the fi rst tri-
mester and risk of malformations in offspring: a retrospective 
cohort study. BMJ. 2011;343:d5931.  

    97.    Lip GY, Beevers M, Churchill D, Shaffer LM, Beevers DG. Effect 
of atenolol on birth weight. Am J Cardiol. 1997;79:1436–8.  

    98.    Lydakis C, Lip GY, Beevers M, Beevers DG. Atenolol and fetal 
growth in pregnancies complicated by hypertension. Am 
J Hypertens. 1999;12:541–7.  

    99.    Silversides CK, Colman JM, Sermer M, Siu SC. Cardiac risk in 
pregnant women with rheumatic mitral stenosis. Am J Cardiol. 
2003;91:1382–5.  

     100.    Hiratzka LF, Bakris GL, Beckman JA, et al. ACCF/AHA/AATS/
ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagno-
sis and management of patients with thoracic aortic disease: a 
report of the American College of Cardiology Foundation/
American Heart Association Task Force on Practice Guidelines, 
American Association for Thoracic Surgery, American College of 
Radiology, American Stroke Association, Society of 
Cardiovascular Anesthesiologists, Society for Cardiovascular 
Angiography and Interventions, Society of Interventional 
Radiology, Society of Thoracic Surgeons, and Society for Vascular 
Medicine. Circulation. 2010;121:e266–369.  

       101.    Silversides CK, Kiess M, Beauchesne L, et al. Canadian 
Cardiovascular Society 2009 consensus conference on the manage-
ment of adults with congenital heart disease: outfl ow tract obstruc-
tion, coarctation of the aorta, tetralogy of Fallot, Ebstein anomaly 
and Marfan’s syndrome. Can J Cardiol. 2010;26:e80–97.  

     102.    Warnes CA, Williams RG, Bashore TM, et al. ACC/AHA 2008 
guidelines for the management of adults with congenital heart dis-
ease: a report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (writing 
committee to develop guidelines on the management of adults with 
congenital heart disease). Developed in Collaboration with the 
American Society of Echocardiography, Heart Rhythm Society, 
International Society for Adult Congenital Heart Disease, Society 
for Cardiovascular Angiography and Interventions, and Society of 
Thoracic Surgeons. J Am Coll Cardiol. 2008;52:e143–263.  

   103.    Salim MA, Alpert BS, Ward JC, Pyeritz RE. Effect of beta- 
adrenergic blockade on aortic root rate of dilation in the Marfan 
syndrome. Am J Cardiol. 1994;74:629–33.  

   104.    Shores J, Berger KR, Murphy EA, Pyeritz RE. Progression of aor-
tic dilatation and the benefi t of long-term beta-adrenergic block-
ade in Marfan’s syndrome. N Engl J Med. 1994;330:1335–41.  

    105.    Ladouceur M, Fermanian C, Lupoglazoff JM, et al. Effect of beta- 
blockade on ascending aortic dilatation in children with the 
Marfan syndrome. Am J Cardiol. 2007;99:406–9.  

    106.    Donnelly RT, Pinto NM, Kocolas I, Yetman AT. The immediate 
and long-term impact of pregnancy on aortic growth rate and mor-
tality in women with Marfan syndrome. J Am Coll Cardiol. 
2012;60:224–9.  

    107.    Rowan JA, McCowan LM, Raudkivi PJ, North RA. Enoxaparin 
treatment in women with mechanical heart valves during preg-
nancy. Am J Obstet Gynecol. 2001;185:633–7.  

    108.    Oran B, Lee-Parritz A, Ansell J. Low molecular weight heparin 
for the prophylaxis of thromboembolism in women with pros-
thetic mechanical heart valves during pregnancy. Thromb 
Haemost. 2004;92:747–51.  

    109.    Iturbe-Alessio I, Fonseca MC, Mutchinik O, Santos MA, Zajarias 
A, Salazar E. Risks of anticoagulant therapy in pregnant women 
with artifi cial heart valves. N Engl J Med. 1986;315:1390–3.  

    110.    Cotrufo M, De Feo M, De Santo LS, et al. Risk of warfarin during 
pregnancy with mechanical valve prostheses. Obstet Gynecol. 
2002;99:35–40.  

     111.    Bonow RO, Carabello BA, Chatterjee K, et al. 2008 Focused 
update incorporated into the ACC/AHA 2006 guidelines for the 
management of patients with valvular heart disease: a report of the 
American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (writing committee to revise 
the 1998 guidelines for the management of patients with valvular 
heart disease): endorsed by the Society of Cardiovascular 
Anesthesiologists, Society for Cardiovascular Angiography and 
Interventions, and Society of Thoracic Surgeons. Circulation. 
2008;118:e523–661.  

      112.    Bates SM, Greer IA, Middeldorp S, Veenstra DL, Prabulos AM, 
Vandvik PO. VTE, thrombophilia, antithrombotic therapy, and 
pregnancy: antithrombotic therapy and prevention of thrombosis, 
9th ed: American college of chest physicians evidence-based clin-
ical practice guidelines. Chest. 2012;141:e691S–736.  

    113.    Guyatt GH, Norris SL, Schulman S, et al. Methodology for the 
development of antithrombotic therapy and prevention of throm-
bosis guidelines: Antithrombotic Therapy and Prevention of 
Thrombosis, 9th ed: American College of Chest Physicians 
Evidence-Based Clinical Practice Guidelines. Chest. 2012;141:
53S–70.  

    114.    Salazar E, Izaguirre R, Verdejo J, Mutchinick O. Failure of 
adjusted doses of subcutaneous heparin to prevent thromboem-
bolic phenomena in pregnant patients with mechanical cardiac 
valve prostheses. J Am Coll Cardiol. 1996;27:1698–703.  

    115.    Weiss BM, von Segesser LK, Alon E, Seifert B, Turina MI. 
Outcome of cardiovascular surgery and pregnancy: a systematic 
review of the period 1984–1996. Am J Obstet Gynecol. 1998;179:
1643–53.  

    116.    Turrentine MA, Braems G, Ramirez MM. Use of thrombolytics 
for the treatment of thromboembolic disease during pregnancy. 
Obstet Gynecol Surv. 1995;50:534–41.  

    117.    Kurzrok S, Singh AK, Most AS, Williams DO. Thrombolytic 
therapy for prosthetic cardiac valve thrombosis. J Am Coll 
Cardiol. 1987;9:592–8.  

    118.    Silversides CK, Salehian O, Oechslin E, et al. Canadian 
Cardiovascular Society 2009 consensus conference on the man-
agement of adults with congenital heart disease: complex con-
genital cardiac lesions. Can J Cardiol. 2010;26:e98–117.  

    119.    Silversides CK, Dore A, Poirier N, et al. Canadian Cardiovascular 
Society 2009 consensus conference on the management of adults 
with congenital heart disease: shunt lesions. Can J Cardiol. 
2010;26:e70–9.  

    120.    Zipes DP, Camm AJ, Borggrefe M, et al. ACC/AHA/ESC 2006 
guidelines for management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death: a 
report of the American College of Cardiology/American Heart 
Association Task Force and the European Society of Cardiology 
Committee for Practice Guidelines (writing committee to 
develop guidelines for management of patients with ventricu-
lar arrhythmias and the prevention of sudden cardiac death): 
developed in collaboration with the European Heart Rhythm 
Association and the Heart Rhythm Society. Circulation. 
2006;114:e385–484.  

34 Congenital Heart Disease: Pregnancy and Contraception



496

    121.    Blomstrom-Lundqvist C, Scheinman MM, Aliot EM, et al. ACC/
AHA/ESC guidelines for the management of patients with supra-
ventricular arrhythmias – executive summary. A report of the 
American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines and the European Society of 
Cardiology Committee for Practice Guidelines (writing committee 
to develop guidelines for the management of patients with supra-
ventricular arrhythmias) developed in collaboration with NASPE-
Heart Rhythm Society. J Am Coll Cardiol. 2003;42:1493–531.  

    122.    Wann LS, Curtis AB, January CT, et al. ACCF/AHA/HRS focused 
update on the management of patients with atrial fi brillation 

(updating the 2006 guideline): a report of the American College of 
Cardiology Foundation/American Heart Association Task Force 
on Practice Guidelines. Circulation. 2011;123:104–23.  

    123.    Nishimura RA, Carabello BA, Faxon DP, et al. ACC/AHA 2008 
guideline update on valvular heart disease: focused update on 
infective endocarditis: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines: endorsed by the Society of Cardiovascular 
Anesthesiologists, Society for Cardiovascular Angiography and 
Interventions, and Society of Thoracic Surgeons. Circulation. 
2008;118:887–96.    

R. Hatton et al.



   Part V 

   Management of Cardiovascular Disease 
in Patients Requiring Non-cardiac Surgery        



499K. Stergiopoulos, D.L. Brown (eds.), Evidence-Based Cardiology Consult, 
DOI 10.1007/978-1-4471-4441-0_35, © Springer-Verlag London 2014

        Role of the Consultant 

 The role of the cardiac consultant is to identify the key ques-
tions and ensure that all the perioperative caregivers are con-
sidered when providing a response. The yield of a cardiology 
consultation, in terms of initiating new therapy or having a 
signifi cant effect on patient management strategy prior to 
surgery, has been reported to vary from 10 % to more than 
70 % [ 1 ]. A review of 146 medical consultations suggested 
that the majority of such consultations give little advice that 
impacts either perioperative management or outcome of the 
surgery [ 2 ]. 

 Since these early reports, preoperative anesthetic clinics 
have become commonplace, and guidelines have been 

 published beginning in 1996. As a result, more appropriate 
utilization of cardiology consultations has been observed 
recently [ 3 ]. 

 Once the consultation has been requested, the consultant 
should review available patient data, obtain a history, and 
perform a physical examination that includes a comprehen-
sive cardiovascular evaluation pertinent to the patient’s prob-
lems and proposed surgery. It is critical for the consultant to 
determine the patient’s cardiovascular status and whether the 
patient is in the optimal medical condition within the context 
of the surgical illness as well as to recommend any changes 
in medical therapy. Most importantly, the consultant should 
not use phrases such as “cleared for surgery” but rather pro-
vide recommendations for optimization of the patient’s sta-
tus and outcome. 

    Pathophysiology of Perioperative 
Cardiac Events 

 The presence of postoperative ischemia is strongly associ-
ated with myocardial infarction (MI) and cardiac death [ 4 ,  5 ]. 
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However, the pathophysiology underlying postoperative 
ischemia is multifactorial, which infl uences the potential 
value of preoperative cardiac testing. Duvall studied 66 
patients with perioperative myocardial infarction (MI) and 
demonstrated the distribution of demand, thrombotic, and 
nonobstructive MI to be 55, 26, and 19 %, respectively [ 6 ]. 
As a result, preoperative testing for signifi cant coronary dis-
ease frequently fails to identify patients at risk of a postop-
erative cardiac event.   

    Clinical Assessment 

 Since the original manuscript by Goldman and colleagues in 
1977 describing a Cardiac Risk Index, multiple investigators 
have validated various clinical risk indices for their ability to 
predict perioperative cardiac complications [ 7 ]. The most 
recent index was developed in a study of 4,315 patients aged 
50 years or greater undergoing elective major noncardiac 
procedures in a tertiary care teaching hospital. The six inde-
pendent predictors of complications included in a Revised 
Cardiac Risk Index (RCRI)were high-risk type of surgery, 
history of ischemic heart disease, history of congestive heart 
failure, history of cerebrovascular disease, preoperative 
treatment with insulin, and preoperative serum creatinine 
>2.0 mg/dl, with increasing cardiac complication rates noted 
with an increasing number of risk factors [ 8 ]. The RCRI has 
become the standard tool in the literature for assessing peri-
operative cardiac risk in a given individual and has been used 
to direct the decision to perform cardiovascular testing and 
implement perioperative management protocols. It has 
recently been validated for both short- and long-term cardio-
vascular outcomes [ 9 ]. It has also been shown to predict 
long-term quality of life [ 9 ]. Therefore, it can be used to help 
defi ne both the short- and long-term risks of cardiovascular 
disease in the surgical patient. 

 A primary issue with all of these indices is that a simple 
estimate of risk does not help in refi ning perioperative man-
agement for an individual patient. Therefore, it is important 
that the consultant communicates the extent and stability of 
the patient’s coronary artery disease rather than a simple 
statement of risk classifi cation. 

 A thorough history should focus on cardiovascular risk 
factors and symptoms or signs of unstable cardiac disease 
states, such as myocardial ischemia with minimal exertion, 
active congestive heart failure, symptomatic valvular heart 
disease, and signifi cant cardiac arrhythmias. The presence 
of unstable angina is associated with a 28 % incidence of 
perioperative MI [ 10 ]. Such patients would benefi t from 
 delaying elective surgery to address their coronary disease. 
For those patients with chronic stable angina, exercise tol-
erance appears to be a good method of assessing periopera-
tive risk. 

 In virtually all studies, the presence of active congestive 
heart failure has been associated with increased perioperative 
cardiac morbidity [ 11 ]. In addition, multiple studies have 
demonstrated that reduced ejection fraction is associated 
with an increased incidence of perioperative cardiac events 
[ 12 ,  13 ]. Flu and colleagues performed echocardiography in 
vascular surgery patients and found that for open surgical 
procedures, asymptomatic systolic and diastolic left ventric-
ular (LV) dysfunction were both associated with increased 
30-day cardiovascular event rates (odds ratio (OR) 2.3, 95 % 
confi dence interval [CI] 1.4–3.6 and 1.8, 95 % CI 1.1–2.9, 
respectively) and long-term cardiovascular mortality (hazard 
ratios 4.6, 95 % CI 2.4–8.5 and 3.0, 95 % CI 1.5–6.0, respec-
tively) [ 14 ]. In patients undergoing endovascular surgery 
( n  = 356), only symptomatic heart failure was associated with 
an increase in 30-day cardiovascular events and long-term 
cardiovascular mortality. These results suggest that stabiliza-
tion of ventricular function and treatment of pulmonary con-
gestion are prudent prior to elective surgery. 

 A recent MI has traditionally been an important predictor 
of perioperative risk. The more recent the MI, particularly 
within 3–6 months, the greater the perioperative risk. 
However, like the Goldman Cardiac Risk Index, medicine 
has changed and outcomes are improved. The classic Rao 
paper published in 1983 cited a reinfarction rate of nearly 
30 % if noncardiac surgery occurred within 3 months of a 
prior infarction [ 15 ]. These reinfarctions had a very high 
mortality rate. With the advent of dedicated postoperative 
intensive care units, more vigilant monitoring, and early 
intervention, the postoperative reinfarction rate has decreased 
by almost an order of magnitude. The American Heart 
Association/American College of Cardiology Foundation 
(AHA/ACCF) guidelines advocate the use of ≤30 days as the 
acute period, with high risk continuing for 6–8 weeks [ 16 ]. 
After that time, a prior MI places the patient in the intermedi-
ate clinical risk category, and further risk stratifi cation 
depends upon clinical symptoms. 

 For those patients without overt symptoms or history of 
coronary artery disease (CAD), the probability of CAD var-
ies with the type and number of atherosclerotic risk factors 
present. Diabetes accelerates the progression of atheroscle-
rosis, which can frequently be silent in nature, leading many 
clinicians to assume diabetes is a CAD equivalent and treat-
ing them as such. Diabetes is an independent risk factor for 
perioperative cardiac morbidity, and the preoperative treat-
ment with insulin has been included in the RCRI. In attempt-
ing to determine the degree of the increased risk associated 
with diabetes, the treatment modality, length of the disease, 
and other associated end-organ dysfunction should be taken 
into account. 

 Hypertension has also been associated with an increased 
risk of myocardial ischemia and infarction. Those hyperten-
sive patients with left ventricular hypertrophy and who are 
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undergoing noncardiac surgery are at a higher perioperative 
risk than normotensive patients [ 17 ]. There is a great deal of 
debate regarding a specifi c level of blood pressure that 
should trigger the delay or cancellation of a surgical proce-
dure in a patient with poorly controlled or untreated hyper-
tension. A sustained diastolic blood pressure >110 mmHg 
has traditionally triggered a delay in surgery although the 
data does not support such an assertion. In the absence of 
end-organ changes, such as renal insuffi ciency or left ven-
tricular hypertrophy, it would seem appropriate to proceed 
with surgery. A randomized trial of treated hypertensive 
patients without known CAD who presented the morning of 
surgery with an elevated diastolic blood pressure was unable 
to demonstrate any difference in outcome between those 
who were actively treated and those in whom surgery was 
delayed [ 18 ]. In contrast, a patient with a markedly elevated 
blood pressure and the new onset of a headache should have 
surgery delayed for further evaluation and potential treat-
ment. A list of active cardiac conditions for which non- 
emergent, noncardiac surgeries might be delayed are defi ned 
in Table  35.1 .

       Importance of the Type of Surgical 
Procedure 

 The type of surgical procedure infl uences the extent of the 
preoperative evaluation due to the potential range of peri-
operative hemodynamic and hemostatic changes among 
different operations (Table  35.2 ). There is little hard data to 

defi ne the surgery-specifi c incidence of complications, and 
the rate may be very institution dependent. Eagle et al. pub-
lished data on the incidence of perioperative MI and mor-
tality by procedure for patients enrolled in the Coronary 
Artery Surgery Study (CASS) [ 19 ]. Higher-risk procedures 
for which coronary artery bypass grafting reduced the risk 
of noncardiac surgery compared to medical therapy 
included major vascular, abdominal, thoracic, and orthope-
dic surgery. Vascular surgery involves a unique group of 
patients in whom there is extensive evidence regarding pre-
operative testing and perioperative interventions. Endo-
vascular stent placement is associated with lower 
perioperative risk, particularly the risk of death, but similar 
long-term mortality compared to open procedures [ 20 ]. 
Most importantly, the rate of mortality and cardiac morbid-
ity varies greatly between hospitals, which is in part related 
to surgical volume [ 21 ]. Therefore, the surgical risk should 
be individualized by institution. Table  35.3  defi nes a gen-
eral categorization of surgical procedures in the AHA/
ACCF guidelines.

        Importance of Exercise Tolerance 

 Exercise tolerance is one of the most important determinants 
of perioperative complications. If a patient can walk a mile 
without becoming short of breath, then the probability of 
extensive coronary artery disease is small. Alternatively, if 
patients develop dyspnea and chest pain with minimal exer-
tion, then the probability of extensive coronary artery disease 
is high. Reilly and colleagues demonstrated that the likeli-
hood of a serious complication was inversely related to the 
number of blocks that could be walked or fl ights of stairs that 
could be climbed [ 22 ]. Exercise tolerance can be assessed 
with formal treadmill testing or with a questionnaire that 
assesses activities of daily living (see Table  35.3 ).  

   Table 35.1    Active cardiac conditions for which the patient should 
undergo evaluation and treatment before noncardiac surgery   

 Condition  Examples 

 Unstable coronary 
syndromes 

 Unstable or severe angina (CCS class III or IV) 
 Recent MI 

 Decompensated 
HF 

 NYHA functional class IV 
 Worsening or new-onset HF 

 Signifi cant 
arrhythmias 

 High-grade atrioventricular block 
 Mobitz II atrioventricular block 
 Third-degree atrioventricular heart block 
 Symptomatic ventricular arrhythmias 
 Supraventricular arrhythmias (including atrial 
fi brillation) with uncontrolled ventricular rate 
(HR >100 bpm at rest) 
 Symptomatic bradycardia 
 Newly recognized ventricular tachycardia 

 Severe valvular 
disease 

 Severe aortic stenosis (mean pressure gradient 
greater than 40 mmHg, aortic valve area less 
than 1.0 cm 2 , or symptomatic) 
 Symptomatic mitral stenosis (progressive dyspnea 
on exertion, exertional presyncope, or HF) 

   HR  heart rate,  HF  heart failure,  MI  myocardial infarction,  CCS  
Canadian Cardiovascular Society,  NYHA  New York Heart Association  

   Table 35.2    Cardiac risk stratifi cation for noncardiac surgical 
procedures   

 Risk stratifi cation  Procedure examples 

 Vascular (reported 
cardiac risk >5 %) 

 Aortic and other major vascular surgery 
 Peripheral vascular surgery 

 Intermediate (reported 
cardiac risk 1–5 %) 

 Intraperitoneal and intrathoracic surgery 
 Carotid endarterectomy 
 Head and neck surgery 
 Orthopedic surgery 
 Prostate surgery 

 Low (reported cardiac 
risk <1 %) 

 Endoscopic procedures 
 Superfi cial procedure 
 Cataract surgery 
 Breast surgery 
 Ambulatory surgery 
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    Approach to the Patient 

 Figure  35.1  presents in algorithmic form a framework for 
determining which patients are candidates for cardiac testing 
published in the 2007 guidelines. The guidelines are being 
updated and a new version will be published in 2014. 
Importantly, the value of adopting the algorithm depends 
upon local factors such as current perioperative risk and uti-
lization of testing.
     Step 1 : The consultant should determine the urgency of non-

cardiac surgery. In many instances, patient- or surgery- 
specifi c factors dictate an obvious strategy (e.g., emergent 
surgery) that may not allow for further cardiac assessment 
or treatment.  

   Step 2 : Does the patient have one of the active cardiac condi-
tions? In patients being considered for elective noncar-
diac surgery, the presence of unstable coronary disease, 
decompensated heart failure, severe arrhythmia, or valvu-
lar heart disease usually leads to cancellation or delay of 
surgery until the cardiac problem has been clarifi ed and 
treated appropriately. Examples of unstable coronary syn-
dromes include previous MI with evidence of residual 
ischemia by clinical symptoms or noninvasive study, 
unstable or severe angina, and new or poorly controlled 
ischemia-mediated heart failure. Depending on the results 
of the test or interventions and the risk of delaying sur-
gery, it may be appropriate to proceed to the planned sur-
gery with maximal medical therapy.  

   Step 3 : Is the patient undergoing low-risk surgery? In these 
patients, since interventions based on cardiovascular test-
ing in stable patients would rarely result in a change in 
management, it is appropriate to proceed with the planned 
surgical procedure.  

   Step 4 : Does the patient have moderate functional capacity 
without symptoms? In highly functional asymptomatic 
patients, management will rarely be changed on the basis 
of results of any further cardiovascular testing, and it is 
therefore appropriate to proceed with the planned surgery. 
If the patient has poor functional capacity, is symptom-
atic, or has unknown functional capacity, then the pres-
ence of clinical risk factors will determine the need for 
further evaluation. If the patient has no clinical risk fac-
tors, then it is appropriate to proceed with the planned 
surgery, and no further change in management is 
indicated.    
 If the patient has 1 or 2 clinical risk factors, it is reason-

able either to proceed with the planned surgery, with heart 
rate control, or to consider testing if it will change manage-
ment. In patients with 3 or more clinical risk factors or if the 
patient is undergoing vascular surgery, recent studies suggest 
that testing should only be considered if it will change man-
agement. In nonvascular surgery in which perioperative mor-
bidity related to the procedures ranges from 1 to 5 % 
(intermediate-risk surgery), there are insuffi cient data to 
determine the best strategy (proceeding with the planned sur-
gery with tight heart rate control with beta-blockade or fur-
ther cardiovascular testing if it will change management).  

    Choice of Diagnostic Test 

 There are multiple noninvasive diagnostic tests which have 
been proposed to evaluate the extent of CAD before noncar-
diac surgery. Although exercise electrocardiography has 
been the traditional method of evaluating individuals for the 
presence of CAD, patients with good exercise tolerance will 

    Table 35.3    Estimated energy requirement for various activities   

 1 MET 

 

    

 Can you take care of yourself? 

 4 METs    

 

    

 Climb a fl ight of stairs or walk up a hill? 
 Eat, dress, or use the toilet?  Walk on level ground at 4 mph or 6.4 km/h? 
 Walk indoors around the house?  Run a short distance? 
 Walk a block or two on level ground at 
2–3 mph or 3.2–4.8 km/h? 

 Do heavy work around the house like scrubbing fl oors or 
lifting or moving heavy furniture? 

 Do light work around the house like dusting 
or washing dishes? 

 Participate in moderate recreational activities like golf, 
bowling, dancing, doubles tennis, or throwing a baseball or 
football? 

 4METs  >10 METs  Participate in strenuous sports like swimming, singles 
tennis, football, basketball, or skiing? 

  Adapted from: Fleisher et al. [ 16 ] © 2007 American Heart Association, Inc. 
  MET  metabolic equivalent  
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rarely benefi t from further testing. Therefore, pharmacologic 
stress testing in patients unable to exercise or with poor func-
tional capacity has become popular, particularly as a preop-
erative test in vascular surgery patients. 

 Several authors have shown that the presence of a redis-
tribution defect on dipyridamole-thallium imaging in 
patients undergoing peripheral vascular surgery is predictive 
of postoperative cardiac events. In order to increase the pre-
dictive value of the test, several strategies have been sug-
gested. Lung uptake, left ventricular cavity dilation, and 
redistribution defect size on nuclear imaging have all been 
shown to be predictive of subsequent morbidity [ 23 ]. The 
appearance of new or worsened regional wall motion abnor-
malities on stress echocardiography is considered a positive 
test. The advantage of this test is that it is a dynamic assess-

ment of ventricular function. Dobutamine echocardiography 
has been studied and was found to have among the best posi-
tive and negative predictive values. Poldermans et al. dem-
onstrated that the groups at greatest risk were those who 
demonstrated regional wall motion abnormalities at low 
heart rates [ 24 ]. The presence of fi ve or more segments with 
new regional wall motion abnormalities denotes a high-risk 
group who did not benefi t from perioperative beta-blockade 
in one trial [ 25 ]. Beattie and colleagues demonstrated that 
stress echocardiography has better negative predicative 
characteristics than thallium imaging [ 26 ]. They found that 
moderate-to- large perfusion defects on either test predicted 
postoperative MI and death. 

 As noted above, the presence of reduced ejection frac-
tion is associated with an increased incidence of cardiac 

Step 1
Need for emergency
noncardiac surgery?

No

No

No

Functional capacity ≥4 METS greater
without symptoms‡

No or unknown

Three or more clinical
risk factors I

Vascular surgery

Class IIa,
LOE B

Consider testing if it will
change management¶

Intermediate
risk surgery

Proceed with planned surgery with HR control ¶ (Class IIa, LOE B)
or consider noninvasive testing (Class IIb LOE B ) if it will change management

Vascular surgery

1–2 clinical
risk factors |

Intermediate risk
surgery

No clinical
risk factors ||

Class I,
LOE B

Proceed with
planned surgery †

Low risk surgery

Active cardiac
conditions*

Yes
(Class I, LOE C)

Yes
(Class I, LOE B)

Yes
(Class I, LOE B)

Proceed with
planned surgery†

Proceed with planned
surgery §

Yes
(Class IIa, LOE B)

Operating room

Evaluate and treat per
ACC/AHA guidelines

Consider
operating room

Perioperative surveillance
and postoperative risk

stratification and risk factor
management

Step 2

Step 3

Step 4

Step 5

  Fig. 35.1    Cardiac evaluation and care algorithm for noncardiac sur-
gery based on active clinical conditions, known cardiovascular disease, 
or cardiac risk factors for patients 50 years of age or greater. The 
American Heart Association/American College of Cardiology Task 
Force on Perioperative Evaluation of Cardiac Patients for Noncardiac 
Surgery has proposed an algorithm regarding the need for further evalu-
ation. This represents one of multiple algorithms proposed in the litera-
ture. It is based upon expert opinion and incorporates fi ve steps. First, 
the clinician must evaluate the urgency of the surgery and the appropri-

ateness of a formal preoperative assessment. Next, he or she must deter-
mine whether the patient has had a previous revascularization procedure 
or coronary evaluation. Those patients with unstable coronary syn-
dromes should be identifi ed, and appropriate treatment should be insti-
tuted. The decision to have further testing depends on the interaction of 
the clinical risk factors, surgery-specifi c risk, and functional capacity 

(Adapted with permission from Fleisher et al. [ 16 ]. © 2007 American 
Heart Association, Inc)       
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morbidity and mortality. Therefore, the current ACCF/
AHA guidelines instruct that assessment of left ventricular 
(LV) function (1) is reasonable for patients with dyspnea of 
unknown origin (recommendation IIa, level of evidence: C) 
and (2) is reasonable for patients with current or prior heart 
failure with worsening dyspnea or other change in clinical 
status if not performed within 12 months (recommendation 
IIa, level of evidence: C), (3) reassessment of LV function 
in clinically stable patients with previously documented 
cardiomyopathy is not well established (recommendation 
IIb, level of evidence: C), and (4) routine perioperative 
evaluation of LV function in patients is not recommended 
(recommendation III, level of evidence: B) [ 16 ].  

    Interventions for Patients 
with Documented CAD 

 There is increasing evidence that coronary revascularization 
before noncardiac surgery does not reduce the incidence of 
perioperative cardiac morbidity. McFalls and colleagues 
reported the results of a multicenter randomized trial in the 
Veterans Administration Health System in which patients 
with documented CAD on coronary angiography excluding 
those with left main disease or severely depressed ejection 
fraction (<20 %) were randomized to coronary artery bypass 
grafting (CABG) (59 %) or percutaneous coronary interven-
tions (PCI) (41 %) versus routine medical therapy [ 27 ]. At 
2.7 years after randomization, mortality in the revasculariza-
tion group was not signifi cantly different (22 %) than the 
 no- revascularization group (23 %). Within 30 days after the 
vascular operation, a postoperative MI, defi ned by elevated 
troponin levels, occurred in 12 % of the revascularization 
group and 14 % of the no-revascularization group ( P  = 0.37). 
In a follow-up analysis, Ward and colleagues reported 
improved outcomes in the subset who underwent CABG 
compared to PCI [ 28 ]. Poldermans and colleagues random-
ized 770 patients having major vascular surgery and consid-
ered as having intermediate cardiac risk, defi ned as the 
presence of 1 or 2 cardiac risk factors, to either undergo fur-
ther risk stratifi cation with stress imaging or proceed directly 
to surgery [ 29 ]. All patients received preoperative bisoprolol 
with a targeted heart rate (HR) of 60–65 initiated before and 
continued after surgery. The 30-day incidence of cardiac 
death and nonfatal MI was similar in both groups (1.8 % in 
the no testing group versus 2.3 % in the tested group). The 
conclusion of the authors was that further risk stratifi cation 
in this group of patients considered at intermediate risk 
based on clinical history alone was unnecessary as long as 
 perioperative beta-blockers were used and that testing only 
delayed necessary vascular surgery. The Poldermans study is 
currently under investigation because of scientifi c miscon-
duct and should not be used to make recommendations. 

