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The field of critical care cardiology has evolved considerably over the past few 
decades. Cardiac units in the 1970s and the 1980s were practically coronary care 
units typically populated by patients with acute and often uncomplicated myocar-
dial infarction or unstable angina. Contemporary cardiac care units (CCU) are car-
diac intensive care units (CICU) where the focus is management of patients with 
multisystem diseases, advanced hemodynamic compromise, complex ventricular 
arrhythmias, and established or incipient multiorgan failure.

Development of echocardiography paralleled the progress made in acute cardio-
vascular care. The initial use of echocardiography was to detect pericardial effusion 
and cardiac tumors. However, the current applications of various echocardiographic 
modalities include an extended list of pathological and therapeutic indications. 
Currently, echocardiography is fundamental to the management of patients with 
acute cardiovascular diseases. Timely performed echocardiography can lead to a 
change in therapy in majority of patients with an acute cardiovascular condition.

In this book, we discuss the essential role of various echocardiographic modali-
ties in the modern acute cardiovascular care by highlighting the applications of 
echocardiography in the most common clinical scenarios.

As an example, in the section of echocardiography in acute chest pain syndromes 
we outline the use of echocardiography in acute coronary syndromes, mechanical 
complications of myocardial infarction, and in acute aortic syndromes. We provide 
a novel pathway for the use of echo in patients with acute chest pain. In the section 
of echocardiography in dyspnea we outline structured and comprehensive echocar-
diographic evaluation of patients with suspected cardiac acute and subacute dys-
pnea in the acute care settings.

It is our hope that this book will serve as a teaching tool to help save the lives of 
patients with heart disease in the CCU.

New York, NY, USA Eyal Herzog
New York, NY, USA Edgar Argulian

Preface
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Chapter 1
Echocardiographic Assessment of Acute 
Chest Pain in the CCU

Eyal Herzog, Jagat Narula, and Edgar Argulian

Abstract The field of critical care cardiology has evolved considerably over the 
past few decades. Cardiac units in the 1970s and the 1980s were practically coronary 
care units, where the units most frequently were populated by patients with acute 
and often uncomplicated myocardial infarction or unstable angina. Detection and 
rapid treatment of arrhythmias were the primary goals of therapy. Contemporary 
cardiac care units (CCU) have transformed into Cardiac intensive care units (CICU) 
where the focus has since shifted towards the management of patients with multisys-
tem diseases, advanced hemodynamics compromise, complex ventricular arrhyth-
mias, and established or incipient multi-organ failure. The two most common clinical 
scenarios leading to acute chest pain syndrome in CCU patients are acute coronary 
syndrome and acute aortic syndrome.

Keywords Chest pain · Aortic dissection · Acute coronary syndrome · Myocardial 
infarction

 Introduction

The field of critical care cardiology has evolved considerably over the past few 
decades. Cardiac units in the 1970s and the 1980s were practically coronary care 
units, where the units most frequently were populated by patients with acute and 
often uncomplicated myocardial infarction or unstable angina. Detection and rapid 
treatment of arrhythmias were the primary goals of therapy. Contemporary cardiac 
care units (CCU) have transformed into cardiac intensive care units (CICU) where 
the focus has since shifted towards the management of patients with multisystem 
diseases, advanced hemodynamics compromise, complex ventricular arrhythmias, 
and established or incipient multi-organ failure. In addition, at many institutions, 
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CCUs manage an increasing number of patients undergoing advanced therapies 
such as therapeutic hypothermia, transcatheter valve procedures, or ventricular 
assist device therapies.

Advances in echocardiography paralleled the progress made in critical care car-
diology. The initial use of echocardiography was to detect pericardial effusion and 
cardiac tumors. However, the current applications of various forms of echocardiog-
raphy include an extended list of pathological and therapeutic indications. Currently, 
echocardiography is fundamental to the management of patients with acute cardio-
vascular diseases. It has been shown that timely performed echocardiography can 
lead to a change in therapy in up to 80% of patients with an acute cardiovascular 
condition [1].

Different ultrasound modalities, from basic point-of-care ultrasound to advanced 
echocardiographic imaging, can be used for evaluation of patients with an acute 
cardiovascular condition (Table 1.1). Transthoracic echocardiography (TTE) is usu-
ally the frontline imaging modality. Transesophageal echocardiography (TEE) com-
monly follows a nondiagnostic TTE. However, in certain clinical scenarios, such as 
acute aortic syndrome, acute valvular regurgitation, acute prosthetic value dysfunc-
tion, atrial fibrillation or atrial flutter, and stroke, TEE could be performed first. 
Contrast echocardiography allows improved visualization of the endocardium and 
it has become an integral part of echocardiography in the modern critical care units. 
Pocket-sized imaging devices are occasionally used as a fast initial screening in an 
emergency setting, as well as an extension of physical examination in the intensive 
care units [1].

The two most common clinical scenarios leading to acute chest pain syndrome 
are acute coronary syndrome and acute aortic syndrome.

Table 1.1 Ultrasound 
modalities in evaluation of 
patients with suspected 
cardiac causes of acute 
cardiovascular conditions

Point-of-care cardiac ultrasound
Comprehensive transthoracic echocardiogram
Limited/focused transthoracic echocardiogram 
(intracardiac device positioning, etc.)
Transesophageal echocardiogram
Contrast echocardiography
Stress echocardiogram including dobutamine 
echocardiography
Speckle-tracking echocardiography for assessment of 
myocardial mechanics
3D echocardiography
Lung ultrasound
Vascular ultrasound for intravenous access

E. Herzog et al.
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 Echocardiography in Acute Coronary Syndrome

The last few decades have witnessed remarkable progress in the understanding of 
the pathophysiology of acute coronary syndrome (ACS). ACS incorporates a spec-
trum of clinical entities, ranging from unstable angina and non-ST-elevation ACS to 
ST-elevation myocardial infarction. Developments in the field of echocardiography 
have paralleled the progress made in ACS.

 Assessment of Regional Systolic Function in Acute Coronary 
Syndrome

Occlusion of an epicardial coronary artery at the time of acute coronary syndrome 
leads to a loss of contractile function in the myocardial segments subtended by that 
vessel. The magnitude and duration of wall motion abnormalities depend on the 
severity, extent, and duration of the coronary occlusion.

In unstable angina (UA) or in non-ST-elevation ACS, left and right ventricular 
wall motion may be normal unless TTE is performed during an episode of chest pain.

ST-elevation myocardial infarction (STEMI) often results from an acute occlu-
sion of a major coronary vessel. If the total cessation of coronary flow lasts for more 
than 3–6 h, myocardial necrosis will occur and the myocardium in the affected seg-
ments will be replaced with a fibrous tissue over the subsequent weeks [2].

The magnitude of regional contractile loss in acute coronary syndrome is usually 
assessed semiquantitatively. It is usually interpreted clinically as follows [2]:

 1. Interpretation of wall motion abnormalities as seen in Table 1.2
 2. Extent and location of affected segments
 3. Suspected coronary artery distribution (left anterior descending artery vs. right 

coronary artery vs. left circumflex artery)

Table 1.2 Left ventricular 
wall motion scoring

Score

Normal or hyperkinetic 1
Hypokinetic (reduced thickening) 2
Akinetic (absent or negligible thickening) 3
Dyskinetic (systolic thinning or stretching, 
aneurysmal)

4

Wall motion score index = Sum of individual segment 
scores/number of evaluated segments

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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 Assessment of Global Systolic Function in Acute Coronary 
Syndrome

Global left ventricular systolic function in acute coronary syndrome is assessed by 
both wall motion scoring and left ventricular ejection fraction.

 Wall Motion Scoring

Wall motion scoring analysis assigns a numeric value to the degree of contractile 
dysfunction in each segment. The scoring criteria endorsed by American Society of 
echocardiography (ASE) are seen in Table 1.2.

Once all segments are assigned individual scores, a total score is calculated 
as a sum of individual scores. A wall motion score index (WMSI) is then calcu-
lated as a ratio between the total score over the number of evaluated segments. 
The WMSI is a dimensionless index. A 17-segment model is commonly used to 
allow for standardized communication within echocardiography and with other 
imaging modalities [3]. For a fully visualized normal ventricle the total score is 
17 (all segments have normal contractility). However, ASE does not recommend 
to score the true apical segment of the 17 segments. Since all 17 segments are 
evaluated, the wall score index of a normal heart is 17/17 = 1. For abnormal 
ventricles, the higher the WMSI, the more significant the wall motion 
abnormality.

Figures 1.1 and 1.2 depict echocardiographic views of the left ventricle, demon-
strating the left ventricular wall segments and their typical corresponding coronary 
distributions [4]. The utilization of image-enhancing agents (echocardiographic 
contrast microbubbles) has improved the detection of wall motion abnormalities, 
and therefore the confidence in delineation of the affected segments.

 Assessment of Left Ventricular Ejection Fraction

Left ventricular ejection fraction (LVEF) has been consistently shown to be one of 
the most powerful predictors of mortality and morbidity in patients with heart dis-
ease [5]. LVEF is the single most powerful predictor of mortality and the risk for 
developing life-threatening ventricular arrhythmias after myocardial infarction [6]. 
Furthermore, once the acute coronary syndrome resolves, the residual LVEF is 
important for treatment options as LVEF cutoff values are built into recommenda-
tions for both medical and implantable device therapies. By definition, LVEF is the 
percentage of the end-diastolic volume that is ejected with each systole as the stroke 
volume. Thus, to calculate the LVEF one needs to estimate the end-systolic and end- 
diastolic volumes of the left ventricle.

E. Herzog et al.
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 The Ischemic Cascade

The ischemic cascade refers to a sequence of events that occur in the myocar-
dium after the onset of ischemia [7]. Myocardial perfusion is determined by 
coronary blood flow and myocardial oxygen consumption. Any imbalance in 
this supply and demand relationship results in myocardial ischemia. The 
mechanical, electrographic, and clinical events that follow the development of 
ischemia were formally described in 1985 by Hauser et al. [8], and were later 
termed the “ischemic cascade” [9]. Classically the observable changes occur 
sequentially (Fig. 1.3) starting with perfusion abnormalities leading to abnor-
malities in wall function, then ischemic electrocardiogram (ECG) changes, and 
finally angina. Echocardiography has the ability to detect these pathophysio-
logic changes in the myocardium at the early stages and therefore is more sensi-
tive than history, physical examination, and ECG for identification of myocardial 
ischemia.

Echocardiography for the diagnosis of suspected acute ischemia is most helpful 
in subjects with a high clinical index of suspicion but with nondiagnostic ECG 
because it allows real-time assessment of myocardial function.

Of note, troponin elevation with chest pain may not be related to an acute 
coronary syndrome, but rather be secondary to other cardiovascular pathologies 
such as valvular disease (e.g., severe aortic stenosis or regurgitation) which can 
induce  ischemia by causing LV wall stress; acute heart failure due to systolic 
and/or diastolic dysfunction; or acute pulmonary embolism with right ventricular 
strain. Echocardiography is a valuable tool to detect and quantify these abnor-
malities, regardless of whether the patient is having an acute coronary 
syndrome.

Angina

EKG Abnormalities

Strain Abnormalities

Perfusion Abnormalities

NORMAL FUNCTION

Time / Magnitude Ischemia

C
lin

ic
al

ly
R

ec
og

ni
ze

d
C

lin
ic

al
ly

 S
ile

nt

Systolic Dysfunction

Diastolic DysfunctionFig. 1.3 The 
ischemic cascade. 
Myocardial 
dysfunction occurs 
in a predictable 
sequence that is 
detectable prior to 
clinical symptoms

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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 Pathway for the Use of Echocardiography in Patients 
with Cardiac Chest Pain (Fig. 1.4)

In the United States it is estimated that about eight million people present each year 
to the emergency departments with complaints of acute chest pain. If the chest pain 
is clearly not of a cardiac origin, the patients should be treated accordingly and 
transthoracic echocardiography (TTE) is seldom needed. If the cause of chest pain 
appears to be of a cardiovascular etiology then the initial evaluation should include 
history, physical examination, 12-lead ECG, chest X-ray (CXR), and laboratory 
tests including cardiac biomarkers (CPK and troponin).

As outlined earlier, ACS incorporates a spectrum of clinical entities ranging from 
unstable angina and non-STE ACS to STEMI.

The AHA/ACC guidelines in 2014 combined the term unstable angina and the 
non-STEMI to one group defined as non-STE ACS [10]. The European Society of 
Cardiology (ESC) guidelines in 2015 still recommend keeping both entities  separate 
[11]. Out of all patients presenting with chest pain only the minority actually have 
ACS. Among ACS patients, most patients have non-STE ACS.

TTE is an integral part of the management of patients with ACS as seen in 
Fig. 1.4.

In patients with STEMI, it is now well accepted that patients should preferably 
be referred to a site that can perform primary percutaneous coronary intervention 
(PCI). TTE should not be done immediately as it may delay the transfer to the car-
diac catheterization laboratory for PCI. TTE should be performed only after the 
intervention is completed.

Patients with non-STE ACS should be treated per current guidelines [10, 11] and 
TTE should be performed as soon as possible to exclude any structural heart 
disease.

Currently, the use of contrast echo is a standard of care for patients in whom two 
of more consecutive left ventricle (LV) segments are not well visualized, or when 
there is a need to rule out an apical thrombus.

For patients whose chest pain is of a cardiovascular etiology but not due to ACS, 
TTE should be performed immediately if the symptoms persist and the patient has 
active ongoing chest pain.

If the symptoms of chest pain had subsided we recommend to continue the serial 
evaluation for ACS [10, 11] and perform TTE as needed.

If TTE shows an evidence of new wall motion abnormalities, a diagnosis of coro-
nary artery disease is likely. Similarly, contrast echocardiography is necessary when 
the endocardial definition is poor.

For patients in whom a diagnosis of ACS is ruled out, and they do not have evi-
dence of new wall motion abnormalities, other cardiac etiologies should be consid-
ered. These include acute aortic syndrome, acute pericardial disease, pulmonary 
embolism, aortic stenosis, or hypertrophic cardiomyopathy.

E. Herzog et al.
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 Echocardiography in the Diagnosis and Management 
of Mechanical Complications of Myocardial Infarction

Mechanical complications of acute myocardial infarction (AMI) result in some of 
the deadliest cardiovascular outcomes. It is difficult to assess the true incidence of 
these complications as both clinical and autopsy series differ considerably. It is 
important to realize that these catastrophic events can occur within minutes to hours 
after the inciting event, or even days to weeks later. Mechanical complications of 
acute myocardial infarctions can be divided into two major categories: acute-phase 
complications and chronic-phase complications. Table  1.3 outlines acute-phase 
complications and the chronic-phase complications of AMI.

Echocardiography is the key imaging modality in the assessment of these 
complications.

 Left Ventricular Free Wall Rupture

Left ventricular free wall rupture (LVFWR) is an almost universally fatal complica-
tion of AMI. Despite advances in the reduction of both mortality and morbidity 
from AMI, death related to LVFWR remains high.

Myocardial rupture more often involves the left ventricle rather than the right 
ventricle, and rarely involves the atria [12]. The infarct commonly affects the ante-
rior and lateral walls of the left ventricle near the junction of the infarcted and nor-
mal myocardium.

Figure 1.5 demonstrates a TTE of a patient with inferolateral free wall rapture.
Figure 1.6 demonstrates a case of LV free wall rupture causing pericardial tam-

ponade with thrombus formation in the pericardial space.

 Ventricular Septal Rupture

The rupture of the interventricular septum is another deadly complication of 
AMI. Rapid diagnosis, aggressive medical therapy, and prompt surgical interven-
tion are essential to increase the chances of survival.

In the pre-reperfusion era, rupture of the interventricular septum was estimated 
to occur in 1–2% of patients with acute myocardial infarction and to account for 

Table 1.3 Acute-phase vs. chronic-phase complications in acute myocardial infarction

Acute phase Chronic phase

Left ventricular free wall rupture True ventricular aneurysm
Ventricular septal rupture Ventricular pseudoaneurysm
Right ventricular infarction Left ventricular thrombus
Acute mitral regurgitation

E. Herzog et al.
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approximately 5% of deaths in this setting. This complication typically occurs 
within the first week after infarction, with a mean time from symptom onset of 
3–5  days. The classic risk factors for septal rupture in the pre-reperfusion era 
included hypertension, advanced age, female sex, and absence of a history of myo-
cardial infarction or angina [13]. Prognosis for ventricular septal rupture in the pre- 
reperfusion era was very poor. With the advent of thrombolysis and percutaneous 
intervention, incidence and outcomes have changed.

In the current era, early reperfusion therapy may prevent the extensive myocardial 
necrosis that is associated with ventricular rupture. Patients generally have a mean 
time of 1 day from infarction to development of a ventricular septal rupture (VSR).

The ventricular septum is a very vascular structure. The rarity of septal rupture and 
the variable infarct location relate to the fact that the interventricular septum has a dual 

Fig. 1.5 Parasternal 
long-axis view of a 
transthoracic 
echocardiogram 
demonstrating a 
inferolateral free wall 
rupture (arrow); RV right 
ventricle, LV left ventricle, 
LA left atrium

Fig. 1.6 Subcostal view 
showing pericardial 
effusion (asterisk) with a 
thrombus in the pericardial 
space (arrow). This was 
caused by a ventricular 
free wall rupture after an 
acute myocardial infarction 
and the patient developed 
cardiac tamponade 
physiology

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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blood supply. The anterior two-thirds are supplied by the left anterior descending 
coronary artery and its branches. The posterior one-third is supplied by branches of 
the posterior descending artery, which arises from the right coronary or the left cir-
cumflex artery, depending on the dominance of the circulation [14]. Similar to the free 
wall rupture, interventricular septal rupture occurs most frequently with a first myo-
cardial infarction when there is less likely to be collateral blood flow. In this setting, 
with an abrupt cessation of blood flow in the infarct-related artery, no collateral flow 
exists to support the infarcted zone, thereby making the septum prone to rupture.

Figure 1.7 demonstrates an apical four-chamber view of a transthoracic echocar-
diogram demonstrating a ventricular septal rupture in the distal portion of the inter-
ventricular septum (arrow).

Figure 1.8 demonstrates a case of apical ventricular septal rupture in a patient 
with an acute LAD territory MI.

 Right Ventricular Infarction

Right ventricular infarction (RVI) complicates up to half of inferior wall left ven-
tricular infarctions [15].

Coronary blood flow to the right ventricle is unique in that it occurs in both systole 
and diastole. In the majority of patients the right coronary artery (RCA) supplies the 
right ventricle through the acute marginal branches, as well as the inferior wall and 
posterior interventricular septum through the posterior descending artery in right 
dominant systems. Typically, RVI occurs when there is occlusion of the RCA proxi-
mal to the acute marginal branches. It can also occur with an occlusion of the left 
circumflex in patients who have a left dominant system. Although quite rare, occlu-

Fig. 1.7 Apical four-
chamber view of a 
transthoracic 
echocardiogram 
demonstrating a ventricular 
septal rupture in the distal 
portion of the 
interventricular septum 
(arrow)

E. Herzog et al.
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sion of the left anterior descending artery may result in infarction of the anterior right 
ventricle [15].

Acute underperfusion of the right ventricular free wall and adjacent interven-
tricular septum leads to a stunned and noncompliant right ventricle. Loss of the 
right ventricular contractility results in a serious deficit in the left ventricular pre-
load with a resultant drop in cardiac output, thereby causing systemic 
hypotension.

Acute right ventricular dilatation causes a leftward shift of the interventricular 
septum, increasing left ventricular end-diastolic pressure with a resultant decrease 
in left ventricular compliance and cardiac output (Fig. 1.9).

a

c

b

Fig. 1.8 Subcostal view showing apical ventricular septal rupture with flow from the left ventricle 
to right ventricle: (a) color Doppler flow, (b) VSR defect seen with 2D imaging, (c) continuous-
wave Doppler demonstrating gradient across VSR

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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 Acute Mitral Regurgitation

Acute mitral regurgitation (MR) is another major fatal mechanical complication of 
acute myocardial infarction. The three main causes of MR in the setting of an AMI 
include ischemic papillary muscle dysfunction, papillary muscle or chordal rupture, 
and left ventricular dilatation [16].

Figure 1.10 demonstrates an apical four-chamber view of a transthoracic echo-
cardiogram showing mitral regurgitation as a result of an inferior wall myocardial 
infarction.

Figure 1.11 shows a ruptured papillary muscle resulting in severe mitral regurgi-
tation, requiring urgent surgical intervention.

 True Ventricular Aneurysm

In contrast to the acute complications of myocardial infarction, the chronic compli-
cations of AMI are not immediately life threatening. They have a different presenta-
tion and require different treatment. A true left ventricular aneurysm (LVA) is a 
common chronic complication of AMI that is important to diagnose.

Approximately 70–85% of LVAs are located in the anterior or apical walls, and 
in most cases are due to complete occlusion of the LAD coronary artery in the 
absence of collateralization. However, 10–15% of cases involve the inferior and 
basal walls due to right coronary artery occlusion. A rare finding is a lateral LVA, 
which is the result of an occluded left circumflex coronary artery.

LVA has been described as a well-delineated and distinct break (“hinge point”) 
in the LV geometry and contour present in both systole and diastole. The pathogno-
monic feature is a wide mouth that enables communication with the aneurysmal 
cavity (Figs. 1.12 and 1.13).

Fig. 1.9 Apical four-
chamber view of a 
transthoracic 
echocardiogram 
demonstrating a dilated 
and severely hypokinetic 
right ventricle compressing 
the left ventricle. RV right 
ventricle, RA right atrium, 
LV left ventricle, LA left 
atrium

E. Herzog et al.
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Fig. 1.10 Apical 
four-chamber view of a 
transthoracic 
echocardiogram showing 
mitral regurgitation as a 
result of an inferior wall 
myocardial infarction 
(arrow)

a b

Fig. 1.11 Papillary muscle rupture. (a) Apical four-chamber view showing ruptured head of the 
papillary muscle (arrow). (b) Apical three-chamber view with color Doppler demonstrating severe 
mitral regurgitation with large PISA radius. PISA Proximal isovelocity surface area

Although the size of an aneurysm varies widely, most are within 1–8  cm in 
diameter. The wall of the aneurysm typically consists of a hybrid of necrotic myo-
cardium and white fibrous scar tissue. This wall is extremely thin and delicate and 
may calcify over an extended period of time. Of note, it is imperative to distinguish 
between a LVA and a pseudoaneurysm, which is characterized by a narrow neck 
and has a distinct “shelf-like” opening.

 Left Ventricular Pseudoaneurysm

A left ventricular pseudoaneurysm (LVPA) or false aneurysm is a less common form of 
a ventricular aneurysm and presents in <1% of patients post-myocardial infarction.

An LVPA forms when cardiac rupture is contained by adherent pericardium or 
scar tissue. Unlike a true aneurysm, a LVPA is devoid of endocardium or myocardium 
and since these aneurysms are prone to rupture a quick and accurate diagnosis is of 
extreme importance. Unlike a true LVA whereby the walls consist of dense fibrous 

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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ba

c d

Diastole Systole

Fig. 1.12 (a–d) Apical four-chamber view in diastole (a) and systole (b) and with echo contrast, 
respectively (c, d), showing a large apical AMI with a large apical aneurysm with no clot

Fig. 1.13 Apical three-chamber view (left) obtained from transthoracic echocardiogram revealing 
a large left ventricular aneurysm, enhanced with color flow Doppler (right) establishing an area of 
communication between the normal left ventricle and the aneurysmal portion

E. Herzog et al.
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tissue with excellent tensile strength, the wall of a LVPA is comprised of thrombus 
and varying portions of the epicardium and parietal pericardium. It is the result of 
an AMI (typically an inferior or posterolateral wall AMI) with myocardial rupture 
and hemorrhage into the pericardial space, becoming progressively compressive. 
Cardiac tamponade occurs, thereby preventing further hemorrhage into the pericar-
dium. Over time, thrombus organizes with overall poor structural integrity, and thus 
is prone to inevitable rupture, which can be a fatal event [17].

Echocardiography can usually distinguish a pseudoaneurysm from a true aneu-
rysm by the appearance of a connection between the aneurysm and ventricular cavity. 
LVPA have a narrow neck, typically less than 40% of the maximal aneurysm diameter, 
which causes an abrupt interruption in the ventricular wall contour (Figs. 1.14 and 
1.15). In contrast, true aneurysms are nearly as wide at the neck as they are at the apex.

Fig. 1.15 Short-axis view 
from transesophageal 
echocardiogram depicting 
a large pseudoaneurysm 
(higher cavity). Notice the 
narrow “shelf-like” 
opening into the 
aneurysmal cavity

Fig. 1.14 Short-axis view 
of the left ventricle (lower 
cavity) during 
transesophageal 
echocardiography. Large 
pseudoaneurysm is seen 
(higher cavity). Notice the 
narrow “bottleneck” 
opening (arrow)

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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 Left Ventricular Thrombus

A mural LV thrombus is a common sequela of an AMI and most commonly develops 
in the presence of a large infarction. Thrombi are prone to originate in regions of 
stasis; they are most commonly noted to occur in the apex but may also occur in 
lateral and inferior aneurysms. Characteristically, a thrombus has a nonhomogeneous 
echo density with a margin distinct from the underlying wall, which is akinetic to 
dyskinetic (Figs. 1.16 and 1.17). A thrombus is more likely to occur following an 
AMI in the LAD artery distribution (up to 33%) than in regions supplied by the right 
coronary or circumflex coronary arteries (<1%).

 Echocardiography Acute Aortic Syndrome

Acute aortic syndrome (AAS)  represents a spectrum of life-threatening conditions 
with similar clinical presentation and the need for urgent management. It includes 
classic acute aortic dissection (CAAD), intramural hematoma (IMH), and penetrat-
ing aortic ulcer (PAU) [18, 19].

Fig. 1.16 Apical four-chamber views of a transthoracic echocardiogram from a 74-year-old 
patient 3 months following AMI (top). Notice the large protruding apical thrombus (arrow). Color 
flow imaging (bottom) may be used to demonstrate abnormal flow patterns

ba

Fig. 1.17 Apical four-chamber view of a transthoracic echocardiogram demonstrating a large left 
ventricular apical thrombus (a). Injection of an echo-contrast agent delineates the linear appear-
ance of this large apical thrombus (b)

E. Herzog et al.
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AAS is characterized by disruption of the media layer of the aorta and typically 
presents with acute chest pain.

Although the incidence of AAS is lower than that of ACS, AAS carries a higher 
mortality, and is therefore a critical component of the differential diagnosis of chest 
pain in the CCU. The International Registry of Acute Aortic Dissection (IRAD) was 
created in 1996 as a way to combine data acquired from multiple institutions in 
Europe, North America, and Asia [19]. The 2010 intersocietal guidelines for the 
diagnosis and management of patients with thoracic aortic disease propose a stan-
dard approach to the diagnosis and treatment of AAS [20].

While clinical history and physical exam are important, imaging is essential in 
the diagnosis of AAS.  Transesophageal echocardiography (TEE), computed 
tomography (CT), and magnetic resonance imaging (MRI) are the preferred imag-
ing modalities and angiography is rarely needed.

AAS is classified based on the location and extent of involvement of the aorta. 
Two commonly used classifications include the DeBakey and the Stanford systems. 
The DeBakey system divides aortic dissection into three types based on their ana-
tomical location. Type I originates in the ascending aorta and propagates beyond the 
aortic arch, type II is limited to the ascending aorta only, and type III is limited to 
the descending aorta [21]. The Stanford system divides aortic dissections into two 
types. Type A includes any dissection that involves the ascending aorta, while type 
B dissections are limited to the descending thoracic aorta [22]. The Stanford 
 classification appears to have wider acceptance and is now used for all three AAS 
types: CAAD, IMH, and PAU.