 The current evidence does not support the use of percuta-
neous coronary intervention (PCI) to reduce perioperative 
ischemic events, since the incidence of perioperative compli-
cations does not appear to be reduced in those patients in 
whom PCI was performed less than 90 days prior to surgery 
[ 30 ]. In patients with a prior coronary stent, the new guide-
lines suggest continuing aspirin therapy in all patients with a 
coronary stent and discontinuing clopidogrel for as short a 
time interval as possible for patients with bare-metal stents 
placed within 30 days or drug-eluting stents placed within 
1 year. 

 There is now a great deal of evidence to suggest that peri-
operative medical therapy can be optimized in those patients 
with CAD as a means of reducing perioperative cardiovascu-
lar complications. Multiple studies have demonstrated 
improved outcome in patients given perioperative beta- 
blockers, especially if heart rate is controlled, although there 
is recent concern regarding the quality of the studies from the 
Erasmus group and the should not be used to support recom-
mendations [ 31 ,  32 ]. Newer studies have demonstrated that 
beta-blockers may not be effective if heart rate is not well 
controlled or in lower-risk patients [ 33 – 35 ]. The Perioperative 
Ischemic Evaluation Study (POISE) trial randomized 8,351 
high-risk beta-blocker naive patients to high- dose metopro-
lol CR versus placebo [ 36 ]. There was a signifi cant reduction 
in the primary outcome of cardiovascular events, associated 
with a 30 % reduction in MI rate, but a signifi cantly increased 
rate of 30-day all-cause mortality and stroke. Patients at 
intermediate risk were randomized to statin therapy, beta-
blocker therapy, both (started on average 30 days in advance), 
or double placebo. Beta-blocker therapy was associated with 
signifi cantly decreased cardiovascular events, while statin 
therapy was not [ 37 ]. The current ACCF/AHA guidelines on 
perioperative beta-blockade indicate that perioperative beta-
blockade is a class I indication and should be used in patients 
previously on beta-blockers. The new recommendations 
advocate that beta-blockers titrated to heart rate and blood 
pressure are probably recommended for patients undergoing 
vascular surgery who are at high cardiac risk due to CAD or 
the fi nding of cardiac ischemia on preoperative testing (class 
IIa). A recent meta-analysis is excluding the Poldermans 
study suggests that acute initiation of beta-blockers is associ-
ated with increased mortality [ 38 ]. Wallace et al. reported 
that perioperative beta-blockade administered according to 
the perioperative cardiac risk reduction protocol is associ-
ated with a reduction in 30-day and 1-year mortality [ 39 ]. 
Perioperative withdrawal of beta-blockers is associated with 
increased mortality. 

 Other pharmacologic agents have also been shown to 
improve perioperative cardiac outcome. Most recently, 
 perioperative statins have been shown to improve cardiac 
outcome. Durazzo and colleagues published a randomized 
trial of 200 vascular surgery patients in which statins were 
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started an average of 30 days prior to vascular surgery [ 40 ]. 
A signifi cant reduction in cardiovascular complications was 
demonstrated using this protocol. Le Manach and colleagues 
demonstrated that statin withdrawal greater than 4 days was 
associated with a 2.9 odds ratio of increased risk of cardiac 
morbidity in vascular surgery [ 41 ]. The recent guidelines 
advocate continuing statin therapy in patients currently tak-
ing statins as a class I indication.      
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        Introduction 

 The number of patients undergoing noncardiac surgery 
worldwide is growing, and annually 500,000–900,000 of 
these patients will experience perioperative cardiac death, 
nonfatal perioperative myocardial infarction (PMI), or car-
diac arrest [ 1 ]. For several reasons, the magnitude of this 
problem will increase over the next several decades. First, 
patients with coronary artery disease (CAD) are living lon-
ger as a result of medical advances [ 2 ]. Second, there has 
been a trend toward more invasive therapies being adminis-
tered to elderly patients [ 3 ]. Finally, surgical treatments have 

evolved and in many cases can now be performed through 
minimally invasive procedures [ 4 ]. All of these factors, cou-
pled with a rapid demographic growth in emerging econo-
mies, suggest that the number of surgical procedures and 
subsequent cardiac complications are likely to increase 
 severalfold in the future. 

 A PMI is associated with a high in-hospital mortality and 
poor long-term outcomes [ 5 – 7 ], particularly among 
 high- risk patients undergoing vascular surgery [ 8 ]. 
Understandably, most research efforts have been aimed at 
identifying patients more likely to suffer perioperative car-
diac events (Table  36.1 ) and fi nding strategies to mitigate 
this risk in the preoperative period [ 9 – 12 ]. Unfortunately, 
there is a paucity of high- quality, clinical trial data to help 
the clinician in the management of these often complex 
patients after the cardiac event has occurred. A fi rm grasp of 
the pathophysiology is necessary to develop successful 
treatment strategies.

    Abstract 

   The proportion of elderly patients with signifi cant cardiac comorbidities undergoing 
 noncardiac operations is likely to increase in the future. A perioperative myocardial 
 infarction is associated with high in-hospital mortality and poor long-term outcomes. 
The majority of these events are clinically and electrocardiographically silent requiring 
active surveillance with cardiac biomarkers (preferably troponins). 

 Most myocardial infarctions in the perioperative period result from a mismatch between 
oxygen supply and demand in patients with stable coronary artery disease. Most of the 
research in the fi eld has been focused on risk stratifi cation and prevention prior to the 
 noncardiac operation with little emphasis in best treatment strategies after the event has 
occurred. Clinical trials are needed to defi ne the role of adjunct pharmacology and cardiac 
imaging, including angiography, in this special population.  
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       Pathophysiology 

 Unlike a spontaneous myocardial infarction, referred to as 
a Type I MI, the majority of postoperative, or Type 2, myo-
cardial infarctions are thought to result from an imbalance 
between oxygen supply and demand [ 13 ] in the setting of 
severe established coronary artery disease (Fig.  36.1 ). The 
evidence to support this concept comes from clinical, angi-
ographic, and pathological studies. Several studies using 
continuous electrocardiographic monitoring in high-risk 
vascular patients undergoing surgery have shown that 
tachycardia- related ST-segment depression is common in 
the postoperative period and is associated with increased 
in- hospital as well as long-term mortality [ 14 ,  15 ]. Peak 
troponin elevation, a surrogate marker for infarct size, cor-

   Table 36.1    Revised Cardiac Risk Index predicts risk of major cardiac 
complications at 30 days   

 Derivation set ( n  = 2,893)  Validation set ( n  = 1,422) 

 Events  Rate, 95 % CI  Events  Rate, 95 % CI 

 0  5/1071  0.5 (0.2–1.1)  2/488  0.4 (0.5–1.5) 
 1  14/1106  1.3 (0.7–2.1)  5/567  0.9 (0.3–2.1) 
 2  18/506  3.6 (2.1–5.6)  17/258  6.6 (3.9–10.3) 
 ≥3  19/210  9.1 (5.5–13.8)  12/109  11 (5.8–18.4) 

  The Revised Cardiac Risk Index (also known as Lee Index) is calcu-
lated by giving a score of 0, if absent, or 1, if present, to the following 
six variables: high-risk operation, history of cerebrovascular disease, 
history of coronary artery disease, history of congestive heart failure, 
creatinine >2 mg/dl, and insulin-dependent diabetes mellitus (From Lee 
et al. [ 9 ]) 
 Patients with a calculated risk ≥5 % are considered high risk of having 
cardiac complications at 30 days  

Preoperative angiogram Post operative angiogram

ECG 1 h post-surgery ECG 48 h followig surgery

  Fig. 36.1    This case illustrates the most common mechanism underly-
ing postoperative myocardial infarction. This 73-year-old patient was 
part of the CARP trial and underwent randomization to medical therapy 
prior to open abdominal aortic aneurysm repair. He had 2-vessel coro-
nary artery disease, which consisted of an occluded right coronary 
artery (not shown) and a severe (90 %) lesion in a large obtuse marginal 
branch. Forty-eight hours after the operation, his electrocardiogram 

( ECG ) showed supraventricular tachycardia with a heart rate of 125 
beats per minute (bmp). Coronary angiography remained unchanged. 
However, in contrast to the ECG performed 1 h after the operation at a 
heart rate of 75 bmp, this ECG showed extensive ST depression in the 
anterolateral leads. His ECG returned to baseline with administration of 
diuretics and beta-blockers. Troponin I peaked at 6 μg/l       
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relates well with the duration of ST-segment depression 
[ 15 ]. Catecholamine levels rise during noncardiac surgery 
[ 16 ], and the magnitude of the rise is greater among 
patients with elevated troponin levels [ 17 ], which would 
suggest an association between catecholamines and myo-
cardial necrosis probably mediated by fl uctuations in heart 
rate and myocardial wall stress. In a landmark angio-
graphic study, only 8 % of patients with peripheral arterial 
disease in need of major vascular surgery were found to 
have normal coronary arteries [ 18 ]. The prevalence of 
angiographic chronic total occlusions in patients with PMI 
or cardiac death is 81 % as opposed to only 29 % of 
matched control patients without PMI or cardiac death 
[ 19 ]. On average, patients with postoperative cardiac com-
plications have 2 ±1.4 critical (>70 %) coronary stenoses 
in contrast to patients without postoperative complications 
who have less disease burden (0.7 ±1.2 stenoses). Two 
small autopsy studies have reported confl icting data on the 
incidence of coronary plaque rupture in patients with fatal 
PMI [ 20 ,  21 ]. Dawood et al. found plaque rupture in only 
7 % of 42 autopsied patients [ 20 ]. In contrast, in a smaller 
study, Cohen et al. reported a higher incidence of plaque 
rupture (46 %) [ 21 ]. Differences between studies could be 
related to the timing of the autopsy relative to the occur-
rence of PMI.

       Diagnosis 

 A joint European Society of Cardiology (ESC)/American 
College of Cardiology Foundation (ACCF)/American Heart 
Association (AHA)/World Heart Foundation (WHF) Task 
Force has redefi ned myocardial infarction as an event char-
acterized by ischemic symptoms (i.e., chest pain or dyspnea), 
a typical rise and fall of cardiac biomarkers (preferably tro-
ponin) with at least one value above the 99th percentile of the 
upper reference limit, and electrocardiographic (ECG) 

changes consistent with myocardial ischemia or imaging 
 evidence of new loss of viable myocardium (i.e., new perfu-
sion defect) or wall motion abnormality [ 22 ]. 

 Although this defi nition is useful for distinguishing 
spontaneous coronary events (Type I MI) from events that 
arise at the time of coronary revascularization (Type 4 and 
5 MIs) [ 22 ], it does not take into account unique features of 
perioperative myocardial infarctions after noncardiac oper-
ations. For instance, the vast majority of coronary events 
that occur in the postoperative period are clinically silent as 
a result of sedation and analgesia. In a post hoc analysis of 
the PeriOperative ISchemia Evaluation (POISE) trial, 
65.3 % of all patients with an MI did not have any ischemic 
symptoms [ 23 ]. Importantly, the 30-day mortality rate was 
similar for patients with an MI, regardless of the presence 
(9.7 %) or absence of ischemic symptoms (12.5 %). In sup-
port of this, our group has shown that the ECG is insensi-
tive relative to cardiac troponin I to detect myocardial 
ischemia in the postoperative period (7 % vs. 50 %) [ 24 ]. 
Finally, after vascular surgery, the presence of ischemic 
ECG changes does not provide additional prognostic infor-
mation regarding long-term mortality over and above that 
provided by a single peak troponin I measured within 48 h 
after vascular surgery (Fig.  36.2 ) [ 24 ]. Taken together, 
these observations emphasize the importance of wide-
spread utilization of cardiac troponin in the perioperative 
period for the surveillance of myocardial infarction and 
risk stratifi cation [ 25 ].

       Management 

    Preventive Therapies 

 Therapies that have been proven to reduce PMI among 
patients undergoing noncardiac surgery include beta- 
blockers and statins.  

1-year mortality

30

20

10

0

Negative troponin

Troponin < 3 URL
Troponin < 3 URL

Ischemia

No ischemia

  Fig. 36.2    One-year mortality 
among 468 patients undergoing 
vascular surgery relative to 
postoperative peak troponin I 
value and ischemic ECG changes. 
The addition of the ECG did not 
add prognostic information to the 
model with troponins alone (all p 
NS). Troponin values were 
classifi ed as normal, low (+) 
≥99th percentile but ≤3 times the 
URL, and high (+) ≥3 times the 
URL       
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    Beta-Blockers 

 Mangano et al. [ 12 ] reported a 6 % absolute risk reduction in 
cardiac events at 6 months with atenolol among 200 male 
veterans undergoing noncardiac surgery. Poldermans et al. 
[ 26 ] reported a more dramatic 30 % absolute risk reduction 
with bisoprolol among 173 patients undergoing vascular sur-
gery with evidence of myocardial ischemia on stress test. 
However, subsequent larger studies with metoprolol yielded 
negative results [ 27 ]. The landmark POISE trial, with over 
8,300 patients enrolled, showed that although extended- 
release metoprolol 200 mg reduces PMI by 26 %, it is associ-
ated with a higher risk of death and stroke [ 28 ]. For every 
1,000 patients treated with extended-release metoprolol, 15 
nonfatal myocardial infarctions would be prevented, but 5 
strokes and 8 deaths would be caused by it. Therefore, the 
POISE trial raised serious concerns about the safety of inju-
dicious administration of high-dose beta-blockers in the 
perioperative period [ 29 ].  

    Statins 

 In the Dutch Echocardiographic Cardiac Risk Evaluation 
Applying Stress Echocardiography (DECREASE-III) study, 
high-dose fl uvastatin reduced the composite of cardiovascu-
lar death and nonfatal myocardial infarction by 53 % among 
457 patients undergoing vascular surgery [ 30 ]. In a smaller 
trial involving 100 vascular patients randomly assigned to 
20 mg of atorvastatin or placebo, statins reduced cardiac 
events from 26 to 8 % at 6 months [ 10 ]. Statins may play a 
pivotal role in plaque stabilization by reducing circulating 
levels of infl ammatory cytokines, increasing expression of 
nitric oxide synthase and reducing production of endothelin-
 1 and reactive oxygen species [ 31 ].  

    Coronary Revascularization 

 The Coronary Artery Prophylactic Revascularization trial 
(CARP) showed that a strategy of prophylactic revascular-
ization was not superior to optimal medical therapy in pre-
venting PMIs or improving long-term mortality among 510 
veterans undergoing elective major vascular surgery [ 11 ]. 
Despite high utilization rates of statins and beta-blockers in 
the CARP trial, 16 % of patients suffered a PMI. Moreover, 
among patients with multiple risk factors and/or evidence of 
myocardial ischemia on nuclear imaging test, the incidence 
of PMI was 25 % [ 32 ]. Similarly to CARP, the DECREASE-V 
pilot study failed to show any benefi t with prophylactic 
revascularization among 101 patients with multivessel CAD 
and abnormal stress test prior to vascular surgery (death or 
MI at 1 year 49 % vs. 44 %) [ 33 ]. These high event rates 

despite optimal medical therapy highlight the need for 
 additional interventions for risk reduction among high-risk 
patients.  

    Therapeutic Interventions 

 Although robust data from randomized clinical trials is 
lacking, small studies have shown that interventions aimed 
at improving oxygen delivery and minimizing myocardial 
oxygen consumption are benefi cial in this setting. The main 
goals of therapy are to prevent, or minimize, wide fl uctua-
tions in blood pressure and heart rate through beta-block-
ade, analgesia, and fl uid administration with the intent to 
preserve optimal coronary perfusion pressure during dias-
tole [ 13 ]. 

 Martinez et al. randomized 80 patients with prolonged 
(≥20 min) ischemia after vascular surgery to beta-blockers, 
aspirin, nitrates, and optimization of oxygen supply-demand 
balance or control. At 6 months, patients treated for ischemia 
had lower mortality relative to control patients (8 % vs. 
20 %). In the postoperative period, treated patients had lower 
median troponin values when compared to controls (3.3 ng/
ml vs. 8.5 ng/ml) [ 34 ]. 

 Anemia is an independent predictor of mortality after 
noncardiac surgery in the elderly [ 35 ]. Blood transfusion 
appears to improve survival in critically ill patients with 
CAD and hemoglobin <10 % [ 36 ]. However, this benefi t is 
not seen among patients without CAD or among patients 
with a hematocrit >25 % with some studies reporting 
increased mortality and nosocomial infections associated 
with blood transfusions [ 37 ].  

    Cardiac Evaluation 

 Although there is no consensus with regard to the type 
(invasive angiography vs. imaging) and timing (in-hospital 
vs. 4–6 weeks after discharge) of cardiac evaluation after a 
PMI, registry data suggest that only a minority of patients 
with elevated biomarkers receive cardiac work-up after the 
event [ 38 ]. 

 Given the high risk of bleeding immediately after non-
cardiac surgery, the use of emergency coronary angiography 
and stenting is usually reserved for patients with hemody-
namic instability, ST elevation, or inability to control isch-
emic symptoms with medications. Among patients with 
coronary stents, it is important to consider stent thrombosis 
in the differential diagnosis if ischemic symptoms develop 
after noncardiac surgery, particularly if antiplatelet agents 
have been discontinued prior to the operation [ 39 ,  40 ]. 
These patients have a high mortality rate, and emergency 
coronary angiography with revascularization is appro  priate.    
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    Summary 

 As the number of surgical procedures continues to increase, 
the proportion of patients experiencing serious cardiac com-
plications will likely follow this trend. Most of the efforts in 
the fi eld have been focused on prevention and risk stratifi ca-
tion prior to the operation with little emphasis put on best 
treatment strategies. Given that most of these events are clin-
ically silent, surveillance of PMI with cardiac biomarkers is 
the fi rst step toward recognizing this complication. Clinical 
trials focusing on patients with positive cardiac biomarkers 
are needed to defi ne the role of additional therapies and car-
diac imaging.     
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     Management of antiplatelet agents in the perioperative 
 setting is a challenging clinical dilemma. Antiplatelet agents 
are widely prescribed in primary and secondary prevention 
of various cardiovascular diseases such as coronary artery 
disease (CAD), peripheral arterial disease (PAD), and cere-
brovascular disease. Antiplatelet therapy also plays a key 
role in the management of acute coronary syndromes (ACS). 

However, their use becomes of paramount importance in 
patients who have undergone percutaneous coronary inter-
vention (PCI) with stent insertion. In these patients, mainte-
nance of dual antiplatelet therapy (DAPT) is essential for the 
prevention of stent thrombosis (ST), a catastrophic compli-
cation that carries a high morbidity and mortality. 

 It is estimated that 5 % of patients undergoing PCI will 
need surgery within 12 months after stent insertion, and 
40 % of cases of ST occur in the perioperative setting, often 
when DAPT is held [ 1 ,  2 ]. Although antiplatelet agents are 
associated with an increased risk of surgical hemorrhage, 
the risk of preoperative cessation of antiplatelet drugs may 
outweigh the risk of surgical bleeding. Therefore, the rou-
tine practice of cessation of antiplatelet agents to avoid 
excess bleeding in patients undergoing surgical procedures 
should be avoided, and each patient must be managed on a 
case-by- case basis by balancing the risk of ST against the 
risk of bleeding. 

    Abstract 

 Management    of antiplatelet agents in the perioperative setting is a common clinical chal-
lenge. Although discontinuation of aspirin therapy in patients who are taking aspirin for 
primary or secondary prevention is common, premature cessation of antiplatelet therapy in 
a patient with a prior drug-eluting stent is the single most important predictor of stent 
thrombosis, which carries a high morbidity and mortality. Therefore, these patients should 
ideally continue their antiplatelet therapy throughout surgery. However, this approach to 
reducing the risk of stent thrombosis must be counterbalanced by the increased risk of sur-
gical bleeding. Multiple factors require evaluation to appropriately balance the risk of stent 
thrombosis against the risk of surgical bleeding. These include the type and timing of sur-
gery, type and location of coronary stents if present, extent of coronary artery disease, and 
patient-specifi c risk factors. In general, for patients with coronary stents, all elective surger-
ies should be delayed until dual antiplatelet therapy is no longer crucial. Most surgical 
procedures may be performed on aspirin with acceptable risk of bleeding.  
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    Antiplatelet Therapy in Coronary 
Artery Disease 

 Aspirin, an irreversible cyclooxygenase-1 (COX-1) inhibi-
tor, and clopidogrel, an irreversible ADP-P2Y 12  receptor 
inhibitor, are the most widely prescribed antiplatelet thera-
pies for CAD (Fig.  37.1 ) [ 3 ]. The addition of clopidogrel to 
aspirin as DAPT yields a synergistic effect, which is superior 
to aspirin alone in reducing cardiovascular death, myocardial 
infarction (MI), or stroke in patients with or at risk of CAD 
[ 4 ,  5 ]. Major bleeding is increased when both agents are 
used, but the benefi t of DAPT outweighs the bleeding risk in 
patients with ACS [ 5 ].

   Prasugrel and ticagrelor are novel ADP-P2Y 12  receptor 
inhibitors similar to clopidogrel, but with the properties 
of more rapid onset of action and more consistent plate-
let inhibition than clopidogrel (Fig.  37.1 ; Table  37.1 ). Both 
prasugrel and ticagrelor are superior to clopidogrel in the 

reduction of cardiovascular death, MI, stroke, and ST in 
patients with ACS undergoing PCI. However, prasugrel is 
associated with an increased risk of major bleeding, includ-
ing fatal bleeding, compared to clopidogrel [ 6 ,  7 ]. Unlike 
prasugrel, ticagrelor is a reversible platelet inhibitor and 
is not associated with a signifi cant increase in the risk of 
major or fatal bleeding when compared to clopidogrel. 
Given its reversibility, ticagrelor may prove to be a suitable 
agent for perioperative use. However, restoration of platelet 
activity takes 3–4 days after discontinuation. Thus, similar 
to clopidogrel, ticagrelor should be discontinued at least 
5 days prior to surgery.

      Antiplatelet Therapy After 
Percutaneous Coronary Intervention 

 Percutaneous coronary intervention (PCI) is known to 
cause endothelial destruction and medial damage which 
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inhibitors

Abciximab
Eptifibatide
Tirofiban

Plaque

PAR antagonists
Atopaxar

Vorapaxar

TXA2

12

  Fig. 37.1    Antiplatelet agents 
and their target receptors [ 3 ]. 
Abbreviations:  GP  glycoprotein, 
 PAR  protease-activated receptor, 
 ADP  adenosine diphosphate, 
 TXA   2   thromboxaneA 2 . Reprinted 
by permission from Macmillan 
Publishers Ltd: Nature Reviews 
Cardiology 2011;8(10):547–559       

   Table 37.1    Pharmacological properties of clinically used ADP-P2Y 12  inhibitors   

 Drug  Clopidogrel  Prasugrel  Ticagrelor 

 Class  Thienopyridine  Thienopyridine  Triazolopyrimidine 
 Reversibility  Irreversible  Irreversible  Reversible 
 Activation  Prodrug, limited by metabolization  Prodrug, not limited by metabolization  Active drug 
 Onset of action  2–4 h  30 min  30 min 
 Duration of action  3–10 days  5–10 days  3–4 days 
 Withdrawal before surgery  5 days  7 days  5 days 

  Adapted from Hamm et al. [ 18 ]  
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heals by neointimal formation within 2–6 weeks after 
placement of a bare-metal stent (BMS) [ 8 ]. This healing 
process may be associated with intimal hyperplasia that 
leads to in-stent restenosis in approximately 16–32 % of 
cases after BMS [ 9 ,  10 ]. In order to reduce the rate of reste-
nosis, drug-eluting stents (DES) were introduced in 2002. 
Despite their success in reducing the rate of in-stent reste-
nosis to less than 10 %, the recognition of late and very late 
ST following DES placement raised many concerns regard-
ing their safety [ 11 ]. When a DES is used, re-endothelial-
ization and neointimal healing are delayed resulting in 
prolonged exposure of thrombogenic stent struts to blood 
facilitating platelet adherence, aggregation, and thrombus 
formation within the DES [ 8 ,  12 ]. Complete healing of a 
DES may take years during which time there is an ongoing 
risk of late and very late ST [ 13 ]. Available data suggest 
about a 0.6 % incremental risk of ST with DES compared 
to BMS [ 14 ]. 

 According to the 2011 American College of Cardiology 
Foundation/American Heart Association/Society of 
Cardiovascular Angiography and Interventions (ACCF/
AHA/SCAI) guidelines for PCI, aspirin should be contin-
ued indefi nitely, and a P2Y 12  inhibitor should be given for 
at least 1 month and up to 12 months after PCI with a BMS 
and for at least 12 months after PCI with DES [ 15 ]. The 
2011 updated guidelines for the management of UA/
NSTEMI add that in patients with clinical features associ-
ated with an increased risk of ST, such as diabetes or renal 
insuffi ciency or procedural characteristics such as multi-
ple stents or a treated bifurcation lesion, extension of 
DAPT beyond 12 months may be reasonable in patients 
with DES [ 16 ].  

    Stent Thrombosis 

 Stent thrombosis is a sudden and potentially catastrophic 
complication after PCI. It usually manifests as an acute MI, 
generally with ST-segment elevation, malignant arrhythmia, 
or death. Adding P2Y 12  inhibitors to aspirin is the standard of 
care after PCI with stent insertion as it reduces the rate of 
early stent thrombosis from 3.5 % with aspirin alone to 0.5 % 
with DAPT [ 17 ]. Although the optimal duration of DAPT is 
yet to be determined in patients with DES, available data 
suggest that long-term use of DAPT beyond 12 months may 
be reasonable for the prevention of very late stent thrombosis 
[ 16 ,  18 ]. 

 Several risk factors for stent thrombosis with DES 
have been described (Table  37.2 ) [ 8 ,  19 – 23 ]. Early stent 

thrombosis and subacute stent thrombosis are thought to 
be related to procedure-related factors. In contrast, the 
single most important predictor of late and very late stent 
thrombosis is the premature cessation of DAPT [ 2 ,  19 , 
 24 ,  25 ].

   It is estimated that 5 % of patients with coronary stents 
will undergo a surgical procedure within the fi rst year after 
PCI [ 1 ]. Furthermore, it has been reported that up to 40 % 
of cases of stent thrombosis with DES occur in the periop-
erative setting, commonly after the cessation of antiplatelet 
agents [ 2 ]. The increased rate of stent thrombosis in 
patients undergoing surgery early after PCI (<6 weeks with 
BMS and <12 months with DES) is likely related to the 
combination of a postoperative hypercoagulable state with 
decreased fi brinolysis, superimposed on the prothrombotic 
milieu of the delayed endothelialization of the stent [ 26 ]. 
In addition, cessation of antiplatelet agents likely triggers a 
rebound increase in platelet aggregation [ 27 ]. In patients 
with DES, discontinuation of DAPT has been associated 
with a 90-fold increase in ST and a mortality of 45 % [ 19 ]. 
A 9-fold increase in mortality has been demonstrated if thi-
enopyridines are discontinued within the fi rst 30 days of 
DES insertion [ 29 ]. ST has been shown to occur at a median 
of 7 days after cessation of DAPT. However, in patients 
maintained on aspirin with only thienopyridines discontin-
ued, the median time to a coronary event was 122 days 
(Fig.  37.2 ) [ 31 ].

   Table 37.2    Risk factors for stent thrombosis in patients with drug-
eluting stents (DES)   

 Acute coronary syndrome 
 Reduced left ventricular ejection fraction 
 Diabetes mellitus 
 Renal insuffi ciency 
 Hypercoagulable states (e.g., malignancy, surgery, diabetes) 
 Residual dissection 
 Incomplete stent apposition or under-expansion 
 Side branch occlusion 
 Left main coronary artery stent 
 Bifurcation 
 Long and narrow lesions 
 In-stent restenosis 
 Multivessel disease 
 Bypass graft 
 Stent surface 
 Hypersensitivity to polymer 
 Cessation of antiplatelets 
 Antiplatelet resistance 

  Adapted from references [ 8 ,  19 ,  21 – 23 ]  
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        Perioperative Bleeding 
with Antiplatelet Therapy 

    Surgical Bleeding in Patients on Aspirin 

 A meta-analysis of 50,000 patients undergoing noncardiac 
surgery demonstrated that continuation of aspirin led to a 
50 % increase in the risk of bleeding. However, this 

increased risk did not translate to a higher level of the 
severity of bleeding complications except in intracranial 
surgery and, possibly, transurethral resection of the pros-
tate (TURP) [ 30 ]. Moreover, withdrawal of aspirin was 
associated with a higher incidence of cardiac, cerebral, and 
peripheral vascular events. In a randomized controlled trial 
of 220 patients undergoing surgery, maintenance of aspirin 
was associated with a 7.2 % reduction of acute MI, cardiac 
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of late stent thrombosis cases 
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discontinuing antiplatelet 
therapy. ( b ) Within 30 days of 
discontinuing antiplatelet 
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arrest, severe arrhythmia, or cardiovascular death within 
the fi rst 30 postoperative days without an increase in bleed-
ing complications [ 32 ]. 

 In general the use of aspirin in dental surgery, anterior 
chamber ophthalmic surgery, dermatologic surgery, biopsies, 
and visceral surgery is not associated with an increased risk 
of bleeding complications or fatal bleeding [ 30 ]. Similarly, in 
patients undergoing gastrointestinal endoscopic procedures 
including biopsies and polypectomies, the use of aspirin 
alone has not been associated with an increased risk of bleed-
ing [ 33 ]. In urologic surgery, initial reports suggested an 
increased risk of bleeding in patients undergoing TURP if 
aspirin was maintained [ 34 ]. However, more recent prospec-
tive and retrospective studies indicate that even though bleed-
ing following TURP and transrectal prostate biopsy is 
increased, it is not associated with a need for blood transfu-
sions, particularly if a laser was used [ 35 ,  36 ]. Studies evalu-
ating bleeding in the setting of nephrectomy or radical 
prostatectomy are lacking. However, the use of robot-assisted 
radical prostatectomy and nephrectomy on aspirin is not 
associated with an increased risk of bleeding [ 37 ,  38 ]. In 
orthopedic surgery, the use of antiplatelet agents has not been 
associated with signifi cant surgical morbidity or mortality 
except in orthopedic spinal surgery [ 30 ,  39 ]. In peripheral 
vascular surgery, aspirin use is associated with increased non-
fatal bleeding but a decrease in perioperative mortality [ 40 ].  

    Surgical Bleeding in Patients on DAPT 

 The effect of DAPT on surgical bleeding has been most stud-
ied in cardiac surgery. Low-dose aspirin is associated with a 
low risk of excessive bleeding following coronary artery 
bypass surgery [ 41 ]. However, the addition of a thienopyridine 
to aspirin results in a signifi cant increase in bleeding, blood 
product transfusion, ventilation requirements, length of hospi-
tal stay, and surgical re-exploration [ 42 ]. For this reason, the 
American College of Cardiology/American Heart Association/
European Society of Cardiology (ACC/AHA/ESC) guidelines 
recommend that in patients undergoing coronary artery bypass 
surgery, P2Y 12  inhibitors should be withheld at least 5 days 
and up to 7 days prior to surgery unless the urgency of revas-
cularization outweighs the risks of excess bleeding [ 18 ,  43 ]. 

 Individual reports describe signifi cant and even fatal post-
operative hemorrhage with DAPT after vascular, orthopedic, 
and even endoscopic procedures [ 44 – 46 ]. However, larger 
studies demonstrate that, even though there is an increase in 
surgical bleeding and transfusion requirements, there is no 
change in mortality or surgical outcome [ 1 ,  28 ,  39 ,  47 ]. In 
transbronchial biopsy, the use of DAPT has been associated 
with signifi cant bleeding in all cases. However, none of these 
bleeding events were fatal or required transfusions [ 45 ]. The 
use of clopidogrel is contraindicated in regional spinal or epi-
dural anesthesia due to the risk of signifi cant hematomas and 
spinal cord compression [ 48 ]. A prospective study evaluating 

patients with coronary stents undergoing noncardiac surgery 
demonstrated a major adverse cardiac event (MACE) rate of 
10.9 % and a bleeding complication rate of 9.5 % [ 49 ]. 
Complete cessation of antiplatelet agents was an independent 
predictor of MACE, whereas the use of antiplatelet agents 
was not a predictor of bleeding complications. 

 Collectively the data suggest that most surgical proce-
dures can be performed at low risk on aspirin and potentially 
on DAPT and that the increased risk of perioperative hemor-
rhage is not necessarily associated with worsened morbidity, 
mortality, or surgical outcome. Therefore, the risk of stop-
ping antiplatelet agents in patients with coronary stents 
might outweigh the risk of continuing them, particularly in 
high-risk patients.   

    Strategies for Perioperative Management 
of Antiplatelet Agents in Patients 
with Coronary Stents 

 Any decisions regarding the perioperative management of 
antiplatelet agents is based on a limited body of evidence. 
Management of these patients requires an individualized, 
multidisciplinary approach by the patient’s cardiologist, sur-
geon, and anesthesiologist. The approach should take into 
consideration the type of surgery and its bleeding risk, the 
CAD burden and ischemic risk, the timing of surgery after an 
event or after PCI, if a DES was used or not, and the presence 
of concomitant risk factors of ST. Subsequently, the risk of 
surgical bleeding (Table  37.3 ) [ 39 ] should be weighed 
against the estimated risk of ST (Fig.  37.3 ).

    Table 37.3    Hemorrhagic risk with noncardiac surgery   

 Surgical hemorrhagic risk  Type of surgery 

  Low  
 Blood transfusion usually not 
required 

 Peripheral 
 Plastic 
 Biopsies 
 Endoscopy 
 Minor orthopedic 
 Minor otolaryngologic 
 Ophthalmic (anterior chamber) 
 Dental 

  Intermediate  
 Blood transfusion frequently 
required 

 Visceral 
 Vascular 
 Major orthopedic 
 Major otolaryngologic 
 Reconstructive 
 Urology 

  High  
 Possible bleeding in a closed 
space 

 Intracranial neurosurgery 
 Spinal canal surgery 
 Ophthalmic (posterior chamber) 

  Data adapted from Chassot et al. [ 39 ]  
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       Aspirin and P2Y 12  Inhibitor 
Throughout Surgery 

 American and European Cardiology Society guidelines rec-
ommend delaying all elective surgical procedures until the 
duration of DAPT is completed (Table  37.4 ) [ 18 ,  50 – 56 ]. 
Therefore, as a general approach, all elective procedures 
should be delayed at least 4–6 weeks after PCI with BMS 
and 12 months after PCI with DES. According to the 2009 
ESC guidelines for preoperative cardiac risk assessment 
and perioperative cardiac management in noncardiac sur-
gery, elective surgery should be delayed for a minimum of 
6 weeks and optimally 3 months after a BMS [ 52 ]. However, 
if surgery cannot be delayed due to urgency, then mainte-
nance of DAPT is of paramount importance as the risk of 
ST is signifi cantly increased. The 2011 ESC guidelines on 
the management of non-ST elevation acute coronary syn-
drome (NSTEACS) state that most surgical procedures can 
be performed under DAPT or at least aspirin alone with 
acceptable rates of bleeding and that surgeons should be 
encouraged to operate under DAPT if bleeding risk is low 
or moderate [ 18 ]. This applies to most surgical procedures, 
except those in cases in which bleeding can occur in a 

closed space and could be catastrophic, such as intracranial, 
spinal, and posterior- chamber ophthalmic surgeries (see 
Table  37.3 ).

       Discontinue P2Y 12  Inhibitor 
and Maintain Aspirin 

 The 2011 ESC guidelines for the management of NSTEACS 
state that interruption of DAPT for urgent surgical proce-
dures 1 month after ACS while continuing aspirin in 
patients  without  a DES may be reasonable [ 18 ]. Similarly, 
in patients  with  a DES without concomitant risk factors of 
ST undergoing surgery more than 12 months after PCI, 
P2Y 12  inhibitors may be safely discontinued 5–7 days prior 
to surgery while maintaining aspirin. If risk factors of ST 
are present and the risk of perioperative bleeding is signifi -
cantly high, then P2Y 12  inhibitors may be discontinued 
while aspirin is maintained, understanding that the patient 
is at increased risk of postoperative ST. Following surgery, 
P2Y 12  inhibitors should be started once the risk of bleeding 
is felt to be suffi ciently low (ideally within the fi rst 24 h) 
with a loading dose of either clopidogrel 300–600 mg, 

Elective surgery

<6 weeks after BMS 
<12 months after DES

Delay surgery

Urgent surgery Emergent surgery

Low

Risk of perioperative bleeding

IntermediateHigh

Discontinue P2Y12 inhibitors and
assess for concomitant ST risk factors

Risk factors present Risk factors absent

>6 weeks after BMS
>12 months after DES

> 6 weeks after BMS
> 12 months after DES

<6 weeks after BMS
<12 months after DES

Can aspirin be
maintained?

No Yes

Proceed to surgery

‘’Bridge’’ with tirofiban or
eptifibatide.

Consider COX-1 inhibitor
NSAID if aspirin cannot be

maintained

Continue DAPT

  Fig. 37.3    Algorithm    of perioperative management of patients with 
coronary stents [ 66 ]. Abbreviations:  COX  cyclooxygenase,  BMS  
bare-metal stents,  DES  drug-eluting stent(s),  NSAID  nonsteroidal 

anti-infl ammatory drug,  ST  stent thrombosis,  DAPT  dual antiplatelet 
therapy       
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 prasugrel 60 mg, or ticagrelor 180 mg. Short-term discon-
tinuation of thienopyridines has been shown to be relatively 
safe if aspirin is maintained; however, the risk of ST 
remains elevated [ 31 ].  

    “Bridging Therapy” with Glycoprotein 
IIb/IIIa Inhibitors 

 Glycoprotein (GP) IIb/IIIa inhibitors act by blocking 
fi brinogen- mediated cross-linking of platelets, thereby inhib-
iting platelet aggregation [ 57 ]. Abciximab causes a prolonged 
irreversible antagonism of GP IIb/IIIa leading to platelet 
aggregation inhibition that lasts for at least 48 h and up to 
7 days and therefore should not be used perioperatively [ 58 ]. 
The synthetic peptides eptifi batide and tirofi ban are competi-
tive, reversible binders to GP IIb/IIIa receptors and dissociate 
rapidly. Their half-life is quite short, and platelet function is 
completely restored 2–4 h after stopping the infusion, mak-
ing them potentially suitable for perioperative use [ 59 ]. 

 Even though GP IIb/IIIa inhibitors have not been studied 
extensively in the perioperative setting, their successful use as 
a “bridge” when P2Y 12  inhibitors are stopped before surgery 
has been reported [ 60 – 62 ]. Two small series of patients, at high 
risk of both ST and surgical bleeding, demonstrated that bridg-
ing with eptifi batide was associated with a favorable postop-
erative outcome without increased perioperative hemorrhage 
[ 61 ,  62 ]. Perioperative bridging with tirofi ban was evaluated in 
another prospective study of 30 patients undergoing high 
bleeding risk surgery within 1–12 months after PCI with DES. 
There were no MACE, and major bleeding was observed in 
two patients who did not require surgical re-exploration [ 60 ]. 

 For patients with coronary stents who are at an increased 
risk of perioperative bleeding and a signifi cant risk of ST 
(e.g., early after PCI) but who require surgery, bridging ther-
apy with aspirin and a GP IIb/IIIa inhibitor could be consid-
ered, although limited data exist in support of this strategy. 
This entails stopping P2Y 12  inhibitors 5–7 days before sur-
gery and admitting the patient to the hospital 2–4 days before 
surgery to begin tirofi ban or eptifi batide which is discontin-
ued 6 h before surgery. Importantly, the increased bleeding 
risk associated with GP IIb/IIIa inhibitor treatment also has 
to be considered. 

 Even though this strategy is not practical in most cases 
and is not considered evidence-based yet, it might be worth-
while in patients at extremely high risk of stent thrombosis. 
According to the 2010 Cardiac Society of Australia and New 
Zealand guidelines for the management of antiplatelet ther-
apy in patients with coronary stents undergoing noncardiac 
surgery, bridging with GP IIb/IIIa inhibitors and heparin can 
be considered in high-risk patients [ 63 ].  

    Discontinue Aspirin and P2Y 12  Inhibitors 
and Consider Alternatives 

 If the risk of surgical bleeding is potentially catastrophic or 
fatal, such as in intracranial, spinal, and posterior-chamber 
ophthalmic surgeries, aspirin cessation might be neces-
sary. In these cases aspirin and P2Y 12  inhibitors should be 
discontinued 5–7 days before surgery. Given the increased 
risk of ST with cessation of antiplatelet agents, intensive 
 perioperative monitoring and early interventions are of 
paramount importance. Moreover, dual antiplatelet ther-
apy should be reintroduced once the risk of hemorrhage is 
diminished. 

 Heparin has been considered as a substitute to aspirin or 
P2Y 12  inhibitors. However, heparin is an antithrombin 
agent, rather than an antiplatelet agent. The use of unfrac-
tionated heparin (UFH) and low-molecular-weight heparin 
(LMWH) has been proposed in the perioperative manage-
ment of patients with coronary stents [ 64 ]. However, data 
on perioperative heparin use suggest increased mortality 
[ 1 ]. In addition, abrupt cessation of UFH may be associated 
with a rebound hypercoagulable state [ 65 ]. Finally, since 
ST is a platelet-mediated process, it is expected that anti-
thrombin agents such as UFH and LMWH would not be 
ideal agents.   

    Management of Postoperative 
Stent Thrombosis 

 Given that ST most often presents as an STEMI, the most 
appropriate management is early reperfusion therapy. Since 
thrombolytic therapy is contraindicated postoperatively, due 
to the excessive bleeding risk, primary PCI is the treatment 
of choice for perioperative ST.  

    Conclusion 

 Management of antiplatelet agents in the perioperative 
setting remains a common clinical challenge. Premature 
cessation of antiplatelet therapy is the single most impor-
tant predictor of ST, which carries a high morbidity and 
mortality, particularly in the perioperative setting. 
Therefore, patients ideally should continue their anti-
platelet medications throughout surgery to reduce the risk 
of ST. However, this reduction is accompanied by an 
increased risk of surgical bleeding. All elective surgeries 
should be delayed until DAPT is no longer crucial. Most 
surgical procedures may be performed on aspirin with an 
acceptable risk of bleeding. However, if the bleeding risk 
is unacceptable on oral antiplatelets, then bridging with a 
GP IIb/IIIa inhibitor could be considered. 
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        Introduction 

 The worldwide burden of valvular heart disease continues 
to grow due to increases in life expectancy combined with 
the high incidence of rheumatic heart disease in develop-
ing nations [ 1 ]. The defi nitive treatment for many forms of 
 valvular heart disease remains surgical substitution of a 

native valve with a biological or mechanical prosthesis. 
Not surprisingly, the rate of valve implantation worldwide 
is increasing by around 5–7 % per year due to this rising 
demand with approximately 250,000 valve replacements 
occurring annually. In addition, mechanical implants are 
favored over biological prostheses by a slim majority 
(55 % vs. 45 %) [ 2 ]. While the choice of valve is infl u-
enced by patient age, preferences, and risk factors for 
thromboembolism or bleeding, mechanical prostheses may 
be favored due to their longevity, durability, and structural 
integrity. Mechanical heart valves (MHV), however, are 
more thrombogenic than their biological counterparts, and 
mandatory lifelong anticoagulation is associated with sub-
stantial and potentially life-threatening bleeding compli-
cations. MHV prostheses may be categorized by the 
following designs: caged-ball, monoleafl et, and bileafl et 
[ 3 ,  4 ]. All valves have a regurgitant or washing jet to pre-
vent thrombus formation and are comprised of three basic 
components: (1) occluder, (2) housing, and a (3) sewing 
ring. The occluder consists of one or more rigid moveable 
parts such as a ball, fl at disc  (tilting or free-fl oating), or 
two hinged leafl ets (Fig.  38.1 ). The housing provides the 
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“seat” for the occluder and might include a cage-like 
 structure or valve base and body. Pyrolytic carbon, a highly 
compatible and thromboresistant biomaterial that was fi rst 
introduced in valve design in the mid-1970s, is now a 
major structural component of contemporary MHVs [ 5 ]. 
The basic valve design and structure of the six currently 
available mechanical prostheses in the United States have 
changed very little over the last two decades and are shown 
in Fig.  38.1 .

   The optimal antithrombotic regimen for patients with 
mechanical prostheses would minimize thromboembolic 
risk at an acceptable cost of bleeding. This decision is not 
straightforward because thromboembolic risk among 
patients with prosthetic mechanical heart valves is not uni-
form, varying based on numerous patient- and valve-related 
risk factors [ 6 ]. However, because most data on antithrom-
botic regimens in patients with mechanical valve prostheses 
are based on observational studies, estimates of thrombotic 
and bleeding risk are relatively imprecise. In the present arti-
cle, we review the available evidence regarding the choice of 
anticoagulation strategy choices among patients with 
mechanical heart valves.  

    Pathophysiology 

    Risk Factors for Thrombosis 

 In addition to the substantial morbidity associated with 
 cardiac surgery, the most feared complications after MHV 
replacement include major stroke, systemic embolization, 
and valve thrombosis. Risk is greatest in the immediate post-
operative period and diminishes thereafter [ 7 ]. Physiologic 
changes in the coagulation cascade and platelet activation 
after implantation contribute to the heightened blood throm-
bogenicity following MHV surgery. Damaged perivalvular 
tissue and the prosthetic surface, for example, lead to activa-
tion of factor XII and initiation of the coagulation cascade 
[ 8 ]. This leads to subsequent platelet aggregation; platelet 
deposition may be visualized on the Dacron sewing ring as 
early as 24 h after surgery [ 9 ]. Shear forces generated by the 
mechanical prosthesis lead to ongoing cycles of platelet acti-
vation and destruction, which ultimately contribute to short-
ened platelet survival and augment thromboembolic 
potential. The impact of platelet kinetics on thromboembo-
lism after MHV replacement was elegantly demonstrated in 
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  Fig. 38.1    Representative major mechanical heart valve structural designs, models, dates of production, and approximate number of implants 
(Adapter from Vongpatanasin et al. [ 4 ] and Gott et al. [ 3 ])       
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a historical study by Harker et al. [ 10 ]. In this study, the 
investigators compared platelet survival between 20 patients 
with various types of heart valve prostheses (18 mechanical, 
2 bioprosthetic). The authors found a linear relationship 
between the total prosthetic material surface area and 
decrease in platelet survival such that platelet survival was 
2.6 ± 0.2, 5.2 ± 0.1, and 6.5 ± 0.2 days in patients with double- 
valve, mitral, and aortic prostheses, respectively. Shortened 
platelet survival also correlated linearly with the incidence of 
embolic events. In addition, treatment with dipyridamole or 
aspirin plus dipyridamole led to near-normalization in plate-
let survival among MHV recipients. These fi ndings suggest 
that platelets are consumed after implantation of a MHV and 
the magnitude of consumption is directly related to the total 
surface area of prosthetic material. These experimental 
observations are also consistent with clinical data demon-
strating that thromboembolic complications are higher in 
patients with either double-valve (aortic and mitral) or mitral 
prostheses compared to aortic mechanical valves alone [ 6 ]. 
In a separate study, Dewanjee et al. quantifi ed platelet depo-
sition in 22 dogs after implantation of Bjork-Shiley mitral 
valve prostheses [ 11 ]. Platelet deposition on the prosthetic 
components was signifi cantly reduced in prosthesis- 
implanted animals treated with dipyridamole and aspirin 
compared to prosthesis-implanted, untreated dogs [ 11 ]. In 
aggregate, these studies underscore the pathologic role of 
platelet aggregation in MHV-associated thrombosis and the 
potential role of platelet inhibitors in lowering this 
complication. 

 Additional correlates of thrombosis after MHV replace-
ment include factors such as valve type, position, amount of 
time from surgery, and patient-related variables (Table  38.1 ) 
[ 6 ,  13 ]. Each type of valve differentially infl uences blood 
fl ow and turbulence, which partially explains variations in 
thrombogenicity for each valve design. Caged-ball valves, 
for example, generate areas of stagnant and circumferential 
blood fl ow and are associated with the greatest thromboem-
bolic risk [ 14 ]. In contrast, monoleafl et (single leafl et or 

 tilting disk) valves have a major and minor orifi ce that 
 provide central blood fl ow and thus reduce thrombotic risk 
compared with caged-ball designs [ 15 ]. Tilting disk valves 
have an area of stagnant blood fl ow adjacent to the minor 
orifi ce and a lower regurgitant jet volume compared with 
bileafl et valves, which may account for a slightly higher risk 
of thromboembolism than bileafl et prostheses [ 15 ]. Bileafl et 
valves generate central, nonturbulent blood fl ow and are 
associated with the lowest risk of thromboembolism of all 
valve designs and are currently the most commonly 
implanted mechanical heart valves in the world. Valve posi-
tion is also an important determinant of thrombotic risk as 
mechanical mitral prostheses are associated with an approxi-
mately twofold increased risk of thromboembolism com-
pared with aortic prostheses [ 6 ]. This may be partially 
attributable to a higher prevalence of underlying risk factors 
among patients who undergo mechanical mitral valve 
replacement (i.e., atrial fi brillation [AF]) compared with 
those who undergo aortic valve replacement. In addition to 
valve-related risk factors, patient- related variables contrib-
ute to thromboembolic risk among patients with mechanical 
heart valves. These risk factors include AF, prior thrombo-
embolism, low ejection fraction, hypercoagulable state, and 
advanced age (see Table  38.1 ).

        Diagnosis/Management 

    Initiation of Anticoagulation Following Surgery 

 The immediate postoperative period after MHV surgery is 
associated with the greatest risk for both hemorrhagic and 
thrombotic complications [ 13 ,  16 ]. In addition to patient- 
related factors, this risk is attributable to incomplete endo-
thelialization of the sewing ring or other valve surfaces, 
increased variability of anticoagulation in the initial months 
after surgery, and prothrombotic changes in the coagulation 
cascade and platelet activation occurring at this time. Given 
the substantial risk for thromboembolic complications in the 
immediate postoperative period and the amount of time 
required for oral vitamin K antagonists to achieve optimal 
anticoagulant effect, bridging with an antithrombotic agent 
is necessary after MHV replacement. Potential advantages of 
low-molecular-weight vs. unfractionated heparin in this set-
ting include self-administration, predictable anticoagulant 
effect, and a better safety profi le [ 17 ]. Moreover, low-
molecular- weight heparins (LMWH) have demonstrated 
both safety and effi cacy in other clinical scenarios requiring 
anticoagulation such as acute coronary syndromes and 
venous thromboembolism prophylaxis [ 18 ]. Whether or not 
these benefi ts also extend to MHV recipients, however, is 
unknown as most studies are limited by single-center or non- 
randomized design. In the largest study to date, Montalescot 

    Table 38.1    Risk factors for thromboembolism with mechanical heart 
valves   

 Valve-related  Patient-related 

  Valve design:   Atrial fi brillation 
 Caged-ball > monoleafl et > bileafl et  History of thromboembolism 
  Valve position:   Depressed ejection fraction 
 Nonaortic a  > aortic  Hypercoagulable state 
  Time from surgery:   Advanced age 
 Early > late  Left atrial diameter >50 mm 

 Dense left atrial spontaneous 
echocontrast 
 Mitral stenosis 

  Reprinted, with permission from Baber et al. [ 12 ] 
  a Nonaortic includes mitral, tricuspid, pulmonic, and multiple valves  
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et al. compared the safety and effi cacy of bridging with 
LMWH vs. unfractionated heparin in 208 patients after 
MHV replacement [ 19 ]. Most patients received single bileaf-
let valves in the aortic position. Although LMWH was asso-
ciated with a more predictable and constant anticoagulant 
effect, the incidence of adverse events was very low with no 
differences between groups. In a separate single-center 
report, Fanikos et al. compared both clinical outcomes and 
economic costs between bridging with LMWH and unfrac-
tionated heparin in 63 patients after MHV replacement [ 20 ]. 
Similar to the fi ndings of Montalescot et al., there were no 
signifi cant differences in either thromboembolic or bleeding 
events between groups at 3 months of follow-up. Use of 
LMWH, however, was associated with a signifi cantly shorter 
length of stay (6.6 ± 2.4 vs. 15.9 ± 10.7 days,  p  < 0.001) and 
lower total hospital costs ($29,141 ± 11,415 vs. 
$50,569 ± 30,097,  p  < 0.001). Pooling data from several 
observational studies, Kulik et al. [ 21 ] reported risk esti-
mates for major embolism and hemorrhage in the fi rst 
30 days after mechanical valve replacement stratifi ed by 
three commonly used antithrombotic regimens: oral antico-
agulants alone (0.9 and 3.3 %), oral anticoagulants with 
intravenous unfractionated heparin (1.1 and 7.2 %), and oral 
anticoagulants with low-molecular-weight heparin 
((LMWH) 0.6 and 4.8 %). Despite the limitations in the 
existing evidence base, current guidelines support the use of 
unfractionated heparin as a bridge to full anticoagulation 
with a vitamin K antagonist following surgery [ 22 ,  23 ]. 
Clearly, the optimal intensity of oral anticoagulation and the 
role of adjunctive heparin in the initial postoperative period 
after mechanical heart valve replacement are areas that 
require further investigation in adequately powered, prospec-
tive studies.  

    Chronic Oral Anticoagulation 

 Establishing reliable estimates of thromboembolic risk and 
the impact of antithrombotic therapy after MHV replace-
ment is complicated by the marked clinical heterogeneity in 
the types of patients with advanced forms of valvular heart 
disease and the inclusion of different types of patients and/or 
valves within the same clinical study. In order to address 
these issues and provide more precise estimates of 
 thromboembolic complications after implantation of a MHV, 
Cannegieter et al. pooled data from 46 studies involving over 
13,000 patients [ 6 ]. Using meta-analytic techniques and 
multivariable Poisson regression, the investigators quantifi ed 
the incidence of thromboembolic complications and the 
impact of various antithrombotic regimens on outcomes 
among patients undergoing MHV replacement in either the 
aortic, mitral, or both positions (Fig.  38.2 ) [ 6 ]. The incidence 
of major embolism among patients not receiving any anti-
thrombotic therapy, antiplatelet therapy alone, and warfarin 
was 4.0, 2.2, and 1.0 per 100 patient-years, respectively. This 
risk also varied by valve type and position. A mechanical 
valve in the mitral position was associated with a twofold 
increased risk for major embolism vs. an aortic prosthesis. 
Moreover, a similar magnitude of incremental thrombotic 
risk was observed with caged-ball valves compared to either 
bileafl et or tilting disc valves. Based on these and other data, 
guidelines from multiple professional societies support the 
use of vitamin K antagonists for all patients with mechanical 
heart valve prostheses [ 22 – 24 ].

   In a separate study, Cannegieter et al. also evaluated the 
impact of different international normalized ratio (INR) 
intensities on embolic and hemorrhagic complications in 
1,608 patients following MHV replacement [ 25 ]. Most 
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patients (60 %) received an aortic prosthesis alone, and the 
most common type was a Bjork-Shiley tilting disc valve 
(65 %). In the overall population, the optimal INR range (in 
which bleeding and thromboembolic events were lowest) 
was between 2.5 and 4.9. Moreover, the association between 
INR intensity and clinical outcomes was modifi ed by valve 
type. The optimal INR ranges for patients with caged-ball, 
tilting disk, and bileafl et valves were 4.0–4.9, 3.0–4.9, and 
2.0–3.9, respectively (Table  38.2 ).

   It is important to note that thromboembolic risk and anti-
coagulation requirements may have been overestimated in 
this study because most patients received older-generation 
tilting disk valves. Data from other randomized and single- 
center studies suggested that a lower INR target of 2.5 (range, 
2.0–3.0) was effi cacious in reducing thromboembolic events 
while reducing bleeding rates compared with higher INR tar-
gets among patients who mainly received mechanical bileaf-
let or Medtronic Hall tilting disk valves (Medtronic, 
Minneapolis, MN) in the aortic position [ 26 – 28 ]. In the 
study by Cannegieter et al., however, less than 20 % of 
patients received such bileafl et valves. In addition, the preva-
lence of AF was not reported in this study and may have also 
led to higher INR requirements. At present, current guide-
lines endorse a target INR of 2.5 for patients with mechani-
cal bileafl et aortic or Medtronic Hall tilting disc valves 

and no additional thromboembolic risk factors. Because 
mechanical caged-ball and mitral valves are more thrombo-
genic, however, a higher target INR is generally recom-
mended [ 22 – 24 ,  29 ].  