 Intramural Hematoma

IMH is defined by crescentic or circumferential thickening of the media layer of the 
aortic wall. IMH is likely due to ruptured vasa vasorum resulting in intramural 
bleeding but without a detectable intimal tear.

According to the IRAD experience, IMH typically presents with the symptoms 
of severe chest and back pain, similar to CAAD. However, IMH is less likely to 
result in severe aortic regurgitation and pulse deficits. IMH is usually unstable and 
may evolve into CAAD or regresses spontaneously; thus serial imaging is crucial. 
Stanford type B lesions in the descending aorta are more common than type A 
lesions in the ascending aorta (65% vs. 35% of all IMH, respectively) [19].

On TEE, IMH is diagnosed if there is regional thickening of the aortic wall 
>5  mm in a crescentic or circumferential pattern without an intimal flap or tear 
(Fig. 1.18a–c). Limitations of TEE in diagnosing IMH arise from the TEE’s  inability 
to visualize all portions of the aorta including the area around the origin of the bra-
chiocephalic artery and all but the most proximal portions of the abdominal aorta. 
TEE is very useful in diagnosing complications of IMH, such as pericardial effusion 
or aortic regurgitation.

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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 Classic Acute Aortic Dissection

CAAD is the most common form of AAS [20]. It occurs in approximately 66–75% 
of all AAS. The overall incidence of CAAD is low, and is estimated at 0.5–4.0 cases 
per 100,000 per year, and is thought to affect men more than women in a 2:1 ratio.

CAAD is characterized by an intimal tear, which leads to abnormal blood flow 
from the aortic lumen into the media. Consequently, there is longitudinal separa-
tion of the media layers by blood flow which tears an intimomedial flap from the 
 remainder of the aortic wall. This flap separates the abnormal false lumen from 
the true aortic lumen. Intimal tears typically occur at the locations within the 
aorta with the highest shear stress. These are the right side of the ascending aorta 
immediately distal to the ostium of the right coronary artery (type A dissections) 
(Fig.  1.19a–c), and immediately distal to the ostium of the subclavian artery 
adjacent to the insertion of the ligamentum arteriosus (type B dissections).

Complications such as aortic regurgitation and pericardial tamponade can occur, 
and over time chronic changes such as false lumen thrombosis and aneurysm are 
common.

The typical symptom of acute aortic dissection is “aortic pain” similar to other 
forms of AAS.  Acute, severe, tearing chest pain is the hallmark symptoms of 

a

c

b

Fig. 1.18 IMH on TEE, showing marked thickening of the aortic wall in a crescentic pattern with-
out an intimal flap or tear, at different TEE angles: (a) 0°, (b) 94°, (c) 124°

E. Herzog et al.
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a

c

b

Fig. 1.19 Type A ascending aortic dissection with a distinct dissection flap seen in the ascending 
aorta (a with arrow) prolapsing into the aortic valve (b with arrow) with evidence of severe aortic 
regurgitation (c)

CAAD. Pain limited to the chest is typical of type A CAAD and pain in the back is 
more often the symptom of type B CAAD.

TEE is useful in the diagnosis of CAAD especially when a CT with contrast can-
not be performed, such as in hemodynamically unstable patients or in patients who 
cannot tolerate iodinated intravenous contrast such as those with renal insufficiency 
or severe allergy. The reported sensitivity of TEE is 98% and specificity is 63–93%. 
Findings on TEE are a dissection flap separating the true and false lumen as well as 
the site of intimal tear represented by flow from the true lumen into the false lumen 
on color Doppler (Fig. 1.20a, b). Spectral Doppler may help corroborate the diagno-
sis by demonstrating “to and fro” flow into and out of the false lumen.

The true lumen is identified by its expansion with systole and contraction in 
diastole. The true lumen is often smaller than the false lumen. In early stages, the 
false lumen may be echo free or may contain spontaneous echo contrast (also known 
as “smoke”) due to stasis of blood flow. In later more chronic stages, the false lumen 
may be partly or completely obliterated by thrombus formation (Fig. 1.21a–d).

Complications of CAAD may be seen on echocardiography such as aortic regur-
gitation, pericardial effusion/tamponade, and wall motion abnormalities indicative 
of ischemia if there is coronary ostial involvement.

1 Echocardiographic Assessment of Acute Chest Pain in the CCU
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a b

Fig. 1.20 A dissection flap is seen in the descending thoracic aorta separating the true and false 
lumens; the site of intimal tear is represented by the flow from the true lumen into the false lumen 
on color Doppler

a b

c d

Fig. 1.21 Type B descending aortic dissection with a distinct dissection flap seen in the descend-
ing aorta (panel a). The true lumen is often smaller than the false lumen. In early stages (panel b), 
the false lumen may be echo free or may contain spontaneous echo contrast (also known as 
“smoke”) due to stasis of blood flow. In later more chronic stages, the false lumen may be partly or 
completely obliterated by thrombus formation (panels c, d)

E. Herzog et al.
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It is important not to confuse the intimomedial flap of CAAD with either artifacts 
or surrounding vascular structures. Linear reverberation artifacts in the ascending 
aorta should not be mistaken for type A aortic dissection. Typically, reverberation 
artifacts are located twice as deep as the anterior aortic wall. In addition, a dilated 
azygos vein adjacent to the descending thoracic aorta may give an illusion of a type 
B dissection. Color or spectral Doppler imaging in both instances may help distin-
guish true aortic dissection from its masqueraders.

 Penetrating Aortic Ulcer

Penetrating aortic ulcer (PAU) represents the process by which an atherosclerotic 
plaque erodes and penetrates through the elastic lamina into the media layer of the 
aorta, causing ulceration (Fig. 1.22a, b). PAU may further erode through the adven-
titia leading to either focal (pseudoaneurysm) or complete aortic rupture. Thrombus 
occasionally forms within PAU. In addition, PAU may lead to either IMH or aortic 
dissection, which is why PAU is characterized as an AAS.
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Chapter 2
Echocardiographic Assessment of Acute 
Dyspnea in the CCU

Edgar Argulian, Jagat Narula, and Eyal Herzog

Abstract Echocardiography is essential in evaluating patients with acute and sub-
acute dyspnea. Depending on the urgency and severity of patient’s condition the 
applications of echocardiography can range from immediate point-of-care ultra-
sound to assess for gross abnormalities (such as pericardial effusion) to detailed 
evaluation of underlying structural heart disease. We present a structured approach 
to evaluation of patients with acute and subacute dyspnea utilizing a wide range of 
echocardiographic techniques.

Keywords Dyspnea · Heart failure · Pericardial effusion · Pulmonary hypertension

 Introduction

Echocardiography is essential in evaluating patients with acute and subacute dys-
pnea. Depending on the urgency and severity of patient’s condition the applications 
of echocardiography can range from immediate point-of-care ultrasound to assess 
for gross abnormalities (such as pericardial effusion) to detailed evaluation of 
underlying structural heart disease. We present a structured approach to evaluation 
of patients with acute and subacute dyspnea utilizing a wide range of echocardio-
graphic techniques.

A long list of differential diagnoses including cardiac, respiratory, pulmonary, 
neurologic, and metabolic causes should be considered for nontraumatic shortness of 
breath in the acute care settings. Some of these causes are obvious upon initial evalu-
ation which includes history, physical examination, electrocardiogram, chest imag-
ing, and laboratory testing but many remain obscure. Echocardiography is an 
essential tool in evaluating possible cardiac causes of dyspnea due to its portability, 
time efficiency, and diagnostic accuracy. We advocate for structured and 
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 comprehensive echocardiographic evaluation of patients with suspected cardiac 
acute and subacute dyspnea in the acute care settings tailored to the urgency of evalu-
ation and specific clinical scenario (Table 2.1 and Fig. 2.1).

 Is There a Pericardial Effusion?

Pericardial effusion is present in a substantial proportion of patients (up to 20%) 
seen in the acute care settings such as emergency department [1]. When evaluating 
the hemodynamic impact of pericardial effusion one should take into account the 
acuity of presentation. Acute accumulation of fluid (within minutes to hours) rap-
idly exceeds the pericardial stretch limit and commonly presents as cardiogenic 
shock: acute or surgical tamponade requires immediate intervention. Chamber per-
foration during a percutaneous procedure is a good example of acute tamponade. 
When pericardial fluid accumulates slowly (within days to weeks) a large amount of 
fluid can be present without dramatic lowering of the cardiac output [2]. Dyspnea is 
the cardinal symptom of subacute pericardial tamponade but it is nonspecific. 
Clinical findings of tamponade include tachycardia, jugular venous distention, pul-
sus paradoxus, and diminished heart sounds and all lack both sensitivity and speci-
ficity [2]. While patients with acute (surgical) tamponade rapidly progress to 
cardiogenic shock, hypotension is rather uncommon in patients with subacute tam-
ponade who accumulate pericardial effusion within days to weeks. On the contrary, 
many patients are hypertensive due to high levels of circulating catecholamines in 
response to hemodynamic stress [3]. Therefore, echocardiography is currently the 
cornerstone of hemodynamic evaluation of pericardial effusion.

Diagnosis of pericardial effusion can be made with the point-of-care ultrasound 
with high sensitivity and specificity, even when the examination is done by a non- 
cardiologist [1]. On the other end, diagnosing tamponade physiology requires com-
prehensive echocardiography using 2D, Doppler, and M-mode examinations [2]. 

Table 2.1 Ultrasound 
modalities in evaluation of 
patients with suspected 
cardiac causes of acute and 
subacute shortness of breath

Point-of-care cardiac ultrasound
Comprehensive transthoracic echocardiogram
Limited/focused transthoracic echocardiogram 
(intracardiac device positioning, etc.)
Transesophageal echocardiogram
Contrast echocardiography
Stress echocardiogram including dobutamine 
echocardiography
Speckle-tracking echocardiography for assessment of 
myocardial mechanics
3D echocardiography
Lung ultrasound
Vascular ultrasound for intravenous access
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Displaying images for the full respiratory cycle, as opposed to single cardiac cycle, 
commonly highlight the hemodynamic effects of pericardial effusion.

The size of pericardial effusion seems to be an important but frequently underap-
preciated part of the echocardiographic assessment. In one study of hospitalized 
patients with pericardial effusion, the size of the effusion was the only independent 
predictor of adverse in-hospital outcomes in a multivariate model but not chamber 
collapse or inferior vena cava plethora [4]. Chamber collapse is a well-recognized 
phenomenon of pericardial tamponade but it has several pitfalls. Transient buckling 
of the right atrium is commonly seen in patients with pericardial effusion and it is 
not specific. A more sustained collapse of the right atrium lasting at least one-third 
of the cardiac cycle appears to be more specific for cardiac tamponade. Right ven-
tricular early diastolic collapse is a less sensitive finding but has a high specificity. 
Right ventricular outflow tract should be inspected carefully for the signs of col-

Stepwise approach

LV size and remodeling

Comprehensive assessment for pericardial
tamponade

Wall motion abnormality pattern
LV filling pressures
RA pressure and pulmonary pressures
RV function

RV size and contraction pattern
LV filling pressures

LVOT obstruction
Primary mitral regurgitation
Aortic regurgitation
Prosthetic valve dysfunction

Evidence of structural heart disease
LV filling pressures
RA pressure and pulmonary pressures
RV function
Myocardial mechanics
Constriction physiology

Clots in transit
Tricuspid regurgitation and pulmonary pressures
Right to left shunting

Secondary valvular abnormalities
Other complications (apical thrombus, etc)

Is LVEF reduced?

Is there pericardial effusion?

Is there an isolated RV
enlargement and dysfunction?

Is there significant valvular
disease?

Is there HFpEF?

Echocardiographic assessment

Fig. 2.1 Stepwise approach to echocardiographic assessment of patients with suspected cardiac 
dyspnea in acute care settings. This approach should be tailored to the urgency of situation and 
individual patient characteristics
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lapse since it is the thinnest area of the right ventricle and M-mode echocardiogra-
phy should be used for precise timing. Left-sided chamber collapse is much less 
sensitive but highly specific for tamponade. Importantly, a study by Merce et al. 
showed that 34% of patients with pericardial effusion but without clinical features 
of pericardial tamponade had at least one chamber collapse on echocardiography 
[5]. Therefore, in patients with pericardial effusion who have chamber collapse, one 
should carefully document respiratory flow variation across valves as a sign of ven-
tricular interdependence and interrogate the inferior vena cava size and collapsibil-
ity as a sign of elevated right-sided filling pressures (Fig. 2.2).

The diagnosis of subacute pericardial tamponade requires careful integration of 
both clinical and imaging data to establish the need for pericardial effusion drain-
age. We have proposed a score-based approach for evaluating the need for pericar-

a

b c

d e

Fig. 2.2 Assessment of pericardial effusion. While circumferential pericardial effusion is commonly 
easy to recognize by echocardiography (panel a, arrows), the assessment of tamponade physiology 
requires comprehensive echocardiography. M-mode echocardiography allows precise timing of 
events such as presence and duration of right atrial collapse in apical four-chamber view (panel b, 
arrows) and diastolic right ventricular outflow tract collapse timed against mitral valve opening and 
closing in modified parasternal long-axis view (panel c, arrows). Confirmatory signs include flow 
variation across the mitral valve (panel d) and inferior vena cava engorgement (panel e, arrow)
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dial effusion drainage that integrates three essential categories: etiology of the 
effusion, effusion size, and hemodynamic data by comprehensive echocardiography 
(Fig. 2.3) [6]. Similar to our original algorithm, the European Society of Cardiology 
suggested a stepwise scoring system to guide the decision-making which includes 
etiology, clinical presentation, and imaging findings [7]. While none of these 
approaches have rigorous clinical validation they underscore the need for compre-
hensive evaluation of multiple data points in suspected subacute tamponade before 
proceeding with pericardiocentesis.

Transesophageal echocardiogram may be required for diagnosing regional peri-
cardial tamponade due to localized effusion or clot causing cardiac chamber com-
pression if transthoracic windows are limited.

Echo
Hemodynamic
Findings

Etiologies

Score ≥ 4

RA Collapse >1/3 cardiac
cycle 1pt AND/OR Malignancy 1 pt

HIV/Immunocompromise
1pt
Non-Dx TIER2 tests 1 pt
Failing RX 1 pt
Recurrent  1 pt

Size of the effusion
at end-diastole:

Large Effusion (>2 cm)
3 pts

Moderate Effusion (1-2cm)
2 pts

RV diastolic collapse 2pt
IF YES-

Aortic Dissection 4 pt
Purulent effusion 4 pt
Trauma 4 pt

Respiratory flow variation
       across MV 1pt
IVC plethora 1pt

max 3 pt for above

Consider
Pericardial
drainage

Surgical
Management

Fig. 2.3 Pericardial effusion scoring index. This index represents a qualitative tool to assist in 
decision-making for draining pericardial effusion in patients with moderate-to-large pericardial 
effusion. Dx diagnostic, HIV human immunodeficiency virus, RA right atrium, RV right ventricle, 
Rx treatment, pt point
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 Is the Left Ventricular Systolic Function Reduced?

Bedside determination of the left ventricular size and LVEF is the key diagnostic 
step in evaluating patients with suspected cardiac dyspnea. Several studies have 
demonstrated feasibility of accurate estimation of the global LV systolic function 
using point-of-care ultrasound by non-cardiologists [1]. Further characterization of 
these patients requires comprehensive echocardiography to outline the distribution 
and pattern of wall motion abnormalities and estimate cardiac filling pressures.

The left ventricular size and global function can be estimated by various echo-
cardiographic techniques with varying degrees of accuracy. Linear measurements 
(like left ventricular end-diastolic diameter) are quick and easy to perform but 
assume symmetric left ventricular remodeling and rely on accurate alignment of the 
measurement angle [8]. Unenhanced 2D biplane planimetry requires operator expe-
rience and has several important limitations (geometric assumption, orthogonal ori-
entation of the planes, apical foreshortening, and accurate endocardial border 
definition); it significantly underestimates left ventricular volumes compared to 
cardiac magnetic resonance. Use of 3D echocardiography may allow for more accu-
rate volume and LVEF estimation but this technique depends on acoustic windows 
and operator experience. More importantly, contrast echocardiography has been 
shown to increase the percentage of interpretable studies, which is especially rele-
vant to acute care settings [9]. Also, it improves the accuracy of left ventricular 
volume estimation and left ventricular functional assessment. The use of contrast 
echocardiography results in marked reduction in the interreader variability in the 
settings of 2D and possibly 3D echocardiography. In one multicenter study, the 
mean percentage of interreader variability for LVEF estimation was reduced from 
14.3% for unenhanced 2D echocardiography to 8.0% for contrast-enhanced 2D 
echocardiography, a similar level as for cardiac magnetic resonance [10]. Finally, 
contrast enhancement helps to identify other high-risk findings such as a localized 
myocardial perfusion abnormality, apical thrombus, left ventricular aneurysm, and 
pseudoaneurysm (Fig. 2.4). While interpreting the echocardiogram one should rec-
ognize that the measures of left ventricular size and performance can be affected by 
the use of vasoactive and inotropic agents [9].

Shortness of breath can be the sole manifestation of acute coronary syndrome. 
The specific pattern of wall motion abnormalities in this group of patients com-
monly suggests the presence of coronary artery disease. In patients with stress- 
induced cardiomyopathy echocardiographic findings are usually suggestive but not 
pathognomonic for diagnosis. In addition to the typical variant (apical ballooning), 
other less common variants have been widely described and can be recognized by 
echocardiographic abnormalities not fitting into a common coronary artery distribu-
tion [9]. Speckle-tracking echocardiography can be used to quantify the degree of 
longitudinal systolic dysfunction and delineate the extent of myocardial involve-
ment (Fig. 2.5).

Right ventricular dilation and dysfunction have important prognostic signifi-
cance in patients with left ventricular systolic dysfunction, including patients con-
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sidered for advanced heart failure therapies. Right ventricular functional 
assessment is commonly performed using M-mode and tissue Doppler interroga-
tion of the tricuspid annulus as well as fractional area change using 2D echocar-
diography. Longitudinal strain of the right ventricular free wall obtained using 
speckle-tracking echocardiography and right ventricular ejection fraction obtained 
using 3D echocardiography are promising new techniques that require further 
clinical validation [8].

Secondary valvular abnormalities such as secondary mitral regurgitation and tri-
cuspid regurgitation due to right ventricular dilation are commonly seen in patients 
with systolic left ventricular failure and should be routinely quantified during compre-
hensive echocardiography. Secondary valvular abnormalities are dynamic in nature 
and their severity changes with loading conditions and in response to the therapy.

c

a b

d

Fig. 2.4 Advantages of contrast echocardiography. Suboptimal echocardiographic image quality 
is not uncommon in acute care settings making assessment of left ventricular size and function 
difficult (panel a). Use of echocardiographic echocardiography greatly increases the percentage of 
interpretable studies (panel b). Contrast echocardiography also facilitates the recognition of high- 
risk findings such as left ventricular apical thrombus (panel c, arrow) and left ventricular pseudoa-
neurysm (panel d, arrow)
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Hemodynamic assessment is the routine part of echocardiographic evaluation in 
patients with reduced left ventricular ejection fraction since routine invasive assess-
ment is not justified. Decreased cardiac output is commonly reflected by low left 
ventricular outflow tract velocity time integral (<15 cm). Increased left ventricular 
filling pressures are suggested by high E-wave velocity, short E-wave deceleration 
time (<150 ms), pseudonormal or restrictive mitral inflow pattern, high E/e′ ratio, 
diastolic-predominant pulmonary venous flow, increased tricuspid regurgitant 
velocity (>3.2 m/s), and increased end-diastolic pulmonary regurgitation velocity 
(Fig. 2.6). Elevated right atrial pressure in non-ventilated patients is suggested by 
engorged inferior vena cava with decreased respiratory collapsibility. On the other 
hand, in patients with left ventricular systolic dysfunction who have impaired relax-
ation mitral inflow pattern, low E-wave velocity (<50 cm/s) and systolic- predominant 
pulmonary venous flow left ventricular filling pressures are likely not elevated.

Transthoracic lung ultrasound can be performed bedside to evaluate pleural effu-
sions in patients with suspected heart failure. Also, multiple sonographic B-lines 
(“comets”) are consistent with interstitial pulmonary edema [9].

a

c d e

b

Fig. 2.5 Echocardiographic findings in stress-induced cardiomyopathy. A large area of apical 
akinesis is seen on the end-systolic frame (panel a, arrow). Speckle-tracking echocardiography 
demonstrates reduction in the global longitudinal strain due to markedly decreased strain values in 
the apical and mid- ventricular segments (panel b). Further interrogation reveals systolic anterior 
motion of the mitral valve with mitral-septal contact in mid-systole (panel c). Color Doppler dem-
onstrates characteristic V sign (panel d) due to turbulence in the left ventricular outflow tract (blue 
arrow) and posteriorly directed secondary mitral regurgitation (white arrow). Spectral Doppler 
interrogation reveals high left ventricular outflow gradient (panel e)
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 Is There an Isolated Right Ventricular Dysfunction?

Right ventricular enlargement and hypokinesis with preserved LVEF in patients 
who presents with acute/subacute shortness of breath suggest pulmonary embo-
lism. Right ventricular enlargement can be quickly assessed bedside by compar-
ing right ventricular and left ventricular diameters or end-diastolic areas in the 
apical four- chamber view. In short-axis views, D-shaped deformation of the 
interventricular septum and paradoxical septal motion can be observed with sig-
nificant pulmonary embolism. Rarely, thrombi can be seen trapped in the right 
atrium, right ventricle, or the pulmonary artery. Right ventricular motion can 
demonstrate free wall hypokinesis with relative apical sparing (McConnell’s 
sign) but this is not a specific finding [9]. In hemodynamically stable patients 
suspected of having pulmonary embolism normal transthoracic echocardiogram 
does not exclude pulmonary embolism but evidence of right ventricular strain 
puts patients into a high-risk group. On the other hand, in hemodynamically 
unstable patients normal right ventricular size and function make massive pul-
monary embolism highly unlikely.

a

d e f

b c

Fig. 2.6 Hemodynamic assessment in patients with shortness of breath and reduced left ventricu-
lar ejection fraction. Increased E velocity, high E/A ratio, and short E-wave deceleration time are 
seen (panel a). These findings coupled with low tissue Doppler e′ velocity (panel b) and increased 
E/e′ ratio suggest increased left ventricular filling pressures. This is further confirmed by high tri-
cuspid regurgitant velocity (panel c), high end-diastolic pulmonary regurgitant velocity (panel e), 
and D-predominant pulmonary venous flow (panel f). Low left ventricular outflow tract velocity 
time integral (panel d) and low tissue Doppler S velocity (panel b) are consistent with reduced left 
ventricular systolic performance
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Hemodynamic assessment of patients with suspected pulmonary hypertension 
and right ventricular failure includes interrogation of mitral inflow and estimation of 
pulmonary artery systolic pressure. In patients with pulmonary embolism and other 
causes of pulmonary hypertension not related to left ventricular failure the mitral 
inflow pattern commonly demonstrates low E-wave velocity and E/A ratio reversal 
due to “underfilled” left ventricle but the examination can be limited due to 
tachycardia- induced E- and A-wave fusion or atrial fibrillation. Estimation of the 
pulmonary artery systolic pressure is based on the tricuspid regurgitant velocity and 
inferior vena cava-based assessment of the right atrial pressure. In general, pulmo-
nary artery systolic pressure is estimated at a mild-to-moderate range (40–50 mmHg) 
in patients with significant pulmonary embolism but it can be higher in patients with 
preexisting pulmonary hypertension.

The accuracy of echocardiography-based estimation of the pulmonary artery 
systolic pressure has been debated but it is generally reliable with experienced read-
ers. The following caveats highlight the difficulties of reliable estimation of the 
pulmonary pressures: (1) incomplete tricuspid regurgitation signal, especially in 
patients with lung disease; (2) failure to obtain the highest tricuspid regurgitation 
velocity from an off-angle view; (3) presence of severe tricuspid regurgitation; and 
(4) inaccurate estimation of right atrial pressure. It has been suggested that the echo-
cardiographic estimation is less accurate in patients with right-heart disease but one 
study reported a high correlation between echocardiography and invasive assess-
ment with experienced readers (the area under the curve for classifying pulmonary 
hypertension was 0.97) [11]. In that study, only 61% of tricuspid regurgitant jets 
were deemed interpretable.

Assessment of right atrial pressure by 2D echocardiography using inferior vena 
cava diameter and collapsibility is currently recommended by the guidelines but the 
accuracy of this approach is modest (Table 2.2). In one study, the ratio of short and 
long diameters of the inferior vena cava in cross section obtained by 3D echocar-
diography has a high diagnostic accuracy reaching area under the curve of 0.98 
(P < 0.01) to detect central venous pressure ≥10 mmHg (Fig. 2.7) [12]. Also, esti-
mations of the right atrial pressure were more accurately reclassified using the 
3D-derived cross-sectional morphology of the inferior vena cava rather than tradi-
tional 2D grading (net reclassification improvement, 0.38, p < 0.01).

Table 2.2 Estimating right 
atrial pressure based on the 
inferior vena cava size 
(1–2 cm from right atrial 
junction) and collapsibility

Inferior vena cava size and 
collapsibility

Estimate of right atrial 
pressure

Dilated (>2.1 cm) and little 
collapsibility (<50%)

Elevated (10–20 mmHg)

Normal (< 2.1 cm) but little 
collapsibility (<50%)

Intermediate (5–10 mmHg)

Dilated (>2.1 cm) but 
collapsible (>50%)
Normal (<2.1 cm) and 
collapsible (>50%)

Normal/low (0–5 mmHg)
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 Are There Any Significant Valvular Abnormalities?

Primary valvular abnormalities can cause acute/subacute shortness of breath and 
may require urgent lifesaving intervention; therefore, prompt recognition of sig-
nificant valvular disease is imperative when dealing with patients in acute set-
tings. Echocardiography constitutes the cornerstone of the initial evaluation since 
history and physical examination findings can be nonspecific and unimpressive.

Valvular diseases causing flow obstruction include dynamic LVOT obstruction 
by systolic anterior motion of the mitral valve, high-grade aortic stenosis, and mitral 
stenosis. Dynamic LVOT obstruction is commonly believed to be associated with 

S

L

S/L

a b

c d

Fig. 2.7 Estimation of the right atrial pressure using cross-sectional imaging of the inferior vena 
cava. A cross-sectional cut of the inferior vena cava is rendered using 3D echocardiography dataset 
obtained from the subcostal view (panel a). The ratio of the short (S) to long (L) diameter can then 
be determined (panel b). Patients with normal right atrial pressure (<10 mmHg) typically have an 
ovoid shape of the inferior vena cava (S/L < 0.69) (panel c) while patients with elevated right atrial 
pressure have a round shape (panel d)
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hypertrophic cardiomyopathy and significant left ventricular hypertrophy with 
small cavity size; acute severe resting LVOT obstruction in these patients is a life- 
threatening condition commonly precipitated by volume depletion [9]. It can also be 
seen acutely in patients after valve surgery, with acute myocardial infarction and 
stress-induced cardiomyopathy. On 2D echocardiographic imaging, the systolic 
anterior motion of the mitral valve with mitral septal contact is seen (Fig. 2.5, panel 
c). Color Doppler imaging demonstrates turbulence in LVOT, commonly with a 
posteriorly directed jet of secondary mitral regurgitation (“V sign,” Fig. 2.5, panel 
d). Spectral Doppler recording identifies the late-peaking envelope of dynamic 
obstruction (Fig. 2.5, panel e).

High-grade aortic stenosis and mitral stenosis are typically long-standing chronic 
conditions with the rare exception of rapidly growing cardiac masses causing 
obstruction (like large vegetations). At the same time, compensatory mechanisms 
that develop in these patients can rapidly fail in the settings of relatively minor 
hemodynamic insults (infection, pregnancy, arrhythmia, etc.) resulting in acute 
decompensation. For example, atrial fibrillation can cause acute pulmonary edema 
in patients with long-standing compensated high-grade mitral stenosis. Therefore, 
immediate recognition of the underlying valvular abnormality is essential in manag-
ing these patients. On the contrary, acute left-sided regurgitant lesions develop in 
patients without compensatory mechanisms (normal left ventricular and left atrial 
size and compliance) and typically precipitate immediate and severe clinical 
decompensation.

Acute primary mitral regurgitation can result from papillary muscle rupture, flail 
leaflet from spontaneous chordal rupture, and leaflet destruction and perforation due 
to infective endocarditis. Physical examination is notoriously nonspecific in these 
patients: the murmur can be soft and unimpressive due to rapid equilibration of left 
ventricular and atrial pressures. Transthoracic echocardiography typically reveals 
normal left ventricular size, hyperdynamic left ventricular function, and high 
E-wave velocities. The structural mitral valve pathology can be obvious (like large 
vegetation) or less impressive (non-midline flail segments) (Fig. 2.8). Truncated, 
triangular shape of mitral regurgitation on spectral Doppler recording can be seen. 
Systolic flow reversal in pulmonary veins can also be seen. The jet of mitral regur-
gitation can be highly eccentric and not readily appreciated on technically difficult 
transthoracic imaging; therefore, transesophageal echocardiography should be used 
with a high index of suspicion and inconclusive transthoracic echocardiogram. 
Transesophageal echocardiogram easily delineates the cause and extent of mitral 
valve pathology, especially with the use of 3D echocardiography. The estimation of 
the regurgitation severity should focus on quantitative (PISA, EROA) rather than 
qualitative measures (color Doppler area) and can be aided by 3D-guided planime-
try of the vena contracta area.

Acute aortic regurgitation can result from aortic dissection, infective endocar-
ditis, and traumatic or spontaneous flail aortic leaflet. Transthoracic echocardiog-
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raphy can identify the structural valve problem and demonstrate the jet of aortic 
regurgitation. Hemodynamic assessment typically reveals high E-wave velocities 
and early closure of the mitral valve, sometimes with diastolic mitral regurgitation 
due to markedly elevated left ventricular diastolic pressures. A short pressure 
halftime of the aortic regurgitant jet (<200 ms) and holodiastolic flow reversal in 
the descending aorta may also be seen. Transesophageal echocardiography may 
be necessary to confirm the diagnosis, especially if the transthoracic study is 
suboptimal.

Prosthetic valve dysfunction should be suspected in any patients with prior 
valve surgery who present with acute and subacute shortness of breath. The 

a b

c

Fig. 2.8 Echocardiographic evaluation of mitral regurgitation. Transesophageal 3D echocardiog-
raphy with en face view of the mitral valve reveals isolated flail of P3 segment of the posterior 
leaflet (panel a). A highly eccentric jet of mitral regurgitation is seen by color Doppler (panel b). 
3D-guided 2D planimetry demonstrates rounded vena contracta with area of 0.46 cm2 consistent 
with severe mitral regurgitation
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common causes of acute prosthetic valve dysfunction include thrombosis, infec-
tive endocarditis, structural valve failure, and valve dehiscence. Long-standing 
prosthetic valve pathologies like pannus formation and patient-prosthetic mis-
match can also predispose to acute deterioration with other precipitating condi-
tions (like infection, arrhythmia). Identification of prosthetic valve dysfunction 
and differentiation from physiologic states (such as elevated transvalvular gra-
dients due to a high-flow state in a septic patient) require a high level of imaging 
expertise. Retrieval of operative/procedural records and prior echocardiograms 
can be crucial for decision-making. Transthoracic echocardiography can be lim-
ited by the acoustic windows as well as reverberation and shadowing artifacts 
created by prosthetic material. Therefore, the threshold for obtaining trans-
esophageal echocardiogram in any patient with suspected prosthetic valve dys-
function should be low.

Left-sided prosthetic valve regurgitation can be intraprosthetic or parapros-
thetic. Of note, endocarditis of the prosthetic valve commonly results in paraval-
vular involvement and is less likely to produce vegetations compared to native 
valve endocarditis. Echocardiography supplemented by 3D imaging can identify 
the anatomic cause of valvular dysfunction, especially with the mitral valve 
pathology, and can help to quantify the degree of regurgitation. In patients with 
large paraprosthetic leaks abnormal mobility of the valve (“rocking”) is com-
monly seen. Quantitative assessment of paraprosthetic mitral valve regurgitation 
is typically possible using Doppler-derived measurements similar to native valve 
regurgitation. Quantification is more difficult in paraprosthetic aortic valve regur-
gitation; using the degree of prosthetic valve regurgitation circumference on the 
short-axis view has been suggested but it lacks rigorous validation [9]. Three-
dimensional planimetry of the vena contracta area may also be feasible and can be 
especially useful for multiple jets. Increased transvalvular gradients are com-
monly seen with prosthetic valve regurgitation in the absence of obstruction. 
Careful assessment of the pressure halftime (for mitral regurgitation) and dimen-
sionless velocity index and acceleration time (for aortic valve) helps in differen-
tial diagnosis.

Left-sided prosthetic valve obstruction causes elevated transvalvular gradi-
ents; as mentioned above, it should be differentiated from other causes of ele-
vated gradients such as patient-prosthetic mismatch, pathologic prosthetic valve 
regurgitation, and high-flow states. Prosthetic valve thrombosis has been tradi-
tionally associated with mechanical valves but it has been increasingly recog-
nized with bioprosthetic valve, including transcatheter valves (Fig.  2.9). The 
mitral valve can be evaluated with high accuracy using transesophageal echocar-
diography while the assessment of a prosthetic aortic valve, especially in patients 
with both mitral and aortic prosthetic valves, can be very challenging and may 
require other imaging modalities (such as fluoroscopy for assessment of mechan-
ical leaflet mobility or CT scan for assessment of mechanical and bioprosthetic 
aortic valves).
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 Is There a Heart Failure with Preserved Ejection Fraction?

Heart failure with preserved ejection fraction, also known as “diastolic” heart fail-
ure, is a fashionable diagnosis. There is a common misconception that this pheno-
type is solely related to decreased compliance and impaired relaxation properties of 
the left ventricle. Interestingly, diastolic dysfunction as assessed by echocardiogra-
phy is quite prevalent in elderly, mostly asymptomatic population. On the other 
hand, trials of heart failure with preserved ejection fraction enrolled a significant 
proportion of patients that lacked well-established echocardiographic markers of 
diastolic dysfunction [13]. In reality, heart failure with preserved ejection fraction is 
a complex phenotype with varying contribution of cardiac, vascular, and extracar-
diac components. Echocardiographic assessment of patients with suspected heart 
failure, in addition to confirming preserved ejection fraction, should focus on the 
evidence of structural heart disease and hemodynamic assessment. Patients with 
this phenotype commonly have enlarged left atrium, left ventricular hypertrophy, 
and decreased e′ velocities. Assessment of the right ventricle and estimation of the 
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Fig. 2.9 Prosthetic mitral valve thrombosis. A patient with mechanical mitral valve thrombosis 
(panels a–d). A large thrombus (arrow) is seen on 2D transesophageal echocardiogram (panel a) 
that obstructs the flow (arrow) and results in filling only through the opening of the non-obstructed 
strut of the valve (panel b). Elevated transmitral gradients are seen (panel c). Three-dimensional 
transesophageal echocardiogram confirms immobility of the obstructed strut (panel d). A patient 
with bioprosthetic mitral valve thrombosis (panels e, f). An immobile leaflet of the valve is seen on 
3D transesophageal echocardiogram due to thrombosis (panel e). Complete restoration of leaflet 
mobility and normal valve functioning are seen after 6 weeks of anticoagulation with a vitamin K 
antagonist (panel f)
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pulmonary pressures provide important clinical information. While traditional 
echocardiographic markers of diastolic dysfunction may be useful in these patients 
their accuracy is limited. Isolated application of diastolic indices (such as E/e′ ratio) 
in patients with preserved ejection fraction and unexplained dyspnea showed poor 
discrimination in identifying patients with heart failure as confirmed with invasive 
estimation of left ventricular filling pressures [14]. More importantly, studies have 
identified specific patterns of impaired myocardial mechanics characteristic for this 
phenotype using speckle-tracking echocardiography [15]. Many traditional cardio-
vascular risk factors affect the inner layer myocardial performance resulting in 
attenuation of the global longitudinal strain early in the disease course while cir-
cumferential strain and left ventricular twist are preserved or exaggerated. It has 
also been suggested that decrease in circumferential strain may indicate the transi-
tion to the clinical phenotype of heart failure with preserved ejection fraction 
(Fig. 2.10) [16]. In addition, heterogeneity of the longitudinal strain pattern with 
apical sparing and increased LVEF to longitudinal strain ratio may suggest the pres-
ence of cardiac amyloidosis. Speckle-tracking echocardiography may also help in 

a b

c d

Fig. 2.10 Echocardiographic findings in a patient with heart failure with preserved ejection frac-
tion. Two-dimensional echocardiogram demonstrates increased left ventricular mass, enlarged left 
atrium, and preserved left ventricular ejection fraction (panel a). Global longitudinal strain is sig-
nificantly decreased (panel b). There is also impairment of the circumferential strain (panel c) 
while the left ventricular twist is exaggerated (panel d, arrow)

E. Argulian et al.
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differentiating restrictive cardiomyopathy from constrictive pericarditis. While lon-
gitudinal strain is a highly reproducible tool which has been integrated into the 
clinical guidelines other aspects of myocardial mechanics obtained by speckle-
tracking echocardiography are less reproducible and require further validation 
before widespread clinical use [15].

Heart failure societies have recognized the entity of heart failure with midrange 
ejection fraction. While it could truly be an overlap between two distinct heart fail-
ure phenotypes the best clinical approach to this entity is unknown. Moreover, fur-
ther echocardiographic studies may shift the traditional thinking about heart failure 
from left ventricular ejection fraction estimation to more precise characterization of 
myocardial mechanics [15].
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Chapter 3
The Arrhythmia Patient in the  
CCU – Impact of Echocardiography

Alan Sugrue, Subir Bhatia, Vaibhav Vaidya, and Sam Asirvatham

Abstract Echocardiography is an essential tool in patients with cardiac arrhyth-
mias, particularly in the critical care environment. It plays an important role in the 
etiological assessment, prognosis, and risk stratification of patients with arrhyth-
mias. In this chapter, we discuss the key role of echocardiography in the arrhythmic 
patient in the coronary care unit.

Keywords Atrial fibrillation · Syncope · Ventricular tachycardia

 Introduction

Echocardiography is an essential part of both the cardiologist and electrophysiolo-
gist armamentarium, particularly in the coronary care unit and in patients with car-
diac arrhythmias. Historically, the use of echocardiography in patients with 
arrhythmias dates back to the 1980s where M mode was used to augment clinical 
decision-making in patients with wide complex tachycardias [1]. The expansion of 
echocardiography techniques and the availability of multiple echocardiography 
modalities (transthoracic, transesophageal, pocket-sized devices) have shaped echo-
cardiography to be a critical tool for day-to-day practice. Echocardiography is par-
ticularly an attractive imaging modality; it is inexpensive, noninvasive and can be 
rapidly performed at the bedside.
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Cardiac arrhythmias are common in the critical care setting and are often a con-
sequence of or associated with a wide spectrum of structural heart disease, both 
congenital and acquired. Echocardiography enables easy, safe anatomical and func-
tional assessment for structural heart disease through examination of the left and 
right cardiac chambers, myocardium, pericardium, cardiac valves, and great ves-
sels. This assessment can help determine the etiologies of arrhythmias through 
detection of structural heart disease. Further, it can help augment medical decisions,  
guide prognosis and risk stratification. In this chapter, we discuss the role of echo-
cardiography in the critical care setting focusing on patients with cardiac arrhyth-
mias. Specifically, we discuss tachycardias (particularly atrial fibrillation and 
ventricular tachycardia), cardiac arrest, implantable cardioverter defibrillator (ICD) 
shocks, and bradyarrhythmias. Finally, we examine the emerging role of echocar-
diography in patients post-cardiac ablation.

 Atrial Fibrillation

Echocardiography is fundamental to the management of patients with atrial fibrilla-
tion (AF) in both the acute and chronic setting. In the acute critical care setting, 
echocardiography has the ability to not only detect abnormalities in cardiac function 
and structure, but also guide management decisions (rate vs. rhythm control), as 
well as aid in risk stratification (Table 3.1). While transthoracic echocardiography 
(TTE) is often the first-line modality, transesophageal echocardiography (TEE) is 
useful for thrombus and valvular disease assessment.

 Etiology

Determining underlying abnormities which could predispose to AF is vital. 
Echocardiography should be used to help identify valvular heart disease (in 

Table 3.1 Echocardiographic features in atrial fibrillation and their corresponding clinical values

Echocardiogram feature Value

Ejection fraction (EF) Guide pharmacological therapy
Mitral valve
  Stenosis Guide anticoagulation
  Regurgitation Assess EF to ensure no left ventricular dysfunction
E/e′ ratio Assess for diastolic dysfunction
Left atrial volume index Guide pharmacological therapy
Large transmitral A wave May derive benefit from sinus rhythm
Thrombus Contraindication to DC cardioversion
Spontaneous echo contrast Risk factor for thrombus formation
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particular mitral valve disease), and assess for diastolic dysfunction, left ventricular 
systolic dysfunction, atrial size, and right-heart function.

In the assessment of the mitral valve, one should pay close attention to the mitral 
valve morphology, annulus, commissures, and papillary muscles. If mitral regurgi-
tation (MR) is present, determination of whether it is due to a primary and secondary 
etiology is important. A high ejection fraction (EF), often in the range of 60–75%, 
is often observed in MR. Therefore the observation of a normal EF in a patient with 
MR (50–65%) should imply left ventricular (LV) dysfunction, which would conse-
quently impact treatment decisions (as discussed below). Mitral stenosis (Fig. 3.1), 
if present, can be detected by the classic hockey stick deformity of the mitral valve 
leaflets in the parasternal long-axis view or fish mouth on short axis and its presence 
has significant implications, particularly in regard to anticoagulation.

Global LV systolic assessment also has important etiologic, prognostic, and 
management implications and should be calculated from end-diastolic volume and 
end-systolic volumes (disc summation or biplane Simpson method are the most 
commonly used). The validity of systolic function indices in patients with AF is 
limited due to loss of synchronized atrial contraction, altered left atrial pressure, 
and irregular RR intervals [2]. Therefore understanding how and when to acquire 
measurements in order to accurately identify LV dysfunction in AF patients is 
critical. Present consensus opinion, published by the American Society of 
Echocardiography and the European Association of Cardiovascular Imaging [3], 
suggests a minimum of five beats in AF patients. Assessment of diastolic function 
is equivocally important, as up to 70% of patients with heart failure with a pre-
served ejection fraction (HFpEF) have a history of AF [4]. For assessment of dia-
stolic dysfunction, the mitral inflow is fundamental; however in AF, atrial 
contraction is lost. Consequently, there is no transmitral A (mitral end-diastolic 
inflow) velocity (Fig. 3.2) and no pulmonary Ar (pulmonary vein reversal flow) 
velocity which means these indices cannot be applied. Thus, different parameters 
have been proposed. The E/e′ ratio (Fig. 3.2) has been demonstrated to be an accu-
rate estimate of LV filling pressures in patients with AF and is largely used in 

Fig. 3.1 Mitral stenosis on 
parasternal long axis. 
Arrow—classic “hockey 
stick” shape of the anterior 
leaflet of the mitral valve. 
Note that the LA is dilated. 
LA left atrium, LV left 
ventricle
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clinical practice [5]. Lastly, RA volume should be assessed and is a key measure 
that is advised by the 2015 ASE/EACVI recommendations [3].

 Management

The echocardiogram can facilitate patient discussions and should play a part of 
shared decision-making when it comes to management of AF (Fig. 3.3). In hemody-
namically stable patients in the critical care setting, rate control is often the pre-
ferred choice; however, there are many benefits to rhythm control and this approach 
is often underutilized.

 Rate Control

If a rate control strategy is employed, in patients with a reduced EF, beta-blockers 
or digoxin would be the preferred agent. Of note, digoxin should not be used as 
monotherapy [6]. In the acute setting, such as critically ill patients and those with 
severely impaired LV systolic function, intravenous amiodarone can be used and 
has been shown to be reasonably efficacious [7].

 Rhythm Control

Echocardiography can help with antiarrhythmic drug selection and selection of 
appropriate candidates.

Firstly, assessment of left atrial (LA) size is critical as the presence of an enlarged 
left atrium (defined as LA volume index of >34 ml/m2) decreases the probability that 

Fig. 3.2 Transmitral pulsed-wave Doppler spectral tracing demonstrating E wave with loss of A 
wave in a patient with atrial fibrillation (left). Mitral annular tissue Doppler spectral tracing show-
ing E′ velocity = 0.08 m/s. E/e′ is 16, suggestive of increased left ventricular filling pressures (right)
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long- term maintenance of sinus rhythm will be successful, with severe atrial 
enlargement >60 mm defining those at greatest risk [8]. In these patients the goal of 
achieving sinus rhythm may be unfeasible and a rhythm approach may not be the 
best option. Secondly, examination of a prior echocardiogram when the patient is in 
sinus rhythm (if available) may highlight the relative atrial contribution to left ven-
tricular filling. In patients with a relatively high/large transmitral A wave, the con-
tribution of left atrial systole to left ventricular filling is greater and these patients 
may derive hemodynamic benefit from rhythm control.

In guiding antiarrhythmic drug selection, echocardiography is invaluable. In a 
patient with reduced EF, dofetilide and amiodarone are the only approved drug 
options. Importantly, class I drugs and dronedarone are contraindicated in patients 
with ischemic or structural heart disease because of concerns for ventricular 
 proarrhythmia and increased mortality [9]. If left ventricular hypertrophy is detected 
(>1.4  cm interventricular septal thickness), class I and class III antiarrhythmics 
should be avoided and amiodarone would be the drug of choice. Although not 
widely studied in this population, dronedarone is reported to be a reasonable option 
[10]. Those with no underlying structural heart disease have the most options for 
rhythm drug therapy with class IC or class III antiarrhythmics preferred (particu-
larly sotalol and dofetilide).

Atrial Fibrillation

Assess:
- Valvular heart disease
         (particularly mitral valve)
- Diastolic Dysfunction
- Systolic Dysfunction
- Atrial Size
- Right Heart function

Rate Control

HFrEF

Beta Blockers

Digitalis

CAD or
no heart disease

Beta Blockers

Diltiazem

Verapamil

Digoxin

Rhythm Control

Echocardiogram markers of
unlikely maintenance of SR:
- LA dimensions >6.0cm 
- Significant mitral valve 

disease

HFrEF CAD No Heart disease

Amiodarone

Dofetilide 

Digoxin

Dronedarone

Dofetilide

Sotalol 

Flecainide

Ibutilide

Propafenone

Sotalol

Dofetilide

Dronedarone

LVH

Dronedarone

Amiodarone 

Fig. 3.3 Management of atrial fibrillation. SR sinus rhythm, HFrEF heart failure with reduced 
ejection fraction, CAD coronary artery disease, LVH left ventricular hypertrophy, LA left atrium
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 Anticoagulation

Apart from helping guide rate or rhythm control, echocardiography can augment 
clinical decisions regarding anticoagulation by assisting in reducing thromboem-
bolic (TE) complications with cardioversion and enhancing TE risk stratification.

In the cardioversion setting, TEE is the backbone imaging modality and provides 
excellent identification and characterization of the  left atrial appendage (LAA) with 
accurate thrombosis detection (Fig. 3.4) [11]. The finding of thrombus on TEE is an 
absolute contraindication to DC cardioversion. Echocardiography can also detect 
spontaneous echo contrast (SEC), which is considered to be a strong risk factor for, 
and often the preceding stage to, thrombus formation [12]. Guidelines do not address 
whether patients with SEC without thrombus can be safely cardioverted and clinical 
practice in this regard varies. TEE also enables assessment of other factors associ-
ated with TE, specifically reduced LAA flow velocity [13] (less than 20 cm/s) and 
complex aortic atheroma or plaque [14]. In terms of further TE risk stratification, 
echocardiography was historically limited to detection of a reduced EF which would 
give a point per the CHA2DS2-VASc score. Although there have been emerging 
studies on other echocardiographic factors which could further augment and sug-
gest the likelihood of LAA thrombus [15, 16], these are not widely used clinically 
at present. Lastly, it is important to be cognizant that application of the CHA2DS2- 
VASc score for the decision regarding anticoagulation presumes that the underlying 
AF is not due to valvular heart disease. AF is defined as valvular when associated 
with rheumatic mitral stenosis, a mechanical or bioprosthetic heart valve, or a mitral 
valve repair. These patients generally all require anticoagulation with the CHA2DS2- 
VASc score not applicable.

 Cardiac Arrest

Cardiac arrest management is driven by Advanced Cardiac Life Support Algorithms 
(ACLS) and while echocardiography does not have a defined role (at present) it can 

Fig. 3.4 Transesophageal 
echocardiogram 
demonstrating echo-dense 
mass within the left atrial 
appendage (LAA) 
consistent with LAA 
thrombus (labeled with an  
asterisk). LA left atrium, 
LAA left atrial appendage, 
LV left ventricle
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play a key role in enabling early identification of the precipitating etiology and 
thereby increase the likelihood of a favorable outcome (Table 3.2).

 During Cardiac Arrest

The main advantage of focused echocardiography during resuscitation is the ability 
to gather rapid and real-time evaluation through the detection of spontaneous car-
diac movement (SCM) , and identify reversible causes that can help narrow a dif-
ferential diagnoses. Performing echocardiography in the cardiac arrest setting is 
challenging and requires significant skill and expertise. If performed it should be 
focused and not interfere with chest compressions and ACLS algorithms. Forward 
planning is essential with depth and gain settings pre-optimized and one should 
attempt a subcostal window first as this often yields the most useful views with the 
least interruption to ACLS algorithms. The 10-s pulse check has been proposed as a 
time in which it could be useful to perform a focused echocardiography exam [17]. 
The absence of SCM predicts a low likelihood of survival and can aid in the deci-
sion to terminate resuscitation [18]. It is also particularly valuable in the setting of 
pulseless electrical activity (PEA), where it can help differentiate between pseudo- 
PEA (presence of SCM with no central pulse) vs. true PEA [19].

Echocardiography can also assess for reversible causes particularly tamponade, 
coronary artery disease, pulmonary embolism, and hypovolemia.

Table 3.2 Etiologies for cardiac arrest and their corresponding echocardiographic features.  
RV  right ventricle, RA right atrium, LV left ventricle, IVC inferior vena cava

Etiology Echocardiogram feature

Tamponade Swinging heart
Right ventricular diastolic collapse
Pseudosystolic anterior motion of mitral valve
Enlarged non-pulsatile vena cava

Cardiac ischemia Regional wall motion abnormalities
Mitral valve papillary muscle rupture
Ventricular septal defect
Free wall rupture

Pulmonary embolism RV dilation (especially compared to the LV)
RA dilatation
Flat intraventricular septum
Akinetic RV

Hypovolemia Small, hyperkinetic left ventricle
End-systolic cavity obliteration (“kissing” trabecular 
muscles)
Hypercontractile ventricle
Flattened and small IVC
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• Tamponade (Fig. 3.5) 
• Echocardiographic features that would suggest a hemodynamically significant 

pericardial fluid collection include the presence of a swinging heart, right ven-
tricular diastolic collapse, right atrial diastolic collapse, pseudosystolic ante-
rior motion of mitral valve, and an enlarged non-pulsatile vena cava (all parts of 
the respiratory cycle). It should be noted that cardiac tamponade is a clinical 
diagnosis and echocardiographic features may aid in diagnosis but do not secure 
the diagnosis alone.

• Cardiac Ischemia from Coronary Artery Disease 
• Echocardiography may reveal regional wall motion abnormalities (RWMAs) 

which could be due to either previous Myocardial infarction (MI) or new ischemia. 
In addition to detecting potential ischemia itself, it can also enable timely identifi-
cation of MI complications (mitral valve papillary muscle rupture, ventricular sep-
tal defect, free wall rupture) causing hemodynamic instability and cardiac arrest.

• Pulmonary Embolism (PE) 
• Any PE that causes an arrest will generally be large and significant. Often one 

will see a dilated right ventricle (RV) (especially compared to the left ventricle) 
and this may be accompanied by Right  Atrial dilatation (Fig. 3.6). Additionally, 
the intraventricular septum will appear flattened with an akinetic RV and in some 
cases McConnell’s sign will be observed (akinesis of the mid free wall and 
hypercontractility of the apical wall).

• Hypovolemia 

Fig. 3.5 Cardiac tamponade. Parasternal long axis (top left) showing the pericardial effusion. The 
apical four camber in diastole (top right) and systole (bottom) showing collapse of RV (arrow). LA 
left atrium, RA right atrium, LV left ventricle, RV right ventricle
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• A number of echocardiographic parameters have been identified as indicative of 
hypovolemia, particularly in critically ill patients. These include the presence of 
a small, hyperkinetic left ventricle often with end-systolic cavity obliteration 
(“kissing” trabecular muscles) and a hypercontractile ventricle. While assess-
ment of the inferior vena cava (IVC) is difficult in an arrest situation, a finding of 
flattened and small IVC means the patient is likely hypovolemic.

 Post-arrest

Post-return of spontaneous circulation, echocardiography helps in further determi-
nation of the cause of the arrest and can guide hemodynamic support (i.e., vaso-
pressors) [20]. Post-arrest, a 12-lead electrocardiogram (ECG) should be performed 
to identify ischemic or conduction defects. However, ECG changes may be diffi-
cult to interpret post-arrest, since many patients will have an acute ischemia-reper-
fusion syndrome. Echocardiography can remediate this deficiency: the finding of 
LV dysfunction or regional wall motion abnormalities aids in identifying those who 
should undergo immediate angiography. Post-cardiac arrest myocardial dysfunc-
tion occurs in one-third of patients with a variety of patterns observed, including 
global hypokinesis (17.2%), regional wall motion abnormalities (13.4%), and 
abnormalities like stress-induced cardiomyopathy (4.8%, Fig.  3.7) [21]. Early 
echocardiography enables the extent of myocardial dysfunction to be quantified 
and helps determine if vasopressors or inotropes are needed to maximize cardiac 
output and reperfusion.