    Adjunctive Antiplatelet Therapy 

 Antiplatelet therapy alone does not provide adequate protec-
tion against thromboembolic events or valve thrombosis 
among patients with mechanical heart valves, but may have 
a role as an adjunct to oral vitamin K antagonists in reducing 
thrombotic risk. In an observational study of 527 patients 
who underwent implantation of 590 St. Jude prostheses (232 
aortic, 232 mitral, and 63 aortic and mitral), Czer et al. found 
that antiplatelet therapy alone was associated with a twofold 
increased risk for embolic events (3.2 %/patient-year) com-
pared to warfarin therapy (1.5 %/patient-year) over an 8-year 
follow-up [ 30 ]. Antiplatelet therapy did yield some benefi t, 
however, as thromboembolic risk was substantially higher in 
patients not receiving any drug therapy (18.9 %/patient- 
year). In addition, while valve thrombosis was rare (0.4 %/
patient-year), this highly morbid complication exclusively 
occurred in patients not treated with effective warfarin 
 therapy. Similarly, Ribeiro et al. also demonstrated that 

    Table 38.2    Contemporary guideline statements for a target INR for patients with mechanical heart valves   

 Valve position  Aortic  Mitral 

 Valve type  Bileafl et (e.g., St. Jude a )  Monoleafl et (e.g., Medtronic Hall b , 
Bjork-Shiley c ) 

 Caged-ball (e.g., 
Starr-Edwards d ) 

  Management guidelines:  
 ACC/AHA e   Target INR  2.0–3.0  2.0–3.0 Medtronic Hall; 2.5–3.5 other 

monoleafl et valves 
 2.5–3.5  2.5–3.5 

 Aspirin  75–100 mg/day 
 ACCP f   Target INR (range)  2.5 (2.0–3.0)  2.5 (2.0–3.0) Medtronic Hall; 3.0 (2.5–3.5) 

if additional patient risk factors f  
 3.0 (2.5–3.5)  3.0 (2.5–3.5) 

 Aspirin  50–100 mg daily in patients at low risk of bleeding 
 ESC g   Target INR  2.5–3.0  2.5–3.0 (Medtronic Hall); 3.0–3.5 (Bjork-

Shiley and other monoleafl et valves) 
 3.5–4.0  3.0–4.0 

 Aspirin  Consider in the presence of concomitant atherosclerotic disease and/or following embolic event in the 
setting of an adequate INR, in whom benefi t outweighs risk of bleeding 

  Modifi ed from Baber et al. [ 12 ] 
 ACCP recommendations for older-generation prostheses based on 2008 document while recommendations for newer prostheses and aspirin from 
2012 statement 
  ACC  American College of Cardiology,  ACCP  American College of Chest Physicians,  AHA  American Heart Association,  ESC  European Society 
of Cardiology,  INR  international normalized ratio 
  a St. Jude Medical, Secaucus, NJ 
  b Medtronic, Minneapolis, MN 
  c Pfi zer, New York, NY 
  d Edwards Laboratories, Irvine, CA 
  e Consider higher INR target with the following risk factors: prior thromboembolism or valve thrombosis, atrial fi brillation, left ventricular ejection 
fraction less than 35 %, or hypercoagulable state 
  f Consider higher INR target with the following risk factors: atrial fi brillation, anteroapical ST-elevation myocardial infarction, left atrial enlarge-
ment, hypercoagulability, or low ejection fraction 
  g Higher target INR is advised in patients with one or more of the following patient risk factors: previous thromboembolism, atrial fi brillation, left 
atrial diameter 0.50 mm, left atrial dense spontaneous contrast, mitral stenosis of any degree, left ventricular ejection fraction <35 %, or hyperco-
agulable state  
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 antiplatelet therapy alone was insuffi cient to prevent valve 
thrombosis in patients with St. Jude aortic prostheses [ 30 ]. 
Among 107 patients treated with antiplatelet therapy alone 
(aspirin and dipyridamole) after St. Jude mechanical aortic 
valve replacement, the investigators found that valve throm-
bosis occurred in fi ve recipients over a mean follow-up of 
22 months. As one person died after this complication, the 
case fatality rate for aortic valve thrombosis in this series 
was 20 %. Accordingly, all guidelines (American College of 
Cardiology/American Heart Association (ACC/AHA), 
European Society of Cardiology (ESC), and American 
College of Chest Physicians (ACCP)) are consistent in rec-
ommending vitamin K antagonists over antiplatelet agents 
alone as antithrombotic therapy in patients with MHV. 

 While there is general consensus on the importance of 
oral anticoagulation following MHV replacement, data on 
the potential benefi ts of adjunctive antiplatelet therapy on 
lowering embolic events is less consistent. In 1993 Turpie 
et al. reported the results of a landmark study comparing the 
safety and effi cacy of adding aspirin (100 mg daily) vs. pla-
cebo in patients with prosthetic heart valves treated with 
chronic warfarin [ 31 ]. All patients either had a MHV or bio-
logical prostheses with high-risk features for thromboembo-
lism, and approximately one-third of patients also had 
signifi cant coronary artery disease (CAD). After an average 
of 2.5 years, aspirin use was associated with a large and sig-
nifi cant reduction in major systemic embolism or vascular 
death (relative risk reduction [95 % CI]: 77 % [44–91 %], 
 p  < 0.001). The magnitude of benefi t varied by the extent of 
underlying CAD as the absolute risk reductions in this end-
point in patients with abnormal and normal coronary arteries 
were 18.9 and 4.6 %, respectively. Bleeding was also signifi -
cantly increased in the aspirin compared to placebo group 
(35.0 % vs. 22.0 %,  p  = 0.02). Similarly, in a meta-analysis 
combining data from 11 studies and 2,428 patients, Little 
et al. found that the addition of antiplatelet agents to oral 
anticoagulants reduced thromboembolic events and mortal-
ity in patients with mechanical heart valve prostheses com-
pared with oral anticoagulants alone but at an increased cost 
of bleeding [ 32 ]. Although low-dose aspirin (100 mg/day) 
was associated with a reduction in mortality with no increase 
in bleeding, higher doses (≥500 mg/day) were associated 
with a signifi cantly increased risk of bleeding without any 
mortality benefi t. These fi ndings are consistent with other 
data demonstrating that the clinical benefi t of aspirin 
observed at lower doses (<150 mg/day) is attenuated by 
increased gastric toxicity and bleeding at higher doses. [ 33 , 
 34 ] Both the ACC/AHA and ACCP guidelines provide level 
IB recommendations for the addition of low-dose aspirin to 
oral anticoagulants for patients with mechanical heart valves 
[ 22 ,  24 ]. In contrast, European guidelines emphasize that 
benefi ts with antiplatelet agents observed in studies of 
patients with both prosthetic heart valves and vascular dis-
ease cannot be extrapolated to those with prosthetic heart 

valves alone. As a result, aspirin is only recommended for 
those patients with mechanical heart valves who have 
 additional vascular risk factors or following a thromboem-
bolic event [ 23 ].  

    Anticoagulation Self-Monitoring 

 The therapeutic window for anticoagulation with vitamin K 
antagonists is narrow; INR levels below 2.0 increase the risk 
of thrombotic events, whereas levels over 4.5 are associated 
with an increased risk of hemorrhage [ 25 ]. Anticoagulation 
variability may be quantifi ed by the time in therapeutic range 
(TITR) and has emerged as a strong correlate of both throm-
boembolic and bleeding complications after MHV replace-
ment [ 35 ]. In a study involving over 1,400 patients who 
underwent single valve replacement with Medtronic Hall 
prostheses, Butchart et al. found that TITR was a strong and 
independent predictor of survival [ 35 ]. Survival at 15 years 
after aortic valve replacement in patients with low, interme-
diate, and high levels of anticoagulation variability was 59, 
55, and 28 %, respectively. The analogous survival rates after 
mitral valve replacement were 56, 42, and 24 %, respec-
tively. Moreover, anticoagulation variability emerged as an 
independent predictor of reduced survival after multivariable 
adjustment (Hazard Ratio (HR) 1.8,  p  = 0.001). The TITR 
also varies as a function of the monitoring environment, 
ranging from 55 to 60 % if anticoagulation is managed by 
general practitioners, 60–65 % in anticoagulation clinics, 
70–75 % in clinical trials, and approaching 80 % in highly 
motivated individuals using a self-monitoring point-of-care 
test [ 36 ]. Advantages of INR self-monitoring over conven-
tional laboratory-based methods include improved patient 
compliance, convenience, and greater frequency of monitor-
ing. In the Early Self-Controlled Anticoagulation Trial I, 
Kortke et al. [ 37 ] found that the TITR was much higher in the 
self-management than the conventional group (79 % vs. 
65 %). This translated into a reduction in thromboembolic 
events and a 23 % increase in survival in the self- management 
group [ 37 ,  38 ]. In addition to these clinical benefi ts, INR 
self-management is also associated with improved quality of 
life [ 39 ]. Similar fi ndings have been reported in other groups 
of patients with mechanical heart valves or other indications 
for chronic oral anticoagulation [ 40 ]. Despite the clear ben-
efi ts of INR self-management, barriers to widespread imple-
mentation of such programs include high costs along with 
patient training and education.  

    Interruption of Anticoagulation 

 Many patients with mechanical heart valves will be required 
to temporarily discontinue oral anticoagulation because of the 
need for surgical or other invasive procedures. Randomized 
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studies evaluating different antithrombotic options in this 
setting are limited, and current recommendations are largely 
based on observational data and expert opinion [ 22 ,  23 ,  29 ]. 
Management decisions must be individualized to incorporate 
risks of surgical bleeding and valve-related thromboembolism. 
Several studies suggest that patients may be able to continue 
oral anticoagulants without interruption before procedures in 
which bleeding may be minimal or easily controlled, such 
as diagnostic endoscopy, cataract surgery, arthrocentesis, and 
dental extractions [ 41 ,  42 ]. However, antithrombotic therapy 
must be altered for surgical procedures in which bleeding 
may be associated with severe consequences. Despite limi-
tations in existing data, American and European guidelines 
are relatively consistent on statements regarding anticoagu-
lation interruption in patients with MHV. Recommendations 
for patients at low risk for thromboembolism (bileafl et aortic 
valves without other risk factors) are to discontinue warfarin 
48–72 h before the procedure and to resume oral anticoagu-
lation 24 h after surgery [ 22 ,  23 ]. In contrast, for patients at 
high risk for thromboembolism, current guidelines endorse 
using periprocedural intravenous unfractionated heparin 
as bridging therapy. High-risk patients include those with 
mechanical mitral prostheses or aortic prostheses with addi-
tional risk factors. Heparin should be administered from the 
time the INR becomes subtherapeutic until 4–6 h before the 
surgery and restarted as early as possible after surgery. A few 
studies also suggest that LMWH may be used as an alterna-
tive anticoagulant in this setting [ 43 – 45 ]. In one retrospec-
tive analysis, Spyropoulos et al. compared clinical outcomes 
and total health-care costs between bridging with LMWH 
and unfractionated heparin in patients on long-term oral 
anticoagulation [ 45 ]. Approximately 40 % of patients had 
a MHV, and the most common surgeries were either ortho-
pedic or cardiothoracic. While there were no differences in 
the incidence of adverse clinical events at 30 days (34.6 % 
vs. 40.0 %,  p  = 0.67), bridging with LMWH was associated 
with signifi cantly lower total health-care costs ($18,511 vs. 
$31,625,  p  < 0.01). These cost savings were primarily attrib-
uted to outpatient vs. inpatient bridging between groups. 
Despite these encouraging results, current ACC/AHA and 
ESC guidelines tend to emphasize the inherent limitations 
in existing data regarding the safety and effi cacy of LMWH 
among patients with MHV and generally favor unfraction-
ated heparin (Class I or IIa) over LMWH (Class IIb) as a 
bridging anticoagulant [ 22 ].  

    Pregnancy 

 Pregnancy is associated with alterations in hemostasis and 
coagulability that increase the risk of thromboembolic events 
among women with mechanical prosthetic heart valves [ 46 , 
 47 ]. Estimates of maternal mortality in such patients vary 
between 1 and 4 %, with most deaths attributable to 

 thrombotic complications [ 48 ,  49 ]. The possibility of fetal 
toxicity and changes in dose requirements of antithrombotic 
agents during pregnancy further complicate management 
decisions in this high-risk population. Warfarin crosses the 
placenta and is associated with teratogenicity and fetal bleed-
ing [ 50 ,  51 ]. Embryopathy resulting from in utero exposure 
to warfarin appears to be greatest during the fi rst trimester, 
particularly between weeks 6 and 12 of gestation. Heparin 
does not cross the placenta and is considered a safer alterna-
tive to warfarin in terms of fetal side effects, but may be less 
effi cacious in reducing maternal thromboembolic risk 
 compared with warfarin [ 48 ]. In addition, prolonged expo-
sure to heparin is associated with thrombocytopenia and 
osteoporosis [ 52 ,  53 ]. 

 In the absence of controlled clinical trials, current recom-
mendations are based on limited, observational data. In a 
systematic review of 24 studies and over 900 pregnant 
women with mechanical prosthetic heart valves, Chan et al. 
[ 48 ] evaluated maternal and fetal outcomes according to the 
type of antithrombotic regimen used during pregnancy: oral 
anticoagulants alone, oral anticoagulants substituted with 
heparin during the fi rst trimester, heparin throughout preg-
nancy, and antiplatelet agents alone. Rates of maternal 
thromboembolic complications in women who received hep-
arin alone, oral anticoagulants with heparin substitution dur-
ing the fi rst trimester, and warfarin alone were 33.3, 9.2, and 
3.9 %, respectively. The corresponding rates of congenital 
fetal anomalies were 0, 3.4, and 6.4 %, respectively. These 
data suggest that heparin alone provides inadequate protec-
tion against thromboembolism among pregnant women with 
mechanical prosthetic heart valves compared with warfarin- 
containing regimens. Compared to regimens using warfarin 
alone, substitution with heparin during the fi rst trimester is 
associated with a reduction in embryopathy from 6.4 to 
3.4 % but increased maternal thromboembolic risk from 3.9 
to 9.2 %. LMWHs offer several advantages over other anti-
thrombotics used during pregnancy because of a lack of fetal 
toxicity and a lower incidence of osteopenia and thrombocy-
topenia compared with unfractionated heparin [ 17 ,  54 ]. 
Although LMWH appears to be a safe and effi cacious alter-
native antithrombotic agent in nonpregnant patients, its role 
in thromboprophylaxis among pregnant women with 
mechanical prosthetic heart valves remains controversial as 
several authors have reported fatal valve thrombosis in preg-
nant women receiving LMWH alone [ 55 ,  56 ]. 

 Despite the inherent limitations and inconsistencies in the 
available data regarding the optimal antithrombotic regimen 
in pregnant women with MHV, professional societies share 
several similarities in respective guideline statements. All 
guidelines, for example, emphasize discontinuing warfarin 
and substituting with heparin prior to delivery due to the 
risks of both fetal and maternal hemorrhage with warfarin 
use at this time [ 22 ,  57 ,  58 ]. Moreover, aggressive dose 
adjustment with frequent therapeutic monitoring of heparin 
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(LMWH and unfractionated) is also consistently emphasized 
in different guideline statements. Alternatively, American 
and European societies primarily differ in emphasizing hepa-
rin substitution for warfarin during the fi rst trimester, when 
risk for Coumadin embryopathy appears to be highest. Citing 
several studies suggesting this risk may be minimal at warfa-
rin doses less than 5 mg daily [ 59 ,  60 ], recent European 
guidelines advocate continuing warfarin (Class IIa) over 
substitution with heparin (Class IIb) at doses under this 
threshold in the fi rst trimester [ 58 ]. A Class IIa recommenda-
tion is made for heparin substitution at warfarin doses 
exceeding 5 mg daily. In contrast, ACC/AHA guidelines do 
not stratify based on warfarin dose requirements, providing a 
Class IIa recommendation for heparin substitution during 
weeks 6–12 [ 22 ]. In addition, ACCP guidelines only recom-
mend warfarin throughout pregnancy in those patients at 
highest risk for thromboembolism (i.e., older-generation or 
mitral prostheses) [ 57 ]. Another difference exists in the role 
of adjunctive aspirin in pregnant women with MHV. While 
the ACC/AHA guidelines provide a Class IIa recommenda-
tion for aspirin use in the second and third trimester, the 
ACCP only recommends this therapy in the highest-risk 
patients. There are no specifi c recommendations on aspirin 
use in the most recent European guidelines due to lack of 
data. Table  38.3  provides a general summary of the different 
anticoagulant options during pregnancy based on major 
guideline documents.

       Bleeding and Holding Anticoagulation 

 The combination of thromboembolic and bleeding complica-
tions accounts for 75 % of all adverse events associated with 
MHV [ 16 ]. Although excessive anticoagulation increases 
bleeding risk, rapid decreases in INR may also lead to throm-
boembolism if the INR falls below the therapeutic range. As 
a result, in patients with elevated INR (5–10) without any 
bleeding, both ACC/AHA and ESC guidelines recommend 
withholding warfarin with or without low-dose oral vitamin 
K [ 23 ,  61 ]. The INR should be reassessed within 24 h and 
therapy adjusted as needed. In the presence of active bleed-
ing or extremely elevated INR (>10.0), fresh frozen plasma 

may be administered. In general, parenteral vitamin K should 
be avoided as this increases the risk of overcorrection to a 
hypercoagulable state.  

    Atrial Fibrillation 

 Atrial fi brillation (AF) is a common cardiac arrhythmia that 
is associated with an increased risk of ischemic stroke and 
mortality [ 62 ]. Because risk factors for AF and many forms 
of valvular heart disease are similar, it is not surprising that 
AF is frequently observed among patients who require car-
diac valve replacement. Multiple randomized controlled tri-
als have evaluated various antithrombotic regimens among 
patients with AF and have demonstrated that adjusted-dose 
warfarin to an INR between 2.0 and 3.0 offers the greatest 
protection against ischemic events [ 63 ]. Extrapolating these 
results to patients with both AF and mechanical heart valves 
is problematic, as most AF trials excluded participants with 
“valvular” AF (AF in the presence of mitral stenosis or a 
prosthetic heart valve). Similarly, many studies evaluating 
antithrombotic regimens among patients with mechanical 
heart valve prostheses excluded those with AF, whereas oth-
ers did not report results in subgroups with AF [ 26 ,  64 ]. No 
controlled clinical trial to date has assessed antithrombotic 
strategy in patients with both AF and mechanical heart valve 
prostheses. Despite the lack of conclusive evidence, current 
guidelines support increasing the intensity of oral anticoagu-
lation for patients with mechanical heart valves in the pres-
ence of AF [ 22 ,  23 ].  

    Novel Anticoagulants 

 At present, vitamin K antagonists are the only approved oral 
anticoagulants for thromboprophylaxis in patients with 
MHV. The limitations of warfarin—its narrow therapeutic 
window, unpredictable pharmacologic response, and require-
ment for frequent monitoring—have prompted a search for 
new oral anticoagulants for various indications [ 65 ]. Several 
novel oral agents targeting the initiation or propagation of 
the coagulation cascade have been evaluated in clinical trials. 

   Table 38.3    Summary of antithrombotic agents, monitoring parameters, and associated risk during pregnancy   

 Anticoagulant  Monitoring  Fetal risk  Maternal risk  Favored use in pregnancy a  

  Warfarin   INR: 2.5–3.5  Embryopathy  Spontaneous abortion  Second and third trimester 
  UFH   aPTT ≥ twice the control  Minimal  Valve thrombosis/embolism, osteoporosis, HIT  First trimester and delivery 
  LMWH   Anti-Xa levels:  Minimal  Valve thrombosis/embolism  First trimester and delivery 

 0.7 and 1.2 U/mL 

   INR  international normalized ratio,  UFH  unfractionated heparin,  LMWH  low-molecular-weight heparin,  aPTT  activated partial thromboplastin 
time 
  a Favored use refers to balancing maternal thromboembolic and fetal risk with different regimens at different times during pregnancy and is based 
on guideline documents from ACC/AHA, ACCP, and ESC  
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These include inhibitors of factor Xa and factor IIa 
 (thrombin). Dabigatran, an oral direct thrombin inhibitor, 
was recently shown to be as effective as adjusted-dose war-
farin in preventing stroke and systemic embolism among 
patients with AF [ 66 ]. Compared to warfarin, pharmacologic 
advantages of dabigatran include lack of food or drug inter-
actions, a shorter half-life, and no monitoring of anticoagu-
lant effect with routine blood tests. In addition to AF, 
dabigatran has shown similar effi cacy to either warfarin or 
LMWH in the primary and secondary prevention of deep 
venous thrombosis following orthopedic surgery [ 67 ,  68 ]. 
Emerging experimental data also suggest a potential role for 
this novel oral anticoagulant in patients with MHV. In a 
swine animal model, McKellar et al. measured thrombus size 
and platelet deposition 30 days after implantation of bileafl et 
mechanical valve conduits [ 69 ]. Thrombus size was smallest 
in animals randomly allocated with dabigatran (19 ± 31) 
compared to either enoxaparin (121 ± 128) or no anticoagu-
lation (638 ± 895), respectively. Similarly, platelet deposition 
was lower in the dabigatran vs. enoxaparin group (2.7 × 10 8  
vs. 1.8 × 10 9 ,  p  = 0.03). Other investigators have reported sim-
ilar results from in vitro experiments using the direct throm-
bin inhibitors argatroban and bivalirudin [ 70 ]. Factor Xa 
inhibitors, including rivaroxaban and apixaban, have also 
shown promising results in the treatment and prophylaxis of 
venous thromboembolic disease and are currently being 
evaluated in AF [ 71 ]. Whether or not these encouraging fi nd-
ings might also extend to humans with mechanical valve 
prostheses is the subject of ongoing investigation. It is impor-
tant to emphasize that none of these novel anticoagulants 
have been evaluated among patients with mechanical heart 
valves and cannot be recommended as alternatives to vitamin 
K antagonists at this time.    

    Summary of Key Guidelines 

 Key guideline statements from several professional societies 
(ACC/AHA, ACCP, and ESC) addressing anticoagulation 
therapy with mechanical heart valves are summarized in 
Table  38.2 . In general, all organizations advocate higher 
intensity of anticoagulation with mitral vs. aortic mechanical 
prostheses and with monoleafl et vs. bileafl et valves in the 
aortic position. While adjunctive antiplatelet therapy is rec-
ommended in all patients with MHV in the ACC/AHA 
guidelines, aspirin is only recommended in patients with 
concomitant risk factors or at low risk of bleeding in the ESC 
and ACCP guidelines, respectively [ 22 – 24 ]. 

 Current guidelines recommend frequent monitoring of 
anticoagulation therapy during pregnancy for women with 
mechanical prosthetic heart valves irrespective of the anti-
thrombotic regimen chosen [ 22 ,  23 ]. Warfarin should be 
dose-adjusted to attain a target INR of 3.0 (range, 2.5–3.5), 
whereas the dose of unfractionated heparin should prolong 
the 6-h postinjection activated partial thromboplastin time to 
at least twice the control. Recommendations on LMWH sug-
gest twice-daily administration to achieve an anti-Xa level of 
0.7–1.2 U/mL 4–6 h after injection [ 22 ]. Heparin should also 
be substituted for warfarin 1–3 weeks before labor and deliv-
ery to minimize maternal bleeding and prevent fetal hemor-
rhage that might occur if the mother is taking warfarin during 
that time. 

 Bridging therapy with heparin may be required in 
patients with MHV requiring surgery or other invasive pro-
cedures. Certain low-risk procedures in which bleeding risk 
is minimal do not require interruption of anticoagulation 
(diagnostic endoscopy, cataract surgery, dental extraction). 
If needed due to bleeding risk at time of surgery, guidelines 
support interrupting anticoagulation and generally recom-
mend bridging with unfractionated heparin over LMWH 
[ 22 ,  23 ].     

 Key Points 

•     MHV are inherently thrombogenic and the risk for 
thromboembolic complications varies as a function 
of both patient risk factors and valve parameters 
such as structural design, position, and time from 
surgery. Thrombotic risk is greatest in the immedi-
ate postoperative period and diminishes thereafter.  

•   All patients with MHV require lifelong anticoagu-
lation with vitamin K antagonists.  

•   Adjunctive antiplatelet therapy with low-dose 
 aspirin is also reasonable for patients with MHV, 
particularly in those with concomitant vascular risk 
factors.  

•   Interruption of anticoagulation is not necessary 
for minor procedures where risk of bleeding is min-
imal or can be easily controlled. In other surgical 

procedures with greater bleeding potential,  bridging 
with unfractionated heparin is preferred over 
LMWH.  

•   Variability in anticoagulation is a major correlate of 
adverse events in patients with MHV and may be 
greatly improved with devices that facilitate patient 
self-monitoring.  

•   Pregnant patients with MHV require very close and 
aggressive monitoring of all antithrombotics that 
may be used: unfractionated heparin, LMWH, and 
oral vitamin K antagonists. Warfarin should be dis-
continued prior to delivery and substituted with 
heparin.    

38 Managing Anticoagulation in Patients with Mechanical Valves



534

   References 

    1.    Carapetis JR, Currie BJ, Mathews JD. Cumulative incidence of 
rheumatic fever in an endemic region: a guide to the susceptibility 
of the population? Epidemiol Infect. 2000;124:239–44.  

    2.    Schoen F. Pathology of heart valve substitution with mechanical 
and tissue prostheses. In: Silver MD, Gotlieb AI, Schoen FJ, 
 editors. Cardiovascular pathology. Philadelphia: Churchill 
Livingstone; 2001. p. 629–77.  

     3.    Gott VL, Alejo DE, Cameron DE. Mechanical heart valves: 
50 years of evolution. Ann Thorac Surg. 2003;76:S2230–9.  

     4.    Vongpatanasin W, Hillis LD, Lange RA. Prosthetic heart valves. 
N Engl J Med. 1996;335:407–16.  

    5.    Bokros JC. Carbon in prosthetic heart valves. Ann Thorac Surg. 
1989;48:S49–50.  

          6.    Cannegieter SC, Rosendaal FR, Briet E. Thromboembolic and 
bleeding complications in patients with mechanical heart valve 
prostheses. Circulation. 1994;89:635–41.  

    7.    Heras M, Chesebro JH, Fuster V, et al. High risk of thromboemboli 
early after bioprosthetic cardiac valve replacement. J Am Coll 
Cardiol. 1995;25:1111–9.  

    8.    Chesebro JH, Adams PC, Fuster V. Antithrombotic therapy in 
patients with valvular heart disease and prosthetic heart valves. 
J Am Coll Cardiol. 1986;8:41B–56.  

    9.    Dewanjee MK, Trastek VF, Tago M, Kaye MP. Radioisotopic 
 techniques for noninvasive detection of platelet deposition in 
bovine- tissue mitral-valve prostheses and in vitro quantifi cation of 
visceral microembolism in dogs. Invest Radiol. 1984;19:535–42.  

    10.    Harker LA, Slichter SJ. Studies of platelet and fi brinogen kinetics 
in patients with prosthetic heart valves. N Engl J Med. 1970;
283:1302–5.  

     11.    Dewanjee MK, Fuster V, Rao SA, Forshaw PL, Kaye MP. 
Noninvasive radioisotopic technique for detection of platelet 
 deposition in mitral valve prostheses and quantitation of visceral 
microembolism in dogs. Mayo Clin Proc. 1983;58:307–14.  

     12.    Baber U, van der Zee S, Fuster V. Anticoagulation for mechanical 
heart valves in patients with and without atrial fi brillation. Curr 
Cardiol Rep. 2010;12:133–9.  

     13.    Butchart EG, Lewis PA, Kulatilake EN, Breckenridge IM. 
Anticoagulation variability between centres: implications for com-
parative prosthetic valve assessment. Eur J Cardiothorac Surg. 
1988;2:72–81.  

    14.    Yoganathan AP, He Z, Casey JS. Fluid mechanics of heart valves. 
Annu Rev Biomed Eng. 2004;6:331–62.  

     15.    Butany J, Ahluwalia MS, Munroe C, et al. Mechanical heart valve 
prostheses: identifi cation and evaluation. Cardiovasc Pathol. 
2003;12:1–22.  

     16.    Edmunds Jr LH. Thrombotic and bleeding complications of 
 prosthetic heart valves. Ann Thorac Surg. 1987;44:430–45.  

     17.    Weitz JI. Low-molecular-weight heparins. N Engl J Med. 
1997;337:688–98.  

    18.    Cohen M, Demers C, Gurfi nkel EP, et al. A comparison of 
 low-molecular- weight heparin with unfractionated heparin for 
unstable coronary artery disease. Effi cacy and safety of 
 subcutaneous enoxaparin in Non-Q-Wave Coronary Events Study 
Group. N Engl J Med. 1997;337:447–52.  

    19.    Montalescot G, Polle V, Collet JP, et al. Low molecular weight 
heparin after mechanical heart valve replacement. Circulation. 
2000;101:1083–6.  

    20.    Fanikos J, Stapinski C, Koo S, Kucher N, Tsilimingras K, Goldhaber 
SZ. Medication errors associated with anticoagulant therapy in the 
hospital. Am J Cardiol. 2004;94:532–5.  

    21.    Kulik A, Rubens FD, Wells PS, et al. Early postoperative antico-
agulation after mechanical valve replacement: a systematic review. 
Ann Thorac Surg. 2006;81:770–81.  

                 22.    Bonow RO, Carabello BA, Chatterjee K, et al. 2008 focused update 
incorporated into the ACC/AHA 2006 guidelines for the manage-
ment of patients with valvular heart disease: a report of the 
American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines (writing committee to revise the 1998 
guidelines for the management of patients with valvular heart dis-
ease): endorsed by the Society of Cardiovascular Anesthesiologists, 
Society for Cardiovascular Angiography and Interventions, and 
Society of Thoracic Surgeons. Circulation. 2008;118:e523–661.  

           23.    Vahanian A, Baumgartner H, Bax J, et al. Guidelines on the 
 management of valvular heart disease: The Task Force on the 
Management of Valvular Heart Disease of the European Society of 
Cardiology. Eur Heart J. 2007;28:230–68.  

       24.    Whitlock RP, Sun JC, Fremes SE, Rubens FD, Teoh KH. 
Antithrombotic and thrombolytic therapy for valvular disease: 
 antithrombotic therapy and prevention of thrombosis, 9th ed: 
American College of Chest Physicians evidence-based clinical 
practice guidelines. Chest. 2012;141:e576S–600.  

     25.    Cannegieter SC, Rosendaal FR, Wintzen AR, van der Meer FJ, 
Vandenbroucke JP, Briet E. Optimal oral anticoagulant therapy in 
patients with mechanical heart valves. N Engl J Med. 1995;333:11–7.  

     26.    Acar J, Iung B, Boissel JP, et al. AREVA: multicenter randomized 
comparison of low-dose versus standard-dose anticoagulation in 
patients with mechanical prosthetic heart valves. Circulation. 
1996;94:2107–12.  

   27.    Butchart EG, Lewis PA, Bethel JA, Breckenridge IM. Adjusting 
anticoagulation to prosthesis thrombogenicity and patient risk 
 factors. Recommendations for the Medtronic Hall valve. 
Circulation. 1991;84:III61–9.  

    28.    Hering D, Piper C, Bergemann R, et al. Thromboembolic and 
bleeding complications following St Jude Medical valve replace-
ment: results of the German Experience With Low-Intensity 
Anticoagulation Study. Chest. 2005;127:53–9.  