 Ventricular Tachycardia

Ventricular tachycardia (VT) occurs across a range of individuals with and without 
structural heart disease. VT is a clinical spectrum of premature ventricular 

Fig. 3.6 Apical four-cham-
ber view showing right atrial 
and ventricular dilation in the 
setting of a pulmonary 
embolism and a right 
ventricular thrombus. 
Asterisk showing thrombus. 
LA left atrium, RA right 
atrium, LV left ventricle, RV 
right ventricle
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complexes (PVCs), monomorphic ventricular tachycardia (MVT), and polymorphic 
ventricular tachycardia (PVT). Echocardiography plays a key role in the assessment 
of VT by enabling identification of structural heart disease, assessing possible 
underlying etiologies such as scar and false tendons, as well as guiding therapeutic 
interventions. In the management of patients with VT, there has been significant 
growth and value placed on other imaging modalities, such as cardiac MRI or 
nuclear imaging; however echocardiography is still essential as it can be easily 
obtained and is less costly. Thus, it remains an important first-line imaging modality 
and an option that should be considered in all patients.

 Outflow Tract (Idiopathic) VT

OT-VT is commonly encountered in the critical care setting and tends to exclusively 
occur in those patients without any structural heart disease. The most common sites 
of OT-VT are the left and right outflow tracts (LVOT and RVOT, respectively), with 
the right more common (60–80%). There are other variants of OT-VT described 
with origins from the pulmonic valve [22], the aortic sinus of Valsalva [23], near the 
His bundle [24], and the epicardium of the ventricles [25]. While there are specific 
nuisances to the surface electrocardiogram, many which are beyond the scope of 
this chapter [26], it is worthwhile reviewing some of the more basic features which 
can help guide echocardiography in these patients. Firstly, any VT that originates 
from the LVOT and RVOT will tend to have an inferior axis, which is defined by a 
QRS with tall positive R waves in leads II, III, and aVF and negative QS complexes 
in leads aVR and aVL. If the origin is from the RVOT, the ECG will typically dis-
play an LBBB pattern and R-wave transition in lead V4 or greater (in addition to the 
inferior axis), while LVOT will typically have an RBBB pattern with R-wave transi-
tion in leads at V3 or earlier.

While most OT-VT tends to be “benign” there are some dangerous structural 
heart disease mimickers that need to be excluded and evaluated for. The finding of 

Fig. 3.7 Apical four-chamber view showing stress-induced cardiomyopathy in systole (left) and 
diastole (right). Arrows indicating ballooning. LA left atrium, RA right atrium, LV left ventricle, RV 
right ventricle
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a completely normal heart on echocardiogram is reassuring that the underlying 
mechanism of the OT-VT is likely triggered by automaticity. This is valuable infor-
mation, as it precludes the need for extensive evaluation for structural heart disease 
and consideration of an implantable cardiac defibrillator to treat further episodes. 
Consequently, patient management should focus on refinement of potential triggers 
particularly reducing excess catecholamines by changing or altering vasopressors 
(if the patient is receiving).

On the other hand if the echocardiogram shows reduced LV or RV function this 
would not be generally consistent with an idiopathic cause and raises concern for a 
structural process. Assessment for underlying arrhythmogenic right ventricular car-
diomyopathy (ARVC) is critical, as it classically presents with RVOT-VT and is a 
well-described “dangerous” mimicker. ARVC (Fig.  3.8) is diagnosed by a Task 
Force Criteria in which echocardiography plays a key role by helping identify RV 
functional and structural alterations [27]. Features that would suggest ARVC are 
regional and global RV dilatation with increased RV inflow tract, outflow tract, and 
longitudinal dimensions. It is important that all RV regions are visualized as the 
presence of abnormal regional wall motion is a prerequisite for the diagnosis regard-
less of dilatation and systolic function. RV fractional area change has been shown 
to be a useful correlate of global RV function and is decreased in individuals with 
ARVC compared with controls [28]. However, complete and accurate RV assess-
ment can be difficult due to its retrosternal position and complex geometry, and 
subsequently there has been a rise in cardiac MRI as the chosen modality for RV 
assessment [27]. If the RV images are suboptimal contrast can improve identifica-
tion of the free wall of the RV and enable better wall motion analysis. Nevertheless, 
echocardiography still plays a decisive initial role as access to cardiac MRI can be 
limited and is prone to false positives especially if there is an overreliance on detec-
tion of intramyocardial fat and wall thinning. Further, MRI is expensive (especially 
for serial evaluation) and many of these patients have cardiovascular implantable 
electronic devices that limit MRI use.

Another potential mimicker that needs to be considered is cardiac sarcoidosis 
(CS). Echocardiographic findings in CS tend to be better appreciated in more 

Fig. 3.8 Apical four-cham-
ber view showing arrhyth-
mogenic right ventricular 
cardiomyopathy. Note 
dilation of the RV with 
trabeculations and 
outpouchings involving the 
right ventricular apex 
(highlighted with arrows). 
LA left atrium, RA right 
atrium, LV left ventricle, RV 
right ventricle
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advanced disease, as early disease tends to be focal and patchy [29]. Interventricular 
thinning (particularly basal) is the most typical feature observed (Fig. 3.9) [30]. A 
potential clue to CS is regional wall motion abnormalities or myocardial thinning 
appearing in a noncoronary distribution.

Lastly, acute myocarditis is another consideration which can rarely present with 
OT-VT. The echocardiogram is helpful in the diagnosis but not usually diagnostic. 
Typical findings would be severe global hypokinesis (with a normal wall thickness) 
with abnormal diastolic filling; however, there can be regional variations which are 
often reflective of the focal nature of myocarditis. When it comes to LVOT VT, 
considerations of the above also are important but these are less described.

 Moderator Band VT

The moderator band (MB) of the RV can be a source of ventricular arrhythmias 
(VA) in patients without structural heart disease (Fig. 3.10). It is a muscular struc-
ture encompassing RV Purkinje fibers that connect the anterior papillary muscle to 
the free wall of the ventricle. VA that can arise from the MB include monomorphic 
VT and idiopathic VF. VT arising from the MB tends to be LBBB morphology with 
a left superior frontal plane axis, a sharp downstroke of the QRS in the precordial 
leads, and a relatively narrow QRS width [31]. The MB is generally easily detected 
by echocardiography based upon its location in the RV and is often seen as a thick 
echo-dense structure.

 Monomorphic VT

Monomorphic VT (MVT) occurs largely in those patients with structural cardiac 
disease, with the majority caused by reentry around a region of ventricular scar.

Fig. 3.9 Parasternal long 
axis showing cardiac 
sarcoid. Note dilation of the 
LV with septal thinning 
(arrows). LA left atrium, LV 
left ventricle, RV right 
ventricle
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 Etiology

Echocardiography is a key modality to help identify underlying arrhythmogenic 
substrate. The etiology of MVT can be broadly divided into an ischemic (coronary 
artery disease) and nonischemic, with coronary artery disease constituting the large 
majority of MVT cases. While MVT can occur in the acute stage of a myocardial 
infarction, this is uncommon with most episodes occurring during the subacute and 
chronic phases, with a reported median time of 3 years. Interestingly, the develop-
ment of arrhythmogenic substrate can be influenced by the primary reperfusion 
method that the patient received with patients who received early reperfusion ther-
apy likely to have smaller and “patchy” myocardial scar formation. Again like 
OT-VT, an understanding of the surface ECG can enable a focused and effective 
echocardiogram and confirm initial suspicions of the arrhythmia origin. In MVT, 
QRS duration is affected by the proximity of the origin of the VT to the septum. 
Post-MI VT generally arises from the LV or the intraventricular septum. VTs with 
RBBB patterns always arise in the LV, while VTs with LBBB patterns arise from, or 
adjacent to, the LV septum. The presence of the QS complex in any ECG lead sug-
gests the focus of wave front and could provide areas to focus echocardiography. 
Echocardiography should also be used to assess LVEF and identify regions of wall 
motion abnormalities, areas of myocardial thinning, or aneurysms that may have 
developed. Myocardial scar tissue can be identified as thinned myocardium with an 
end-diastolic wall thickness of <6 mm. It usually appears brighter than normal myo-
cardium and with greater intensity of backscattered echo signals. Regional contrac-
tile function, more specifically the observation of akinesia or dyskinesia, has been 
correlated with transmural scar tissue, whereas preserved contractile function or 
mild hypokinesia is considered normal [32]. More advanced techniques such as LV 
strain, strain rate, and torsion have been used to assess scar but may not be feasible 
in the critically care setting [33]. While echocardiography is a useful first-line tool, 
it is important to note that it does have limitations in terms of defining transmural 
extent and intramyocardial location of scar.

Fig. 3.10 Moderator band (arrow) detected on both short-axis (left) and four-chamber views 
(right). LA left atrium, RA right atrium, LV left ventricle, RV right ventricle
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There is a broad differential for nonischemic etiologies, and therefore echocar-
diography plays a critical role for identifying specific characteristics that may 
guide  the determination of the underlying etiology. There are many echocardio-
graphic features described for the differing etiologies which would be beyond the 
scope of this chapter; however there are a few critical and distinctive features which 
are noteworthy and highlighted in Fig. 3.11.

 Management

Echocardiography can help augment and define management strategies in addition 
to guiding risk assessment, particularly for ablation procedures (Fig. 3.12). If an 
antiarrhythmic drug approach is used, knowledge of the patient’s EF is imperative. 
If EF is <40%, lidocaine or amiodarone are the best options. An EF >40% opens up 
other possibilities such as procainamide and sotalol, with the caveat that class Ic 
drugs are contraindicated in patients with CAD.  The identification of thrombus 
(mobile or mural LV wall) is a contraindication to an ablation procedure. 
Additionally, the presence of a thrombus has clinically relevant consequences in 
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terms of risk of systemic embolization and implications for antithrombotic manage-
ment. A thrombus would typically be observed at the apex but visualization of the 
LV apex on echocardiography can be difficult as imaging can be confounding by 
foreshortening and near-field ring-down artifacts. In these situations, decreasing the 
depth and increasing the probe frequency may help. Additionally, contrast can 
enable complete visualization of the apex and identify filling defects suggestive of 
thrombus. The presence of valvular stenosis or calcification may influence the deci-
sion for a retrograde aortic versus transseptal ablation approach, if that is 
appropriate.

 Polymorphic VT

Echocardiography is generally performed in PVT to detect any structural heart dis-
ease; however this is rarely detected. Most PVT occurs in the setting of prolonged 
QT and due to underlying channelopathies such as long QT syndrome and Brugada. 
However, it can occur during episodes of acute myocardial ischemia and PVT is 
typically associated with signs or symptoms of recurrent myocardial ischemia [34]. 
Echocardiography is valuable in these scenarios by enabling early detection of 
RWMA which can occur prior to the onset of electrocardiographic changes or 
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development of symptoms. However, overall echocardiography has high sensitivity 
but a relatively lower specificity for the detection of ischemia [35].

 Left Ventricular Assist Device

Cardiac arrhythmias are one of the most common untoward effects of left ventricu-
lar assist device (LVAD) therapy, with estimates suggesting an incidence of 4.66 
events per patient year [36, 37], with a majority of these ventricular arrhythmias. 
There are a variety of potential mechanisms for ventricular arrhythmias in LVAD 
patients and echocardiography plays a key role in this evaluation.

In those LVADs that are continuous-flow pumps, arrhythmias can be precipi-
tated by “suction events” [38–40]. In this scenario, excessive ventricular unload-
ing occurs in the setting of suboptimal left ventricular preload. As a consequence, 
the ventricular chamber collapses and subsequently the inflow cannula makes 
direct contact with the ventricular wall inciting a ventricular arrhythmia. 
Echocardiography is crucial in helping identify arrhythmias precipitated by this 
mechanism by enabling visualization of the inflow cannula to ensure that its posi-
tion and direction are appropriate (it may even visualize a “suction” event). In 
addition to these “suction” events, abnormality of the inflow cannula orientation or 
placement can precipitate arrhythmias, particularly if it becomes angulated in a 
small ventricle and subsequently makes contact with the septum [41]. Apically 
inserted inflow cannula can be adequately imaged in standard or modified 2D 
parasternal and apical TTE views. The inflow cannula should be aligned with the 
mitral valve opening with a properly aligned inflow cannula showing laminar flow 
from the ventricle to the device. Turbulence and elevated Doppler velocity suggest 
obstruction of the inflow cannula from either thrombus or intermittent obstruction 
by LV wall [42].

Although intrinsic myocardial scarring related to the patient’s underlying cardio-
myopathic process, rather than the apical cannula, has been shown to be the domi-
nant VT substrate in LVAD patients [43], reentry involving apical scarring around 
the inflow cannula is an important consideration [44, 45]. Echocardiography is use-
ful to help differentiate these as it can assess for deteriorating cardiomyopathy or 
aid in the detection of new/worsening scar (as discussed previously). Of note 
patients with apical scar VT related to the inflow cannula tend to have an RBBB that 
is superiorly directed, with late precordial transition between V3 and V5 [44].

 Ischemic Premature Ventricular Contractions

Premature ventricular contractions (PVCs) are ubiquitous and many patients in the 
critical care setting develop PVCs or runs of NSVT for a variety of reasons. Often 
when these are frequent and persistent there is concern that underlying ischemia 
may be the driver of these ventricular beats. Echocardiography is particularly use-
ful in this scenario when performed at the time of the PVCs/VT. Detection of a 
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wall motion abnormality that corresponds with the exit site of the PVC/VT on the 
surface ECG would be suggestive that the PVC/VT is related to possible underly-
ing ischemia.

 Central Venous Catheters

Central venous catheters (CVCs) are a critical element to the management of 
patients in the critical care setting by providing robust venous access for a number 
of different indications, including dialysis, drug administration, and/or hemody-
namic monitoring. While many different types of catheters exist (tunneled or non- 
tunneled, multi-lumen, dialysis catheters, and peripherally inserted central catheters) 
ventricular dysrhythmias are a well-recognized complication both acutely during 
insertion and from short-term or long-term use [46].

While the optimal positioning of the tip of a CVC is a controversial subject [47], 
the finding of the CVC tip (either accidentally or intentionally placed) on the right 
side of the heart is worrisome because of the potential cardiac-related complica-
tions. Contact of the guidewire and/or catheter with the internal myocardial surface 
can precipitate cardiac arrhythmias. While clinical acumen often dominates detec-
tion of the CVC as a precipitant for the arrhythmia, echocardiography is useful as it 
can enable direct visualization of catheter tip movement and its location. Therefore 
in the critical care setting for a patient with central venous access that is experienc-
ing recurrent arrhythmias, consideration of the CVC tip as the precipitant is impor-
tant and echocardiography can help in this regard.

 ICD Shocks

In a patient who presents with ICD shocks, particularly recurrent ICD shocks or 
storm, echocardiography can enable evaluation of changes or development of new 
underlying arrhythmogenic substrate (see MVT section). Many of these patients will 
have known structural heart disease and a factor for precipitant of arrhythmias, such 
as electrolyte imbalance, ischemia, congestive heart failure (CHF) exacerbation, and 
medication noncompliance. While the impact of LV shocks on cardiac function is 
controversial, there is growing evidence that it can transiently impair cardiac func-
tion and hemodynamics especially in patients with systolic dysfunction. There is 
also impairment of LV diastolic dysfunction, irrespective of baseline LVEF [48].

 Bradyarrhythmias

Patients with symptomatic bradycardia often require close monitoring in the critical 
care setting. Echocardiography evaluation can help define and guide underlying 
determination of the underlying etiology.
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 Sinus Node Dysfunction

CCU care for patients with sinus node dysfunction (SND) is rare due to its often 
slow progressive nature. Most intrinsic SND is due to idiopathic degenerative dis-
ease and the echocardiogram may not reveal any definitive substrate abnormalities; 
thus it is often not part of the initial workup. Nevertheless, echocardiography can 
still be of some value if physical signs or surface ECG suggests an ischemic, infil-
trative, or inflammatory cause. Acute myocardial infarction, particular anterior MIs, 
can lead to sinus arrest or slowing of the sinus rate. Cardiomyopathies and infiltra-
tive disorders can result in SND with rare causes such as myotonic dystrophy or 
Friedreich’s ataxia. Further, sinus venous and secundum atrial septal defects can be 
associated with SND.

 Atrioventricular Conduction Abnormities

An atrioventricular (AV) block is defined as a delay or interruption of an atrial 
impulse to the ventricles due to an anatomic or a functional impairment in the con-
duction system. Again like SND, it is unlikely that these patients will require critical 
care admission but in cases of more advanced AV block (second or third degree) the 
symptoms experienced by patients can be variable particularly in the presence of 
comorbid conditions. In these situations, clinical evaluation with a thorough history 
and exam may identify an underlying systemic disorder of which echocardiography 
can confirm clinical suspicions. Of particular importance is infiltrative disorders and 
possible exposure to ticks (Lyme disease).

Complete heart block is one of the most common findings in patients with CS 
and should be considered especially in younger patients. It is usually caused by 
involvement of the basal septum by scar tissue, granulomas, or involvement of the 
nodal artery causing ischemia in the conduction system. Although echocardiogra-
phy may not be of value in detecting early-stage disease, if a patient has more sig-
nificant cardiac involvement this may be detected.

Lastly, Lyme disease may be suggested by clinical history and positive titers, and 
patients generally have a normal echocardiogram. In some cases it will be helpful to 
define further cardiac involvement, in particular pericardial involvement, which 
may manifest as pericardial effusion. Lyme myocarditis may be suggested by left 
ventricular dysfunction with regional wall motion abnormalities [49].

 Post-cardiac Catheter Ablation

With tremendous growth in cardiac ablation technology, and improved outcomes 
compared to antiarrhythmic drugs, there has been a rise in the number of cardiac 
ablations performed, particularly complex ablations such as ventricular tachycar-
dia [50]. Although cardiac ablation is generally successful, complications may 
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occur with acute cardiac tamponade one of the most common life-threatening com-
plications occurring with an incidence of 1.3% [51], and is associated with an 
increase in mortality [52]. This may be detected during the procedure and, if pres-
ent, a drain can be placed in the electrophysiology lab. Echocardiography can be 
used to ensure that there is no residual or new fluid accumulation before pulling the 
drain. However, there is newer evidence to suggest that early removal of pericardial 
drains (i.e., before leaving the EP lab) after cardiac tamponade appears to be safe 
and effective [53].

 Conclusion

Echocardiography is an extremely useful tool in patients with cardiac arrhythmias. 
It is an advantageous imaging modality as it is cheap, easily obtainable, portable, 
and causes minimal patient harm. Echocardiography enables easy and safe anatomi-
cal and functional assessment for structural heart disease and enables identification 
of underlying arrhythmogenic substrate. Furthermore, it can help augment medical 
decisions, guide prognosis and risk stratification in the arrhythmia patient.
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Chapter 4
Echocardiography in Patients 
with Syncope

Karthik Seetharam, Brandon W. Calenda, and Farooq A. Chaudhry†

Abstract Syncope is defined as a temporary, abrupt loss of consciousness with 
spontaneous return to baseline. This chapter offers a framework for a focused 
approach to syncope. A detailed history and physical examination establishes the 
pretest probability that the syncope is of cardiac origin. Although echocardiography 
is not indicated for many cases of syncope, it can be a valuable tool to risk stratify 
syncope when it is suspected to be of cardiac origin. Transthoracic echo (TTE) is an 
efficient means of rapidly identifying structural heart disease, which suggests a 
higher probability of cardiogenic syncope and places the patient in a higher risk 
category than a patient with a structurally normal heart.

Keywords Syncope · Arrhythmia · Cardiomyopathy

 Introduction

Syncope is defined as a temporary, abrupt loss of consciousness with spontaneous 
return to baseline. It contributes to approximately 3% of emergency-department 
admissions as well as 6% of total hospital admissions in the United States [1]. The 
cost of medical care for this condition approaches two billion dollars annually [2]. 
Although it is a common medical problem, syncope is really an umbrella term rep-
resenting a multitude of disorders and frequently presents a diagnostic challenge. 
Many institutions lack a standardized approach because there is no “gold standard” 
diagnostic test for the cause of syncope [3].
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This chapter offers a framework for a focused approach to syncope. A detailed his-
tory and physical examination establish the pretest probability that the syncope is of 
cardiac origin. Although echocardiography is not indicated for many cases of syncope, 
it can be a valuable tool to risk stratify syncope when it is suspected to be of cardiac 
origin. Transthoracic echo (TTE) is an efficient means of rapidly identifying structural 
heart disease, which suggests a higher probability of cardiogenic syncope and places 
the patient in a higher risk category than a patient with a structurally normal heart.

 Mechanisms of Syncope

Syncope can be broadly classified based on the underlying mechanism [4]. They 
can be subdivided into neurally mediated syncope, orthostatic syncope, and cardio-
genic syncope (Fig. 4.1). Frequently, a detailed history and physical examination 
are sufficient to identify the cause of syncope. When there is sufficient suspicion of 
cardiogenic syncope, an electrocardiogram and/or echocardiogram may be appro-
priate for further risk stratification.

 Neurally Mediated Syncope

Neurally mediated or “reflex syncope” accounts for 45% of cases of known syncope 
[5]. It mainly presents with prodromal symptoms such as nausea, flushing, warmth, 
and diaphoresis. It is associated with prolonged standing, emotional stress, urina-
tion, coughing, swallowing, or carotid stimulation. It is the most common cause of 
syncope regardless of age and gender. Neurally mediated syncope is driven by 
imbalance in the autonomic nervous system leading to excess parasympathetic acti-
vation. It can manifest as a vasodepressor (vasodilatory, hypotensive) response or as 
cardioinhibitory (vagally mediated bradycardia). It is also one of the most common 

SYNCOPE

Neurally-mediated

CARDIOGENIC
SYNCOPE

Orthostatic
hypotension

Fig. 4.1 Mechanisms of syncope
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causes of recurrent syncope [6]. Regardless, the prognosis is very good and the 
mortality is low [7]. This cause of syncope typically does not warrant echocardio-
graphic evaluation or inpatient admission.

 Orthostatic Hypotension

Orthostatic hypotension is defined as a symptomatic drop in blood pressure with 
postural changes [3]. Similar to neurally mediated and cardiogenic syncope, there 
are a number of causes [8]. It is frequently seen in the elderly following postural 
changes due to age-related degeneration of the autonomic nervous system. 
Pathological conditions such as parkinsonism, multisystem atrophy, peripheral neu-
ropathies, and diabetes can cause orthostatic hypotension due to alterations in the 
autonomic nervous system regulation and loss of compensatory mechanisms. It can 
also result from a number of medications such as diuretics, nitrates, antidepressants, 
and antipsychotics when it carries a favorable prognosis [9]. As with neurally medi-
ated syncope, this diagnosis can be made by history and physical examination, and 
does not merit echocardiographic evaluation unless concomitant structural heart 
disease is suspected.

 Cardiogenic Syncope

Cardiac disorders are the most common causes of syncope occurring in the critical 
care setting, and contribute to nearly 80% of intensive care unit admissions for syn-
cope [10]. Identification and timely assessment of cardiogenic syncope are critical 
because the associated morbidity and mortality are higher compared to other causes 
of syncope [11]. Cardiac syncope can be broadly subdivided into arrhythmias or 
obstruction in blood flow (Fig. 4.2).

CARDIOGENIC SYNCOPE 

Arrhythmias Obstruction of
blood flow

Fig. 4.2 General mechanisms of cardiac syncope
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 Disorders of Heart Rhythm

Cardiac arrhythmias are the most common cause of cardiogenic syncope [3]. Severe 
rhythm disturbances may mediate syncope by causing an acute drop in cardiac out-
put due to abrupt decreases or increases in heart rate with resulting cerebral hypo-
perfusion. Among cardiac arrhythmias, severe bradyarrhythmia and asystolic pauses 
are frequently encountered. Common causes for bradyarrhythmia include sick sinus 
syndrome, Mobitz type II block, and complete heart block [3]. Tachyarrhythmias 
(ventricular and supraventricular) are the second most common cause of cardiac 
arrhythmia causing cardiogenic syncope [12]. Medications, particularly AV nodal 
blockers, QT interval prolonging drugs, and antiarrhythmics are important causes of 
arrhythmia [3]. Arrythmogenic syncope is considered an important risk factor for 
sudden cardiac death [13].

 Obstruction of Blood Flow

Obstructive cardiac lesions presenting with syncope can be potentially life threaten-
ing but can be readily identified by transthoracic echo. For example, syncope is well 
established as a very high-risk presenting symptom in patients with severe aortic 
stenosis. Furthermore, other common conditions such as cardiac tamponade, hyper-
trophic cardiomyopathy, mitral stenosis, and massive pulmonary embolism may be 
lethal if not recognized and treated promptly. These findings are summarized in 
Table 4.1.

Table 4.1 High-risk cardiac lesions and their echocardiographic correlates

Structural heart disease which 
may present with syncope Associated echo findings

Severe aortic stenosis Calcified aortic valve with reduced excursion, elevated 
velocities across aortic valve

Hypertrophic obstructive 
cardiomyopathy

LV hypertrophy, elevated velocities in LV outflow tract, 
abnormal papillary muscles, early aortic valve closure

Cardiac tamponade Early diastolic collapse of RV, systolic collapse of RA, 
enhanced ventricular interdependence, IVC plethora

Mitral stenosis Thickened, domed mitral valve with elevated gradient
Massive pulmonary embolism RV dilation, dysfunction
Anomalous origin of coronary 
arteries

Echo may be normal

Severe pulmonary 
hypertension

High-velocity tricuspid regurgitation jet, dilated pulmonary 
artery, early closure of pulmonic valve, elevated pulmonic 
regurgitant end-diastolic velocity

Arrhythmogenic right 
ventricular cardiomyopathy 
(ARVC)

Dilated RV, RV wall motion abnormalities
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 Diagnosis: History and Physical Examination

A proper and detailed medical history is paramount in distinguishing possible car-
diogenic syncope from more benign causes of syncope. The historical features 
which distinguish cardiac syncope from neurally mediated or orthostatic syncope 
are summarized in Table 4.2.

Attention should be paid to eliciting the setting of syncope, prodromal symp-
toms, medications, associated medical conditions, and family history of malig-
nant arrhythmia, structural heart disease, or sudden death. Many patients with 
cardiogenic syncope may present with loss of consciousness during exercising 
or lying flat [14]. These patients are typically asymptomatic prior to the event, 
although some may experience palpitations just prior to the event [15]. If the 
history does not clearly suggest a neurally mediated or orthostatic cause of syn-
cope, then cardiogenic syncope should be considered, particularly in older 
patients. Any information regarding previous history of heart disease, cardiac 
surgeries, and family history of heart disease, medications, and comorbidities 
should be noted.

On physical exam, one can seek out clues suggesting structural heart disease 
such as murmurs, gallops, distended jugular veins, cyanosis, or clubbing.

 How to Differentiate Noncardiac Syncope from Cardiogenic 
Syncope

Demographics are important in establishing the probability of cardiac syncope. 
Patients with cardiac syncope are more frequently male, typically greater than 
60 years of age [16]. In patients with a history of heart disease or congenital heart 

Table 4.2 Historical clues to distinguish cardiac from noncardiac causes of syncope

Features suggesting cardiac causes of 
syncope Features suggesting noncardiac causes

Older age (greater than 60 years) Younger age
Known coronary disease, reduced 
ventricular function, or structural heart 
disease

No known cardiac disease

Exertional or supine syncope Syncope from standing position or after positional 
changes

Absent or minimal prodrome, usually 
palpitations

Prodrome of nausea, warmth, sweating

Family history of sudden death Triggers such as pain, dehydration, emotional 
stress, coughing, laughing, swallowing, urinating

One or fewer prior episodes of syncope Multiple, recurrent episodes of syncope
Abnormal cardiac physical examination Normal physical examination

4 Echocardiography in Patients with Syncope
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disease, they tend to be younger than 50 years. Patients with cardiac syncope usu-
ally do not have a history of recurrent syncope, and typically have only one or two 
prior episodes [16].

Patients with noncardiac syncope are usually of younger age and frequently have 
no history of cardiac disease. These patients may have a history of frequent and 
recurrent syncope. Syncope often occurs in standing position or in association with 
pain or emotional duress. They may also have a history of physical triggers such as 
coughing, laughing, and urination.

 Role of ECG for Syncope

An ECG is essential in the evaluation of syncope. It should be the first diagnostic 
test performed for suspected cardiogenic syncope. It is a low-cost, easily avail-
able, and reproducible test that can detect the presence of arrhythmia and may 
provide clues to the presence of underlying structural heart disease. The gold stan-
dard for the diagnosis of cardiogenic syncope is when a relationship between 
symptoms and documented arrhythmia on ECG is seen [17]. However, some 
patients may have arrhythmias such as prolonged asystole (>3 s), rapid supraven-
tricular tachycardias (SVTs) (>160 b.p.m. for >32 beats), or ventricular tachycar-
dia seen on ECG when asymptomatic. This can also be considered diagnostic for 
arrhythmogenic syncope [18]. However, if a patient presents with syncope and a 
normal ECG, cardiogenic syncope cannot be ruled out. Continuous monitoring 
may be required in these cases. If cardiogenic syncope is suspected, echocardiog-
raphy can provide valuable prognostic information, whether or not the initial ECG 
is abnormal.

 Role of Echocardiography for Syncope

Transthoracic echocardiography should be considered in the setting of sus-
pected cardiogenic syncope or structural heart disease in the setting of syncope 
[16]. If the history, physical, and ECG clearly point towards a noncardiac cause 
of syncope, then there is no role of echocardiogram as part of the evaluation 
(Fig. 4.3). If, however, the initial evaluation is equivocal and there are histori-
cal, exam, or ECG features suggesting cardiac syncope, then transthoracic 
echocardiogram is reasonable [16]. Given the noninvasive nature, low risk, and 
relatively low cost of TTE, it can be a valuable test for suspected cardiac 
syncope.

In certain conditions, echocardiography is instrumental in making the final diag-
nosis. Conditions such as severe aortic stenosis, cardiac tamponade, hypertrophic 
obstructive cardiomyopathy, mitral stenosis, or atrial myxoma can be definitively 
diagnosed by TTE. Other findings such as reduced LV ejection fraction can help 
inform prognosis, as discussed below.
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 Echocardiography and Risk Stratification in Syncope

Although echocardiography may not always indicate a clear cause for syncope, 
echo remains an important tool for risk stratification in the setting of syncope. 
Patients with reduced left or right ventricular function and/or evidence of prior 
myocardial infarction may be at higher risk for adverse events in the short and long 
terms. Ejection fraction can also be used as a predictor of arrhythmia in certain 
subset of patients with an unremarkable initial ECG [19].

Quantifying risk in syncope is an area of ongoing research. There are a number 
of clinical risk scores which have been validated in cases of syncope, though the 
studies are heterogeneous and difficult to compare [16]. Syncope risk scores incor-
porating echocardiographic findings have not been well described.

In the setting of syncope and known pulmonary embolism, the presence of right 
ventricular dilation or dysfunction on transthoracic echo adds significant prognostic 
information and may help guide the decision to perform thrombolysis. 
Echocardiography is the best imaging study to detect right ventricular dysfunction 
during acute PE [20]. In cases of submassive pulmonary embolism, thrombolysis 
may be offered if RV dysfunction or dilation is present [20].

 High-Risk Features Meriting Admission or Extended 
Observation

The 30-day mortality for syncope is less than 1% [20]. Despite the overall favorable 
prognosis, risk stratification is essential to determine which patients would benefit 
from higher levels of monitoring, including inpatient or intensive care admissions. 

Syncope

History, physical examination, and ECG

Initial evaluation clearly suggestive of
non-cardiac cause of syncope

No further cardiac work-up indicated Perform transthoracic echo
Consider other cardiac testing if
appropriate

Initial evaluation with features suggesting
cardiac cause of syncope

Fig. 4.3 A diagnostic approach to syncope
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The presence of high-risk echocardiographic features is among some of the criteria 
which would generally merit expedited workup with inpatient admission for syn-
cope, according to the guidelines set forth by the European Society of Cardiology 
(ESC) and Canadian Cardiovascular Society (CCS) [3, 21]. These features are 
delineated in Tables 4.3 and 4.4.

 Role of Advanced Echocardiography in Syncope

Exercise stress testing can be considered in situations of exertional syncope. 
However, exercise stress echocardiography should be reserved for individual cases 

Table 4.3 European Society of Cardiology guidelines for cardiogenic syncope admission

Severe structural or coronary artery disease including:
• Heart failure
• Reduced ejection fraction
• Previous myocardial infarction
Clinical features suggesting arrhythmic syncope:
• Exertional syncope, syncope while supine, palpitations prior to syncope
• Family history of sudden cardiac death
• History of non-sustained ventricular tachycardia
High-risk ECG features:
• Bifascicular block (LBBB or RBBB with left hemi-block)
• Prolonged QRS duration
• ECG suggestive of pre-excitation, Brugada pattern
• Arrhythmogenic ventricular cardiomyopathy
Other important comorbidities:
• Severe anemia
• Electrolyte imbalance

Table 4.4 Canadian Cardiovascular Society criteria for syncope admission

Major risk factors (should have urgent, inpatient cardiac evaluation):

•  Abnormal ECG (acute or old infarct, tachyarrhythmia, bradyarrhythmia, or conduction 
disease

• History of significant structural heart disease or arrhythmia
• Hypotension (systolic blood pressure < 90 mmHg)
Minor risk factors (can consider urgent inpatient evaluation):

• Age >60
• Associated dyspnea
• Anemia
• Hypertension
• Cerebrovascular disease
• Family history of sudden death
• Syncope while supine, exercising, or without prodrome
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in which exercise would be expected to provide incremental information above and 
beyond the resting echocardiogram, as may be seen in dynamic intracavitary or LV 
outflow tract obstruction.

Transesophageal echocardiography (TEE) is generally not indicated for the eval-
uation of syncope unless there are specific structural features that would be better 
identified on TEE, such as atrial myxoma or mitral valve pathology not well charac-
terized on TTE.

 Conclusion

The CCU should be equipped to provide rapid and immediate access to echocar-
diography for all patients with possible cardiogenic syncope. There are several 
“can’t miss,” life-threatening causes of cardiogenic syncope, most of which can be 
rapidly identified or excluded with a good-quality transthoracic echo. Even when 
the echocardiogram does not indicate a clear cause for the syncope, the presence or 
absence of high-risk features can help risk stratify the patient and aid in selecting 
optimal monitoring and follow-up.
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Chapter 5
Echocardiography in Cardiac Arrest 
and Resuscitation

Soheila Talebi, Edgar Argulian, and Eyal Herzog

Abstract Sudden cardiac arrest carries a grave prognosis. The management of car-
diac arrest is algorithmic because providers typically have limited knowledge of the 
patient’s past medical history. Peri-resuscitation echocardiography provides an 
invaluable real-time bedside diagnostic tool that can identify some of the potentially 
reversible causes of cardiac arrest and can be regarded as analogous to pulse oxim-
etry or ECG monitoring.

Keywords Cardiac arrest · Resuscitation · Arrhythmia

 Introduction

Sudden cardiac arrest carries a grave prognosis, with less than 12% of patients sur-
viving to hospital discharge [1]. The management of cardiac arrest is algorithmic 
because providers have limited knowledge of the patient’s past medical history. 
Cardiac arrest environment typically involves many staff members gathered around 
the patient, including medical doctors, nurses, and technicians. This makes manage-
ment of medical cardiac arrest challenging: multiple providers perform critical tasks 
simultaneously. The cardiac arrest team leader is responsible for coordinating the 
team and ensuring compliance with accepted guidelines. Current advance life sup-
port (ALS) guidelines prioritize chest compressions and, when appropriate, timely 
defibrillation. In parallel to resuscitation, attempts should be made to elucidate and 
address the cause of the arrest. Early identification of the precipitating cause 
increases the likelihood of a favorable outcome [1].

In patients with a primary electrical cause of the arrest definitive treatment 
generally involves reversing the electrical abnormality by cardioversion, defi-
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brillation, or pacing. In contrast, in patients with pulseless electrical activity or 
asystole, potentially treatable causes should be immediately excluded and 
reversed. Some  potentially treatable underlying conditions such as hypoxia, 
hypothermia, and metabolic derangements can be diagnosed at bedside and by 
review of the laboratory data. Other causes like severe hypovolemia, tamponade, 
pulmonary embolism, and coronary thrombosis may be less obvious upon initial 
evaluation. Moreover, in the stressful environment of resuscitation, differential 
diagnosis based solely on history and physical examination may be ineffective 
and inaccurate [1].

 Role of Echocardiography in Cardiac Arrest

Echocardiography is one of the most powerful diagnostic and monitoring tools 
available to the emergency and critical care provider. Mobility and relatively 
low cost of echocardiographic machines, including handheld devices, allow 
their use virtually everywhere. In expert hands, echocardiography may pro-
vide instantaneous and accurate assessment of cardiac structure and function 
as well as hemodynamics, with minimal risk to the patient. If there is any 
change in patient’s condition or a need to follow up previously detected abnor-
malities it can be easily and safely repeated to accelerate the decision-making 
process [2].

Although persistent or developing hemodynamic instability is considered a class 
I indication for echocardiography, current resuscitation guidelines do not recom-
mend its routine use during cardiac arrest. Appropriately applied and interpreted 
cardiovascular ultrasound can diagnose/exclude some potentially reversible causes 
of cardiac arrest and guide lifesaving therapeutic interventions. The current 
American Society of Echocardiography guidelines recommend limited, focused 
transesophageal echocardiography during intraoperative cardiac arrest [1], and 
International Liaison Committee on Resuscitation (ILCOR) guidelines support this 
recommendation for nontraumatic cardiac arrest when appropriately trained per-
sonal is present [3]. Peri-resuscitation echocardiography provides an invaluable 
real-time bedside diagnostic tool that can identify some of the potentially reversible 
causes of cardiac arrest and can be regarded as analogous to pulse oximetry or ECG 
monitoring [4].

 Challenges of Imaging During Cardiac Arrest

Acquisition of echo images during cardiac arrest is challenging and should be done 
in a way that minimizes interruptions in cardiopulmonary resuscitation (CPR). The 
number of factors including supine positioning, positive pressure ventilation, lung 
injury (pneumothorax/pneumomediastinum), trauma (head and neck, thoracic), and 
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presence of lines/dressings and/or drains can interfere with image acquisition. 
Limited time available for interpretation of echocardiographic data in a critically ill 
patient can further challenge the examiner [5].

 Goals of Echocardiography in Cardiac Arrest

In the settings of cardiac arrest, a comprehensive transthoracic echocardiography 
(TTE) study is neither necessary nor relevant. Excessive time spent scanning and 
distracting the team from performing high-quality CPR can be detrimental. Instead, 
fast and focused ultrasound examination used as an extension of the clinical exami-
nation should aim at ruling in or ruling out potential causes of the cardiac arrest. In 
hemodynamically unstable patients, early and rapid identification of the precipitat-
ing cause may assist in treatment decisions and may prevent progression to full 
cardiac arrest. In patients with cardiac arrest, the examiner must be aware of the 
importance of uninterrupted chest compressions during CPR. The 10-s pulse check 
is a useful time window during which focused echocardiography can be performed 
by a provider experienced in echocardiography and trained in ALS compliance. 
Given the brief time available, forward planning is essential. Gain and depth set-
tings must be pre-optimized. The subcostal window often yields the most useful 
views with the least interruption to CPR.  However, in experienced hands, other 
views can also be sought (apical and parasternal) and echocardiography can be per-
formed with ongoing compressions. It is crucial for examiners to be able to obtain 
nonstandard views of the heart in order to acquire optimal images for interpretation 
in a given situation. The findings during focused echocardiography should be com-
municated to the team leader. While the benefits of the routine use of cardiac ultra-
sound in patients with cardiac arrest are unclear we believe that bedside 
echocardiography can be safely incorporated into the resuscitation algorithm.

Figure 5.1 outlines the use of bedside TTE during cardiac arrest. Our five recom-
mendations for bedside TTE during resuscitation of patient with cardiac arrest are 
as follows:

 1. Obtaining information by echocardiography should not interrupt resuscitation.
 2. Transthoracic echocardiography should be done during the 10-s pulse check 

window.
 3. Goal of focused echocardiographic evaluation in life support is to improve resus-

citative efforts but not to terminate resuscitation.
 4. The findings of focused echocardiography should be communicated to the team 

leader.
 5. Images must be stored for review.

Figure 5.2 is our group proposal of incorporating bedside TTE to the advanced 
cardiac life support (ACLS) circular algorithm in adult cardiac arrest.

In summary: Bedside TTE can provide highly relevant information in the hands of 
experienced examiners, specifically in patients with PEA arrest and asystole [6–8].

5 Echocardiography in Cardiac Arrest and Resuscitation
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Goal of TTE evaluation is to improve resuscitative efforts,
not to terminate resuscitation

Images must be stored for review
The findings of TTE should be communicated to the team leader

TTE should be done during the 10-second pulse check
Obtain information by TTE should not interrupt resuscitation
Bedside TTE may provide important information in Asystole/PEA
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 Training for Advanced Cardiac Life Support 
Echocardiography

Pocket-sized imaging devices have been recommended as a tool for fast initial 
screening in the emergency settings. Technical characteristics and image quality of 
these new miniaturized echocardiographic systems are usually sufficient for the 
qualitative (but not quantitative) evaluation of ventricular function, pericardial and 
pleural effusions, and possibly valvular disease. Because an experienced echocar-
diographer is not a standard part of the cardiac arrest team, it is imperative to train 
non-cardiologist providers in bedside-focused cardiac ultrasound.

Focused ultrasound is now considered a routine part of advanced trauma life sup-
port in patients with traumatic cardiac arrest, and in some hospitals in the intensive 
care setting. In order to ensure a basic competence level of the examiner a training 
program should be available to clinicians who wish to practice echocardiography in 
the cardiac arrest settings. A training protocol will guide the examiner through obtain-
ing quick-look views during the 10-s pulse check and minimizing the interruptions in 
CPR.  Both individual competence and competence of the team can be formally 
assessed through a certification process. The certification process therefore supports 
the concept of the patient-centric approach which is pivotal to acute/critical care 
medicine. The certification should be limited to the clinical questions that can poten-
tially be answered in such settings. When appropriate training is undertaken, peri-
resuscitation echocardiography does not interfere with high-quality cardiopulmonary 
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Fig. 5.2 Incorporated bedside TTE to advanced cardiac life support (ACLS) circular algorithm in 
adult cardiac arrest—2015 update
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resuscitation (CPR), and may potentially improve decision-making. Specific training 
in advanced cardiac life support compliance is required, even with experienced prac-
titioners in order to ensure that images are obtained and recorded only during the 
pulse/rhythm check. These courses are now administered by the UK Resuscitation 
Council and endorsed by the British Society of Echocardiography. Focused echocar-
diographic evaluation in life support (FEEL) has been developed, as an adjunct to 
resuscitation in an ALS-compliant manner. The use of FEEL is to improve resuscita-
tive efforts but not to terminate resuscitation. The consultation via network connec-
tions enables discussion with the most competent colleagues in the hospital, with 
direct visualization of the echocardiographic images, which may further improve 
interpretation of the findings and adjust decision-making [9].

 Ethical Points

While it is acknowledged that simple and fast cardiovascular ultrasound procedures 
may be helpful in many cases, it should be used wisely and cautiously. It is impor-
tant to emphasize that emergency echocardiography should only be performed by 
an examiner who is adequately trained in image acquisition and interpretation in 
acute/critical settings. Poor-quality images or image misinterpretation may be mis-
leading and may result in poor outcome. Stored images obtained during resuscita-
tion can be viewed later during case review and root cause analysis. If there are 
plans to do potential semi-invasive procedures (e.g., TEE), informed consent should 
be secured from the family, whenever applicable.

 Role of Echocardiography in Typical Clinical Scenarios 
Leading to Cardiac Arrest

 Hypovolemia

Inadequate circulating volume is one of the causes of pulseless electrical activity 
(PEA) in cardiac arrest. In circulatory failure state, determination of hypovolemia 
can be challenging. Physical examination is not a sensitive way to identify hypovo-
lemia in patients with occult volume loss and no external bleeding. In critically ill 
patients, a number of parameters in echocardiography have been found to indicate 
severe hypovolemia. A small left ventricle with systolic cavity obliteration is sug-
gestive of hypovolemia. In addition, in spontaneous breathing patients a small infe-
rior vena cava (IVC) diameter with inspiratory collapse can be a sign of hypovolemia. 
These patients need aggressive volume resuscitation and correction of the cause of 
hypovolemia [10]. Figure 5.3 shows TTE findings of a 72-year-old woman with past 
medical history of hypothyroidism, hypertension, and coronary artery disease who 
had cardiac arrest secondary to wide complex tachycardia. Bedside transthoracic 
echocardiography revealed marked left ventricle hypertrophy with a small cavity 
size and mid left ventricular obliteration during systole.
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 Pulmonary Embolism

Massive pulmonary embolism (PE) is a well-known reversible cause of cardiac 
arrest, typically PEA or asystole. Thrombolytic therapy increases the chance of suc-
cessful resuscitation in patients presenting with hemodynamic instability as a con-
sequence of acute pulmonary embolism. A sudden increase in afterload can result in 
acute dilation of the right ventricle while the absence of signs of right ventricular 
overload or dysfunction effectively excludes PE as a cause of cardiac arrest. 
Occasionally, clots can be visible in the right ventricle, right atrium, right ventricu-
lar outflow tract, or pulmonary arteries on the ultrasound examination [11]. 

a

c

b

Fig. 5.3 A 72-year-old woman with past medical history of hypothyroidism, hypertension, and coronary 
artery disease admitted for severe diarrhea and progressive shortness of breath. She had a cardiac arrest 
secondary to wide complex tachycardia. Bedside transthoracic echocardiography showed the following: 
(a) Apical four-chamber view: severe left ventricle hypertrophy with small cavity and turbulent flow in 
mid-ventricle. (b) Apical four-chamber view in diastole after contrast injection. (c) Apical four-chamber 
view in systole after contrast injection showing mid left ventricular obliteration. LV left ventricle
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Figure 5.4 demonstrates TTE imaging of a 67-year-old man with multiple comor-
bidities who was brought to hospital after resuscitation from cardiac arrest. His 
initial rhythm was pulseless electrical activity (PEA). He had a history of hip sur-
gery 2 weeks before his admission. Bedside transthoracic echocardiography showed 
right ventricular dilation with IVC engorgement.

 Pericardial Tamponade

Pericardial tamponade is a life-threatening clinical syndrome caused by pericardial 
accumulation of fluid, pus, blood, clots, or gas that leads to compression of the 
heart. Increase in pericardial pressure impairs cardiac filling and ultimately causes 
cardiogenic shock and cardiac arrest. Echocardiography should be obtained 

ba

c

Fig. 5.4 A 67-year-old man with multiple comorbidities who was brought post-cardiac arrest. Initial 
rhythm was pulseless electrical activity. He had history of hip surgery 2 weeks ago. Bedside transtho-
racic echocardiography revealed the following: (a) Apical four-chamber view: right atrial and right 
ventricular dilation, and bulging of the interatrial septum toward left atrium. (b) Right ventricle inflow 
view: Severe tricuspid regurgitation. (c) Subxiphoid four-chamber view: right atrial and right ventricu-
lar dilation. LV left ventricle, LA left atrium, RV right ventricle, RA right atrium, TR tricuspid 
regurgitation
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immediately if pericardial tamponade is suspected. Acute pericardial tamponade is 
a clinical diagnosis based on tachycardia (>100  beats/min), hypotension 
(<100 mmHg systolic), pulsus paradoxus (>10 mmHg drop in blood pressure on 
inspiration), and neck vein distention with elevated jugular venous pressure. The 
traditional clinical features are often difficult to ascertain in the peri-resuscitation 
state. Echocardiography is the diagnostic method of choice in suspected cardiac 
tamponade and should be performed without delay. The most common finding is a 
pericardial effusion. During resuscitation, demonstration of a pericardial collection 
should lead to consideration of cardiac arrest secondary to tamponade, especially in 
patients with recent procedure, chest surgery, or chest trauma [11, 12]. The size of 
the effusion can be misleading, as it is the rate of accumulation of fluid that deter-
mines the clinical course. Echocardiographic features routinely sought in tampon-
ade such as the presence of a swinging heart, right ventricular diastolic collapse, 
right atrial collapse, and enlarged non-pulsatile vena cava may not be universally 
present. The reciprocal changes in the size of cardiac chambers and transvalvular 
flows may be difficult to interpret in cardiac arrest. Figure  5.5 shows the TTE 

a b

c

Fig. 5.5 A 24-year-old woman with past medical history of mitral valve prolapse and recent symp-
toms of upper respiratory infection presents to the emergency department post-cardiac arrest. 
Transthoracic echocardiography revealed the following: (a) Apical four-chamber view: large peri-
cardial effusion with right atrial and right ventricular collapse. (b) Parasternal short-axis view: 
Large pericardial effusion. (c) Parasternal long-axis view: large pericardial effusion. LV left ventri-
cle, LA left atrium, RV right ventricle, RA right atrium, AO aorta, PE pericardial effusion

5 Echocardiography in Cardiac Arrest and Resuscitation



86

findings of a 24-year-old woman with past medical history of mitral valve prolapse 
and recent symptoms of upper respiratory infection who was brought to the emer-
gency department after cardiac arrest. The initial cardiac rhythm was asystole. 
Transthoracic echocardiography revealed large pericardial effusion suggestive of 
tamponade etiology for cardiac arrest.

 Coronary Artery Disease

Coronary artery disease (CAD) is the major cause of cardiac arrest in the Western 
world, either as a result of severe ventricular dysfunction, acute arrhythmia, or com-
plications arising from prior myocardial infarction (MI). Although myocardial isch-
emia is often heralded by typical symptoms and ECG findings, these are not always 
present in unexplained cardiac arrest. Bedside TTE in patients with a shockable 
rhythm can be used to look for segmental wall motion abnormalities as a surrogate 
for CAD being the primary cause of cardiac arrest following the return of spontane-
ous circulation (ROSC). In cases where a wall motion abnormality is documented, 
CAD would be suspected as the primary cause of the arrest and early revasculariza-
tion may be necessary. Bedside TTE can also be used for evaluation of mechanical 
complications of AMI such as acute VSD and papillary muscle rupture [13]. 
Figure 5.6 shows the bedside TTE findings after ROSC including left ventricle sys-
tolic dysfunction and hypokinesia of the anterior wall along with an apical ventricu-
lar septal defect. Figure  5.7 demonstrates the echocardiographic findings of a 
58-year-old man with a history of gastritis and schizophrenia brought to emergency 
department after witnessing cardiac arrest. Patient was reportedly out with a friend 
and complained of severe shortness of breath and chest pain. On arrival the patient 
had agonal breathing but still had a pulse. Patient subsequently went into PEA 
arrest. Bedside transthoracic echocardiogram after ROSC showed a flail anterior 
mitral leaflet with severe mitral regurgitation.

 Monitoring Cardiac Output

Detection of cardiac output during cardiac arrest is generally performed by palpat-
ing central pulses and/or noninvasive blood pressure measurements; however, both 
of these methods may not be accurate. Although intensive care unit patients fre-
quently have an arterial pressure transducer and therefore these inaccuracies may be 
irrelevant, this is not necessarily true in the non-ICU settings. Here, focused echo-
cardiography has been shown to identify the presence or absence of cardiac kinetic 
motion during resuscitation. Furthermore, echocardiography especially TEE has the 
potential to define the efficiency of the chest compressions and the optimal duration 
of the resuscitation maneuvers [14].
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 Identifying Cardiac Rhythm

The ECG has been regarded as the gold standard in the diagnosis of asystole or 
ventricular fibrillation; however, studies have shown that echocardiography may be 
more accurate.

Confirmation that a “flat line” is truly asystole is an important step in the ACLS 
protocol. Fine ventricular fibrillation (VF) can be misdiagnosed as asystole on the 
cardiac monitor and/or electrocardiogram. The distinction between them has an 
important impact on patient management and prognosis. Bedside TTE can demon-
strate subtle disorganized cardiac twitching consistent with ventricular fibrillation. 
Distinguishing VF from asystole with echocardiography is also more challenging 
than identifying more obvious causes of cardiopulmonary arrest such as cardiac 

a
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b

Fig. 5.6 A 71-year-old woman with past medical history of hypertension and hypothyroidism who 
presented with a chief complain of epigastric pain. She had cardiac arrest on arrival to emergency 
department. Bedside transthoracic echocardiogram revealed the following: (a) Apical four- 
chamber view: left ventricular systolic dysfunction and apical ventricular septal color flow. (b) 
Apical four-chamber view: apical ventricular septal defect with contrast. (c) Ventricular septal 
defect Doppler flow. LV left ventricle, LA left atrium, RV right ventricle, RA right atrium, VSD 
ventricular septal defect
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tamponade and examiner should be familiar with the subtle cardiac movements. The 
sensitivity and specificity of TTE for diagnosing VF in the settings of cardiac arrest 
are currently unknown [15, 16].

Despite the absence of a pulse with a PEA rhythm, bedside TTE may demonstrate 
organized cardiac activity—this scenario is described as “pseudo-PEA.” In true PEA, 
the patient has cardiac electrical activity without any mechanical contraction. In 
pseudo-PEA, the patient has cardiac electrical activity with no palpable pulses, but 
myocardial contractions can be seen by echocardiography. The outcomes of these 
patient groups are significantly different. Finding of coordinated cardiac activity con-
fers a better outcome and should potentially be regarded as an indication to continue 

a
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b

Fig. 5.7 A 58-year-old man with a history of gastritis and schizophrenia brought to emergency 
department after witnessing cardiac arrest. On arrival, the patient had agonal breathing but still had 
a pulse. Subsequently, the patient experienced cardiac arrest. Bedside transthoracic echocardio-
gram showed the following: (a) Parasternal long-axis view: flail anterior mitral leaflet. (b) Apical 
four-chamber view: flail anterior mitral leaflet and left atrium enlargement. (c) Apical four- 
chamber view: flail anterior mitral leaflet with severe mitral regurgitation. LV left ventricle, LA left 
atrium, RV right ventricle, RA right atrium, MV mitral valve, MR mitral regurgitation
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resuscitation efforts [17–19]. Figure  5.8 illustrates the bedside echocardiography 
findings of a 35-year-old-man who was brought to emergency department after an 
out-of-hospital arrest. On arrival the pulse was undetectable and telemetry was sug-
gestive of asystole. Transthoracic echocardiography showed myocardial twitching, 
and severe right ventricle dilation. The patient was successfully defibrillated.