     29.    Salem DN, O’Gara PT, Madias C, Pauker SG. Valvular and struc-
tural heart disease: American College of Chest Physicians evidence- 
based clinical practice guidelines (8th edition). Chest. 2008;133:
593S–629.  

     30.    Czer LS, Matloff JM, Chaux A, De Robertis M, Stewart ME, 
Gray RJ. The St. Jude valve: analysis of thromboembolism, warfarin- 
related hemorrhage, and survival. Am Heart J. 1987;114:389–97.  

    31.    Turpie AG, Gent M, Laupacis A, et al. A comparison of aspirin 
with placebo in patients treated with warfarin after heart-valve 
replacement. N Engl J Med. 1993;329:524–9.  

    32.   Little SH, Massel DR. Antiplatelet and anticoagulation for patients 
with prosthetic heart valves. Cochrane Database Syst Rev 2003:
CD003464.  

    33.   Antithrombotic Trialists’ Collaboration. Collaborative meta-analy-
sis of randomised trials of antiplatelet therapy for prevention of 
death, myocardial infarction, and stroke in high risk patients. BMJ. 
2002;324:71–86.  

    34.    Patrono C. Aspirin and human platelets: from clinical trials to 
 acetylation of cyclooxygenase and back. Trends Pharmacol Sci. 
1989;10:453–8.  

     35.    Butchart EG, Payne N, Li HH, Buchan K, Mandana K, 
Grunkemeier GL. Better anticoagulation control improves survival 
after valve replacement. J Thorac Cardiovasc Surg. 2002;123:715–23.  

    36.    Ansell J, Hirsh J, Poller L, Bussey H, Jacobson A, Hylek E. The 
pharmacology and management of the vitamin K antagonists: the 
seventh ACCP conference on antithrombotic and thrombolytic 
therapy. Chest. 2004;126:204S–33.  

     37.    Kortke H, Minami K, Breymann T, et al. INR self-management 
after mechanical heart valve replacement: ESCAT (early self- 
controlled anticoagulation trial). Z Kardiol. 2001;90 Suppl 6:
118–24.  

    38.    Koertke H, Zittermann A, Wagner O, Koerfer R. Self-management 
of oral anticoagulation therapy improves long-term survival in 

U. Baber et al.



535

patients with mechanical heart valve replacement. Ann Thorac 
Surg. 2007;83:24–9.  

    39.    Sawicki PT. A structured teaching and self-management program 
for patients receiving oral anticoagulation: a randomized controlled 
trial. Working Group for the Study of Patient Self-Management of 
Oral Anticoagulation. JAMA. 1999;281:145–50.  

    40.    Heneghan C, Alonso-Coello P, Garcia-Alamino JM, Perera R, 
Meats E, Glasziou P. Self-monitoring of oral anticoagulation: a 
 systematic review and meta-analysis. Lancet. 2006;367:404–11.  

    41.    Dunn AS, Turpie AG. Perioperative management of patients 
 receiving oral anticoagulants: a systematic review. Arch Intern 
Med. 2003;163:901–8.  

    42.    Wahl MJ. Dental surgery in anticoagulated patients. Arch Intern 
Med. 1998;158:1610–6.  

    43.    Ferreira I, Dos L, Tornos P, Nicolau I, Permanyer-Miralda G, 
 Soler- Soler J. Experience with enoxaparin in patients with mechan-
ical heart valves who must withhold acenocumarol. Heart. 
2003;89:527–30.  

   44.    Kovacs MJ, Kearon C, Rodger M, et al. Single-arm study of 
 bridging therapy with low-molecular-weight heparin for patients at 
risk of arterial embolism who require temporary interruption of 
warfarin. Circulation. 2004;110:1658–63.  

     45.    Spyropoulos AC, Frost FJ, Hurley JS, Roberts M. Costs and clinical 
outcomes associated with low-molecular-weight heparin vs unfrac-
tionated heparin for perioperative bridging in patients receiving 
long-term oral anticoagulant therapy. Chest. 2004;125:1642–50.  

    46.    Brenner B. Haemostatic changes in pregnancy. Thromb Res. 2004;
114:409–14.  

    47.    Comp PC, Thurnau GR, Welsh J, Esmon CT. Functional and 
 immunologic protein S levels are decreased during pregnancy. 
Blood. 1986;68:881–5.  

      48.    Chan WS, Anand S, Ginsberg JS. Anticoagulation of pregnant 
women with mechanical heart valves: a systematic review of the 
literature. Arch Intern Med. 2000;160:191–6.  

    49.    Elkayam U, Bitar F. Valvular heart disease and pregnancy: part II: 
prosthetic valves. J Am Coll Cardiol. 2005;46:403–10.  

    50.    Ginsberg JS, Hirsh J, Turner DC, Levine MN, Burrows R. Risks to 
the fetus of anticoagulant therapy during pregnancy. Thromb 
Haemost. 1989;61:197–203.  

    51.    Hall JG, Pauli RM, Wilson KM. Maternal and fetal sequelae of 
anticoagulation during pregnancy. Am J Med. 1980;68:122–40.  

    52.    Douketis JD, Ginsberg JS, Burrows RF, Duku EK, Webber CE, 
Brill-Edwards P. The effects of long-term heparin therapy during 
pregnancy on bone density. A prospective matched cohort study. 
Thromb Haemost. 1996;75:254–7.  

    53.    Warkentin TE, Levine MN, Hirsh J, et al. Heparin-induced throm-
bocytopenia in patients treated with low-molecular-weight heparin 
or unfractionated heparin. N Engl J Med. 1995;332:1330–5.  

    54.    Harenberg J, Schneider D, Heilmann L, Wolf H. Lack of anti-factor 
Xa activity in umbilical cord vein samples after subcutaneous 
administration of heparin or low molecular mass heparin in preg-
nant women. Haemostasis. 1993;23:314–20.  

    55.    Berndt N, Khan I, Gallo R. A complication in anticoagulation using 
low-molecular weight heparin in a patient with a mechanical valve 
prosthesis. A case report. J Heart Valve Dis. 2000;9:844–6.  

    56.    Lev-Ran O, Kramer A, Gurevitch J, Shapira I, Mohr R. Low-
molecular- weight heparin for prosthetic heart valves: treatment 
failure. Ann Thorac Surg. 2000;69:264–5; discussion 5–6.  

     57.    Bates SM, Greer IA, Pabinger I, Sofaer S, Hirsh J. Venous 
 thromboembolism, thrombophilia, antithrombotic therapy, and preg-
nancy: American College of Chest Physicians evidence-based clini-
cal practice guidelines (8th edition). Chest. 2008;133:844S–86.  

     58.    Regitz-Zagrosek V, Blomstrom Lundqvist C, Borghi C, et al. ESC 
guidelines on the management of cardiovascular diseases during 
pregnancy: the Task Force on the Management of Cardiovascular 
Diseases during pregnancy of the European Society of Cardiology 
(ESC). Eur Heart J. 2011;32:3147–97.  

    59.    Cotrufo M, De Feo M, De Santo LS, et al. Risk of warfarin during 
pregnancy with mechanical valve prostheses. Obstet Gynecol. 
2002;99:35–40.  

    60.    Sillesen M, Hjortdal V, Vejlstrup N, Sorensen K. Pregnancy with 
prosthetic heart valves – 30 years’ nationwide experience in 
Denmark. Eur J Cardiothorac Surg. 2011;40:448–54.  

    61.    Bonow RO, Carabello BA, Kanu C, et al. ACC/AHA 2006 guide-
lines for the management of patients with valvular heart disease: a 
report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines (writing committee 
to revise the 1998 guidelines for the management of patients with 
valvular heart disease): developed in collaboration with the Society 
of Cardiovascular Anesthesiologists: endorsed by the Society for 
Cardiovascular Angiography and Interventions and the Society of 
Thoracic Surgeons. Circulation. 2006;114:e84–231.  

    62.    Wolf PA, Abbott RD, Kannel WB. Atrial fi brillation as an indepen-
dent risk factor for stroke: the Framingham Study. Stroke. 1991;22:
983–8.  

    63.    Hart RG, Pearce LA, Aguilar MI. Meta-analysis: antithrombotic 
therapy to prevent stroke in patients who have nonvalvular atrial 
fi brillation. Ann Intern Med. 2007;146:857–67.  

    64.    Fanikos J, Tsilimingras K, Kucher N, Rosen AB, Hieblinger MD, 
Goldhaber SZ. Comparison of effi cacy, safety, and cost of low-
molecular- weight heparin with continuous-infusion unfractionated 
heparin for initiation of anticoagulation after mechanical prosthetic 
valve implantation. Am J Cardiol. 2004;93:247–50.  

    65.    Turpie AG. New oral anticoagulants in atrial fi brillation. Eur Heart 
J. 2008;29:155–65.  

    66.    Connolly SJ, Ezekowitz MD, Yusuf S, et al. Dabigatran versus 
 warfarin in patients with atrial fi brillation. N Engl J Med. 2009;
361:1139–51.  

    67.    Eriksson BI, Dahl OE, Rosencher N, et al. Dabigatran etexilate 
 versus enoxaparin for prevention of venous thromboembolism after 
total hip replacement: a randomised, double-blind, non-inferiority 
trial. Lancet. 2007;370:949–56.  

    68.    Schulman S, Kearon C, Kakkar AK, et al. Dabigatran versus 
 warfarin in the treatment of acute venous thromboembolism. 
N Engl J Med. 2009;361:2342–52.  

    69.    McKellar SH, Abel S, Camp CL, Suri RM, Ereth MH, Schaff HV. 
Effectiveness of dabigatran etexilate for thromboprophylaxis of 
mechanical heart valves. J Thorac Cardiovasc Surg. 2011;141:1410–6.  

    70.    Maegdefessel L, Linde T, Michel T, et al. Argatroban and bivaliru-
din compared to unfractionated heparin in preventing thrombus for-
mation on mechanical heart valves. Results of an in-vitro study. 
Thromb Haemost. 2009;101:1163–9.  

    71.    Lassen MR, Davidson BL, Gallus A, Pineo G, Ansell J, 
Deitchman D. The effi cacy and safety of apixaban, an oral, direct 
factor Xa inhibitor, as thromboprophylaxis in patients following 
total knee replacement. J Thromb Haemost. 2007;5:2368–75.    

38 Managing Anticoagulation in Patients with Mechanical Valves



   Part VI 

   Cardiac Disease as a Source 
of Neurologic Sequelae        



539K. Stergiopoulos, D.L. Brown (eds.), Evidence-Based Cardiology Consult, 
DOI 10.1007/978-1-4471-4441-0_39, © Springer-Verlag London 2014

        Introduction 

 The presentation of a patient with an acute arterial 
embolic event is not only dramatic for the acuity and 
severity of  symptoms; it is also the harbinger of poten-
tially  life- threatening disease. Because of the cardiovas-
cular nature of the embolic syndromes, cardiologists are 
frequently the primary consultants for affected patients. 

Therefore,  recognizing the many clinical manifestations 
that can result as emboli travel through the arterial system is 
the fi rst step in the evaluation for cardiac sources of emboli. 
While nearly every organ in the body is a potential embolic 
target, the incidence of clinically apparent embolic events is 
approximately three times higher in the cerebral circulation 
than the peripheral circulation [ 1 ,  2 ]. This may be due to 
the fact that most cerebral arteries are functional end arter-
ies, whereas the peripheral circulation tends to have a rich 
anastomotic blood supply that can stave off clinically signifi -
cant ischemia while the thrombus resolves. Other potential 
end organs of arterial emboli include the spleen, kidney, gut, 
eye, and, although commonly overlooked, the heart itself. 
Finally, diseases of the right heart can result in pulmonary 
emboli. The most common source of cardiac emboli is a left 
atrial thrombus due to atrial fi brillation (AF) [ 3 ], whereas 
the  second most common source is a left ventricular (LV) 
thrombus following an acute myocardial infarction (MI) [ 1 ]. 
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Other etiologies include endocarditis, cardiac tumors, and 
aortic atherosclerosis. 

 The cornerstone of the evaluation for cardiac sources of 
emboli is the echocardiogram. While a transthoracic echo-
cardiogram (TTE) is the initial imaging test for most patients, 
transesophageal echocardiography (TEE) has been shown to 
be superior to TTE when evaluating for cardiac sources of 
emboli [ 4 ,  5 ] and is also more cost effective [ 6 ]. As a result, 
the evaluation for cardiac sources of emboli is the most com-
mon indication for using TEE [ 5 ]. Once a cardiac source of 
emboli is identifi ed, management depends on the underlying 
etiology and patient comorbidities.  

    Clinical Syndromes of Cardiac Emboli 
(Fig.  39.1 ) 

       Cerebral Vascular Accidents (CVA) 

 Embolisms of cardiac origin account for approximately 
15–20 % of all ischemic strokes [ 7 ]. The overwhelming 
majority (80 %) of cardiogenic emboli lodge in the middle 
cerebral artery and its branches, while 10 % lodge in the 
 posterior cerebral circulation and the remaining 10 % in the 

vertebral arteries. It is very rare for cardiac emboli to reach 
the anterior cerebral artery [ 8 ]. If the embolic thrombus is 
lysed quickly, only a transient ischemic attack (TIA) will 
occur. TIAs are defi ned as symptoms of stroke that last less 
than 24 h; however, most last less than 1 h. Patients with a 
history of TIA are at a very high risk for subsequent stroke, 
with an incidence of approximately 17 % by 90 days if 
untreated [ 9 ]. Immediate work-up and treatment of the 
underlying cause of embolism are imperative when TIA is 
suspected as the risk of subsequent stroke is highest in the 
days and weeks immediately after the TIA [ 10 ].  

    Peripheral Arterial Embolization 

 Cardiac emboli are by far the most common cause of periph-
eral artery embolization, with ischemic heart disease and 
AF accounting for approximately 80 % of cases. The lower 
extremities are involved in approximately 80 % of cases and 
the upper extremities in only 20 % [ 11 ]. As opposed to chronic 
limb ischemia in which collateral  vessels develop over time 
to compensate for decreased antegrade fl ow, peripheral 
artery embolization results in an acute reduction of blood 
fl ow to the affected limb and is a medical  emergency. Acute 
limb ischemia is a clinical diagnosis; symptoms include the 
6 “Ps”: pain, pulselessness, pallor, poikilothermia, paresthe-
sias, and paralysis. Pain is generally the earliest and the most 
dominant symptom [ 12 ].  

    Renal Emboli 

 The incidence of renal emboli in the general population is 
quite rare. In a study involving nearly 30,000 patients with 
AF followed for 13 years, the incidence of renal thromboem-
boli was only 2 % [ 3 ]. Symptoms of renal infarction are 
vague and overlap with more common conditions making 
the diagnosis diffi cult. Patients generally have abdominal or 
fl ank pain, nausea, and vomiting and may report hematuria. 
Laboratory fi ndings can be helpful in raising suspicion for 
the diagnosis. Patients tend to have an elevated white blood 
cell count (WBC), elevated creatinine concentration, and 
markedly elevated serum lactate dehydrogenase (LDH). 
Finally, an elevation of urinary LDH is very suggestive of 
intrarenal pathology as LDH is generally too large to be fi l-
tered and its excretion is generally only increased in renal 
infarction and renal transplant rejection [ 13 ].  

    Splenic Emboli 

 Both splenic infarction and abscess should prompt evalua-
tion for cardiac sources of emboli. Abscesses can present 
with persistent fever despite antibiotic therapy, left upper 
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  Fig. 39.1    Common destinations for cardiac emboli       
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quadrant (LUQ) pain, and, sometimes, a left-sided plural 
effusion [ 14 ]. Splenic infarct presents similarly with LUQ 
pain, fever, LUQ tenderness, nausea and vomiting, elevated 
WBC count, and elevated LDH. The clinical presentation of 
splenic infarcts can be atypical, but the most consistent fi nd-
ings are LUQ pain and elevated LDH [ 15 ].  

    Optic Emboli 

 Central retinal artery occlusion is a relatively rare event, 
with an incidence of approximately 1.9 per 100,000 [ 16 ]. 
While the most common cause of retinal artery occlusion is 
carotid artery disease, cardiogenic sources may account for 
as many as 42 % of cases [ 17 ]. A cardiogenic source is more 
likely in younger patients and in patients with a history of 
cardiac disease such as AF or rheumatic heart disease [ 18 ]. 
Retinal artery emboli present clinically as acute onset, uni-
lateral, painless, loss of vision. It is considered a form of 
stroke (if transient it is called amaurosis fugax) and should 
compel the clinician to investigate the source of the emboli 
to prevent other vascular events.  

    Mesenteric Emboli 

 Emboli to the mesenteric vasculature most commonly lodge 
in the superior mesenteric artery (SMA) because of its large 
caliber and the narrow angle of its departure from the aorta. 
Emboli to the SMA account for 5 % of peripheral emboli 
and approximately 50 % of cases of acute mesenteric isch-
emia [ 19 ]. Classic symptoms of mesenteric ischemia 
include nausea, vomiting, diarrhea, and acute periumbilical 
pain that appears “out of proportion” to the physical fi nd-
ings where tenderness is not prominent. The patient appears 
acutely ill and at least 50 % test positive for fecal occult 
blood with 15 % presenting with melena or hematochezia 
[ 20 ]. Acute mesenteric ischemia can be a catastrophic 
event, with mortality rates exceeding 60 % [ 21 ]. As such, 
when suspicion is high, physicians should have a low 
threshold for a defi nitive, invasive evaluation with 
angiography.  

    Pulmonary Emboli (PE) 

 While dislodged deep vein thrombi (DVT) are, by far, the 
most common cause of PE, cardiac sources of PE include 
right ventricular (RV) thrombi secondary to blood stasis, 
indwelling cardiac catheters, or pacemaker/defi brillator 
leads and right-sided endocarditis. In patients with right- 
sided endocarditis, which accounts for 5–10 % of cases of 
endocarditis [ 22 ], septic PE are common and can result in 
multiple pulmonary abscesses. The most common symptom 

in such patients is fever. Other symptoms include dyspnea, 
pleuritic chest pain, cough, and hemoptysis [ 23 ]. Hypoxia 
and paradoxical emboli are also possible when right atrial 
pressures increase suffi ciently to cause right-to-left shunting 
[ 24 ] in patients with an atrial septal defect or a patent fora-
men ovale.  

    Coronary Emboli 

 Approximately 4–7 % of patients with acute MI are found to 
have otherwise normal coronaries [ 25 ]. In such cases, emboli 
to the coronary arteries are an important consideration, espe-
cially in patients with underlying conditions that predispose 
to embolization such as AF. Coronary emboli are usually 
located in the left anterior descending (LAD) artery at the 
level of the distal epicardial and intramural branches 
(Fig.  39.2 ). This observation may be due to the aortic valve 
morphology which results in preferential blood fl ow into the 
left main coronary [ 26 ].

        Etiology (Fig.  39.3 ) 

    There are three types of masses that can embolize from the 
heart: thrombotic, infectious, and neoplastic. 

  Fig. 39.2    Coronary angiogram showing normal coronary arteries with 
abrupt occlusion, as indicated by the  arrow , (cut-off sign) of the distal 
left anterior descending coronary artery consistent with embolus 
(Reprinted with Permission Adachi and Kobayashi [ 88 ])       
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    Left Atrial (LA) Thrombi 

 A thrombus in the LA (Fig.  39.4 ) is the most common source 
of cardiogenic emboli. Most thrombi form in the LA append-
age [ 27 ] secondary to blood stasis. Atrial fi brillation, rheu-
matic mitral stenosis, and LA enlargement are all conditions 
that predispose to stasis and subsequent thrombus formation. 
In the developed world, where rheumatic disease is less com-
mon, AF is the most common cause of LA thrombus forma-
tion [ 1 ,  3 ]. The association is so strong that in patients in 
sinus rhythm presenting with embolic strokes or TIA, only 
1 % have LA thrombosis demonstrable by TEE as opposed 
to 14 % of those in AF [ 28 ]. Patients with dilated cardiomy-
opathy experience systemic emboli at a rate of approximately 
4 % per year and more commonly are found to have throm-
bus in the LA rather than the LV suggesting that dilated car-
diomyopathy is another important cause of LA thrombosis 
[ 29 ]. Mitral regurgitation does not appear to be associated 
with LA thrombus, possibly because the regurgitant fl ow 
prevents the stasis of blood in the LA [ 30 ].

       Left Ventricular Thrombi 

 As in the case of LA thrombosis, LV thrombi also form under 
conditions of stasis. Ventricular aneurysms, diffuse ventricu-
lar hypokinesis (e.g., dilated cardiomyopathy), or segmental 
wall motion abnormalities (e.g., post-MI) are the main 

causes of stasis in the LV. In the absence of an aneurysm or 
severe global or regional LV dysfunction, LV thrombi are 
unlikely to occur. Conversely, LV thrombi are most likely to 
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  Fig. 39.3    Possible etiologies of cardiac emboli       

  Fig. 39.4    Transesophageal echocardiogram showing left atrial throm-
bus ( arrow ) in the atrial appendage. This thrombus was visualized in 
two orthogonal views, using zoom mode and a high-frequency (7 MHz) 
transducer (Reprinted with Permission Otto [ 30 ])       
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occur in patients with large anterior wall infarction with 
 apical wall motion abnormalities. LV thrombosis occurs in 
up to 46 % of these patients, while patients without apical 
involvement are at low risk for thrombosis. Thrombi tend to 
form between one and 11 days following an MI [ 31 ].  

    Aortic Atherosclerosis 

 Embolism related to aortic atherosclerosis can be secondary 
to either thromboembolism or atheroembolism (cholesterol 
embolism). Thromboembolism occurs when an aortic ath-
erosclerotic plaque ruptures and the thrombus that forms at 
the site of rupture embolizes. These tend to be single large 
emboli with resulting clinical syndromes similar to those 
associated with cardiac emboli as noted above (TIA, stroke, 
limb ischemia, etc.). Atheroembolism, however, tends to 
result in multiple small artery occlusions leading to very 
variable clinical presentations. Vague symptoms such as 
fever, headache, and weight loss may be present, while more 
dramatic clinical presentations include “blue toe” syndrome, 
livedo reticularis, renal failure, and retinal ischemia [ 32 ]. 
Risk factors for embolization include characteristics of the 
plaque as observed on TEE (Fig.  39.5 ) and instrumentation 
during cardiac catheterization or surgery. Ulcerated, protrud-
ing, mobile plaques and plaques with thickness >4 mm are at 
the highest risk of embolism [ 33 ,  34 ].

       Prosthetic Valve Thrombosis 

 The rates of prosthetic valve thrombosis range between 0.1 
and 5.7 % per patient year depending on the valve 
 characteristics [ 35 ]. Patients with bioprosthetic valves and 
those with mechanical valves with consistent therapeutic 
anticoagulation are at the lowest risk while patients with 

mechanical valves and inadequate anticoagulation and valves 
in the mitral position are at the highest risk. The risk of 
embolization in patients with mechanical valves is approxi-
mately 4 % per year without anticoagulation, 2 % per year on 
antiplatelet therapy, and 1 % per year on warfarin. Other risk 
factors for embolization such as AF and depressed LV func-
tion contribute to increased risks of embolization in patients 
who have undergone valve replacement [ 35 ]. However, it 
should be noted that the most common presenting symptom 
of prosthetic valve thrombosis is not an embolic event but 
rather congestive heart failure [ 36 ] due to an acute obstruc-
tion or restriction of valve opening.  

    Abnormalities of the Atrial Septum 

 Right-to-left shunting, which can occur in patients with a pat-
ent foramen ovale (PFO) or atrial septal defect (ASD), may 
lead to paradoxical emboli in which thrombi formed in the 
venous system cross the atrial defect to embolize systemi-
cally. A prerequisite for such an event is higher pressures in 
the right heart chambers than left. While several pathological 
conditions can increase right-sided pressures such as 
Eisenmenger syndrome or pulmonary hypertension from a 
variety of causes, right heart pressures can increase tran-
siently under physiologic conditions, allowing the passage of 
paradoxical emboli from the venous to systemic circulations 
in otherwise normal patients. First, during the normal cardiac 
cycle, right atrial pressures transiently exceed left atrial dur-
ing early systole. Second, under conditions where patients 
perform the Valsalva maneuver, there are two opportunities 
for right-to- left shunting. First, during straining, increased 
intrathoracic pressures disproportionately increase right 
heart pressure, and during release, the infl ux of venous blood 
again increases right-sided pressure above left-sided pressure 

  Fig. 39.5    Transesophageal echocardiograms of the thoracic aorta:  Left : normal;  middle : moderate (3 mm) plaque; and  right : severe (7 mm) plaque 
(Reprinted with Permission Tunick [ 89 ])       
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[ 37 ]. As such, patients who present with a history of straining 
immediately preceding an ischemic event should draw the 
clinician’s attention to the possibility of paradoxical emboli. 

 It is estimated that approximately 25 % of the population 
has PFOs, and several studies have found an association 
between cryptogenic strokes (strokes with no clearly identi-
fi able cause) and an increased prevalence of PFOs [ 38 ,  39 ]. 
Furthermore, patients with larger PFOs, patients in hyperco-
agulable states, patients with right-to-left shunting found on 
TEE, and patients with concurrent atrial septal aneurysms 
appear to have higher risks of embolism [ 40 ,  41 ]. However, 
population- based studies have not shown PFOs alone to be 
associated with statistically signifi cant increases in the risk 
of stroke [ 42 ,  43 ]. This suggests that the role of PFO in cryp-
togenic strokes is likely only part of a multifactorial cascade 
that  predisposes patients to paradoxical emboli.  

    Right Ventricular Thrombi 

 RV thrombi are quite rare but native RV thrombi can be seen 
in cases of severe RV dilatation or dysfunction and on 
indwelling catheters [ 30 ]. Another rare fi nding may be a 
fl oating RV thrombus. These likely represent thrombi in 
transit from the venous circulation and are associated with a 
high mortality. While native RV thrombi can be treated with 
anticoagulation, fl oating RV thrombi are an emergency and 
require emergent surgery or thrombolytic therapy [ 44 ].  

    Septic Emboli 

 Infectious intracardiac vegetations most commonly result from 
infective endocarditis (IE) on native valves. The infection 
likely begins with minor trauma secondary to the force of the 
valves opening and closing—which is supported by the rela-
tive frequency of the valves involved: mitral > aortic > tricus-
pid > pulmonic [ 45 ]—combined with transient bacteremia. 

 Although the brain and spleen are the most common sites 
of left-sided septic emboli, nearly any organ can be affected 
including the spinal cord, the paraspinal space, and the 
 arteries themselves via the vasa vasorum which can lead to 
mycotic aneurysms [ 22 ]. Systemic embolization with subse-
quent abscess formation is a common cause of prolonged 
fever despite adequate antibiotic therapy. Right-sided IE 
commonly leads to septic pulmonary emboli with subse-
quent respiratory symptoms as noted above.  

    Nonbacterial Thrombotic Endocarditis (NBTE) 

 This entity, also known as marantic, Libman-Sacks, or ver-
rucous endocarditis, refers to a large spectrum of valvular 
lesions that are usually associated with advanced malignancy 

[ 46 ] and autoimmune conditions such as systemic lupus ery-
thematosus. While rare, these vegetations have the potential 
for embolization.  

    Intracardiac Tumors 

 Primary cardiac tumors are very rare, with an incidence of only 
0.06 % [ 47 ]. Only two types are associated with embolization: 
myxomas and papillary fi broelastomas. Myxomas are the most 
common type of cardiac tumor. They are benign tumors; most are 
located in the left atrium as a pedunculated growth off the atrial 
septum. The morphology of the tumor dictates the likelihood of 
embolization. Friable or villous myxomas, which account for 
35 % of all myxomas, are more likely to embolize [ 48 ]. 

 Papillary fi broelastomas are the second most common 
type of primary cardiac tumors. These are pedunculated 
tumors most commonly located on left-sided cardiac valves 
but can also be found on the endocardium itself. Again, it is 
a benign tumor that has the potential to cause serious mor-
bidity and mortality from emboli. Tumor mobility is inde-
pendently associated with increased risks of embolization 
[ 49 ]. The embolized material in myxomas or papillary fi bro-
elastomas can be either pieces of the tumor itself or thrombi 
which form on the tumor and subsequently dislodge.   

    Evaluation 

 Echocardiography is the imaging modality of choice when 
evaluating for cardiac sources of emboli. As noted above, 
TEE has been found to be superior to TTE in the evaluation 
of the most common causes of cardiac emboli [ 4 ,  5 ] and has 
been shown to be more cost effective [ 6 ]. However, the supe-
riority of TEE depends on the source of the emboli 
(Table  39.1 ). A TEE is performed by passing a modifi ed gas-
troscope with an ultrasound transducer at its tip down the 
esophagus. The esophagus travels immediately posterior 
to the aortic arch and left atrium with minimal intervening 

    Table 39.1    Sensitivity and specifi city of TTE and TEE in the evalua-
tion of LA and LV thrombus formation   

 Test  Sensitivity (%)  Specifi city (%) 

 LA thrombus 
 TEE  99  100 
 TTE  53–63  95–99 
 CMR  100  94 
 LV thrombus 
 TEE  40 ± 14  96 ± 3.6 
 TTE  92–95  86–88 
 CMR  88–93  85–99 

  Adapted from Otto [ 30 ] 
  TTE  transthoracic echocardiogram,  TEE  transesophageal echocardio-
gram,  CMR  cardiac magnetic resonance imaging,  LA  left atrium,  LV  left 
ventricle  
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tissue between the transducer and the heart, as opposed to 
TTE which has retrosternal airspace intervening. This close 
proximity allows for the use of high-frequency transducers 
which increase the spatial resolution of the resulting image. 
Therefore, TEE provides for improved detection of LA 
thrombi and tumors, PFOs, ASDs, valvular vegetations, ath-
eromatous plaques within the aorta, and spontaneous left 
atrial echo contrast, which is a marker of blood stasis. On the 
other hand, TEE provides poor visualization of the LV apex, 
and as a result, when evaluating for LV thrombi (e.g., post-
 MI), TTE is still the imaging modality of choice.