 Transesophageal Echocardiography

Transesophageal echocardiography (TEE) can be very useful in the emergency set-
tings, when TTE is nondiagnostic. In patients with cardiac arrest TTE image acqui-
sition is technically difficult due to ongoing CPR, gastric air, and presence of the 

a
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Fig. 5.8 A 35-year-old man was brought to emergency department after an out-of-hospital cardiac 
arrest. On arrival no pulse was detectable and telemetry was suggestive of asystole. Transthoracic 
echocardiography revealed the following: (a) Parasternal long-axis view: severe right ventricular 
dilation and myocardial twitching. (b) Apical four-chamber view: severe right ventricular and right 
atrial dilation. (c) Parasternal short-axis view: severe right ventricular dilation. LV left ventricle, LA 
left atrium, RV right ventricle, RA right atrium
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defibrillator pads. The quality of images is better with TEE compared to TTE in 
patient with recent chest surgery, chest deformity, and emphysema. TEE allows the 
examiner to visualize the heart, even during chest compressions, to evaluate the 
quality of compressions and to see subtle contractility. Patients can be electrically 
cardioverted with the probe in place as it is electrically isolated. In certain clinical 
scenarios, the combination of TTE and TEE may be necessary to confirm or reject 
the suspected diagnoses such as acute aortic syndrome, acute prosthetic valve dys-
function, or aortic transection due to chest trauma [20, 21].

 Conclusion

The choice of imaging modality during cardiac arrest should be based on not only 
sensitivity and specificity of the modality but also its accessibility in the resuscita-
tion field. Bedside echocardiography is an invaluable tool to rapidly assess cardiac 
structure and function, pulmonary pathology, and fluid status in the settings of car-
diac arrest and the peri-resuscitation period. ALS-compliant focused echocardiog-
raphy can be taught to nonexpert practitioners.

Even though the performance of peri-resuscitation echocardiography has been 
recommended by some researchers [3], there is no agreement on the examiners’ 
training and the evaluation of their respective competencies. It is very likely that 
echocardiography will become a standard part of the evaluation of cardiac arrest 
patients as image quality of handheld devices improves and the number of physi-
cians who are familiar with their use increases.

The routine incorporation of echocardiography into the ALS algorithm should be 
studied further in different settings (e.g., in-hospital and out-of-hospital cardiac 
arrest). Lightweight, handheld echocardiography machines provide a good opportu-
nity to extend research in this field beyond the hospital setting and assess the benefit 
of bedside TTE in out-of-hospital resuscitation. Although some studies suggest that 
focused echocardiography can be performed in an ALS-compliant manner and that 
clinicians can potentially predict the outcome depending on the echocardiography 
findings, none have yet shown that the use of focused echocardiography improves 
outcomes.
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Chapter 6
Echocardiography in a Patient  
with a New Murmur

Julie Friedman and Muhamed Saric

Abstract Heart murmurs are common in cardiac care unit (CCU) patients. As 
many of CCU patients are intubated and unable to provide medical history, the 
physical exam becomes crucial in piecing together a patient’s medical history. Once 
a new murmur is identified, echocardiography can be a helpful tool in the critical 
care setting to further elucidate the cardiac abnormalities of a CCU patient. Whereas 
many patients have murmurs representing manifestations of chronic diseases, this 
chapter focuses on the diagnosis and etiology of murmurs that are presumably new 
at the time of CCU admission and represent an acute change in clinical status.

Keywords Murmur · Aortic valve disease · Mitral valve disease

 Introduction

Heart murmurs are common in cardiac care unit (CCU) patients. As many of CCU 
patients are intubated and unable to provide medical history, the physical exam 
becomes crucial in piecing together a patient’s medical history. Once a new murmur 
is identified, echocardiography can be a helpful tool in the critical care setting to 
further elucidate the cardiac abnormalities of a CCU patient. Whereas many patients 
have murmurs representing manifestations of chronic diseases, this chapter focuses 
on the diagnosis and etiology of murmurs that are presumably new at the time of 
CCU admission and represent an acute change in clinical status.

The majority of new native valve murmurs represent nonstenotic lesions and they 
are related primarily to acute valvular regurgitation. On the contrary, new prosthetic 
valve murmurs may be either stenotic, such as in acute prosthetic valve stenosis, or 
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regurgitant, as in infective endocarditis. Other new murmurs that may present in a 
CCU patient include that of ventricular septal rupture and left ventricular outflow 
tract (LVOT) obstruction, both of which are described in this chapter as well.

 Genesis and Types of Heart Murmurs

Murmurs are defined as sounds heard in addition to the sequence of two to three 
heart sounds during each heartbeat [1]. The two normal heart sounds in adults—the 
first heart sound (S1) and the second heart sound (S2)—are produced mainly by the 
closure of the atrioventricular (tricuspid and mitral) and semilunar (aortic and pul-
monary) valves, respectively. Sometimes, an additional heart sound associated with 
the ventricles filling up with blood may be heard. It is referred to as S3 when it occurs 
in early diastole and S4 when heard in late diastole after atrial contraction. In chil-
dren it can be normal to hear an S3 but in adults it often represents pathology. When 
an S3 or S4 heart sound is heard together with the two normal heart sounds, it is 
referred to as a “gallop.” A combination of S1 + S2 + S3 is a ventricular (“Kentucky”) 
gallop. In contrast, a combination of S4 + S1 + S2 is an atrial (“Tennessee”) gallop [2].

Murmurs are thought to be the result of abnormal movement of blood across 
valves and between cardiac chambers which result in turbulence of blood flow. The 
turbulence creates vibrations in the heart chambers and outflow tracts that are 
detected via auscultation with a stethoscope. The intensity of a murmur can vary 
greatly depending on the size of the orifice which blood is flowing through, the pres-
sure gradient across the narrowing, and the volume of blood flowing across the site. 
Heart murmurs can be systolic, diastolic, or continuous (Table 6.1) and they can be 
reported with accompanying intensity grades (Table 6.2).

When clinically insignificant, murmurs are referred to as being “innocent”; they 
are caused by increased flow or turbulence across anatomically normal valves or 
other cardiovascular structures. Some systolic murmurs may be clinically innocent, 
while all diastolic and continuous murmurs are abnormal. Pathological murmurs 
occur as a result of either diseased cardiac valves or abnormal communications 
between cardiac chambers, blood vessels, or both. These lesions may be congenital 
or acquired, and have unique hemodynamic consequences.

Table 6.1 Types of heart murmurs

Start End

Systolic murmurs

Midsystolic After S1 Before S2
Pansystolic (holosystolic) At or after S1 At S2
Late systolic Middle or late systole At S2
Diastolic murmurs

Early diastolic At S2 Before next S1
Mid-diastolic Shortly after S2 Before next S1
Late diastolic (presystolic) Late diastole At next S1
Continuous murmurs Begin in systole and continue through the cardiac cycle
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 Detection of a Heart Murmur

Clinicians will often first detect murmurs via auscultation using a stethoscope. The 
invention of the stethoscope is often credited to René Laënnec who, in 1816, created 
the monaural stethoscope as a means of amplifying heart sounds without requiring 
physical contact. In 1851, Arthur Leared invented the binaural stethoscope and then 
in 1852 George Cammann, who was a practicing physician in New York City, per-
fected the binaural stethoscope which is most reminiscent of the modern-day aus-
cultation device used by medical professionals today [3].

The standard stethoscope often includes both a shallow bell (for low-frequency 
sounds) and a thin, stiff diaphragm (for high-frequency sounds). Clinicians rou-
tinely assess at least four surface anatomical areas with the stethoscope when evalu-
ating for murmurs as shown in Fig. 6.1. Murmurs are then further described based 
on their intensity (grade), pitch (frequency), configuration, timing, quality, and 
radiation (Table 6.3).

Table 6.2 Intensity and grades of heart murmurs

Grade Murmur intensity Comments

I Very faint
II Quiet murmur As loud as S1, S2
III Moderately loud murmur Louder than S1, S2
IV Loud murmur With thrill
V Very loud murmur Heard even with stethoscope barely on the 

chest
VI Extremely loud Heard even without stethoscope

A
AORTIC AREA

2nd Right Intercostal
P

PULMONIC AREA
2nd Left Intercostal

T
TRICUSPID AREA

4th/5th Left Intercostal

M

MITRAL AREA
5th Left Intercostal at

Midclavicular Line

Fig. 6.1 Cardiac 
auscultation areas. The 
background thorax image 
with permission from 
BioDigital.com. 
Abbreviations: A aortic 
area, M mitral area, P 
pulmonic area, T tricuspid 
area
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 Role of Echocardiography After Detection of a Heart Murmur

Once detected, murmurs are typically further characterized via echocardiography 
which can help evaluate the primary lesion in terms of cause and severity, define the 
lesion’s hemodynamic significance, detect coexisting abnormalities, evaluate the 
size and function of cardiac chambers, and establish a reference point for future 
comparisons.

Modern ultrasound machines have become smaller and more portable allowing 
the exams to be performed at the patient’s bedside. In recent years, there has also 
been an increasing use of handheld pocket scanners as partial replacement tools for 
auscultation. While these tools cannot replace the detail obtained in a formal echo-
cardiogram, there has been an increasing reliance on these tools to confirm pathol-
ogy suspected based on auscultatory findings and these have become an extension 
of the physical exam in the critical care setting.

New murmurs in the CCU are most often of a regurgitant variety as a result of 
acute infective endocarditis, acute type A aortic dissection, or sequelae of an acute 
myocardial infarction. Acute valve stenosis is typically seen only with prosthetic 
valves and can occur in the setting of acute valve thrombosis which is a devastating 
and life-threatening condition. Other murmurs such as that of a new dynamic LVOT 
obstruction or ventricular septal rupture have distinctive murmurs which are impor-
tant to recognize and are discussed in this chapter.

Table 6.3 Murmur types and conditions Murmur type Associated abnormality

Systolic

Early systolic Mitral regurgitation
Tricuspid regurgitation
Ventricular septal rupture
Aortic stenosis

Midsystolic Aortic stenosis
Dynamic LVOT obstruction

Late systolic Mitral valve prolapse
Holosystolic Mitral regurgitation

Tricuspid regurgitation
Ventricular septal rupture

Diastolic

Early diastolic Aortic regurgitation
Mid-diastolic Rheumatic mitral stenosis
Late diastolic Rheumatic mitral stenosis
Continuous

Patent ductus arteriosus
Arteriovenous fistula
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 New Murmur After an Acute Myocardial Infarction

 Myocardial Infarction

Myocardial infarction (MI) is a clinical or pathologic event caused by myocardial 
ischemia, resulting in myocardial necrosis or injury. The American College of 
Cardiology and the American Heart Association endorse the Third Universal 
Definition of Myocardial Infarction which defines an MI as a typical rise and/or fall 
of cardiac troponin with at least one value above the assay’s upper reference limit, 
accompanied by at least one other feature of ischemia (e.g., typical symptoms or 
ECG changes) [4]. Acute MIs—often in the form of ST-elevation MI (STEMI)—
make up a high percentage of admissions to cardiac intensive care units (ICUs).

The new murmurs that arise as a consequence of an acute MI are related to 
mechanical complications of the infarct. The most common lesions are acute mitral 
regurgitation (MR), a ventricular septal rupture (VSR), and LV wall rupture. MR 
and VSR, but not LV rupture typically present as a new heart murmur. Papillary 
muscle rupture (and resulting mitral regurgitation) typically occurs 2–7 days after 
MI, ventricular septal defects typically occur 3–7 days after MI, and LV free wall 
rupture often occurs 5–14 days after MI (Table 6.4) [5].

 Acute Mitral Regurgitation

 Clinical Presentation

Acute MR in the setting of an acute MI (or endocarditis, which is discussed in sub-
sequent section) often presents as a cardiac emergency with the sudden onset and 
rapid progression of hypotension, pulmonary edema, and signs and symptoms of 
cardiogenic shock. Acute MR due to MI is related to papillary muscle rupture.

The murmur of acute MR may be systolic, midsystolic, or holosystolic. It is often 
best heard along the left sternal border and may radiate to the back.  However, since 
the pressure within the left atrium markedly increases during ventricular systole and 
the pressure gradient between the LA and LV diminishes or disappears by the end 
of systole, the systolic murmur is often soft, low pitched, and decrescendo. An 
important point to keep in mind while in the ICU is that the approximately 50% of 

Table 6.4 Myocardial 
infarction related murmurs

Complication type Complication onset days after MI

Papillary muscle rupture 2–7 days
Ventricular septal rupture 3–7 days
Free wall rupture 5–14 days
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patients with moderate-to-severe acute MR will have no audible murmur and there-
fore the intensity of the murmur does not necessarily correlate with the severity of 
the valve lesion [6]. The presumed mechanism is thought to be secondary to a rela-
tively low systolic pressure gradient between the left ventricle and left atrium due to 
the combination of low systemic blood pressure and elevated left atrial pressure. An 
S3 can commonly be heard but may be difficult to appreciate as these patients are 
often quite tachycardic.

 Pathophysiology and Anatomic Considerations

The mitral valve apparatus consists of the mitral annulus, anterior and posterior 
leaflets, chordae tendineae, papillary muscles, and underlying ventricular wall 
(Fig.  6.2). Mitral regurgitation can occur as a complication of acute myocardial 
infarction by several mechanisms: (1) papillary muscle or chordal rupture, (2) papil-
lary muscle displacement, and (3) LV dilatation/aneurysm.

Papillary muscle rupture is the primary mechanism of acute MR related to 
MI. The other two mechanisms (papillary muscle displacement and LV dilatation) 
typically lead to subacute or chronic MR murmur. Partial or complete rupture of a 
papillary muscle can have catastrophic effects. Additionally, there is a wide range of 
infarction size that can be associated with papillary muscle rupture. Many patients 
may have very limited overall left ventricular dysfunction from their MI and, in the 
setting of acute severe mitral regurgitation, may actually have a hyperdynamic LV 
which can further limit identification of wall motion abnormalities. It is for these 
reasons that echocardiography can be quite helpful in diagnosing this potentially 
life-threatening condition.

1. LEAFLETS

3. CHORDAE TENDINEAE

4. PAPILLARY MUSCLES
(posteromedial + anterolateral)

5. LEFT VENTRICULAR MYOCARDIUM

Geriatrics & Aging 2003;6:42-45.

2. MITRAL ANNULUS

Fig. 6.2 Mitral valve apparatus. Based on the image of the mitral valve apparatus with permission 
from Geriatrics & Aging journal
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The posteromedial (PM) papillary muscle has solitary blood supply from the 
posterior descending artery whereas the anterolateral (AL) papillary muscle has a 
dual blood supply from the left anterior descending and left circumflex arteries 
(Fig. 6.3) [7]. It is for this reason that rupture of the PM papillary muscle occurs at 
a much higher frequency than that of the AL papillary muscle. It is rare that acute 
rupture of a papillary muscle involves the entire body of the papillary muscle; more 
commonly, only one of the subheads of the muscle is involved resulting in a partial 
leaflet flail. It is important to note, however, that chordae to both leaflets arise from 
each papillary muscle such that, in cases of complete rupture, both leaflets are often 
affected.

 Echo Findings

The jet of acute MR from papillary muscle rupture is most often eccentric and 
directed opposite to that of the partial flail leaflet (Figs.  6.4 and 6.5). Given the 
eccentric nature, the severity of the regurgitant jet may often be underestimated. 
Associated findings include a small inferior wall motion abnormality, a mass (the 
ruptured papillary muscle) attached to flail segments of the leaflets often seen in the 
LA in systole and in the LV in diastole. Given the acuity of the regurgitant lesion, 
the LA is often nondilated. For this reason, the detection of an eccentric mitral 
regurgitation jet with a relatively normal-sized left atrium should raise suspicion for 
acute mitral regurgitation and, in the proper clinical context of myocardial ischemia 
or infarction, is concerning for papillary muscle rupture.

As discussed in the auscultatory findings, the murmur of acute MR is either soft 
or absent because of rapid pressure equilibration between LV and LA in systole. 
Echocardiographically, this is visualized on spectral Doppler tracings as a low- 
velocity triangular systolic flow velocity pattern (Fig. 6.6). This is often accompa-
nied by a prominent, rapidly decelerating early diastolic (E) wave, which corresponds 
to auscultatory S3 sound.

ANTEROLATERAL
PAPILLARY MUSCLE

Dual Supply
LAD and LCx

POSTEROMEDIAL
PAPILLARY MUSCLE

Solitary Supply
PDA from either

RCA or LCx

Fig. 6.3 Papillary muscle 
blood supply. Short-axis 
TTE view at the level of 
papillary muscle; note the 
solitary blood supply of the 
posteromedial papillary 
muscle vs. dual blood 
supply of the anterolateral 
papillary muscle. 
Abbreviations: LAD left 
anterior descending artery, 
LCx left circumflex artery, 
PDA posterior descending 
artery, RCA right coronary 
artery
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 Ventricular Septal Rupture

 Clinical Presentation

The classic presentation of someone with ventricular septal rupture (VSR) is that of 
acute onset of hemodynamic compromise with hypotension, biventricular failure 
(right greater than left), and a new harsh murmur soon after an MI. It is yet another 
rare, but lethal complication of acute myocardial infarction and is often seen 3–5 
days after acute MI. VSR is an utmost emergency and thus the prompt diagnosis is 
crucial for prompt surgical or percutaneous VSR closure.

c

LA

LVOT

b

LV

LA

RV

a

LV

LA

RV

Eccentric
Posteriorly

Directed
MR Jet 

Ruptured
Anterior
Papillary
Muscle

Ruptured
Anterior
Papillary
Muscle

Fig. 6.4 Ruptured anterior papillary muscle on TEE. Panel (a): Ruptured anterior papillary mus-
cle in the left ventricle during diastole. Panel (b): Ruptured anterior papillary muscle in the left 
atrium during systole. Panel (c): Color Doppler imaging showing very severe eccentric, posteriorly 
directed, mitral regurgitation. In this condition, a murmur of severe acute mitral regurgitation may 
be heard. Abbreviations: LA left atrium, LV left ventricle, LVOT left ventricular outflow tract, MR 
mitral regurgitation, RV right ventricle
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c

Central
coagulative
necrosis

(Infarction)
Myocytolysis

d

b

Eccentric
Anteriorly
Directed
MR Jet

LV

RV

LA

a

LV

LA

Ruptured
Posterior
Papillary
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RV

Ruptured
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Fig. 6.5 Ruptured posterior papillary muscle. Panel (a): Ruptured posterior papillary muscle in 
the left atrium during systole on TEE. Panel (b): Color Doppler imaging showing eccentric, ante-
riorly directed, mitral regurgitation jet on TEE. Panel (c): Gross surgical specimen of a ruptured 
papillary muscle. Panel (d): Histology of a necrotic, ruptured papillary muscle. In this condition, a 
murmur of severe acute mitral regurgitation may be heard. Abbreviations: LA left atrium, LV left 
ventricle, MR mitral regurgitation, RV right ventricle

Severe ACUTE Mitral Regurgitation Severe CHRONIC Mitral Regurgitationa b

Low Velocity
Triangular MR Jet

High Velocity
Parabolic MR Jet

Prominent
E wave

Fig. 6.6 Acute vs. chronic MR on spectral Doppler. Panel (a): Continuous-wave Doppler across 
the mitral valve in severe acute mitral regurgitation. Note that the low-velocity, rapidly dissipating 
LV to LA systolic gradient may result in a soft or even absent mitral regurgitation murmur. Panel 
(b): Continuous-wave Doppler across the mitral valve in severe chronic mitral regurgitation. 
Abbreviations: E wave early diastolic flow, MR mitral regurgitation
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 Murmur of Acute VSR

The murmur of VSR is very loud, harsh in character, holosystolic, and often heard 
throughout the precordium. Up to 50% of patients with acute VSR have a detectable 
thrill.

 Pathophysiology

VSR develops after transmural infarction of the ventricular septum and can occur 
at any anatomic location along the septum. It can result from an MI of any of the 
coronary arteries as the septal blood supply comes from branches of the left ante-
rior descending artery, the posterior descending branch of the right coronary 
artery, or the left circumflex artery when it is dominant (Fig. 6.7) [7]. However, 
septal rupture tends to occur most frequently with anterior MIs. The newly 
formed communication between the right and left ventricles results in left-to-
right shunting of blood from the high-pressure LV to the lower pressure right 
ventricle (RV) [8].

Inferior Septum
LAD + PDA 

Inferior Septum
PDA 

Anterior Septum
LAD  Alone

Inferior Septum
LAD + PDA 

Anterior Septum
LAD  Alone

Fig. 6.7 Coronary territories of septum. Note the difference in the blood supply between the ante-
rior and the inferior interventricular septum. The image with permission from the Journal of 
American Society of Echocardiography. Abbreviations: LAD left anterior descending artery, PDA 
posterior descending artery
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 Echo Findings

The key to identifying a VSR by echocardiography is noting a high-velocity, left-to- 
right systolic jet on continuous-wave Doppler and systolic turbulence on the RV 
side of the septum on color Doppler imaging. As this can be challenging to identify, 
it is often necessary to use nonconventional imaging planes, scanning up and down 
the septum with color Doppler imaging, to identify the pathologic left-to-right flow. 
Once the site of rupture is identified with color flow, color can then be turned off and 
anatomic imaging undertaken to help identify the site of dropout of the ventricular 
septum with 2D imaging. These defects may often be serpiginous through the myo-
cardium and can range in size from millimeters to several centimeters making it 
challenging to visualize the chamber connection on echo (Fig. 6.8).

ba

LV
RV

c

Systolic
VSR Flow

d

Diastolic
VSR Flow

Fig. 6.8 Ventricular septal rupture (VSR) on echo. Panel (a): Parasternal short-axis TTE view of 
VSR identifying dropout of the ventricular septum. Panel (b): Spectral Doppler confirms high- 
velocity systolic flow across VSR. Panel (c): Color Doppler imaging showing high-velocity sys-
tolic flow across VSR.  Panel (d): Color Doppler imaging showing low-velocity diastolic flow 
across VSR. In this condition, a harsh holosystolic murmur is typically heard. Abbreviations: LV 
left ventricle, RV right ventricle, VSR ventricular septal rupture
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 New Murmur in a Febrile Patient

 Infective Endocarditis

 Clinical Presentation

Infective endocarditis is an infection of the endocardial surface of the heart, most 
commonly referring to an infection of one or more of the heart valves or of an intra-
cardiac device (pacing wires, catheters, conduits, etc.). It is an uncommon infec-
tious disease with an annual incidence ranging from 3 to 7 per 100,000 person-years 
in the most contemporary population [9]. The presentation can vary from a subacute 
or chronic disease with nonspecific symptoms to an acute, rapidly progressive 
infection with hemodynamic consequences resulting from valvular dysfunction. 
Cardiac complications occur in up to half of patients and can result in these patients 
requiring ICU-level care for heart failure from valvular dysfunction or conduction 
abnormalities from paravalvular abscesses.

 Murmur in Infective Endocarditis

The presence of a new regurgitant murmur in a febrile patient should raise suspicion 
for infective endocarditis. Left-sided valvular lesions are more common than right- 
sided ones. Thus, one may expect to hear the murmur of aortic or mitral regurgita-
tion. Right-sided lesions are typically associated with intravenous drug users 
(tricuspid valve involvement and less commonly pulmonic valve) but can also be 
found in those with right-sided indwelling catheters (such as hemodialysis cathe-
ters) or intracardiac devices (pacemakers, defibrillators). It is important to keep in 
mind that even though most right-sided lesions are found in the setting of intrave-
nous (IV) drug use, it is still much more common for an IV drug user to present with 
left-sided rather than right-sided valvular disease.

 Echocardiographic Features of Vegetations

One of the major Duke criteria for infective endocarditis is the echocardiographic 
finding of evidence of endocardial involvement [10]. To that end, the findings of 
abscess, new partial dehiscence of prosthetic valve, or visualization of a vegetation 
support a diagnosis of infective endocarditis in the ICU in the setting of a new regur-
gitant murmur.

A vegetation is typically an irregularly shaped, echogenic, highly mobile mass 
that may be attached to any area of the valve leaflet, although lesions at the coapta-
tion line are most common (Fig. 6.9). Since the vegetation is a discrete structure, it 
may often only be seen in certain tomographic planes and thus slow scanning 
between the standard image planes is crucial to help increase the probability of 
identifying a valvular vegetation. Most vegetations are highly mobile and tend to 
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have motion that is independent of the movement of the valve itself. The movement 
is often described as fluttering, oscillating, or chaotic. Vegetations tend to form on 
the upstream side of a valve so they will be seen on the atrial side of the mitral or 
tricuspid valve and on the ventricular size of the aortic or pulmonic valve [11]. 
These vegetations can be associated with acute regurgitant valvular lesions. Acute 
aortic regurgitation, similar to acute MR as described previously, will be associated 
with a rapidly decelerating aortic valve spectral Doppler tracing due to the rapid 
pressure equalization between the LV and the aorta in systole. Classic echocardio-
graphic findings in severe aortic regurgitation include a holodiastolic flow reversal 
seen on spectral Doppler tracings of the distal thoracic aorta and proximal abdomi-
nal aorta and a wide vena contracta.

There are no single pathognomonic findings on the echocardiogram that will 
definitively define an identified mass as a vegetation. Vegetations begin as a micro-
scopic focus of infection and gradually develop over time into a well-formed mass. 
Therefore, at early stages they may be too small to be reliably seen. It is classically 
felt that a vegetation needs to be at least 3–6 mm in size in order to be reliably seen 
with standard imaging techniques on transthoracic echocardiography.

There are other echogenic abnormalities that can be seen and mistaken for veg-
etation and it is important to identify these entities to improve the specificity of 
echocardiography. Findings that may be mistaken for a vegetation include papillary 

a
Aortic Valve
Vegetation

LVOT

LA

b

LA

RV

Aorta

Severe AR

Aortic Valve Spectral Doppler
Rapid Deceleration

*

Abdominal Aorta Spectral Doppler

*
Holodiastolic Flow Reversal

dc

Fig. 6.9 Aortic valve endocarditis on TEE. Panel (a): Large aortic valve vegetation. Panel (b): 
Color Doppler imaging showing turbulent flow of severe aortic regurgitation. Panel (c): Spectral 
Doppler tracing showing rapid deceleration of flow in severe acute aortic regurgitation. Panel (d): 
Spectral Doppler tracing showing holodiastolic flow reversal in the abdominal aorta, consistent 
with severe aortic regurgitation. In this condition, a murmur of severe acute aortic regurgitation 
may be heard. Abbreviations: AR aortic regurgitation, LA left atrium, LV left ventricle, LVOT left 
ventricular outflow tract, RV right ventricle
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fibroelastoma, myxomatous mitral valve disease, nonbacterial thrombotic endocar-
ditis (marantic endocarditis), thrombus (especially with prosthetic valves), beam- 
width artifact, and Lambl’s excrescence (Fig. 6.10).

 New Murmur in Patient with Shock

Many of the patients who are critically ill in the ICU with a presentation of shock 
may have no murmur on physical exam. Others may have murmur from non- 
cardiogenic causes such as the flow murmur often appreciated in septic shock. The 
etiologies of murmurs with cardiogenic shock include the already discussed 
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Marantic
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Fig. 6.10 Vegetation masqueraders on TEE involving the mitral valve. Panel (a): Bacterial endo-
carditis. Note the shaggy appearance of the vegetation on the atrial side of the mitral valve. Panel 
(b): Marantic (nonbacterial, thrombotic) endocarditis. Note the so-called kissing lesions on either 
leaflet of the mitral valve. Panel (c): Papillary fibroelastoma. Note the well-circumscribed rounded 
appearance of the papillary fibroelastoma attached to the atrial surface of the mitral valve. In this 
condition, a murmur of severe acute mitral regurgitation may be heard. Abbreviations: LA left 
atrium, LV left ventricle
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murmur of acute mitral regurgitation (due to acute MI or mitral valve endocarditis) 
and the murmur of acute aortic regurgitation (due to aortic valve endocarditis). 
Additional etiologies of shock-associated murmurs include left ventricular outflow 
tract (LVOT) obstruction and type A aortic dissection.

 Stress Cardiomyopathy with LVOT Obstruction

 Clinical Presentation

LVOT obstruction can be either a preexisting condition (such as in a patient with 
hypertrophic obstructive cardiomyopathy) or newly developed such as in a patient 
presenting with a stress cardiomyopathy (also referred to as Takotsubo cardiomy-
opathy or apical ballooning syndrome). Stress cardiomyopathy is a clinical syn-
drome characterized by transient focal LV dysfunction in the absence of obstructive 
coronary artery disease and is often on the differential of acute MI. The true inci-
dence of this phenomenon is likely on the range of 1–2% of those presenting with 
troponin-positive acute coronary syndrome, but ICU studies have found that up to 
28% of those patients admitted with a noncardiac diagnosis were found with stress 
 cardiomyopathy [12].

A subset of this population will develop a dynamic LVOT obstruction felt to be 
induced by basal hyperkinesis in the setting of apical hypokinesis. One of the early 
signs of this may be the appreciation of a systolic murmur and the presence of the 
LVOT obstruction can contribute to the development of shock in an ICU patient. 
Echocardiographic findings can help support this diagnosis which can have major 
implications in medical management.

 Murmur of LVOT Obstruction

The murmur of LVOT obstruction is typically a high-pitched, crescendo- 
decrescendo, midsystolic murmur that is best appreciated at the left lower sternal 
border. It can often be mistaken for the murmur of aortic stenosis (AS) given similar 
qualities; however, unlike the murmur of AS, this murmur does not radiate to the 
carotid arteries. Maneuvers that alter afterload and preload can also help differenti-
ate the murmur of LVOT obstruction from others such as AS. The LVOT murmur 
will increase with Valsalva maneuver (decrease in preload) and will decrease with 
handgrip (increase in afterload).

 Echocardiographic Features of LVOT Obstruction

In the transthoracic parasternal long-axis or apical three-chamber view, one will 
often see the classic finding of systolic anterior motion of the mitral valve (SAM) 
with apposition of the mitral leaflet and septum in mid to late systole (mitral-septal 
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contact). Given its greater temporal resolution, M-mode recordings may be helpful 
to better identify the mitral-septal contact. M-mode can also be helpful in identify-
ing mid-systolic abrupt partial closure of the aortic valve with coarse fluttering of 
the aortic valve leaflets in late systole that results from this late systolic dynamic 
outflow obstruction. The degree of SAM may not be uniform from medial to lateral 
across the mitral leaflets, so it is important to image in multiple planes with slight 
adjustments in transducer angulation to demonstrate the presence and extent of 
dynamic outflow obstruction.

While 2D and M-mode imaging can provide clues to the presence of an outflow 
obstruction, Doppler studies can be used to identify the site of obstruction and the 
severity of obstruction. Using pulsed-wave Doppler from the apical approach, the 
sample volume is moved slowly from the apex up to the base while recording the 
velocity at each step. At the site of obstruction, the velocity increases abruptly and 
this velocity reflects the degree of obstruction. Continuous-wave Doppler will reveal 
a late-peaking high-velocity systolic jet (Fig. 6.11).

 Type A Aortic Dissection

 Clinical Presentation

Aortic dissection is a rare, yet life-threatening condition for which the early and 
proper diagnosis is crucial for survival. The classic presentation of acute aortic dis-
section is with severe chest pain and acute hemodynamic compromise. Progressive 
hemodynamic decline and death in patients with type A dissection can result from 
several mechanisms: (1) rupture of the dissection into the pericardium resulting in 
cardiac tamponade, (2) dissection into the aortic valve leading to severe aortic 
regurgitation, and (3) obstruction of the coronary artery ostia leading to acute myo-
cardial infarction [13].
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Late Peaking High-Velocity
Systolic Gradient

Fig. 6.11 LVOT obstruction and SAM on TTE. Panel (a): Systolic anterior motion of the mitral 
valve with mitral-septal contact. Panel (b): Late-peaking, high-velocity systolic gradient consistent 
with LVOT obstruction. In this condition, the characteristic late-peaking systolic murmur is heard. 
Abbreviations: AV aortic valve, LA left atrium, LV left ventricle, SAM systolic anterior motion of 
the mitral valve
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 Pathophysiology

The primary event is an intimal tear in the aortic wall, followed by degeneration of 
the aortic media (cystic and medial necrosis) and ultimately the passage of blood 
into the media via the tear further separating the intima from the surrounding media 
and/or adventitia, thus creating a false channel. This channel can remain localized 
or can propagate downstream.

 Murmur of Type A Aortic Regurgitation

Aortic regurgitation is very frequently present in cases of type A aortic dissection as 
patients have either chronic AR due to aortic dilation over time or more acute AR 
due to retrograde extension of the dissection resulting in inadequate leaflet support. 
The murmur of acute AR is often low pitched and early diastolic whereas the mur-
mur of chronic AR tends to be high pitched and holodiastolic. Given the increased 
blood volume crossing the aortic valve, a soft systolic murmur may be heard as 
well. This combination of a soft systolic and a low-pitched diastolic aortic murmur 
is often referred to as a “to-and-fro” murmur of acute AR. Additionally, similar to 
the murmur of acute MR, the murmur of acute AR may be faint or absent as a result 
of an equalization of the pressures between the aorta and the LV.

 Echocardiographic Features of Type A Aortic Dissection

Echocardiography, transesophageal more so than transthoracic, can be used to iden-
tify the dissection flap, which is a mobile flap separating the true and false lumens 
of the aorta in the setting of a dissection (Fig. 6.12). The dissection flap typically 
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Fig. 6.12 Type A aortic dissection on TEE. Panel (a): Dissection flap with color Doppler imaging 
of aortic regurgitation jet. Panel (b): True and false lumens of aorta in setting of aortic dissection 
and color Doppler imaging showing flow from true to false lumen. In this condition, a murmur of 
severe acute aortic regurgitation may be heard. Abbreviations: AV aortic valve, LVOT left ventricu-
lar outflow tract
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moves towards the false lumen in systole due to systolic expansion of the true 
lumen. The flap’s motion is often independent of the aorta itself and should be visu-
alized in more than one view to confirm its presence and to prevent mistaking beam- 
width artifacts and reverberations for dissection. In addition to helping determine 
the location of the true and false lumens, echocardiography can be useful to identify 
complications of type A aortic dissection such as acute AR, pericardial effusion 
(and resultant tamponade physiology), and LV dysfunction (in the case of coronary 
ostia dissection).

 New Murmur in Patient with Known Prosthetic Valve

 Valve Thrombosis

Whereas the majority of new murmurs in the CCU are regurgitant murmurs as 
described above, there is one important exception to this rule which is the stenotic 
murmur of prosthetic valve thrombosis.

 Clinical Presentation

Valve thrombosis is more likely to occur with mechanical than bioprosthetic valves. 
Critical valve thrombosis, while rare, can be devastating, and is most often the result 
of inadequate anticoagulation. What is more commonly seen is prosthetic valve 
degeneration, pannus formation, and less critical thrombosis. Prosthetic valve 
thrombosis should be on the differential of a patient with a prosthetic valve who 
presents with a change in the quality of the mechanical valve closing clicks, new 
heart failure symptoms, a new stenotic murmur, or a stroke or other thromboem-
bolic event.

 Murmur of Prosthetic Valve Stenosis

The murmur of prosthetic valve stenosis is similar to the murmur of native valve 
stenosis. In addition, there may be absence of mechanical leaflet clicks.

 Echocardiographic Features of Prosthetic Valve Stenosis

In general, the echocardiographic features used to identify native valve stenosis can 
be applied to the evaluation for prosthetic valve stenosis. Since prosthetic valves are 
inherently narrower than the native valves at baseline, the maximum velocity tends 
to be somewhat higher across a prosthetic valve than a healthy native valve. The 
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function of the prosthetic valve is assessed via determination of the peak velocity, 
peak and mean gradient, effective orifice area (EOA), Doppler velocity index (DVI), 
as well as contour of the jet velocity (Fig. 6.13) [14]. In general, prosthetic valve 
obstruction should be suspected when there is a significant increase in mean trans-
valvular gradient when compared with baseline (after exclusion of other causes 
such as a high output state).
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Chapter 7
Echocardiography in Acute Neurologic 
Syndrome

Gregory Katz and Muhamed Saric

Abstract Stroke is the third leading cause of mortality in the high-income coun-
tries. While acute neurologic syndromes can be divided into stroke and non-stroke 
causes, stroke from a cardiac source is the focus of this review. The chapter outlines 
cardiovascular conditions with high and moderate thromboembolic risk including 
the descriptions of key anatomic features and echocardiographic findings.

Keywords Stroke · Atrial fibrillation · Thrombus

 Introduction

Stroke is the third leading cause of mortality in the high-income countries, and 
an estimated 6.9 million Americans over the age of 20 have had strokes. There 
are approximately 800,000 strokes annually, which accounts for over $35 billion 
in direct and indirect costs. While acute neurologic syndromes can be divided 
into stroke and non-stroke causes, stroke from a cardiac source will be the focus 
of this review.

 Stroke Subtypes

Strokes can be divided into two distinct subtypes, ischemic and hemorrhagic. 
Approximately 87% of strokes are ischemic, and some hemorrhagic strokes result 
from conversion of an ischemic stroke [1]. Ischemic strokes can be further subdi-
vided into five different subtypes based on the Trial of Org 10,172 in Acute Stroke 
Treatment (TOAST) criteria. Strokes from pathologies of the heart and aorta fall 
into two groups: (1) established cardioembolic strokes and (2) cryptogenic strokes, 
some of which are cardioembolic (Fig. 7.1).
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Stroke Types
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Fig. 7.1 Prevalence of hemorrhagic and ischemic strokes. (Left panel) Breakdown of stroke types 
and relative prevalence. (Right panel) Different subtypes of ischemic stroke. Strokes with cardiac 
involvement include cardioembolism and some cryptogenic strokes

Table 7.1 Factors suggesting stroke of cardioembolic etiology

Factors suggesting stroke of cardioembolic etiology

Abrupt onset of symptoms with lack of preceding TIA
Striking severity of stroke (NIHSS > 10, age > 70)
Previous infarctions in various arterial distributions
• Multiplicity in space (infarct in both anterior and posterior circulation)
• Multiplicity in time (infarct of different age)
Other signs of systemic thromboembolism
Territorial distribution of infarcts involving cortex or subcortical large lenticulostriate area
Hyperdense MCA sign (without severe ipsilateral internal carotid stenosis)
Rapid recanalization of occluded major brain artery (evaluated with repeat neurovascular 
ultrasound)

Echocardiography is used for identifying cardiac sources of embolism and 
abnormalities of the aorta that can present with focal neurologic findings, which can 
be suspected based on several clinical characteristics (Table 7.1). Features suggest-
ing a stroke that is potentially cardioembolic include abrupt onset of symptoms, 
severe neurologic symptoms at the onset (severity of stroke with NIH Stroke 
Scale > 10), infarction in multiple cerebrovascular beds, concomitant infarctions in 
non-cerebrovascular territories, territorial distribution of the infarcts involving cor-
tex or subcortical large lenticulostriate area, hyperdense middle cerebral artery sign, 
and rapid recanalization of occluded major brain artery (Fig. 7.2) [2].
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a b c

Fig. 7.2 Ischemic stroke on radiologic imaging. (a) Dense MCA sign found on noncontrast head 
CT scan. (b) Brain MRI demonstrating right MCA stroke. (c) Cerebral angiographic reconstruc-
tion demonstrating 100% occlusion of the right MCA. MCA Middle cerebral artery, CT Computed 
tomography, MRI Magnetic resonance imaging

Embolism from a cardiac source accounts for 15–40% of ischemic strokes, and 
diagnosis relies on identifying a potential etiology in the absence of identifiable 
cerebrovascular occlusive disease [3]. In patients with acute neurologic syndromes, 
the primary role of echocardiography is to identify the existence of a cardiac source 
of embolism, evaluate the likelihood that the source is a potential cause of the syn-
drome, and guide treatment strategies.

 Cardioembolic Stroke

Not all cardiac sources have an equal embolic potential. Thrombi, vegetations, 
tumor fragments, and atherosclerotic debris have the highest embolic potential. 
These and less likely cardiac sources based on their embolic potential are listed in 
(Table 7.2). Acute aortic dissection with or without extension into the carotid arter-
ies is also an important cause of acute neurologic syndromes, and its identification 
with echocardiography will also be discussed in this chapter. Dedicated guidelines 
of the European Society of Cardiology (ESC) [4] and the American Society of 
Echocardiography (ASE) [5] provide in-depth recommendations on proper use of 
echocardiography in identifying a cardiac source of embolism.

 High Embolic Risk Cardiovascular Conditions

These include the tetrad of thrombi, vegetations, tumors, and aortic atheroma.

7 Echocardiography in Acute Neurologic Syndrome
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 Thrombi

The risk of acute neurologic syndrome from atrial arrhythmias is primarily dictated 
by its risk of development of a thrombus in the left atrium, or more precisely, in the 
left atrial appendage (LAA); these thrombi are the most common source of cardio-
genic embolism [6]. Regional or focal left ventricular myocardial wall motion 
abnormalities in the setting of an acute myocardial infarction or severe left ventricu-
lar dysfunction also provide a nidus for left ventricular thrombus formation due to 
development of blood stasis.

 Atrial Arrhythmias

The link between atrial fibrillation and ischemic stroke is complex but important. 
Atrial fibrillation is the most common cardiac dysrhythmia, and the annual risk of 
stroke in atrial fibrillation ranges from 1% in low-risk patients to 15% in the highest- 
risk group. The majority of all cardioembolic events in atrial fibrillation are linked 
to thrombi in the left atrial appendage (LAA). The percentage of thrombi in the 
LAA vs. thrombi in the body of the left atrium (LA) is dependent on the type of 
atrial fibrillation. In nonvalvular atrial fibrillation, about 90% of all thrombi are 
located in the LAA. In contrast, in patient with valvular atrial fibrillation (primarily 
defined as atrial fibrillation in patients with rheumatic mitral valve disease), only 2/3 
of all thrombi are in the LAA, the remainder being in the body of the LA.

Table 7.2 Cardiac sources of stroke classified by embolic potential

High embolic potential Moderate embolic potential

Intracardiac thrombi
• Atrial arrhythmias—atrial fibrillation, atrial flutter
•  Ischemic heart disease—recent MI, chronic  

ischemic cardiomyopathy with LV thrombus
• Nonischemic cardiomyopathy with LV thrombus
• Prosthetic valves and devices

Septal defects and anomalies
• Patent foramen ovale
• Atrial septal aneurysm
• Atrial septal defect

Intracardiac vegetations
• Native valve endocarditis
• Prosthetic valve endocarditis
• Nonvalvular endocarditis

Precursors of intracardiac thrombi
•  Spontaneous echo contrast 

(smoke)
•  Left ventricular aneurysm  

without apparent thrombus
• Mitral valve prolapse

Intracardiac tumors
• Myxoma
• Papillary fibroelastoma
• Other tumors

Intracardiac calcifications
• Mitral annular calcification
• Calcific aortic stenosis

Aortic pathology
• Aortic atheroma
• Aortic dissection

Valvular abnormalities
• Fibrin strands
• Lambl’s Excrescence
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LAA and LA thrombus formation is primarily a result of increased stasis, since 
the other aspects of Virchow’s triad, endothelial injury and hypercoagulability, are 
not as clinically relevant in these patients. When left atrial appendage emptying 
velocity is brisk, thrombus formation is generally prevented; when atrial dysfunc-
tion occurs, generally from atrial fibrillation, left atrial enlargement, or mitral valve 
disease, the emptying velocity is diminished and the LAA becomes a potential 
nidus for thrombus development. Transesophageal echocardiography is the gold 
standard test for identifying LAA thrombi.

 Key Anatomic Features

The left atrial appendage can occur in four distinct morphologic shapes: cactus, 
chicken wing, windsock, and cauliflower. The size of the left atrium should also be 
quantitatively evaluated in patients with suspected cardioembolic stroke.

 Echocardiography Findings

The presence of spontaneous echo contrast (SEC) or smoke in the LAA is a sign of 
erythrocyte rouleaux formation indicative of blood stasis. SEC can progress to 
sludge (very dense smoke) and to true thrombus (Fig. 7.3). Thrombus is most fre-
quently visualized in the LAA but can also be found in the true LA cavity. The pres-
ence of SEC, sludge, and thrombus have all been linked to increased risk of systemic 
embolism. LAA emptying velocity should be evaluated with pulsed wave Doppler 
on TEE, with the highest risk of embolism seen with values less than 20 cm/s.

 Alternative Imaging

In patients who are unable to tolerate or have a contraindication to TEE, cardiac 
computed tomography scan can be used to evaluate for presence of thrombus in the 
LA and LAA with reasonably high accuracy.

 Myocardial Infarction and Heart Failure

The incidence of left ventricular thrombus following myocardial infarction var-
ies from 7% to 20% among different studies, with the highest prevalence in 
patients with anterior or apical infarction and those with reduced ejection frac-
tions [7, 8]. Patient with left ventricular aneurysm may have incidence of throm-
bus as high as 50%. Current reperfusion therapies have reduced the prevalence of 
left ventricular thrombus following myocardial infarction. Chronic 
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cardiomyopathies are also associated with increased risk of left ventricular 
thrombus, with risk increasing with ventricular enlargement, decrease in cardiac 
output with resultant stasis, and apical variant of hypertrophic cardiomyopathy 
with apical outpouching.

 Key Anatomic Features

Thrombi in the left ventricle come in three distant morphologic appearances

 1. Flat mural thrombus—flat and parallel to the endocardium with only one surface 
exposed to blood

 2. Protruding thrombus—multiple surfaces exposed to blood
 3. Mobile thrombus—independent motion of all or part of thrombus

Although mobile or protruding thrombi are the most likely to embolize, embolic 
events can also occur in patients with flat mural thrombi.

a

c

b

d

Fig. 7.3 Left atrial appendage pathology. (a) LAA without presence of clot. (b) Smoke in the 
LAA. (c) LAA demonstrating presence of sludge. (d) Thrombus in the LAA. LAA Left atrial 
appendage
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 Echocardiography Findings

Left ventricular thrombus is defined as a discrete echo-dense mass in the left ven-
tricle with distinct margins from the endocardium and that is seen during both sys-
tole and diastole. It should be located by an area of the LV wall where the myocardium 
is hypokinetic or akinetic. Echocardiography must visualize a thrombus in two 
orthogonal views to adequately exclude artifacts and make an accurate diagnosis.

The use of echocardiographic microbubble contrast agents has greatly improved 
the ability of echocardiography to adequately identify a left ventricular thrombus 
(Fig. 7.4a,b). A low threshold to utilize echo contrast helps to reduce the likelihood 
of a technically difficult study leading to inadequate diagnosis. Moving the echocar-
diographic focal zone to the apex and reducing the aliasing velocity may help to 
better define any thrombi in the left ventricle.

Transesophageal echocardiography is of little marginal utility in identifying an 
LV thrombus due to poor views of the apex and its distance away from the trans-
ducer in the esophagus.

 Alternative Imaging

Cardiac magnetic resonance imaging has a higher sensitivity and specificity than 
echocardiography to identify a left ventricular thrombus, although the ease of use 
may limit its applicability in the acute setting (Fig. 7.4c).

a b c

Fig. 7.4 Left ventricular thrombus. (a) TTE demonstrating thrombus in the LV apex. 
(b) Echocardiography contrast can enhance ability to detect thrombus on TTE. (c) MRI demon-
strating presence of apical LV thrombus. TTE Transthoracic echocardiogram, LV Left ventricle, 
MRI Magnetic resonance imaging
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 Vegetations

 Endocarditis

Both infective and noninfective endocarditis can be a cause of acute neurologic 
events. In most cases, positive blood cultures and echocardiographic evidence are 
able to make the diagnosis of infective endocarditis (IE). Systemic embolism is a 
very common consequence of IE, and stroke may be the first clinical manifestation 
in some instances. The majority of cases of systemic embolism occur before the 
initiation of antimicrobial therapy. While TTE imaging is highly specific for making 
a diagnosis of endocarditis, it lacks sensitivity, particularly in the setting of pros-
thetic valves, and is also less effective in evaluating leaflet or cusp perforation. In 
these cases, TEE should be considered the first-line test. Noninfective endocardi-
tis—also known as marantic endocarditis—leads to the formation of fibrin- and 
platelet-rich valvular vegetations that have a high risk of systemic embolization. 
Marantic endocarditis occurs in the setting of severe systemic disease or hyperco-
agulable state (such as antiphospholipid syndrome).

 Key Anatomic and Hemodynamic Features

Acute severe valvular regurgitation can occur in IE due to leaflet perforation, and IE 
should be considered as a potential cause of acute valvular insufficiency. Clues that 
can help to distinguish acute aortic insufficiency include normal left ventricular 
size, narrow pulse pressure, and hypotension, which occur in the setting of acutely 
elevated LVEDP impairing forward flow and stroke volume. Early closure of the 
mitral valve and poor coaptation of the aortic valve leaflets can also be seen in acute 
aortic regurgitation. Acute mitral regurgitation can be suspected based on normal 
left atrial and left ventricular size, markedly elevated left atrial pressure, and clini-
cal features of pulmonary edema or large left atrial V waves on pressure 
monitoring.

 Echocardiography Findings

Valvular vegetations, intracardiac abscess, prosthetic valve dehiscence, and the 
presence of new valvular insufficiency can all be used to make the diagnosis  
of IE.

Vegetations typically appear as a mass with echogenic properties that are differ-
ent than the underlying tissue, adherent to a valve leaflet, and independently mobile 
from the valve (Fig. 7.5a). While most commonly found on valves, vegetations can 
also be less frequently seen on the mural endocardium or the papillary muscles. 
Healed vegetations generally appear more echogenic and calcified compared to 
acute vegetations. Infective endocarditis vegetations are more commonly on the 
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atrial side of the atrioventricular valves and the ventricular side of the semilunar 
valves.

Abscesses are echolucent or echogenic heterogeneous spaces that are generally 
adjacent to valvular structures. While they are mainly paravalvular, they can affect 
any myocardial region. They are most commonly identified on the aortic valve and 
can result in fistula and pseudoaneurysm formation (Fig. 7.5b).

Mechanical mitral valve prosthesis adds additional diagnostic complexity and is 
better visualized with TEE than with TTE due to shadowing from the prosthesis. In 
the right clinical context, paravalvular regurgitation should be suspected as the 
echocardiographic manifestation of IE.

 Differential Diagnosis

Differential diagnosis of endocarditis includes a number of entities that can be con-
fused for vegetations, so a thorough understanding of the patient’s clinical scenario 
is vital for accurate interpretation. On native valves, mitral annular calcification 
with mobile components, redundant chordae, Lambl’s excrescences, and papillary 
fibroelastoma can be mistaken for vegetations. Findings on prosthetic valves that 
can be mistaken for a vegetation of IE include prosthetic valve strands, mitral sub-
valvular tissue remnants, and microcavitations (Fig. 7.6).

 Alternative Imaging

Echocardiography is the imaging modality of choice for the diagnosis of endocar-
ditis. There is no role for either CT or CMR in adding diagnostic utility to 
echocardiography.

Fig. 7.5 Endocarditis. (a) Vegetation visualized on atrial side of the mitral valve on TEE. (b) 
Abscess formation adjacent to the aortic valve. TEE Transesophageal echocardiogram, LA Left 
atrium, LV Left ventricle, NCC Noncoronary cusp, RCC Right coronary cusp, LCC Left coronary 
cusp
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 Prosthetic Valves

Prosthetic valves represent a major source of embolism leading to acute neurologic 
syndrome, and the presence of a prosthetic valve or intracardiac device in the setting 
of an acute embolic event should raise suspicion for device contribution.

Prosthetic valve thrombosis more commonly occurs in the tricuspid and mitral 
positions than aortic, and annual incidence is as high as 1%. Thrombosis and embo-
lism can occur in the absence of obstructive symptoms such as dyspnea or heart 
failure and generally happen in the setting of subtherapeutic anticoagulation.

 Key Anatomic and Hemodynamic Features

Prosthetic heart valve thrombosis or vegetation can be associated with symptoms of 
flow obstruction, including a new murmur, dyspnea, heart failure,  and cardiogenic 
shock. Right-sided prosthetic valve thrombosis can only lead to acute neurologic 
syndrome in the presence of an intracardiac or intrapulmonary shunt.

 Echocardiography Findings

Both TTE and TEE should be performed in patients with suspected prosthetic valve 
thrombosis. In cases of severe obstruction, TTE will reveal abnormal transvalvular 
color flow jet, elevated transprosthetic valve gradients, and reduced effective orifice 
area. TEE is generally the test of choice to visualize restricted leaflet motion, 

ba c

Fig. 7.6 Ancillary pathologies. (a) Severe mitral annular calcification can be mistaken for vegetation 
from endocarditis. (b) Large Lambl’s excrescence visualized on the aortic valve. (c) Microcavitations 
from mechanical mitral valve prosthesis can mimic vegetation. LA Left atrium, LV Left ventricle, AV 
Aortic valve, RV Right ventricle, RA Right atrium, MVR Mitral valve replacement
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abnormal central regurgitation, loss of physiologic regurgitant jets, and direct visu-
alization of thrombus (Fig. 7.7a). Diagnosis of partial valve thrombosis is challeng-
ing even with TEE and high clinical suspicion must be present.

 Differential Diagnosis

Differential diagnosis of prosthetic valve thrombosis includes prosthetic valve veg-
etation or fibrin strand. The hemodynamic consequences of valve thrombosis can 
also be seen in prosthetic valve stenosis and patient-prosthesis mismatch. Pannus 
formation, the development of fibrous tissue growth around a prosthetic valve, can 
also cause elevated prosthetic valve gradients, but is not associated with systemic 
thromboembolism or acute neurologic syndromes.

 Alternative Imaging

Cinefluoroscopy is often used to evaluate for mechanical prosthetic valve thrombo-
sis. Its role is very limited in identifying prosthetic vegetation or intracardiac device 
thrombus or vegetation per se (Fig. 7.7b). Gated cardiac CT can also be useful to 
demonstrate reduced leaflet motion.

a b

Fig. 7.7 Prosthetic valves. (a) Thrombosis on mitral valve bioprosthesis visualized on TEE. 
(b) Mechanical valve thrombosis on cinefluoroscopy demonstrating impaired leaflet mobility dur-
ing diastole leading to impaired flow (bottom image). Normal systolic leaflet closure is maintained 
(upper image). LA Left atrium, AV Aortic valve, LV Left ventricle, TEE Transesophageal 
echocardiogram
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 Intracardiac Tumors

Primary cardiac tumors are rare diagnoses, and most are benign in nature with the 
majority of complications arising from their embolic potential. Myxoma and papil-
lary fibroelastoma (PFE) are the two most common intracardiac tumors as well as 
the intracardiac tumors with the highest embolic potential; as a result they fre-
quently present with complications from an embolic event. Embolic events due to 
tumors can either be due to a piece of the tumor itself or due to embolism of an 
associated thrombus. The most common malignant cardiac tumor is metastatic dis-
ease, which is 20-fold more common than primary benign cardiac tumors, although 
less frequently associated with embolic disease. Primary malignant cardiac tumors 
tend to occur on the right side of the heart and more commonly present with pulmo-
nary rather than systemic embolism. The most common metastatic malignant 
tumors of the heart are from melanoma and tumors of the lung, breast, colon, and 
stomach.