   It should be noted that TEE is an invasive procedure and 
therefore involves more risks than TTE. Minor complications 
occur in approximately 1/500 patients and include minor oro-
pharyngeal trauma, transient bronchospasm, transient hypoxia 
(more likely in obese patients), nonsustained ventricular/atrial 
arrhythmias, and vomiting. More severe complications are 
rare but include esophageal perforation, gastrointestinal 
bleeding, pharyngeal hematoma, and methemoglobinemia 
[ 4 ,  50 ,  51 ]. Methemoglobinemia is a complication of the topi-
cal anesthetic benzocaine used for posterior pharyngeal anes-
thesia and is very rare, occurring in approximately 0.07 % of 
patients [ 52 ]. Endocarditis secondary to transient bacteremia 
during TEE is also rare; antibiotic prophylaxis is not recom-
mended except in patients who are immunosuppressed and 
have prosthetic valves, cyanotic congenital heart disease, or a 
previous history of endocarditis [ 53 ]. 

 As noted above, masses found in the heart may be of 
thrombotic, infectious, or neoplastic origin. However, since 
not all echo-dense objects found on echocardiogram are nec-
essarily pathologic, one must be able to identify artifacts and 
normal variants to avoid misdiagnosis. Artifacts on echocar-
diogram in general lack clearly demarcated borders, do not 
have appropriate movement throughout the cardiac cycle, do 
not have clearly visualized attachment to the endocardial sur-
face and cannot be seen in multiple views and different depths 
[ 54 ]. Also, normal anatomy may be misdiagnosed as intracar-
diac masses. These include normal trabeculae, aberrant chor-
dae tendineae, the moderator band (especially in cases of 
right ventricular hypertrophy), or papillary muscles [ 30 ]. 

 In situations in which TEE is inconclusive or cannot be 
performed, a cardiac magnetic resonance imaging (CMR) is 
a second-line option for the evaluation of cardiac sources of 
emboli. Studies have shown that for the detection of LV 
thrombi in post-MI patients, CMR has superior specifi city 
with similar sensitivity [ 55 ] when compared to TTE, and is 
comparable to TEE for the evaluation of LA thrombi [ 56 ] 
(Table  39.1 ). 

    Left Atrial Imaging 

 TTE has two major limitations when evaluating the LA: fi rst, 
in both the parasternal and apical views, the LA is in the far 

fi eld limiting the resolution of the image [ 30 ]; second, most 
atrial thrombi originate in the left atrial appendage [ 27 ], and 
TTE has poor visualization of the atrial appendage limiting 
its sensitivity for the diagnosis of LA thrombi [ 57 ]. 

 As noted above, blood stasis is the major underlying 
cause of LA thrombosis, and it can be visualized on TEE 
with Doppler imaging or via the observation of spontaneous 
echo contrast (SEC) in the LA. On Doppler, fl ow velocity 
during LA contraction is normally above 0.4 m/s. Velocities 
lower than 0.4 m/s are associated with higher rates of 
 thrombus formation [ 1 ]. 

 SEC is best seen at high-frequency settings of TEE with 
low gain to be better able to distinguish SEC from noise  artifact 
[ 1 ]. The echo density seen in SEC appears as white swirls 
(Fig.  39.6 ) and is thought to be the result of transient erythro-
cyte aggregation produced by interactions between erythro-
cytes and plasma proteins in low shear rate conditions [ 1 ,  58 ]. 
This hypothesis is supported by the fi nding that SEC is inde-
pendently associated with hematocrit and fi brinogen levels in 
addition to stasis [ 58 ], suggesting that SEC also indicates a 
relatively hypercoagulable state. This fi nding helps to explain 
why SEC is so strongly associated with thrombus formation 
even when patients are on oral anticoagulation [ 59 ] and is an 
independent risk factor for thromboembolic events [ 60 ].

       Imaging of the Atrial Septum 

 TEE also provides high-quality images of the atrial septum. 
TEE with bubble contrast, at rest, and with cough or Valsalva 
is the preferred method of evaluating right-to-left shunt (PFO 
or ASD) [ 5 ,  61 ] (Fig.  39.7 ). However, more recent studies 
have found TTE with Doppler and contrast to have similar 
sensitivity and specifi city for the detection of PFO as TEE 
and can be used as an alternative approach [ 62 ,  63 ].

  Fig. 39.6    Transesophageal echocardiography with dense spontaneous 
echo contrast ( SEC ).  LA  left atrium,  LAAv  left atrial appendage peak 
emptying velocity (Reprinted with Permission Bernhardt et al. [ 59 ])       
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       Valve Imaging 

 TEE has been found to be vastly superior to TTE in the eval-
uation of possible vegetations on native and prosthetic 
valves. Echocardiography, however, cannot distinguish 
between septic vegetations and NBTE [ 64 ].  

    Thoracic Aortic Imaging 

 TEE is the imaging modality of choice to evaluate the tho-
racic aorta for the potential source of embolism. TEE not 
only has been found to be highly sensitive and specifi c for 
detecting aortic atherosclerosis but is also able to defi ne the 

a b
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  Fig. 39.7    Transesophageal echocardiography with contrast of a patent 
foramen ovale. The sequence of images shows the right and left atria 
during diastole (panel  a ); a fl ap of the atrial septum is seen covering the 
foramen ovale. There is opacifi cation of the right atrium immediately 
after injection of agitated saline (panel  b ). Panel  c  shows the contrast 

passing through the right atrium ( RA ) to the left atrium ( LA ) through a 
patent foramen ovale ( PFO ) ( red arrow ). Panel  d  shows a large amount 
of contrast within the LA ( red arrow ) (Reproduced with Permission 
UpToDate, Waltham, MA 2012. Copyright © 2012 UpToDate, Inc.)       
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morphologic characteristics of the plaque such as ulcer-
ations, mobility, and thickness [ 65 ] which are predictors of 
the risk for embolization.  

    Left Ventricular Imaging 

 Given the high prevalence of LV thrombi after MIs that 
involve the apex, TTE should be preformed routinely on 
these patients to identify those at highest risk of emboliza-
tion. Two characteristics have been found to be associated 
with greater risks for embolization: thrombus mobility and 
thrombus protrusion [ 66 ]. As noted above, LV imaging is 
best accomplished by TTE. However, the sensitivity of TTE 
may be decreased due to poor image quality in patients who 
are obese or have severe chronic pulmonary disease. 
Prominent LV trabeculae or papillary muscles can also cause 
suboptimal imaging. In such instances, intravenous contrast 
can be used to improve the sensitivity and specifi city of the 
study [ 67 ]. It should be noted, however, that even in condi-
tions in which a thrombus is not visualized, TTE can guide 
treatment by indicating patients at high risk of developing 
LV thrombi such as those with LV ejection fraction less than 
40 %, apical wall motion abnormality, or aneurysm.   

    Management 

    Anticoagulation 

 The prevention or treatment of thromboembolism is accom-
plished through anticoagulation (vitamin K antagonists 
(VKA), direct thrombin inhibitors, and factor Xa inhibitors) 
or antiplatelet therapy. Anticoagulation is not benign and 
must be weighed against the risk of bleeding. Therefore, 
whether the practitioner chooses anticoagulation as opposed 
to antiplatelet therapy or a combined approach is dependent 
on the underlying etiology and the patient’s risk factors for 
thrombus formation (Table  39.2 ):

      Atrial Fibrillation 
 Being the most common cause of thromboembolism, AF has 
been extensively studied. Both acute and chronic AF have 
signifi cant risk of thrombus formation [ 69 ], and thus, treat-
ment is indicated in paroxysmal and persistent AF. The most 
popular and best-studied risk stratifi cation calculator is the 
CHADS 2  score [ 70 ]. Its simplicity makes it quickly and easily 
applicable in the clinical setting. The score is calculated as 
follows: 1 point for congestive heart failure, 1 point for  h yper-
tension, 1 point for  a ge >75 years, 1 point for  d iabetes, and 2 
points for  s troke or TIA; the sum of points is the total CHADS 2  
score. As noted in Table  39.2 , a CHADS 2  score of 0 can be 
managed with antiplatelet therapy or without any antithrom-
botic therapy; a score of 1 can be managed with aspirin or 

with VKA; a score of 2 or greater should be managed with 
VKA With a goal INR of 2–3. To help further stratify patients 
with a score of 0 or 1, the CHADS 2 -VASc score was devised. 
Unlike the CHADS 2  score, it takes into account age 65–74, 
female sex, and vascular disease. If patients have any of these 

     Table 39.2    Recommendations for use of chronic antithrombotic ther-
apy for various cardiac conditions   

 Disease comorbidities  Recommendation 

  Nonvalvular atrial fi brillation  
 CHADS 2  score 0  Aspirin or no 

antithrombotic 
 CHADS 2  score 1  Aspirin or VKA 
 CHADS 2  score >1  VKA 
  Rheumatic mitral valve disease  
 With atrial fi brillation, previous 
embolization, or atrial appendage 
thrombus or left atrial diameter >55 mm 

 VKA 

 Embolization or appendage clot despite 
INR 2–3 

 VKA plus aspirin 

  Aortic arch mobile atheroma  
 Otherwise cryptogenic stroke or TIA  Aspirin or VKA 
  Patent foramen ovale  
 Otherwise cryptogenic ischemic stroke 
or TIA 

 Aspirin 

 Indication for VKA (deep venous 
thrombosis or hypercoagulable state) 

 VKA 

  Mechanical heart value  
 Aortic position, bileafl et, or Medtronic 
Hall tilting disk with normal left atrial 
size and sinus rhythm 

 VKA (INR 2.5, range 
2–3) 

 Mitral position tilting disk or bileafl et 
valve 

 VKA (INR 3.0, range 
2.5–3.50) 

 Mitral or aortic position, antero-apical 
myocardial infarct, or left atrial enlargement 

 VKA (INR 3.0, range 
2.5–3.5) 

 Mitral or aortic position, with atrial 
fi brillation, or hypercoagulable state, or low 
ejection fraction, or atherosclerotic vascular 
disease 

 Aspirin plus VKA 
(INR 3.0, range 
2.5–3.5) 

 Systemic embolization despite target INR  Add aspirin and/or 
increase INR: prior 
target was 2.5 
increase to 3.0, range 
2.5–3.5; prior target 
was 3.0 increase to 
3.5, range 3–4 

  Bioprosthetic valve  
 No other indication for VKA therapy  Aspirin 
 Infective endocarditis  Avoid antithrombotic 

agents 
  Nonbacterial thrombotic endocarditis  
 With systemic embolization  Full dose 

unfractionated heparin 
or subcutaneous 
LMWH 

  Adapted from Smith et al. [ 68 ] 
 Dose of aspirin is 50–325 mg/day; target INR for VKA is 2.5 unless 
otherwise specifi ed 
  INR  international normalized ratio,  LMWH  low-molecular-weight hep-
arin,  TIA  transient ischemic attack,  VKA  vitamin K antagonist  
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additional risk factors with a CHADS 2  score of 0, it is reason-
able to maintain them on aspirin therapy while those with a 
score of 1 should be managed with VKA [ 71 ]. Finally, several 
recent trials [ 72 ,  73 ] have demonstrated that direct thrombin 
and Xa inhibitors are equally effective at preventing thrombo-
embolism as VKA with similar bleeding risks. In all patients, 
when considering therapeutic options, the risk of stroke pre-
vention must be balanced against the risk of bleeding.  

    Mechanical Valves 
 As noted above, mechanical valves are associated with a sig-
nifi cant risk of thrombosis, and that risk is increased with 
mechanical valves in the mitral position and other comorbid 
conditions such as AF or low ejection fraction. These patients 
require lifelong anticoagulation and possibly antiplatelet 
therapy with INR goal depending on comorbid conditions 
(see Table  39.2 ). Of note, unlike patients with AF, the use of 
direct thrombin inhibitors and factor Xa inhibitors has not 
approved for use in patients with mechanical valves, and 
therefore, these drugs should not be used in patients with 
mechanical mitral valves.  

    Left Ventricular Thrombi 
 As noted above, as many as 46 % of patients with an anterior 
MI involving the LV apex eventually develop LV thrombi. In 
the absence of anticoagulation, approximately 10 % will have 
clinically evident CVAs [ 74 ]. Several studies [ 75 – 77 ] have 
shown that heparin followed by warfarin therapy in patients 
with LV thrombi decreases the incidence of CVA to 1–3 %. 
While the optimal duration of treatment has not been investi-
gated, several studies have shown a reduced risk of emboliza-
tion after 3 months [ 78 ]; thus, anticoagulation is recommended 
for at least 3 months. According to the 2012 American 
College of Chest Physicians guidelines on Antithrombotic 
Therapy and Prevention of Thrombosis, patients at high risk 
for thrombus formation and embolization should begin anti-
coagulation with VKA and aspirin early and continue for 
3 months. After that point, VKA can be discontinued but 
aspirin should be continued. Patients considered high risk 
include those with documented LV thrombus on TTE, those 
with an LVEF less than 40 %, and those with an antero-apical 
wall motion abnormality or aneurysm [ 79 ].  

    Aortic Atherosclerosis 
 All patients with established atherosclerotic disease should 
be treated for secondary prevention of cardiovascular dis-
ease. This includes aspirin, statins, controlling hypertension, 
smoking cessation, and lifestyle modifi cations [ 80 ]. However, 
the use of anticoagulation has not been fi rmly established; 
the 2008 American College of Chest Physician guidelines on 
valvular and structural heart disease give a weak recommen-
dation (grade 2C) for VKA therapy in patients with ischemic 
stroke associated with mobile aortic arch thrombi [ 81 ].   

    Cardiac Tumors 

 Surgical excision is the treatment of choice in the case of 
cardiac tumors. Cardiac myxomas are generally removed 
under cardiopulmonary bypass. In familial cases, myxomas 
have a high rate of recurrence (up to 22 %), but in sporadic 
cases the procedure is generally curative with a recurrence 
rate of only 1–2 % [ 82 ].  

    PFO/ASD Treatment 

 In patients who present with cryptogenic strokes or TIA 
and a PFO, two treatment options are available: antithrom-
botic therapy or percutaneous closure. In the PICSS (PFO 
in Cryptogenic Stroke Study) trial, there were no signifi cant 
differences in the 2-year event rates among those treated 
with VKA as opposed to aspirin [ 83 ]. Given the risks of 
bleeding involved with anticoagulation, The 2012 American 
College of Chest Physicians guidelines recommend anti-
platelet (aspirin and/or clopidogrel) therapy in these 
patients [ 84 ]. 

 Whether percutaneous closure of a PFO is superior to 
medical therapy at preventing recurrent stroke is a topic of 
much debate. Recently the CLOSURE I (Evaluation of the 
STARFlex Septal Closure System in Patients with a Stroke 
and/or Transient Ischemic Attack due to Presumed 
Paradoxical Embolism through a Patent Foramen Ovale) 
trial found no benefi t of percutaneous PFO closure over 
medical therapy (warfarin, aspirin, or both) [ 85 ]. However, 
there has been much controversy over the validity of the 
results [ 86 ], and thus, no clear recommendations can be 
made at this point. However, given that the results of this 
randomized trial showed no benefi t of closure, patients 
should be treated medically or recommended to partici-
pate in ongoing PFO closure trials that are attempting to 
address some of the limitations of CLOSURE I. Per-
cutaneous closure can be considered in patients who have 
events on antithrombotic therapy. On the other hand, in 
ASD, where left-to-right shunting may result in right heart 
failure, percutaneous or surgical closure is recommended 
for all adults who have right ventricular enlargement or 
other signs of overload regardless of symptoms of embo-
lization [ 87 ].       

 Key Points 

•     The 3 types of masses that can embolize from the 
heart are thrombotic, infectious, and neoplastic.  

•   A left atrial thrombus is the most common source of 
cardiogenic emboli.  
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       Introduction 

   Is syncope the same thing as sudden death except that you wake 
up? 

 – Brian Olshansky, M.D. [ 1 ]. 

   Syncope can be defi ned as transient loss of consciousness 
with loss of postural tone due to transient cerebral hypoper-
fusion with spontaneous recovery, usually after a short period 
of time. The term, syncope, is derived from the Greek term, 
 syncoptein , which means “to cut short.” It is important to 
appreciate that not all transient loss of consciousness (TLOC) 
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is due to syncope. The differential diagnosis for TLOC is 
quite lengthy and can be divided into cardiac and noncardiac 
causes (Table  40.1 ). Cardiac causes which result in syncope 
can be broadly grouped into those due to autonomic nervous 
system dysfunction, cardiac arrhythmias, and obstruction to 
blood fl ow. Noncardiac causes of TLOC can be categorized 
into neurologic, metabolic, and psychogenic etiologies. This 
chapter will focus on the cardiac causes.

   Syncope is a common reason for a cardiology consulta-
tion. The estimated incidence of self-reported syncope is 6.2 
per 1,000 person-years in the Framingham data [ 2 ]. 

 In the United States, syncope accounts for approximately 
3–5 % of emergency department visits and 1–6 % of urgent 

hospital admissions [ 3 – 7 ]. The age at fi rst-time incidence of 
syncope is bimodal, with a high rate of occurrence in patients 
between 10 and 30 years of age and a subsequent decline 
after this. There is another peak after 65 years of age [ 8 ]. 

 In general, there are two main reasons for evaluating 
patients who present with possible syncope. The fi rst is to 
identify the underlying etiology of syncope in order to initi-
ate specifi c therapy aimed at the particular cause. The second 
reason is to better risk-stratify the patient, especially with 
respect to sudden cardiac death (i.e., to identify when syn-
cope was a spontaneously aborted cardiac arrest episode) but 
also regarding other signifi cant adverse events and the like-
lihood of recurrent syncope. Soteriades et al. demonstrated 
that the underlying etiology of syncope has important impli-
cations on the likelihood of survival; patients with a cardiac 
etiology of syncope have the worst prognosis (Fig.  40.1 ) [ 2 ]. 
Furthermore, patients with structural heart disease are at 
higher risk for malignant causes of cardiac syncope. This 
group of patients includes those with a history of congestive 
heart failure or left ventricular dysfunction, electrocardio-
graphic abnormalities such as atrial fi brillation, conduc-
tion system disease, nonsustained ventricular tachycardia, 
prolonged corrected QT interval, evidence of acute cardiac 
ischemia or acute or prior myocardial infarction, and/or sig-
nifi cant valvular disease (Table  40.2 ).

       Pathophysiology 

 The pathophysiology of syncope depends on the underlying 
etiology. The underlying pathophysiology of syncope due to 
cardiac arrhythmias or due to causes leading to obstruction 
to outfl ow is reduction in cardiac output and global cerebral 
hypoperfusion. Because the connection between the cause 
and effect of syncope in these cases is intuitive, attention will 
be focused on the pathophysiology of syncope due to auto-
nomic nervous system dysfunction. 

 The nervous system (NS) in humans has two basic com-
ponents that are functionally connected: (1) the central 
nervous system (i.e., the brain and spinal cord) and (2) the 
peripheral nervous system (ganglia and peripheral nerves) 
[ 10 ]. The peripheral NS is divided into the somatic and auto-
nomic divisions. The somatic NS is involved with sensory 
information and muscle/limb position, whereas the auto-
nomic NS involves the motor system for the viscera, smooth 
muscles of the body (including those of the vasculature), and 
the exocrine glands. The autonomic NS is comprised of three 
parts: (1) the sympathetic NS, (2) parasympathetic NS, and 
(3) enteric NS [ 11 ]. The sympathetic NS regulates the body’s 
reaction to stress, the parasympathetic NS restores equilib-
rium to the resting state and conserves the body’s resources, 
and the enteric NS controls gut function. The autonomic NS 
plays an important role in short- and long-term responses to 

   Table 40.1    Etiologies of loss of consciousness   

 Cardiac etiologies 
  Autonomic nervous system dysfunction 
   Refl ex syncope 
    Neurocardiogenic syncope 
    Carotid sinus hypersensitivity 
    Situational syncope (e.g., post-micturition) 
   Postural tachycardia syndrome 
   Orthostatic hypotension 
  Arrhythmias 
   Bradyarrhythmias 
    Sinus node dysfunction 
    2nd- or 3rd-degree AV block 
   Tachyarrhythmias 
    Supraventricular tachycardia 
    Atrial fi brillation or fl utter with rapid ventricular rates 
    Ventricular tachyarrhythmias 
  Obstruction to outfl ow 
   Valvular disease 
   Hypertrophic cardiomyopathy 
   Myxoma 
   Aortic dissection 
   Pulmonary embolus 
   Pulmonary hypertension 
   Pericardial tamponade 
   Congenital coronary anomalies 
 Noncardiac etiologies 
  Neurologic 
   Seizures 
   Vertebral-basilar insuffi ciency 
   Migraines 
   Concussion 
  Metabolic 
   Hypoxemia 
   Hypoglycemia 
   Intoxication 
   Medication-induced 
  Psychogenic 
   Hyperventilation 
   Panic disorder 
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positional change. When one stands up from a supine posi-
tion, approximately 300–800 cc of blood shifts abruptly 
downward to the legs and abdomen, due to gravity [ 12 ]. 
Almost 25 % of total blood volume can shift. This rapid 
decline in central blood volume results in a decline in venous 
return to the heart. As a result, stroke volume also declines. 
In addition to these volume shifts, upright posture also leads 

to a substantial increase in the transmural capillary pressure 
in the dependent areas of the body, which causes fl uid fi l-
tration into the tissue spaces. This process equilibrates in 
approximately 30 min and can result in a decrease in plasma 
volume of up to 10 % [ 13 ]. To counteract the effects of these 
fl uid shifts due to gravity, several cardiovascular counterreg-
ulatory systems must be activated to help maintain a steady 
level of arterial pressure and cerebral perfusion. Orthostatic 
stabilization is normally achieved in less than 1 min. 

 However, when these regulating systems do not com-
pensate adequately, syncope can result, due to a cascade of 
events. In this situation, upright posture results in periph-
eral venous pooling with decreased venous return and a 
subsequent decline in arterial pressure and cardiac fi lling. 
This leads to an increase in ventricular contractility which 
activates pressure receptors in the carotid sinus and the aor-
tic arch, as well as in the heart and lungs [ 14 ]. There is a 
“paradoxic” decline in sympathetic activity; vagal afferents 
in the atria and ventricles and mechanoreceptors combine 
to produce a tonic inhibitory effect on the nucleus tractus 
solitarii in the medulla [ 15 ]. Baroreceptors in the medulla 
activate cardiovagal neurons of the nucleus ambiguus and 
dorsal vagal nucleus and inhibit sympathoexcitatory neu-
rons in the rostral ventrolateral medulla [ 16 ]. The fi nal result 
is  hypotension due to a combination of vasodilatation and 
bradycardia. 

 Continued upright posture results in activation of neuro-
humoral responses, the extent of which depends on the 
degree of volume depletion. Dehydration leads to more 
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  Fig. 40.1    Probability of survival, 
according to etiology of syncope. 
 p  < 0.001 for comparison between 
patients with and without 
syncope (Reproduced with 
permission from Kuriachan et al. 
[ 9 ])       

    Table 40.2    Cardiac risk factors for malignant etiology of syncope   

 Congestive heart failure or left ventricular dysfunction 
 Abnormal 12-lead electrocardiogram 
  Sinus bradycardia or pauses 
  Bi- or trifascicular block 
  2nd- or 3rd-degree atrioventricular block 
  Atrial fi brillation 
  Ventricular tachycardia (nonsustained or sustained) 
  Prolonged corrected QT interval 
  ST elevation or depression 
  Ventricular preexcitation 
  Evidence of Brugada pattern 
   Evidence of arrhythmogenic right ventricular dysplasia/

cardiomyopathy 
  Early repolarization 
 Ischemic heart disease 
  Myocardial infarction (acute or chronic) 
  Myocardial ischemia 
 Signifi cant valvular disease 
 Family history of premature unexplained or sudden death (before 
age of 50 years) 
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 signifi cant activation of the renin-angiotensin system and 
enhances vasopressin release. The inability of any of these 
factors to compensate could lead to syncope. 

 The best-appreciated form of syncope due to autonomic 
nervous system dysfunction is neurocardiogenic (i.e., vaso-
vagal, vasodepressor, neurally mediated) syncope. This form 
of syncope tends to occur most frequently in younger patients 
and is often preceded by a prodrome of lightheadedness, 
nausea, and diaphoresis. Recovery of consciousness is usu-
ally rapid. A typical scenario is in the setting of orthostatic 
stress with venous pooling in the lower extremities. This 
results in increased ventricular contraction which results in 
activation of the mechanoreceptors. This surge of neural traf-
fi c to the brainstem provokes the aforementioned paradoxic 
withdrawal of sympathetic tone, leading to hypotension, bra-
dycardia, and syncope [ 17 ]. Other triggers of neurocardio-
genic syncope include emotional stress, pain, postprandial 
state, and coughing or micturition. Interestingly, Sutton and 
Petersen observed that responses seen during neurocardio-
genic syncope and carotid sinus hypersensitivity are similar 
and may be part of the same disorder [ 18 ]. 

 Chronic autonomic failure is another form of syncope due 
to autonomic nervous system dysfunction. One type of auto-
nomic failure that has been the focus of attention in recent 
years is postural tachycardia syndrome (POTS). POTS 
includes a constellation of signs and symptoms of orthostatic 
intolerance, including fatigue, near syncope, lightheaded-
ness, and exercise intolerance with tachycardia [ 19 ]. POTS is 
defi ned as presence of these symptoms with an increase in 
heart rate of 30 bpm (or heart rate above 120 bpm) occurring 
within 10 min of standing up in the absence of medications 
or debilitating conditions (e.g., prolonged bed rest). Other 
symptoms can include nausea, diffi culty with concentration, 
tremulousness, and syncope. The symptoms are relieved by 
assuming a supine position. Most defi nitions of POTS also 
include a duration minimum of 3 months. The prevalence of 
POTS in the United States is estimated at 500,000 patients, 
and approximately one-quarter are disabled and unable to 
work [ 20 ]. Importantly, most patients with POTS do not have 
a signifi cant decrease in blood pressure. Rather, they may 
exhibit no change, a small decrease, or even a small increase 
in blood pressure. 

 POTS can be categorized as either primary or 
 secondary [ 21 ]. Primary POTS is not associated with other 
disease conditions, whereas secondary POTS is associated 
with other disease states. The most frequent form of primary 
POTS is the partial dysautonomic (PD) form, which has a 
5:1 female-to- male ratio. These patients exhibit a mild form 
of peripheral neuropathy, with inability to maintain adequate 
vascular resistance during orthostatic stress and increased 
blood pooling in the dependent areas of the body. The extent 
of pooling increases over time, exceeding the compensatory 
effect of increase in heart rate. This form of POTS often 

 follows a viral illness, pregnancy, sepsis, surgery, or trauma. 
Currently, it is thought that the PD form in many patients is 
due to an autoimmune process [ 22 ]. 

 A less frequent form of primary POTS is the “hyperadren-
ergic” form [ 23 ]. These patients experience more gradual 
onset of symptoms, with symptoms including tremors, anxi-
ety, and cold/clammy extremities while standing, as well as 
migraine headaches in the majority of patients. In addition, 
the hyperadrenergic form is often associated with orthostatic 
hypertension along with tachycardia and signifi cantly ele-
vated serum norepinephrine levels (>600 ng/mL) upon 
standing. These patients have a strong family history of the 
disorder. A single-point mutation that results in a poorly 
functioning reuptake transporter protein involved in recy-
cling norepinephrine within the synaptic cleft has been 
reported in some patients [ 24 ]. 

 Secondary POTS refers to conditions that produce a 
state of peripheral autonomic denervation or vascular unre-
sponsiveness (with relative sparing of cardiac innervation). 
Secondary POTS is often seen in diabetes mellitus but also 
with amyloidosis, sarcoid, alcoholism, lupus, Sjögren syn-
drome, chemotherapy, and heavy-metal poisoning. In some 
cases, POTS can be part of a more severe autonomic ner-
vous system disorder such as multiple system atrophy, pure 
autonomic failure, or a form of a paraneoplastic syndrome 
sometimes seen with certain adenocarcinomas. It is thought 
that these malignancies produce autoantibodies to acetyl-
choline receptors analogous to those seen in following viral 
syndromes [ 25 ]. 

 Another entity, orthostatic hypotension, often accompa-
nied by syncope, is due to an excessive fall in systemic 
pressure triggered by change in posture (i.e., sitting or 
standing up). Clinically signifi cant hypotension is defi ned 
as a decrease in systolic blood pressure of at least 20 mmHg 
and/or a decrease in diastolic pressure of at least 10 mmHg 
within 3 min of standing. Orthostatic hypotension can be 
caused by impaired ability to increase vascular resistance, 
volume depletion/dehydration, venous pooling with 
decreased cardiac output, or impaired cardiac diastolic 
relaxation and can be precipitated by medications (diuret-
ics, vasodilators, alcohol), by primary neurologic abnor-
mality (Parkinson’s disease, pure autonomic failure, or 
multiple system atrophy), or by acquired disease (diabetes 
mellitus).  

   Diagnosis 

   Initial Assessment 

 In the initial assessment of syncope, one should obtain a 
detailed history of the episode(s). This includes the general 
setting, precipitating factor(s), body position, activity level, 
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duration of loss of consciousness, and associated symptoms. 
Frequency of episodes and severity (i.e., if there was asso-
ciated trauma) are also important. If the episode was wit-
nessed, the observers should be interviewed as well. Inquiry 
into recent illnesses or underlying medical conditions can 
also be helpful. A complete family history with respect to 
any known arrhythmias, syncope, or unexplained, sudden, or 
early deaths may also be relevant. 

 Syncope in the setting of exercise should be considered 
as having a potentially malignant etiology until proven 
otherwise. Potential causes of exertional syncope include 
infarct- related ventricular tachycardia, torsade de pointes 
(a specific form of polymorphic ventricular tachycardia 
in patients with long QT syndrome), ventricular arrhyth-
mias due to catecholaminergic polymorphic ventricular 
tachycardia (CPVT), arrhythmias (especially atrial fibril-
lation [AF] with rapid conduction down an accessory 
pathway, also called “preexcited AF”), and significant 
valvular disease, including aortic and mitral stenosis. 
Other causes include congenital heart disease, anomalous 
coronary arteries, hypertrophic cardiomyopathy, arrhyth-
mogenic right ventricular dysplasia/cardiomyopathy, and 
myocarditis. 

 Physical examination should include complete vital signs 
including orthostatic blood pressure measurements (and in 
certain cases, repeated measurements while standing for 2, 5, 
and 10 min), as well as an evaluation for evidence for struc-
tural heart disease. For example, a late-peaking systolic ejec-
tion murmur with absent A2 heart sound may be indicative 
of signifi cant aortic stenosis, while a harsh systolic murmur 
that increases with Valsalva maneuver may indicate hyper-
trophic cardiomyopathy. 

 A complete blood count and metabolic profi le should be 
obtained to evaluate for blood loss, dehydration, and elec-
trolyte abnormalities. If the hyperadrenergic form of POTS 
is suspected, serum samples of norepinephrine, epinephrine, 
and dopamine levels should be obtained in the supine and 
upright positions. A 12-lead electrocardiogram (ECG) is 
also important to evaluate the underlying rhythm (and rate) 
and to look for evidence of conduction system disease, ven-
tricular preexcitation, left ventricular hypertrophy, epsilon 
wave, repolarization abnormalities, or evidence of Brugada 
syndrome. An echocardiogram is also essential to evaluate 
for underlying structural heart disease. This should include 
evaluation of left ventricular function and wall thickness, 
presence of valvular disease, pulmonary hypertension, and 
pericardial effusion. 

 A (24- or 48-h) Holter monitor is only useful if patients 
have daily symptoms, which is quite unusual. Even external 
event monitors (small portable electrocardiographic record-
ing devices), which can be carried for a month or longer, are 
rarely effective in capturing the underlying cardiac rhythm 
during a syncopal episode.  

   Tilt Table Testing 

 Frequently, a defi nite cause of syncope is not elucidated by 
the initial history and testing. Tilt table testing has tradition-
ally been used to assess patients with suspected neurocardio-
genic syncope. Various protocols have been proposed, 
including variation in tilt duration and facilitation with phar-
macologic agents such as adenosine, isoproterenol, and 
nitroglycerin [ 26 ]. However, due to a lack of a “gold stan-
dard” for diagnosing neurocardiogenic syncope, interpreta-
tion of tilt table testing results has been limited by the 
inability to identify “false positives” and “false negatives.” 
Utilizing observed diagnostic yield in a given population as 
a function of assumed population prevalence, Stein et al. [ 27 ] 
calculated “imputed sensitivity” of passive (i.e., drug-free) 
tilt testing of varying durations and concluded that it had lim-
ited sensitivity for diagnosing neurally mediated syncope. In 
fact, for populations with a pretest likelihood of 25–50 %, tilt 
testing results are inaccurate in up to two-fi fths of patients. 

 For diagnosing POTS or orthostatic hypotension, how-
ever, tilt table testing remains a valuable tool to evaluate 
heart rate and blood pressure response to orthostatic stress.  

   Implantable Loop Recorder 

 In an effort to more effectively and effi ciently provide a 
diagnosis in patients with unexplained syncope, Krahn 
et al. [ 28 ] randomized 60 patients to either “conventional” 
testing (which included external loop recorder, tilt testing, 
and electrophysiologic testing) to prolonged monitoring 
with an implantable loop recorder (ILR). Patients enrolled 
had recurrent unexplained syncope or a single episode that 
was associated with injury and, thus, warranted cardiovas-
cular investigation. Prior to enrollment, they received 24 h 
of baseline outpatient or inpatient telemetry and transtho-
racic echocardiography. Patients were excluded if their left 
ventricular ejection fraction was less than 35 %. In the 30 
patients randomized to ILR monitoring, a diagnosis was 
obtained in 14, including 10 with symptomatic bradycar-
dia, 1 with supraventricular tachycardia, and 3 with vasova-
gal syncope. In contrast, in the “conventional” monitoring 
group, only 6 of 30 patients were diagnosed during follow-
up (20 % for conventional arm vs. 52 % for ILR arm). One 
patient had  symptomatic third-degree AV block (while wear-
ing external loop recorder), 2 patients had a positive tilt test, 
and  during electrophysiologic testing, 2 patients had signifi -
cant AV node dysfunction while 1 had inducible ventricular 
tachycardia. Furthermore, 6 of the patients who were undi-
agnosed in the ILR arm at 1 year crossed over to the con-
ventional arm, but only 1 was subsequently diagnosed (with 
sustained AV nodal reentry tachycardia with hypotension at 
electrophysiologic testing). Twenty-one crossed over from 
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the  conventional arm to the ILR arm; a diagnosis was made 
in 8 patients (4 with symptomatic bradycardia, 2 with tachy-
cardia, and 2 with sinus rhythm with phasic motion artifact 
suggestive of seizure activity). The authors concluded that a 
prolonged monitoring strategy (with ILR) is more likely to 
provide a diagnosis than conventional testing in this patient 
population. 

 Further evidence of the utility of the ILR, as well as the 
lack of utility for tilt table testing, comes from the ISSUE 
(International Study on Syncope of Uncertain Etiology) 
investigators.    In 1 substudy, the investigators implanted ILRs 
and followed patients with no structural heart disease and 
normal electrocardiogram with recurrent (≥3 episodes in 
prior 2 years). The results were similar in the “isolated” syn-
cope group (who had negative tilt table tests) and the “tilt- 
positive” group, with 46 and 62 % of patients, respectively, 
having prolonged asystolic pauses, mainly due to sinus arrest 
(lasting a median of 31 s), preceded by progressive bradycar-
dia or tachycardia-bradycardia (i.e., fi ndings consistent with 
a vasodepressor etiology) [ 29 ]. 

 It is important to appreciate that the fi ndings on data col-
lected from ILRs depend on the underlying patient substrate. 
This was demonstrated by another study by the ISSUE inves-
tigators, in which the mechanism of syncope was investi-
gated in patients with a negative electrophysiology test and 
underlying bundle branch block pattern on electrocardio-
gram [ 30 ]. During a follow-up period of 3–15 months, syn-
cope recurred in 22 of 52 patients (42 %), with the event 
being documented on ILR in 19 patients (after a median of 
48 days). The most common etiology in this population was 
prolonged asystole (mainly due to AV block); this occurred 
in 17 patients. The remaining 2 patients had normal sinus 
rhythm or sinus tachycardia.  

   Electrophysiology (EP) Study 

 Electrophysiologic testing can be used to document sinus 
node, atrioventricular node, and His-Purkinje system dys-
function. However, despite its high specifi city, the utility of 
EP testing is limited by its low sensitivity. Patients with bun-
dle branch block are at higher risk of developing high-degree 
AV block. This risk is increased by a history of syncope or a 
prolonged His-ventricular (HV) interval during EP testing. 
The progression rate to AV block at 4 years was 12 and 24 % 
in patients with an HV interval of ≥70 and ≥100 ms, respec-
tively [ 31 ]. EP testing can also be used to assess for induc-
ibility of supraventricular tachycardia in patients with a 
prodrome of palpitations. 

 According to the 2006 American College of Cardiology 
(ACC)/American Heart Association (AHA)/European 
Society of Cardiology (ESC) guidelines [ 32 ]. EP testing is 
recommended in patients with syncope of unknown cause 

with impaired left ventricular function or structural heart dis-
ease (a Class I indication). Furthermore, EP testing can also 
be useful in patients with syncope when bradyarrhythmias 
or tachyarrhythmias are suspected and in whom noninvasive 
diagnostic studies are not conclusive (Class IIa indication). 

 The role of electrophysiology (EP) study in evaluating for 
ventricular arrhythmias as a potential cause of syncope has 
been evaluated by several studies. In patients with prior myo-
cardial infarction and preserved left ventricular function, 
induction of sustained monomorphic ventricular tachycardia 
was found to be strongly predictive of the cause of syncope 
[ 33 ]. However, induction of ventricular fi brillation is consid-
ered a nonspecifi c fi nding [ 34 ]. Conversely, the absence of 
induction of ventricular arrhythmias may identify a group of 
patients at lower risk of arrhythmic syncope [ 35 ]. 

 Patients with known coronary artery disease need to be 
investigated aggressively. In a study evaluating the long-term 
outcome of patients with coronary artery disease and unex-
plained syncope who were treated with an approach guided by 
electrophysiology study, Mittal et al. reported that EP study 
suggested a plausible diagnosis in 32 of 67 patients (48 %) 
with inducible monomorphic ventricular tachycardia being 
the most common abnormality [ 36 ]. Unfortunately, despite 
the presence of an implantable cardioverter- defi brillator 
(ICD) in this group, total mortality was high, with 1- and 
2-year survival rates being only 77 and 45 %, respectively. 

 In patients with nonischemic dilated cardiomyopathy 
(NIDCM) presenting with syncope, the possibility of ven-
tricular arrhythmias needs to be considered strongly. In a 
small study of 14 patients, Knight et al. [ 37 ] reported that 
7 patients (50 %) in the group with syncope and NIDCM 
received appropriate implantable cardioverter-defi brillator 
(ICD) shocks (i.e., due to ventricular arrhythmias) during a 
mean follow-up period of only 24 ± 13 months. In a control 
group of patients with NIDCM and prior cardiac arrest, 8 of 19 
patients (42 %) had appropriate ICD shocks during a follow-
 up of 47 ± 41 months. Among patients receiving appropriate 
ICD shocks, the mean time from ICD implant to fi rst shock 
was 10 ± 14 months in the group with syncope compared to 
48 ± 47 months in the control group (with prior cardiac arrest). 
Unfortunately, diagnosis of ventricular tachycardia is limited 
by the poor yield of EP testing in the NIDCM patient popu-
lation [ 38 ]. Therefore, empiric ICD implantation is generally 
recommended in patients with NIDCM and syncope, rather 
than relying on electrophysiologic testing.   

   Management 

 The management of syncope is dictated by the level of 
suspicion for a malignant cause. Patients who have charac-
teristics listed in Table  40.2  who present with syncope 
should be considered for hospital admission for further 
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diagnostic evaluation and management. Other patients for 
whom hospitalization should be considered include those 
with severe anemia and electrolyte disturbances. Too 
often, however, patients without high-risk features are 
admitted via the emergency department for observation 
[ 39 ]. Some hospitals have created “syncope management 
units” (SMUs) in an attempt to better evaluate which 
patients require hospital admission. In the SEEDS 
(Syncope Evaluation in the Emergency Department Study) 
trial [ 40 ], a presumptive diagnosis was made in 67 % of 
patients assigned to an SMU compared with only 10 % of 
“standard care” patients. 

   Vasodepressor Syncope 

 A summary of various therapeutic modalities evaluated in 
randomized clinical trials to treat vasodepressor syncope is 
listed in Table  40.3 , as modifi ed from Kuriachan et al. [ 9 ]. 
Physical counterpressure maneuvers should be taught to all 
patients with vasodepressor syncope who have a prodrome 
and are often tired prior to medical therapy. Squatting, leg- 
crossing, arm-tensing, or handgrip maneuvers have proven 
useful in mitigating vasovagal episodes, reducing the total 
burden and recurrence rate of syncopal events. In the Physical 
Counterpressure Manoeuvres Trial (PC-Trial), counterpres-
sure maneuvers increased recurrence-free survival (39 % rel-
ative risk reduction); syncope burden during follow-up was 
reduced from 51 to 32 % [ 41 ]. Brignole et al. also found that 
isometric arm contraction is capable of aborting impending 
vasovagal syncope [ 48 ]. During tilt table testing, handgrip 
maneuvers result in an increase in systolic blood pressure 

during symptoms of impending syncope compared to pla-
cebo (increase from 92 ± 10 mmHg to 105 ± 38 mmHg vs. 
decrease from 91 ± 11 mmHg to 73 ± 21 mmHg, respectively; 
 p  = 0.008). After training, handgrip maneuver was successful 
in 94/95 episodes (99 %).

   “Tilt training” has also been proposed as a non- 
pharmacologic technique to reduce the recurrence of 
vasovagal syncope. Tilt training is thought to improve the 
neurovascular response to orthostatic stress and involves 
progressively longer periods of standing, with one’s back 
leaning slightly against a wall. DiGirolamo et al. [ 49 ] fol-
lowed 47 consecutive adolescents with recurrent syncope 
and positive tilt table test, according to their consent (“train-
ing” group; 24 patients) or refusal (“controls”; 23 patients) 
to enter a tilt training program. Interestingly, response to 
head- up tilt was reevaluated after 1 month, and 95.8 % of the 
training group became tilt-negative compared with 26.1 % 
of the control group ( p  < 0.0001). Furthermore, over a period 
of 18.2 ± 5.3 months, spontaneous syncope occurred in 
56.5 % of the control group but in none of the training group 
( p  < 0.0001). 

 Liberalization of salt and fl uid intake is also encouraged 
in patients with suspected vasovagal syncope. Of course, this 
should be avoided in patients with hypertension, renal dis-
ease, congestive heart failure, or left ventricular dysfunction. 

 Regarding pharmacologic therapy, initial enthusiasm 
regarding the use of beta-adrenergic blockers diminished fol-
lowing the results of the fi rst Prevention of Syncope Trial 
(POST) [ 42 ]. This was a randomized, placebo-controlled, 
double-blind study assessing the utility of metoprolol in 
vasovagal syncope. Metoprolol provided no benefi t com-
pared to placebo. 

   Table 40.3    Summary results of selected major randomized clinical trials of treatment for vasovagal syncope   

 Treatment  Reference number  Author  Patients  Clinical outcome  Effect   P  value 

 Physical counterpressure 
maneuvers 

 [ 41 ]  VanDijk  223  Syncope recurrence  51 % control  0.005 

 32 % PCM 
 Metoprolol  [ 42 ]  Sheldon  208  Syncope recurrence  36 % controls  0.99 

 36 % metoprolol 
 Fluoxetine or propranolol  [ 43 ]  Theodorakis  96  Syncope or presyncope 

recurrence 
 41 % controls  <0.05 

 51 % propranolol 
 22 % fl uoxetine 

 Midodrine  [ 44 ]  Qingyou  26  Syncope recurrence  80 % controls  0.023 
 22 % midodrine 

 Fludrocortisone  [ 45 ]  Salim  33  Syncope or presyncope 
recurrence 

 36 % controls  <0.04 

 55 % fl udrocortisone 
 Pacemakers  [ 46 ]  Connolly  100  Syncope recurrence  40 % controls  0.14 

 31 % pacing 
 Pacemakers  [ 47 ]  Raviele  29  Syncope recurrence  38 % controls  Not stated 

 50 % pacemakers 

  Modifi ed from Kuriachan et al. [ 9 ] with permission  
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 Given that serotonin is important in the regulation of heart 
rate and blood pressure, it is reasonable to assume that it 
plays an important role in vasovagal syncope. However, a 
recent double-blind, placebo-controlled study found that 
fl uoxetine, propranolol, and placebo had equal effects 
(although patients on fl uoxetine had an improved quality of 
life and decreased syncope and presyncope) [ 43 ]. 

 Midodrine, a peripherally active alpha-agonist, has been 
used to mitigate the reduction in peripheral sympathetic out-
fl ow that is responsible for venous pooling and vasodepres-
sion. After initial promising studies with midodrine on 
vasodepressor syncope, Qingyou et al. randomized 26 chil-
dren with at least 3 episodes of syncope per year, in open- 
label fashion, to midodrine vs. conservative diet and posture 
training [ 44 ]. Clinical recurrence of syncope over 10 months 
of follow-up was 20 % vs. 80 % (midodrine vs. control 
groups, respectively). Importantly, midodrine should not be 
used in hypertensive patients. 

 Finally, fl udrocortisone (a corticosteroid with mainly 
mineralocorticoid activity) has been used to try to treat 
vasodepressor syncope by increasing blood volume by 
sodium and water retention. Again, despite promising pre-
liminary data, Salim and DiSessa found that children on 
fl udrocortisone had more symptoms compared with those 
taking placebo [ 45 ]. The results of POST II, which is also 
investigating fl udrocortisone in neurally mediated syncope 
have not been published yet [ 50 ]. 

 Initial data regarding the utility of pacemakers for vaso-
vagal syncope pointed to signifi cant benefi ts in reduction 
of subsequent episodes. These pacemakers typically uti-
lized a “rate-drop” feature, in which the pacemaker would 
sense a rapid drop in heart rate and pace at a rate of 100–
110 bpm for a period of time (approximately 2 min) in an 
effort to counteract the bradycardic aspect of the episode. 
However, these studies were not blinded (i.e., patients 
knew whether or not they had a pacemaker implanted), 
and the benefi t was likely, at least in part, due to a placebo 
effect. The second Vasovagal Pacemaker Study (VPS II) 
was a double-blind, placebo- controlled, multicenter, pro-
spective study which randomized 100 patients with vaso-
vagal syncope and positive tilt table test to dual-chamber 
pacing or sensing only, i.e., all patients had a pacemaker 
implanted [ 46 ]. There was no signifi cant benefi t to pacing 
after a 6-month follow-up period. Another double-blinded 
study, the Vasovagal Syncope and Pacing (SYNPACE) trial 
[ 47 ] also showed no signifi cant benefi t with dual-chamber 
pacing, although this trial was terminated early due to the 
results of VPS II. More recently, however, Brignole et al. 
found that dual-chamber pacing is effective in reducing 
the recurrence of syncope in patients over 40 years of age 
with severe asystolic neurally mediated syncope, with a 
32 % absolute (and 57 % relative) reduction in syncope 

recurrence [ 51 ]. Given these fi ndings, while pacemaker 
implantation should not be used routinely in vasovagal 
syncope, a selected subgroup of patients with documented 
asystole during syncope might benefi t from dual-chamber 
pacing.  

   Postural Tachycardia Syndrome (POTS) 

 Treatment for POTS, like most disorders, needs to be indi-
vidualized for each patient. Removal of any medications 
that may be exacerbating the condition and identifying and 
treating any underlying medical condition which may be 
causing POTS (described earlier) are extremely important. 
Physical aerobic exercise and reconditioning should be 
encouraged for all POTS patients, along with gentle resis-
tance training of the abdomen and legs (to strengthen the 
skeletal muscle pump). Fluid (approximately 2 l/day) and 
salt (3–5 g/day) can also be helpful, except in the hyperad-
renergic form [ 21 ]. Waist-high elastic compression stock-
ings providing 30 mmHg of ankle counter pressure are also 
useful in some cases. Regarding medical therapy, although 
no medication is approved by the US Food and Drug 
Administration for treatment of POTS, several have been 
tried “off-label,” including fl udrocortisone (0.1–0.2 mg 
daily), desmopressin (DDAVP; 0.1–0.2 mg qHS), mido-
drine (5–10 mg 3 times daily), methylphenidate (5–10 mg 
3 times daily), and serotonin reuptake inhibitors. More 
recently, pyridostigmine (30–90 mg up to 3 times daily) 
has been found to be useful [ 52 ]. Other therapies that 
have been investigated include erythropoietin and octreo-
tide (50–200 mg subcutaneously, 3 times daily). In the 
hyperadrenergic form, clonidine, labetalol, carvedilol, 
 methyldopa, and phenobarbital have been tried. 

 It is important to remember that most patients with POTS 
following a viral syndrome recover over 2–5 years. In gen-
eral, although some patients do not recover, younger patients 
appear to have a better prognosis. Unfortunately, those with 
the hyperadrenergic form often require long-term therapy.  

   Orthostatic Hypotension 

 Treatment of orthostatic syncope or hypotension should 
emphasize awareness of factors that can aggravate postural 
hypotension, maintenance of adequate hydration, compres-
sion stockings, and, possibly, “tilt training” as described pre-
viously. Adjustment of a patient’s medical regimen may be 
necessary to eliminate diuretics and/or vasodilators, if pos-
sible, or addition of vasoconstrictors such as midodrine. In 
certain cases, medications such as erythropoietin, desmo-
pressin, clonidine, and octreotide may be useful.  
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   Patients with Structural Heart Disease 

 Treatment of syncope associated with structural heart dis-
ease may involve surgical correction, e.g., if it is due to 
severe aortic stenosis or to an atrial myxoma. If there is an 
acute etiology, such as myocardial infarction, myocardial 
ischemia, pericardial effusion with tamponade physiol-
ogy, or pulmonary embolism, the underlying process needs 
to be addressed and treated. Patients with hypertrophic 
cardiomyopathy can have syncope due to vasovagal rea-
sons but also from outfl ow tract obstruction or ventricular 
arrhythmias. 

 Determining whether a cardiac arrhythmia is the under-
lying etiology of syncope in these patients can be diffi cult. 
However, there are scenarios in which either pacemaker 
or ICD implantation is warranted, if suspicion is high and 
risk factors are present (see section “ Summary of Key 
Guidelines ”). For example, pacemaker implantation is rec-
ommended for patients with sinus node dysfunction and 
syncope of unexplained origin when clinically signifi cant 
abnormalities of sinus node function are discovered or pro-
voked during EP study; this is a Class IIa indication, and 
syncope of undetermined origin with clinically relevant, 
hemodynamically signifi cant sustained VT or ventricular 
fi brillation induced at electrophysiological study is a Class I 
indication for ICD implantation [ 53 ].  

   Cardiac Arrhythmias in the Absence 
of Overt Structural Heart Disease 

 When supraventricular tachycardia or monomorphic ven-
tricular tachycardia in the absence of structural heart disease 
is discovered either clinically or during EP testing and sus-
pected to be the etiology of syncope, management often 
includes curative catheter ablation, although medical therapy 
can also be considered. 

 In some patients, ventricular arrhythmias due to a 
channelopathy or other familial cardiomyopathy can be 
the underlying etiology of syncope. The diagnosis and 
management of these patients is beyond the scope of this 
chapter. However, these include the long QT syndrome, 
Brugada syndrome, and polymorphic catecholaminergic 
ventricular tachycardia, which can present with sustained 
and nonsustained ventricular tachyarrhythmias. In addi-
tion, patients with arrhythmogenic right ventricular dys-
plasia/cardiomyopathy may only have subtle structural 
changes which are not readily apparent on routine diag-
nostic testing (typically detected with cardiac magnetic 
resonance imaging), especially early on in the disease 
process, and can present with syncope due to ventricular 
tachycardia.    

    Summary of Key Guidelines 
 Recommendations for permanent pacing in patients  with syncope : 

  Class I Indication:  
 Sinus node dysfunction with: 
   Documented symptomatic bradycardia, including frequent sinus 

pauses that produce symptoms 
 Acquired atrioventricular (AV) block: 
   Third-degree and second-degree AV block at any anatomic level 

associated with bradycardia with symptoms (e.g., syncope) 
 Hypersensitive carotid sinus syndrome with: 
   Recurrent syncope caused by spontaneously occurring carotid 

sinus stimulation and carotid sinus pressure that induces 
ventricular asystole of more than 3 s 

  Class IIa Indication:  
 Sinus node dysfunction with: 
   Heart rate less than 40 bpm when a clear association between 

signifi cant symptoms (e.g., syncope) consistent with bradycardia 
and the actual presence of bradycardia has not been documented 

   Syncope of unexplained origin when clinically signifi cant 
abnormalities of sinus node function are discovered or provoked 
in electrophysiological studies 

 Chronic bifascicular block with: 
   Syncope not demonstrated to be due to AV block when other 

likely causes have been excluded, specifi cally ventricular 
tachycardia 

 Hypersensitive carotid sinus syndrome with: 
   Syncope without clear, provocative events and with a 

hypersensitive cardioinhibitory response of 3 s or longer 
  Class IIb Indication:  
 Hypersensitive carotid sinus syndrome with: 
   Signifi cantly symptomatic neurocardiogenic syncope associated 

with bradycardia documented spontaneously or at the time of tilt 
table testing 

 Key Points 

•     Syncope is defi ned as transient loss of conscious-
ness with loss of postural tone due to transient cere-
bral hypoperfusion with spontaneous recovery 
usually after a short period of time.  

•   Syncope is a common reason for requesting a cardi-
ology consultation and accounts for 1–6 % of urgent 
hospital admissions.  

•   There are two main reasons for evaluating patients 
who present with possible syncope:
 –    To identify the underlying etiology of syncope in 

order to initiate specifi c therapy aimed at the par-
ticular cause  

 –   To better risk-stratify the patient, especially with 
respect to sudden death     

•   The presence of structural heart disease is a key dif-
ferentiating factor in the evaluation process, prognosis, 
and treatment of patients presenting with syncope.    
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 Recommendations for permanent pacing in patients  with syncope : 

 Following cardiac transplantation with: 
  Syncope even when bradyarrhythmia has not been documented 
  Class III Indication:  
 Sinus node dysfunction with: 
  Symptomatic bradycardia due to nonessential drug therapy 
 Hypersensitive Carotid sinus syndrome with: 
   Situational vasovagal syncope in which avoidance behavior is 

effective and preferred 

   Modifi ed from Connolly et al. [ 46 ] 

 Recommendations for ICD implantation in patients  with syncope : 

  Class I Indication:  
 Structural heart disease and spontaneous sustained ventricular 
tachycardia (VT) 
 Syncope of undetermined origin with clinically relevant, 
hemodynamically signifi cant sustained VT or ventricular fi brillation 
induced at electrophysiological study 
  Class IIa Indication:  
 Unexplained syncope, signifi cant left ventricular dysfunction, and 
nonischemic dilated cardiomyopathy 
 Hypertrophic cardiomyopathy and unexplained syncope 
 Long QT syndrome with syncope while receiving beta-blockers 
 Brugada patients with syncope 
 Catecholaminergic polymorphic VT patients with syncope while 
receiving beta-blockers 
  Class IIb Indication:  
 Advanced structural heart disease in whom thorough invasive and 
noninvasive investigations have failed to defi ne a cause 
  Class III Indication:  
 Syncope of undetermined cause in a patient without inducible 
ventricular tachyarrhythmias and without structural heart disease 

  Modifi ed from Connolly et al. [ 46 ] 
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 electrocardiogram , 4–5  
 myocardial injury, biomarkers of , 5–6  
 nuclear myocardial perfusion imaging , 7–9  
 resting echocardiography , 6–7  
 stress echocardiography , 7  
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 beta blockers , 29  
 nitrates and oxygen , 28  
 stains , 29  

   Angiosarcomas , 380  
   Angiotensin-converting enzyme inhibitor , 412  
   Ankle-brachial index (ABI) 

 CVD , 152  
 PAD , 367  

   Annuloaortic ectasia.    See  Marfanoid type aneurysm 
   Anthracycline-induced cardiotoxicity 

 ACE inhibitors and beta blockers , 390–391  
 endomyocardial biopsy , 389–390  
 genetic polymorphisms , 390  
 left ventricular function assessment , 388–389  
 liposomal encapsulation of doxorubicin , 391  
 methods , 390  
 pathophysiology , 388  
 reduction of reactive oxygen species , 391  
 risk factors , 387–388  

   Antiarrhythmic mechanism , 122  
   Anticoagulation 

 adjunctive antiplatelet therapy , 521–522  
 atrial fi brillation , 92–93, 524  
 bleeding and holding , 524  
 CHD with mechanical valves , 484, 485  
 chronic oral anticoagulation , 520–521  
 dabigatran , 525  
 emboli , 537  
 factor Xa inhibitors , 525  
 interruption of , 522–523  
 low-molecular-weight  vs.  unfractionated heparins , 519–520  
 mechanical valves, in pregnancy , 458–459  
 PPCM , 472  
 pregnancy , 523–524  
 pulmonary embolism , 302–305  
 self-monitoring , 522  
 vitamin K antagonists , 524  
 warfarin , 525  

   Antihypertensive therapy 
 atherosclerotic CAD in athletes , 288  
 chronic thoracic aortic aneurysm , 344  

   Anti-impulse therapy, aortic dissection , 345  
   Antiplatelet agents 

 ACS , 22  
 percutaneous coronary intervention , 506–507  
 perioperative with coronary stents 

 algorithm of , 509–510  
 aspirin and P2Y12 inhibitor , 510, 511  
 glycoprotein IIb/IIIa inhibitors, bridging therapy , 512  
 hemorrhagic risk, noncardiac surgery , 509  
 heparin , 512  
 maintaining aspirin , 510, 512  

 postoperative stent thrombosis , 512  
 receptors , 506  
 stent thrombosis 

 discontinuation of DAPT , 507–508  
 risk factors , 507  

 surgical bleeding 
 on aspirin , 508–509  
 on DAPT , 509  

 unstable angina/non-ST-elevated myocardial infarction , 358  
   Antiplatelet therapy 

 anticoagulation , 521–522  
 atherosclerotic CAD in athletes , 288  
 management of postoperative stent thrombosis , 512  

 percutaneous coronary intervention , 506–507  
 perioperative management, coronary stents 

 algorithm of , 509–510  
 aspirin and P2Y12 inhibitor , 510, 511  
 glycoprotein IIb/IIIa inhibitors, bridging therapy , 512  
 hemorrhagic risk, noncardiac surgery , 509  
 heparin , 512  
 maintaining aspirin , 510, 512  

 peripheral arterial disease , 367  
 receptors , 506  
 stent thrombosis 

 discontinuation of DAPT , 507–508  
 risk factors , 507  

 surgical bleeding 
 on aspirin , 508–509  
 on DAPT , 509  

   Antitachycardia pacing (ATP) , 246  
   Antithrombins , 19–20  
   Aortic aneurysm , 330.     See also  Thoracic aortic aneurysm 
   Aortic atherosclerosis, emboli , 533, 538  
   Aortic dilation and dissection, CHD , 483–484  
   Aortic dissection 

 acute , 330–332  
 branch vessel occlusion , 338, 339  
 classifi cation , 338  
 intramural hematoma , 339, 340  
 penetrating aortic ulcer , 339, 340  
 thoracic 

 anti-impulse therapy , 345  
 clinical presentation , 340–341  
 endovascular therapy , 348  
 medical treatment , 344–345  
 pain , 340–341  
 surgical treatment , 347–348  
 symptoms , 340–341  

   Aortic jet velocity , 190  
   Aortic regurgitation (AR) , 193  

 diagnosis , 65  
 evaluation and treatment , 453  
 fetal risk , 453  
 management , 65  
 maternal risk , 453  
 pathophysiology , 64–65  

   Aortic stenosis (AS) 
 diagnosis , 60, 61  
 echocardiography , 190  
 evaluation and treatment , 453  
 management , 60, 62–63  
 maternal cardiac risk assessment , 480  
 maternal risk , 452–453  
 neonatal and fetal risk , 453  
 pathophysiology , 60  

   Aortic tunica adventitia , 330  
   Aortic tunica intima , 330  
   Aortic tunica media , 330  
   Aortic valve calcifi cation (AVC) , 365, 366  
   Apical ballooning syndrome (ABS).    See  Takotsubo 

cardiomyopathy (TC) 
   Appropriate use criteria (AUC) , 182, 199–200  
   AR.    See  Aortic regurgitation (AR) 
   Arrhythmias 

 associated cardiomyopathy , 446–447  
 CHD , 483  
 and renal failure , 366–367  

   Arrhythmogenic right ventricular dysplasia (ARVD), 
ICD therapy for , 243  
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   Arterial system , 421  
   Aspirin , 506  

 ACS , 22–23  
 antiplatelet agents , 510–512  

   Atherosclerotic CAD, in athletes , 288  
   Athletes, CVD in 

 cardiac work effi ciency, affecting factors , 282  
 chest pain 

 antiplatelet therapy , 288  
 atherosclerotic CAD , 288  
 cardiac causes , 285  
 clinical features , 285  
 electrocardiogram , 288  
 noncardiac causes , 285–287  

 comprehensive risk stratifi cation , 288–289  
 exercise-induced cardiac remodeling 

 heart rate , 282–283  
 left atrial remodeling , 283  
 LV end-systolic volume , 283  
 right ventricle , 283  
 sport-specifi c nature of , 283, 284  

 exercise physiology , 282  
 illicit drugs, use of , 284  
 medical attention , 283  
 palpitations and arrhythmias , 289–290  
 performance-enhancing agents , 284–285  
 premature ventricular contraction , 289, 290  
 sudden cardiac death, risk of , 284  
 syncope 

 defi nition , 290  
 differential diagnosis , 291  
 ECG abnormalities , 291, 292  
 electrophysiologic study , 293  
 etiology , 291, 292  
 history and physical examination , 291  
 Holter monitor , 291  
 implantable loop recorder , 291, 293  
 management of , 293  
 neurally mediated syncope , 290  
 tilt-table testing , 293  

 training history , 284  
   Atrial fi brillation (AF) 

 anticoagulation , 92–93, 524  
 atrial fl utter , 96  
 catheter ablation , 94–95  
 characterization , 92  
 description , 91  
 emboli , 537–538  
 management , 93  
 postoperative , 95  
 rate  vs.  rhythm control , 94  

   Atrial fl utter , 96, 97  
   Atrial septum abnormalities, emboli , 533–534  
   Atrial tachycardia , 102  
   Atrioventricular (AV) block 

 degenerative disease , 110–111  
 diagnosis , 112  
 ECG abnormalities , 136–137  
 electrocardiography 

 2:1 AV block , 114  
 fi rst-degree AV block , 112  
 high-grade AV block , 114  
 Mobitz Type I AV block , 113–114  
 paroxysmal AV block , 114  
 second-degree AV block , 112–113  
 third-degree AV block , 114–115  

 iatrogenic and infectious endocarditis , 111  
 ischemic heart disease , 111  
 management , 115–116  

   Atrioventricular nodal reentrant tachycardia (AVNRT) , 96  
 catheter ablation , 99  
 ECG characteristics , 97–98  

   AUC.    See  Appropriate use criteria (AUC) 
   Austin Flint murmur , 65  
   Autoimmune disease, in women , 259–261  
   Axial scanning mode , 205  

    B 
  Balloon atrial septostomy (BAS) , 319–320  
   Balloon valvotomy 

 mitral stenosis , 64  
 pulmonic stenosis , 67  

   Bayes theorem , 165, 166  
   Beam hardening phenomenon , 209  
   Beta-blockers 

 ACS , 29  
 ADHF , 41  
 cardiotoxicity , 390–391  
 PMI , 502  
 thoracic aortic aneurysm , 344  

   Bicuspid aortic valve , 336  
   Bileafl et valves , 517–518  
   Bioimpedance, thoracic , 418  
   Biologic valves in pregnancy , 456  
   Biomarkers 

 acute coronary syndrome , 354–355  
 myocardial injury , 5–6  
 RVF , 313–315  
 thoracic aortic aneurysm , 341–342  

   Bioreactance, thoracic , 418  
   Bivalirudin , 21–22  
   Bland-White-Garland syndrome , 213  
   Blunted CFR , 161  
   BNP.    See  B-type natriuretic peptide (BNP) 
   Bradyarrhythmias, in athletes , 289, 290  
   Bradycardia 

 AV node 
 anatomy and physiology , 110  
 atrioventricular (AV) block   ( see  Atrioventricular (AV) block) 

 causes of , 105–106  
 defi nition , 105  
 SA node 

 anatomy and physiology , 106  
 SND   ( see  Sinus node dysfunction (SND)) 

   Brain natriuretic peptide (BNP) in pregnancy , 441  
   Branch vessel occlusion , 338, 339  
   Bright blood sequence.    See  Gradient-recalled echo (GRE) pulse sequence 
   Brugada syndrome 

 causes and prevalence , 128  
 ECG 

 abnormalities , 141–142  
 patterns , 129  

 ICD therapy for , 243  
 risk stratifi cation , 129–130  
 treatment , 130  

   B-type natriuretic peptide (BNP) , 313  

    C 
  CAD.    See  Coronary artery disease (CAD) 
   Caged ball valves , 517–518  
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   Calcium channel blockers (CCBs) 
 AVRT , 99  
 coronary artery disease , 50  

   Calcium scores , 209–210  
   Cardiac Arrhythmia Suppression Trial (CAST) study , 122  
   Cardiac Disease in Pregnancy (CARPREG) score , 478–480  
   Cardiac emboli.    See  Emboli 
   Cardiac masses , 194, 195  
   Cardiac resynchronization therapy (CRT) , 197  
   Cardiac sarcoidosis, ICD therapy for , 244  
   Cardiac syndrome X (CSX) 

 clinical presentation , 256  
 Duke Treadmill score , 257  
 endothelium-independent vasoconstriction , 256  
 epidemiology , 255–256  
 false-positive tests , 257  
 hypoestrogenemic state , 256  
 noninvasive testing , 256  
 pain , 256  
 risk factor and symptoms management , 257  

   Cardiac tamponade , 87–88  
 diagnosis , 82–83  
 management , 86  
 pathophysiology , 81  

   Cardiac troponins , 313–314  
   Cardiac tumors 

 benign  vs.  malignant , 379–380  
 clinical manifestations and pathophysiology 

 embolic sequelae , 374  
 left atrial myxoma , 374–375  
 myxomas , 376  
 papillary fi broelastomas , 376  
 valvular regurgitation , 376  

 diagnostic modalities 
 advantage , 381  
 calcifi cation and cystic degeneration , 380  
 diastolic dysfunction , 381  
 disadvantages , 383  
 mitral stenosis and regurgitation , 380  
 T2-weighted imaging and T1 spin-echo techniques , 382  
 ultrafast electron beam detector , 383  

 frequency distribution , 373–374  
 location , 376–377  
 primary 

 fi broma , 379  
 lipomas , 378–379  
 myxomas , 375, 377–378  
 papillary fi broelastomas , 378  
 pericardial cysts , 379  
 rhabdomyomas , 379  
 site-specifi c differential diagnoses , 377, 379  

 pseudoneoplasms , 384–385  
 secondary , 380, 381  
 treatment , 383–384  

   Cardiomyopathy 
 contraceptive options , 440  
 counseling , 440  
 outcomes in women 

 dilated cardiomyopathy , 441–442  
 hypertrophic cardiomyopathy , 443–445  
 late effects , 442  
 left ventricular noncompaction , 442–443  
 peripartum cardiomyopathy , 445  
 pregnancy after cardiac transplantation , 445  

 preconception evaluation , 438–439  
 risk estimation, maternal pregnancy , 439–440  

 thromboembolic complications , 440  
 women of childbearing age , 438  

   Cardiorenal syndrome (CRS) 
 classifi cation , 363–365  
 treatment , 365  

   Cardiovascular adaptation to pregnancy.    See  Normal pregnancy 
   Cardiovascular disease (CVD) 

 age ranges, cardiovascular  vs.  cancer deaths , 265, 266  
 AHA guidelines , 155–156  
 in athletes , 281    ( see also  Athletes, CVD in) 
 diagnosis 

 cardiovascular risk scores , 151  
 patient screening , 151–152  
 risk factors , 152  

 in elderly adults   ( see also  Aging) 
 arrhythmias and conduction disorders , 275–277  
 CAD   ( see  Coronary artery disease (CAD), in elderly adults) 
 diabetes mellitus , 269  
 end-of-life care , 277  
 heart failure , 273–275  
 hyperlipidemia , 268–269  
 hypertension , 268  
 obesity , 269  
 physical activity , 269  
 prevalence , 265, 266  
 risk factors , 268–269  
 smoking , 269  
 valvular heart disease , 271–273  

 individual  vs.  population risk , 155  
 management , 152–154  
 pathophysiology , 150–151  
 in women 

 autoimmune disease , 259–261  
 CSX , 255–257  
 heart failure , 257–259  
 ischemic heart disease , 254–255  
 prevalence , 254  

   Cardiovascular magnetic resonance imaging (CMR) 
 cardiac tumors and masses , 231  
 congenital heart disease , 233–234  
 coronary artery evaluation , 235  
 CPT codes , 228  
 dilated cardiomyopathy , 229, 230  
 heart failure , 228  
 hypertrophic cardiomyopathy , 229–230  
 myocardial viability assessment , 234  
 myocarditis , 231  
 pericardial constriction , 231, 232  
 pericardial effusions , 232  
 pericardial thickness , 231  
 restrictive cardiomyopathy , 228, 229  
  vs.  SPECT , 234  
 stress testing , 234–235  
 valvular regurgitation , 232–233  
 valvular stenosis , 232, 233  

   Catecholaminergic polymorphic ventricular tachycardia (CPVT), 
ICD therapy for , 244  

   Catecholaminergic polymorphic VT (CPVT) , 130–131  
   Catheter ablation 

 atrial fi brillation , 94–95  
 AVNRT , 99  

   Central hemodynamics, normal pregnancy 
 blood pressure , 419  
 blood volume , 418  
 cardiac output, stroke volume and heart rate , 419  
 mechanisms , 418, 419  
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 systemic pressures , 419  
 vascular resistance , 419  

   Cerebral blood fl ow , 422  
   Cerebral protection techniques , 346–347  
   Cerebral vascular accidents (CVA) , 530  
   Chamber remodeling , 187  
   Chemotherapy, cardiovascular complications.  

  See  Anthracycline- induced cardiotoxicity 
   Chest pain 

 characteristics of , 3  
 differential diagnosis , 1, 2  
 history and symptoms , 2–3  
 ischemic cascade , 2  
 management 

 biomarkers of myocardial injury , 5–6  
 cardiac catheterization , 10  
 chest pain units , 9–10  
 computed tomography coronary angiography , 7  
 electrocardiogram , 4–5  
 nuclear myocardial perfusion imaging , 7–9  
 resting echocardiography , 6–7  
 stress echocardiography , 7  

 pathophysiology , 1–2  
 physical exam , 3–4  

   Chest X-rays 
 RVF , 316  
 thoracic aortic aneurysm , 342  

   Chronic constrictive pericarditis , 366  
   Chronic coronary disease, oral agents for , 355–358  
   Chronic hypertension 

 brain edema , 434  
 classifi cation and defi nitions , 427–428  
 delivery time , 434  
 diagnosis , 431  
 posterior reversible encephalopathy syndrome , 433  
 treatment recommendations , 433  

   Chronic kidney disease (CKD) 
 ACS 

 biomarkers , 354–355  
 CABG , 355, 360  
 glycoprotein IIb/IIIa inhibitors , 355  
 medical therapy , 355  
 non-ST-/ST-elevated myocardial infarction , 

355, 358–360  
 oral agents , 355–358  
 revascularization therapy , 355, 360  
 risk stratifi cation , 354  
 troponin elevation , 354–355  

 arrhythmias , 366–367  
 cardiorenal syndrome , 363–365  
 CI-AKI , 360–361  
 congestive heart failure , 363  
 creatinine clearance , 354  
 dyslipidemia , 362–363  
 glomerular fi ltration rate , 354  
 hypertension and diabetes mellitus , 354  
 nephrogenic systemic fi brosis , 361–362  
 pericardial disease , 366  
 peripheral arterial disease , 367–368  
 valvular heart disease , 365–366  

   Chronic oral anticoagulation , 520–521  
   Chronic right ventricular failure 

 interventional and surgical therapies , 319–320  
 measures , 317  
 neurohormonal modulators and diuretics , 317–318  
 pulmonary vasodilators , 318–319  

   Chronic thromboembolic pulmonary hypertension (CTEPH) , 313  
   Chronotropic incompetence , 109  
   Clopidogrel , 23–24, 506  
   CMR.    See  Cardiovascular magnetic resonance imaging (CMR) 
   Colchicine , 85  
   Congenital heart disease (CHD) 

 cesarean delivery , 482  
 diagnosis , 476–477  
 Fontan circulation , 482  
 maternal cardiac complication 

 anticoagulation, mechanical valves , 484, 485  
 arrhythmias , 483  
 Eisenmenger syndrome and pulmonary arterial 

hypertension , 484–485  
 heart failure , 483  
 Marfan syndrome and aortic dilation and dissection , 

483–484  
 pregnancy risk assessment 

 adverse cardiovascular events , 478  
 classifi cation of maternal cardiac risk , 477  
 preconception , 478–482  

   Congenital long QT syndrome, ICD therapy for , 243–244  
   Congestive heart failure (CHF) , 363, 365  
   Constrictive pericarditis , 232  

 diagnosis , 83  
 management , 87  
 pathophysiology , 81–82  

   Continuous wave (CW) Doppler , 182–183  
   Contrast-induced acute kidney injury (CI-AKI) 

 defi nition of , 360  
 intravenous hydration , 361  
 iodixanol , 361  
 isotonic crystalloids , 361  
 risk factors , 361  

   Coronary arterial calcium (CAC) scores , 209–210  
   Coronary artery bypass graft (CABG) surgery , 355, 360  
   Coronary artery disease (CAD) 

 antiplatelet therapy   ( see  Antiplatelet therapy) 
 blood pressure treatment goals , 50–51  
 in elderly adults 

 ACS   ( see  Acute coronary syndrome (ACS)) 
 coronary calcium scores , 270  
 CT angiography , 270  
 ECG , 270  
 pathophysiology , 269–270  
 prevalence , 269  

 exercise echo , 194  
 and hypertension , 50  

   Coronary Artery Prophylactic Revascularization trial 
(CARP) , 502  

   Coronary Artery Surgery Study (CASS) study , 3  
   Coronary computed tomography angiography (CCTA) , 203  

 acute chest pain , 204, 210  
 in emergency department patients , 211  
 triage algorithm , 211  

 bypass graft assessment , 204, 215–216  
 CAC scans , 204, 207  
 cardiac motion , 208–209  
 chronic stable chest pain , 204  
 clinical applications , 204  
 congenital anomalies, of coronary artery , 213–214  
 congenital heart disease , 214–215  
 congestive heart failure , 204  
 coronary arterial calcium scores , 209–210  
 coronary stent and left main patency , 204, 216–217  
 coronary stents/calcifi cations , 209  
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 Coronary computed tomography angiography (CCTA) (cont.) 
 CPT codes , 204  
 diagnostic accuracy of , 208  
 disadvantage , 217  
 3D reconstruction methods , 207–208  
 guidelines , 204  
 Hounsfi eld unit , 207  
 maximum intensity projection , 208  
 multiplanar reconstruction , 208  
 patient preparation , 206  
 plaque analysis , 217  
 prospective triggering , 207  
 pulmonary vein morphology , 211–213  
 radiation dose and safety , 205–206  
 retrospective gating synchronization method , 207  
 scanning protocol , 206–207  
 slice misregistration artifact , 209  
 streak artifact , 209  
 training levels , 204  
 triple rule-out protocol , 207, 208  
 volume rendering reconstruction , 207–208  

   Coronary emboli , 531  
   Coronary fl ow reserve (CFR) , 160  
   CRT.    See  Cardiac resynchronization therapy (CRT) 
   CSX.    See  Cardiac syndrome X (CSX) 
   CTEPH.    See  Chronic thromboembolic pulmonary hypertension 

(CTEPH) 
   CT perfusion (CTP) , 217  
   Current Procedural Terminology (CPT) codes , 

204, 228  
   CW Doppler.    See  Continuous wave (CW) Doppler 
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  Dabigatran , 525  
   Danish Investigations of Arrhythmia and Mortality 

ON Dofetilide (DIAMOND) trial , 94  
   Dark blood sequence.    See  Spin-echo (SE) pulse sequence 
   D-dimers , 341–342  
   Deep hypothermic circulatory arrest (DHCA) , 347  
   Deep vein thrombosis (DVT) , 297–298  
   Defi brillator in Acute Myocardial Infarction Trial (DINAMIT) 

study , 123  
   Defi nite angina , 3  
   Degenerative disease , 110–111  
   Diabetes mellitus 

 pathophysiology , 151  
 risk factor management , 154  

   Dialysis pericarditis , 366  
   Diastolic function 

 echocardiographic assessment of , 188, 189  
 normal pregnancy , 420–421  

   Dilated cardiomyopathy , 229, 230, 441–442  
   Dipyridamole thallium/sestamibi scintigraphy (DSS) , 363  
   Direct thrombin inhibitors (DTI) , 21–22  
   Diuretics , 37–38  
   Dobutamine , 39, 320–321  
   Dobutamine stress echocardiography (DSE) , 

194, 195, 363  
   Dofetilide , 94  
   Dopamine , 321  
   Dual antiplatelet therapy (DAPT) , 506–510  
   Duke Criteria, of infective endocarditis , 72, 73  
   Duke Treadmill score (DTS) , 5, 168, 257  
   Dyslipidemia , 362–363  

 pathophysiology , 150–151  
 risk factor management , 153–154  

    E 
  Early repolarization , 144–145  
   ECG.    See  Electrocardiogram (ECG) 
   ECG-gated imaging , 176  
   Echocardiographic hemodynamics , 190  
   Echocardiographic techniques , 182–184  
   Echocardiography 

 abnormalities 
 artifact , 145–147  
 atrioventricular (AV) block , 136–137  
 Brugada syndrome , 141–142  
 early repolarization , 144–145  
 hypertrophic cardiomyopathy , 140–141  
 long QT syndrome , 142–144  
 sinus node dysfunction , 134–136  
 ST elevation myocardial infarction , 133–134  
 wide QRS complex tachycardia , 138–140  
 Wolff-Parkinson-White syndrome , 137–138  

 AUC , 199–200  
 cardiac tamponade , 82  
 chest pain , 6–7  
 description , 181–182  
 guidelines 

 aorta , 199  
 description , 197–198  
 heart failure , 198  
 valves , 198–199  

 indications for , 199–200  
 RVF , 316  
 TTE and TEE views and anatomy , 184–185  
 uses of 

 aorta , 187–188  
 chamber quantifi cation , 184–188  
 device evaluation , 196–197  
 diastolic function , 188, 189  
 echo swan approach , 188, 190  
 left atrium , 187  
 left ventricle , 184–187  
 pericardial disease and masses , 194, 195  
 right ventricle, right atrium and pulmonary 

artery , 187  
 stress echocardiography , 194–196  
 valves , 189–192  
 valvular regurgitation , 193–194  
 valvular stenosis , 190, 192–193  

   Echo-planar imaging (EPI) , 226  
   Echo swan approach , 188, 190  
   Eclampsia , 427–428, 431  
   ECMO.    See  Extracorporeal membrane oxygenation 

(ECMO) 
   EDV.    See  End-diastolic volumes (EDV) 
   Effective regurgitant orifi ce area (EROA) , 193  
   Eisenmenger syndrome , 480, 484–485  
   Electrocardiogram (ECG) 

 ADHF , 36  
 RVF , 315–316  

   Electrophysiologic testing, syncope , 548  
   Emboli 

 clinical syndromes 
 cerebral vascular accidents , 530  
 coronary , 531  
 mesenteric ischemia , 530, 531  
 optics , 530, 531  
 peripheral arterial embolization , 530  
 pulmonary , 530, 531  
 renal , 530  
 splenic infarct , 530–531  
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 echocardiogram , 530  
 etiologies , 531–532  

 abnormalities of atrial septum , 533–534  
 aortic atherosclerosis , 533  
 left atrial thrombi , 532  
 left ventricular thrombi , 532–533  
 myxomas , 534  
 nonbacterial thrombotic endocarditis , 534  
 papillary fi broelastomas , 534  
 prosthetic valve thrombosis , 533  
 right ventricular thrombi , 534  
 septic emboli , 534  

 evaluation 
 artifacts , 535  
 complications , 535  
 imaging of atrial septum , 535–536  
 left atrial imaging , 535  
 left ventricular imaging , 537  
 sensitivity and specifi city, TTE and TEE , 534  
 thoracic aortic imaging , 536–537  
 valve imaging , 536  

 management 
 anticoagulation , 537  
 aortic atherosclerosis , 538  
 atrial fi brillation , 537–538  
 left ventricular thrombi , 538  
 mechanical valves , 537, 538  
 myxomas , 538  
 PFO/ASD treatment , 538  

   Empiric anti-infl ammatory therapy, for pericarditis , 85  
   End-diastolic volumes (EDV) , 186  
   Endocarditis prophylaxis , 68  
   Endomyocardial biopsy, anthracycline , 389–390  
   Endothelin-receptor antagonists (ETRAs) , 318–319  
   Endovascular treatment, of aortic dissections , 348  
   End-systolic volume (ESV) , 186  
   Endurance activities.    See  Isotonic exercise 
   Enoxaparin , 355  
   Eosinophilic endomyocarditis , 231  
   Epoprostenol , 321  
   Equilibrium radionuclide angiography (ERNA), 

left ventricular function , 389  
   EROA.    See  Effective regurgitant orifi ce area (EROA) 
   ESV.    See  End-systolic volume (ESV) 
   ETRAs.    See  Endothelin-receptor antagonists (ETRAs) 
   Exercise echocardiography , 198  
   Exercise-induced cardiac remodeling 

 heart rate , 282–283  
 left atrial remodeling , 283  
 LV end-systolic volume , 283  
 right ventricle , 283  
 sport-specifi c nature of , 283, 284  

   Exercise testing , 175  
   Exercise tolerance , 493–494  
   Extracorporeal membrane oxygenation (ECMO) , 322  
   Extracorporeal ultrafi ltration, in CHF , 365  

    F 
  Fibrinolysis , 26–27  
   Fibroma , 379  
   Fick equation , 282  
   First-pass perfusion (FFP) MRI , 234  
   Flip angle , 222  
   Fondaparinux , 21  
   Fractional fl ow reserve (FFR) , 161  
   Framingham Heart Study , 50  

    G 
  GDF-15.    See  Growth differentiation factor-15 (GDF-15) 
   Genetic polymorphisms, anthracycline-induced cardiotoxicity , 390  
   Genetic testing, SCD , 126  
   Gestational hypertension , 427–428, 431  
   Glycoprotein (GP) IIb/IIIa inhibitors, bridging therapy , 512  
   Gradient-recalled echo (GRE) pulse sequence , 224–226  
   Growth differentiation factor-15 (GDF-15) , 314–315  

    H 
  Heart failure (HF) 

 CHD , 483  
 CMR , 228  
 in elderly adults 

 cardiac resynchronization therapy , 274–275  
 cardinal symptoms , 273  
 heart failure with preserved ejection fraction , 

273, 275  
 heart failure with reduced ejection fraction , 274, 275  
 implantable cardioverter defi brillators , 274  
 incidence and prevalence , 273  
 management goals , 274–275  
 N-terminal pro-BNP , 274  
 pathophysiology , 273  
 plasma B-type natriuretic peptide , 274  
 prevention , 275  
 ventricular assist devices , 274–275  

 guidelines, echocardiography , 198  
 in pregnancy 

 arrhythmias associated cardiomyopathy , 446–447  
 atrial fl utter and atrial fi brillation , 447  
 clinical diagnosis , 440  
 medical therapy , 446  
 neonatal outcomes , 445  

 in women 
  vs.  men , 257  
 systolic dysfunction , 257–258  
 Takotsubo cardiomyopathy , 258–259  

   Heart failure with preserved EF (HFpEF) , 319  
   Helical scanning mode , 205  
   HELLP syndrome.    See  Hemolysis, elevated liver enzymes, 

and low platelet count (HELLP) syndrome 
   Hemodialysis/hemofi ltration , 365  
   Hemodynamic instability, PPCM , 470–471  
   Hemolysis, elevated liver enzymes, and low platelet count 

(HELLP) syndrome , 428, 431  
   Heparin , 512  
   HFpEF.    See  Heart failure with preserved EF (HFpEF) 
   Hibernating myocardium , 195  
   Hormonal contraceptives , 481–482  
   Hounsfi eld unit (HU) , 207  
   Hypersensitive carotid sinus syndrome , 109  
   Hypertension 

 and coronary artery disease , 50  
 defi nition , 49  
 and left ventricular hypertrophy , 52–53  
 pathophysiology , 150  
 prevention and treatment , 51–54  
 resistant , 54  
 risk factor management , 153  

   Hypertensive pregnancy disorders 
 blood pressure measurement 

 chronic and gestational hypertension , 431  
 eclampsia , 431  
 HELLP syndrome , 431  
 preeclampsia , 430–431  
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 Hypertensive pregnancy disorders (cont.) 
 cardiovascular adaptation, normal pregnancy , 429  
 chronic hypertension 

 brain edema , 434  
 delivery time , 434  
 posterior reversible encephalopathy syndrome , 433  
 treatment recommendations , 433  

 classifi cation and defi nitions , 427–428  
 clinical criteria , 430  
 factors , 429  
 initiation of therapy and treatment , 432  
 laboratory tests , 430  
 maternal complications , 428  
 medications , 432–433  
 NHBPEP , 430  
 preconception counseling , 431–432  
 preeclampsia 

 diagnostic criteria , 430–431  
 eclampsia , 431  
 HELLP syndrome , 431  
 maternal cardiac and cerebral events reduction , 

430–431  
 medication , 430–431  
 placental hypoxia , 429  
 proteinuria , 430  
 risk factors , 430  
 sFlt-1 levels , 429  
 spiral artery remodeling , 429  
 strategies , 430  

 premature delivery , 434  
 renal disease and diabetes mellitus , 434  
 vs.normotensive pregnancies , 428  

   Hypertrophic cardiomyopathy (HCM) , 443–445  
 CMR , 229–230  
 ECG abnormalities , 140–141  
 ICD therapy for , 242–243  

    I 
  ICE.    See  Intracardiac echo (ICE) 
   Ideal cardiovascular health , 152, 153  
   Idiopathic pulmonary fi brosis (IPF) , 319  
   Implantable cardioverter defi brillators , 412  
   Implantable loop recorder (ILR), syncope , 547–548  
   Inappropriate ICD shocks , 246–247  
   Infective endocarditis , 272–273  

 description , 71  
 diagnosis , 72–73  
 incidence of , 71  
 management 

 antibiotic therapy , 73  
 class I ACC/AHA guidelines , 75–76  
 valve surgery , 74  

 pathophysiology , 72  
   Inhaled iloprost , 321  
   Inhaled nitric oxide (iNO) , 321  
   Inhaled treprostinil , 321  
   Inotropic/adrenergic stress agent , 175–176  
   INTERHEART study , 150  
   Internal cardioverter defi brillator (ICD) therapy 

 ACC/AHA/HRS guidelines , 243  
 antibiotics , 245  
 ARVD , 243  
 Brugada syndrome , 243  
 cardiac sarcoidosis , 244  
 Class IIA/IIB treatment , 240  

 Class III treatment , 240  
 Class I treatment , 240  
 complications 

 incidence of , 245  
 infectious and noninfectious , 246  

 congenital LQTS , 243–244  
 CPVT , 244  
 CRT guidelines , 244–245  
 hypertrophic cardiomyopathy , 242–243  
 ICD shocks 

 antitachycardia pacing , 246  
 inappropriate shocks , 246–247  
 prognostic impact of , 246  
 remote monitoring , 247  
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