 Key Anatomic and Hemodynamic Features

Cardiac myxomas are the most common benign cardiac tumor, more common in 
women, and seen most frequently in the left atrium. Less commonly, patients can 
have multiple myxomas, and approximately 7% of myxomas are associated with 
Carney complex, an autosomal dominant disorder with cardiac and skin myxomas 
as well as adrenocortical disease leading to Cushing syndrome. Myxomas can be 
large at times, leading to obstruction of the mitral valve and mimicking the clinical 
symptoms and Doppler signs of mitral stenosis.

PFEs are the second most common cardiac tumor and predominantly located 
on the cardiac valves, most frequently aortic and then mitral. PFEs are derived 
from endocardium and are avascular. They rarely cause valvular dysfunction and 
tend to be located on the aortic side of the aortic valve and ventricular side of the 
mitral valve, which is the opposite of what is commonly seen with infective endo-
carditis. Although frequently asymptomatic, the most common presenting symp-
toms from PFEs are stroke, TIA, and myocardial infarction from tumor 
embolization.

 Echocardiography Findings

Cardiac myxomas usually have a stalk attached near the fossa ovalis; they can also 
be seen in the left ventricle, right atrium, and, less commonly, right ventricle. 
Myxomas often appear pedunculated with a surface that is smooth or friable and can 
have necrotic areas with focal calcifications. Frequently, myxomas are partly vascu-
larized which will lead to partial opacification on echo contrast imaging. Partial 
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opacification can differentiate myxomas from thrombi and malignant tumors, which 
are not opacified and completely opacified, respectively (Fig. 7.8).

PFEs are often mobile with a clear border and can appear homogenously tex-
tured. They are typically described as resembling a sea anemone with multiple pap-
illary fronds attached to the endocardium by a short pedicle (Fig. 7.9). While PFEs 
can grow larger than 20 mm in size, they are more commonly 8–9 mm in length. 
TTE and TEE have sensitivities for detection of approximately 62% and 77%, 
respectively.

Fig. 7.8 Myxoma. (a) Left atrial myxoma adherence to the interatrial septum visualized on TTE. 
(b) Echocardiographic contrast demonstrating partial opacification of left atrial myxoma. TEE 
Transesophageal echocardiogram, LA Left atrium, RA Right atrium, SVC Superior vena cava

Fig. 7.9 PFE.  (a) Papillary fibroelastoma on the aortic side of the aortic valve on two dimensional 
imaging. (b) PFE visualized on 3-D TEE. LA Left atrium, LV Left ventricle, AV Aortic valve, TEE 
Transesophageal echocardiogram
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 Differential Diagnosis

As previously discussed, the most common intracardiac masses are myxomas and 
PFEs. Differential diagnosis for intracardiac masses includes primary and second-
ary and for valvular lesions also includes vegetations, valvular strands, and Lambl’s 
excrescences.

 Alternative Imaging

To define tissue characteristics of intracardiac tumors, cardiac magnetic resonance 
imaging provides improved discrimination and tissue resolution. Myxomas, meta-
static disease, and primary cardiac tumors are often better visualized with MRI. Since 
PFEs are commonly on valves, their mobility is better visualized on TTE and TEE 
than alternative imaging.

 Aortic Pathologies

Imaging of the aorta is a vital part of evaluating neurologic symptoms due to sus-
pected cardioembolism. Atherosclerotic plaque of the aorta is the most common 
etiology of aortic embolism and can occur due to either thromboemboli (aortic 
thromboembolism syndrome or ATS) or cholesterol emboli (cholesterol emboli 
syndrome or CES). ATS is due to embolism from a thrombus overlying an athero-
sclerotic plaque leading to acute ischemia or a target organ, whereas CES is due 
to embolism of multiple small cholesterol crystals that lead to a shower of emboli 
that can cause symptoms due to smaller vessel occlusion and end organ damage 
caused by either occlusion or inflammatory response.

Neurologic symptoms are frequently seen in patients with aortic dissection and 
may occur in the absence of chest or back pain. As many as 29% of patients with 
acute aortic dissection develop neurologic symptoms, and a third of this group does 
not experience pain. Neurologic sequelae of aortic dissection include ischemic 
stroke, spinal cord ischemia, ischemic neuropathy, hypoxic encephalopathy, syn-
cope, and seizures [9]. Rapid and accurate diagnosis in the setting of an acute aortic 
dissection is vital as mortality increases about 1% per hour prior to initiating appro-
priate treatment. The DeBakey and Stanford classification schemes are the most 
widely used to classify the location of dissection and decide on medical versus 
surgical management.

 Key Anatomic and Hemodynamic Features

Atherosclerotic plaques are manifestations of atherosclerosis that develop over a 
lifelong process, starting with asymptomatic plaque development that can progress 
and lead to symptoms of atherosclerosis and atheroembolic disease over time.
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In an aortic dissection, a tear in the aortic intima leads to the creation of a false 
lumen that can rapidly propagate throughout the aorta, both proximally and dis-
tally. Symptoms and signs are generally the result of branches of the aorta that are 
involved either through propagation of the dissection or via occlusion of blood flow 
and the resultant hypoperfusion. When dissection occurs near the aortic valve, 
acute aortic regurgitation can occur, the hemodynamics of which have been previ-
ously discussed. Pericardial effusion, with or without organization, may also be 
seen in these cases and can lead to cardiac tamponade and hemodynamic 
collapse.

 Echocardiography Findings

Aortic atheroma pathologies are the following: severe plaque (Fig. 7.10a), intramu-
ral hematoma (Fig. 7.10b), and penetrating ulcer (Fig. 7.10c).

Atherosclerotic plaques are located in the aortic intima and can progress from 
atheromas to fibroatheromas and subsequently to complex plaques with hemor-
rhage, ulcerations, and overlying thrombi. The risk of embolism increases with the 
amount of plaque present, and plaque typically increases in quantity, moving proxi-
mal to distal through the aorta.

a

b c

Fig. 7.10 Atheroma triad. (a) Severe ulcerated atherosclerotic plaque in the aorta visualized in 
multiple planes on transesophageal echocardiogram. (b) Intramural hematoma in the wall of the 
aorta due to rupture of vasa vasorum. (c) Penetrating ulcer in the aorta leading to creation of pseu-
doaneurysm outpouching
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The diagnosis of aortic dissection is made when a true and false lumen is sepa-
rated by an intimal flap and can be visualized within the aorta. In most cases, the 
false lumen flow is detectable via color Doppler but may be absent in cases of false 
lumen thrombosis or retrograde dissection. Particular attention should be paid to 
presence of aortic root dilation, aortic regurgitation, and pericardial effusion 
(Fig. 7.11a).

The ascending aorta is best imaged on TTE on the parasternal long axis but 
can sometimes also be seen on apical five-chamber views and subxiphoid views. 
The sensitivity of TTE for type A dissection is as high as 78% in older case series 
and can be improved with the use of echo contrast. If clinically suspected, how-
ever, even negative contrast TTE does not rule out an ascending dissection, and 
in these cases TEE has a much higher sensitivity for detection, approaching 98% 
in some series.

Artifacts in the aorta are common, with some series estimating incidence at 
44–53%, and as many as 3.5% of clinically suspected cases were mistakenly diag-
nosed due to artifacts. In the aortic root, reverberations are from the left atrium; in 
the ascending aorta, reverberations are noted from the pulmonary artery. Typically,  
reverberations are distinguishable from dissection flap based on their location and 
movement on M-mode echocardiography (Fig. 7.11b).

 Differential Diagnosis

Acute aortic dissection exists on a continuum of acute aortic syndromes that include 
intramural hematoma and penetrating atherosclerotic ulcer. Intramural hematoma is 
characterized by circular or crescentic thickening of the aortic wall, generally 
greater than 5 mm in thickness. Penetrating atherosclerotic ulcer is generally visual-
ized as a crater-like outpouching with jagged edges in the aortic wall and is associ-
ated with severe and diffuse atherosclerosis.

Fig. 7.11 Dissection. (a) Type A aortic dissection with separation of aorta into true and false 
lumen with color Doppler flow demonstrating communication between lumens. (b) Reverberation 
artifact from pulmonary artery mimicking aortic dissection. PA Pulmonary artery
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 Alternative Imaging

Evaluation of atherosclerotic plaque can be accomplished with TEE, CT, or 
CMR.  Alternative imaging modalities are more useful for distal aortic plaque 
beyond the areas reached by TEE. CT and CMR are both imaging modalities associ-
ated with extremely high sensitivity and specificity in the diagnosis of acute aortic 
dissection and may be more accurate choices for making a diagnosis if readily avail-
able and without contraindications, such as impaired renal function.

 Moderate Embolic Risk Cardiovascular Lesion

Intracardiac shunt leading to the potential for systemic embolization can occur in 
the setting of a patent foramen ovale or an atrial septal defect. In the setting of acute 
neurologic syndrome of a suspected cardiogenic etiology, it is imperative to exclude 
the etiologies of higher cardioembolic potential before concluding that an intracar-
diac shunt is responsible and treatment should be considered.

 Patent Foramen Ovale and Atrial Septal Defect

Paradoxical embolism in a patient with a patent foramen ovale (PFO) or atrial septal 
defect (ASD) has been associated with increased risk of stroke, particularly in young 
patients [10]. Although PFOs are found in as many as 25% of the normal population, 
some data suggest a prevalence of up to 40% in young patients with acute neurologic 
ischemia. A PFO is a remnant of fetal circulation to enable circulatory bypass of the 
lungs commonly found in adults and is normally kept closed by the positive left-to-
right atrial pressure gradient. In settings of increased right atrial pressure (commonly 
Valsalva maneuver and acute or chronic pulmonary hypertension), a right-to-left 
shunt can occur resulting in acute stroke from paradoxical thromboembolism. The 
presence of atrial septal aneurysm (ASA) can cause retraction of the septum pri-
mum, resulting in a larger interatrial shunt and increasing risk of stroke. The ASA 
may lead to increased risk by funneling thrombotic remnant toward the PFO.

 Key Anatomic and Hemodynamic Features

The foramen ovale anatomy can vary considerably from small tunnels of communi-
cation to wide open PFO with ridge on the left atrial side. ASA is diagnosed if there 
is fixed displacement of the fossa ovalis toward the right or left atria or a combined 
total excursion of the right and left of >15 mm from the midline (Fig. 7.12).
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 Echocardiography Findings

To assess for a PFO, the presence of a right-to-left shunt must be detected. Routine 
color Doppler evaluation is the primary means of visualization, and agitated saline 
injection and lowering the Nyquist limit can both provide increased sensitivity of 
evaluation.

Agitated saline can be injected intravenously for the purpose of finding intra-
cardiac or intrapulmonary shunts. Injections should be performed both at rest and 
with Valsalva maneuver. Deviation of the interatrial septum to the left atrial side 
can be used as confirmation of adequate rise in right atrial pressure. The presence 
of a PFO is suggested by the presence of microbubbles in the left side of the heart 
within three cardiac cycles of injection (Fig.  7.13). Current guidelines likely 
overemphasize the importance of timing of the appearance of bubbles in the left 
heart (early with intracardiac shunt and late with intrapulmonary shunt) as well 
as the importance of counting bubbles for quantitative evaluation (>20 bubbles 
means a large shunt). Improved discrimination can be accomplished via evalua-
tion of the pattern of bubbles appearance; a PFO will appear as a puff and have 
rapid bubble disappearance, while a pulmonary arteriovenous malformation will 
demonstrate a progressive increase in bubbles that disappear very late. TEE 
should be performed when shunt is detected on TTE to confirm the presence of a 
PFO, exclude other shunts, and plan for potential closure if clinically indicated. 
If planning to perform Valsalva maneuver during a TEE, it can be helpful to pro-
vide the patient with instructions on Valsalva maneuver or coughing prior to pro-
cedural sedation.

a b c

Fig. 7.12 ASA. (a) Atrial septal aneurysm when bowing into the right atrium. (b) Atrial septal 
aneurysm bowing into the left atrium. (c) 3D view of atrial septal aneurysm bowing into the right 
atrium. RA Right atrium, RV Right ventricle, LA Left atrium, LV Left ventricle, CS Coronary sinus, 
AV Aortic valve, SVC Superior vena cava
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 Alternative Imaging

Transcranial Doppler can often provide a clue to the existence of a right-to-left 
shunt by detecting microbubbles in the middle cerebral artery (MCA) after injection 
of intravenous fluid; however TEE remains the gold standard test for detection.

 Other Conditions

Several other conditions of low embolic potential should be considered in the dif-
ferential diagnosis of acute neurologic syndrome from a suspected cardiac etiology. 
These can be further characterized according to the etiology of embolism.

• Precursor lesions to thromboembolism, such as SEC representing smoke or 
sludge in the left atrial appendage or LV aneurysm in the absence of frank clot 
demonstrated with echo contrast or CMR.

• Etiologies that increase intracardiac calcification such as severe mitral annular 
calcification or calcific aortic stenosis.

• Valvular abnormalities such as fibrin strands or large Lambl’s excrescences com-
prise a group of intracardiac findings with relatively low embolic potential that 
should be considered in the differential diagnosis of acute neurologic syndrome 
from a suspected cardiac etiology.

a b c

Fig. 7.13 PFO. (a) Small PFO visualized with color Doppler. (b) Large PFO can be visualized 
without assistance of color Doppler or agitated saline. (c) Communication between right and 
left atrium in large PFO with significant proportion of bubbles crossing the interatrial septum 
during bubble study. PFO Patent foramen ovale, LA Left atrium, RA Right atrium, SVC Superior 
vena cava
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Although these lower-risk lesions can be a cause of systemic embolism, it is 
imperative on the clinician to rule out the intracardiac etiologies that are more fre-
quently associated with distal embolic phenomena.
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Chapter 8
Hemodynamic Assessment in the CCU 
by Echocardiography

Yuvrajsinh J. Parmar, Craig Basman, and Itzhak Kronzon

Abstract Cardiac hemodynamics and intracardiac pressures can be assessed non-
invasively with echocardiography. The simplified Bernoulli equation can be used 
for the majority of calculation for inter-chamber gradients. These measurements can 
aid in the assessment and management of patients in the cardiac intensive care unit. 
This chapter will focus on the hemodynamic assessment of the cardiac intensive 
care patient using Doppler and other echocardiographic techniques.

Keywords Doppler · Cardiac output · Intra cardiac gradients

 Introduction

Cardiac hemodynamics and intracardiac pressures can be assessed noninvasively 
with echocardiography. The simplified Bernoulli equation can be used for the 
majority of calculation for inter-chamber gradients. These measurements can aid in 
the assessment and management of patients in the cardiac intensive care unit. This 
chapter will focus on the hemodynamic assessment of the cardiac intensive care 
patient using Doppler and other echocardiographic techniques.

 Evaluation of Right Atrial Pressure

The inferior vena cava size and change with respiration can be used to evaluate right 
atrial pressures. The inferior vena cava can be visualized with the transducer in the 
subxiphoid position traveling through the liver into the right atrium. The ultrasound 
transducer is placed perpendicular to the inferior vena cava. Normally, the inferior 
vena cava is <2.1 cm when measured 1–2 cm prior to entering the right atrium, and 
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there is a decrease of 50% or more in its diameter with inspiration. A dilated inferior 
vena cava and failure to collapse with respiration and the “sniff test” suggests ele-
vated right atrial pressures [1–3]. M-mode echocardiography can be particularly 
helpful to measure the size and changes of its diameter during inspiration. Table 8.1 
displays inferior vena cava characteristics (diameter and respiratory changes) and 
estimated right atrial pressure. Figure  8.1 shows a two-dimensional image and 
M-mode echocardiogram of a patient with a markedly elevated right atrial 
pressure.

 Evaluation of Right Ventricular Systolic Pressure

The tricuspid valve during systole can be used to estimate the right ventricular sys-
tolic pressure. During systole, the tricuspid valve is closed, and there is a pressure 
gradient between the right ventricle and right atrium. Approximately 80% of adults 
have some degree (usually trace to mild) of tricuspid regurgitation. Continuous 
wave Doppler can be used to measure the peak velocity of this tricuspid regurgitant 

Table 8.1 Inferior vena cava (IVC) size and respiratory variation in the evaluation of right atrial 
(RA) pressure

Inferior vena cava size and collapsibility Estimate of right atrial pressure

Dilated (>2.1 cm) and little collapsibility (<50%) Elevated (10–20 mmHg)
Normal (<2.1 cm) but little collapsibility (<50%)
Dilated (>2.1 cm) but collapsible (>50%)

Intermediate (5–10 mmHg)

Normal (<2.1 cm) and collapsible (>50%) Normal/low (0–5 mmHg)

a b

Fig. 8.1 Assessment of right atrial pressure (RAP). (a) The inferior vena cava (IVC) is markedly 
dilated at its entrance to the right atrium (2.8 cm). (b) The M-mode recorded demonstrates lack of 
respiratory variations in diameter. RAP is estimated to be 15–20 mmHg
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jet. In the absence of pulmonic stenosis, the right ventricular systolic pressure can 
be used to estimate pulmonary artery systolic pressure. Figure 8.2 shows the super-
imposed pressure curves of the right atrium, right ventricular, and pulmonary artery 
pressure. This peak velocity can be used to estimate the gradient between the right 
ventricle and right atrium by using the simplified Bernoulli equation. The right ven-
tricular systolic pressure (RVSP) therefore will equal the tricuspid regurgitant (TR) 
gradient plus the right atrial pressure (RAP).

RVSP TRgradient RAP= +

In a patient with ventricular septal defect (VSD) with a left-to-right shunt, the right 
ventricular systolic pressure can be calculated after measuring the gradient across 
the VSD in systole. In the absence of aortic stenosis, the systolic pressure in the left 
ventricle equals the systemic systolic blood pressure. Thus, the right ventricular 
systolic pressure (RVSP) equals systolic blood pressure (SBP) minus the systolic 
ventricular septal defect (SVSD) gradient.

RVSP SBP SVSD gradient= -

Figure 8.3 shows an example of calculating right ventricular systolic pressure in a 
patient after a myocardial infarction that developed a VSD with a left-to-right 
shunt.

PVC

TVC

4 x 2.5 x 2.5 = 25 mmHg

2.5m/sec

Tricuspid Regurg

PA

RA
RV

Fig. 8.2 Assessment of right ventricular (RV) systolic pressure (see text). The diagram shows 
normal right-sided pressures with no significant systolic gradient across the pulmonic valve and no 
significant diastolic gradient across the tricuspid valve. The gradient across the tricuspid valve in 
systole (green arrow) is responsible for the tricuspid regurgitation velocity seen in the upper left 
corner. With a peak regurgitant velocity of 2.5 m/s, the gradient between the right ventricle and 
right atrium is 25 mmHg. Other abbreviations: PA Pulmonary artery pressure, PVC Pulmonic valve 
closure, RA Right atrial pressure, TVC Tricuspid valve closure
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 Evaluation of Right Ventricular Diastolic Pressure

The right ventricular diastolic pressure is similar to the right atrial pressure in the 
absence of tricuspid stenosis. Therefore, the right ventricular diastolic pressure 
(RVDP) equals right atrial pressure (RAP). One can use the IVC dimensions to 
estimate the RAP and substitute that number for RVDP.

 RVDP RAP=  

The RVDP can also be calculated in the presence of a ventricular septal defect with 
left-to-right shunt. If the left ventricular diastolic pressure is higher than the right 
ventricular diastolic pressure, then there is continuous diastolic flow from left ven-
tricle to right ventricle. If the left ventricular diastolic pressure is known, then the 
RVDP can be calculated as the left ventricular diastolic pressure (LVDP) minus the 
ventricular septal defect (VSD) diastolic gradient.

 RVDP LVDP VSDdiastolic gradient= -  

 Evaluation of Pulmonary Artery Systolic Pressure

It can be assumed that the pulmonary artery systolic pressure equals the right ven-
tricular systolic pressure in the absence of pulmonic stenosis. Therefore, the pulmo-
nary artery systolic pressure (PASP) equals the tricuspid regurgitation (TR) gradient 
plus the right atrial pressure (RAP).

 PASP TRgradient RAP= +  

However, in the presence of pulmonic stenosis, the gradient across the pulmonic 
valve must be accounted for. It is still possible to calculate the PASP by first 

Fig. 8.3 Assessment of 
right ventricular systolic 
pressure in a patient with a 
ventricular septal defect 
after myocardial infarction. 
Note that there is flow in 
both systole (white arrow) 
and diastole (red arrow). 
Other abbreviations: LV Left 
ventricle, RV Right ventricle
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calculating the pulmonic stenosis gradient. In these patients, the pulmonary artery 
systolic pressure (PASP) equals the right ventricular systolic pressure (RVSP) 
minus the pulmonic stenosis (PS) gradient.

 PASP RVSP PSgradient= -  

 Evaluation of Pulmonary Artery Diastolic Pressure

The velocity of pulmonic regurgitation can be used to calculate the gradient between 
the pulmonary artery and the right ventricle. The majority of patients normally have 
some degree (trace to mild) of pulmonic regurgitation. Thus, the pulmonary artery 
diastolic pressure (PADP) equals the end pulmonary regurgitation gradient plus the 
right ventricular diastolic pressure (RVDP).

 PADP PRgradient RVDP= +  

Since the right atrial pressure is approximately equal to the right ventricular dia-
stolic pressure, this equation can be simplified to the pulmonary artery diastolic 
pressure (PADP) equaling the pulmonic regurgitation (PR) gradient plus right atrial 
pressure (RAP).

 PADP PRgradient RAP= +  

The ability to measure the pulmonic regurgitation velocity may be particularly help-
ful in the evaluation of the pulmonary artery pressure in patients who do not have a 
sufficient tricuspid regurgitation jet. Figure 8.4 shows a continuous wave Doppler 
tracing of pulmonic valve flow in a patient evaluated for significant pulmonary 

Fig. 8.4 Assessment of 
pulmonary artery diastolic 
pressure in a patient with 
pulmonary hypertension. The 
continuous wave Doppler of 
the pulmonic valve shows an 
end-diastolic velocity of 
2.5 m/s. This indicates an 
end-diastolic gradient of 
25 mmHg between the 
pulmonary artery and the 
right ventricle
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hypertension who did not have tricuspid regurgitation. The end-diastolic velocity of 
the pulmonic regurgitant flow is 2.5 m/s, which indicates an end-diastolic gradient 
of 25 mmHg across the pulmonic valve. Therefore, the diastolic pulmonary artery 
pressure is at least 25 mmHg (25 mmHg plus the right ventricular diastolic pressure 
or right atrial pressure).

 Evaluation of Mean Pulmonary Arterial Pressure

An estimation of pulmonary artery (PA) pressures in the absence of tricuspid or 
pulmonic regurgitation can be obtained with M-mode echocardiography and pulse 
wave Doppler. Normally atrial contraction produces a premature opening move-
ment of the pulmonic valve, since the diastolic pressure is lower in the pulmonary 
artery than the right atrial/ventricular pressure after atrial contraction. In severe pul-
monary hypertension, the elevated pulmonary pressures do not allow the atrial con-
traction to cause movement of the pulmonary leaflet. The characteristic M-mode 
pattern of the pulmonic valve in patients with severe pulmonary HTN includes an 
absence of “a” deflection during atrial contraction. The elevated pulmonary pres-
sures can cause premature closure of the pulmonary valve during systole, which 
appears as the “flying W” on M-mode echocardiography (Fig. 8.5).

Mean PA pressures can be obtained by measuring the systolic acceleration time 
of the antegrade flow velocity measured by pulse wave Doppler just proximal to the 
pulmonic valve. The acceleration time is inversely proportional to the mean PA 
pressure [4]. The equation used for this estimation is:

 
PAMP AcT= - ´( )79 0 45.

 

where PAMP is mean PA pressure in mmHg and AcT is acceleration time in 
milliseconds.

Fig. 8.5 A comparison 
M-mode echocardiogra-
phy of the pulmonic valve 
in individuals with and 
without severe pulmonary 
hypertension
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A normal acceleration time is greater than 120 ms, and values less than 90 ms are 
associated with a PA mean pressure greater than 40 mmHg.

Mean PA pressure can also be estimated from the pulmonic regurgitation jet. 
Figure 8.6 shows a continuous wave Doppler tracing of pulmonic valve flow in a 
patient evaluated for significant pulmonary hypertension who did not have tricuspid 
regurgitation. The early diastolic velocity of the pulmonic regurgitant flow is 
3.5 m/s, which indicates an early diastolic gradient of 49 mmHg across the pul-
monic valve. Therefore, the mean pulmonary artery pressure is at least 49 mmHg 
(49 mmHg plus the right ventricular diastolic pressure or right atrial pressure).

 Evaluation of Left Ventricular Systolic Pressure

In patients without aortic valve or left ventricular outflow obstruction, the gradient 
between the left ventricle and the aorta during systole is negligible. Therefore, left 
ventricular systolic pressure (LVSP) is equal to the systolic blood pressure (SBP).

 LVSP SBP=  

In patients with outflow obstruction (i.e., aortic valve, subvalvular or supravalvular ste-
nosis), there is a gradient between the left ventricle and the ascending aorta. Since the 
systolic ascending aortic pressure equals the systolic blood pressure, the left ventricular 
systolic pressure (LVSP)  equals the systolic blood pressure (SBP) plus the systolic 
pressure gradient across the aortic valve (or other subvalvular or supravalvular sites).

 LVSP SBP aortic valve gradient= +  

The gradient across the aortic valve can be measured with continuous wave Doppler. 
While cardiac catheterization records the peak-to-peak gradient (P2P), which is the 
gradient between peak aortic systolic pressure and peak left ventricular systolic 

Fig. 8.6 Assessment of 
pulmonary artery mean 
pressure in a patient with 
pulmonary hypertension. 
The continuous wave 
Doppler of the pulmonic 
valve shows an early 
diastolic velocity of 3.5 m/s. 
This indicates an early 
diastolic gradient of 
49 mmHg between the 
pulmonary artery and the 
right ventricle
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pressure, Doppler echocardiography measures the maximum instantaneous gradient 
(MIG). The value of the MIG is typically higher than the P2P (Fig. 8.7). In most 
cases of severe aortic stenosis, the P2P is approximately 70% of the MIG. After the 
mean pressure gradient is calculated with Doppler echocardiography, the P2P can 
be estimated by taking 70% of the MIG. This number is then added to systolic blood 
pressure to calculate left ventricular systolic pressure.

 LVSP SBP MIG= + 70%  

The mitral regurgitant jet can be used to help estimate LVSP and gradients across the 
aortic valve. Continuous wave Doppler of the mitral regurgitant jet is used to estimate 
the gradient between the left ventricle and left atrium. The left ventricular systolic 
pressure (LVSP)  equals the mitral regurgitation gradient plus the left atrial pressure.

 LVSP MR systolic gradient LAP= + .  

The mitral regurgitant jet can also be used to estimate the gradient in a patient with 
aortic stenosis. Figure 8.8 shows the MR jet in a patient with aortic stenosis, with a 

Aortic Valve Gradient

AO

LV

Fig. 8.7 Left-sided 
pressure curves in aortic 
stenosis demonstrating 
maximum instantaneous 
gradient (blue arrow) and 
the peak-to-peak gradient 
(green arrow)

Fig. 8.8 The velocity 
of the MR jet 
indicates a peak 
systolic LV-LA 
gradient of 
237 mmHg. The 
aortic gradient is 
therefore 237 mmHg 
+ LAP – 120 mmHg 
(SBP)
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blood pressure of 120/80 mmHg. The LVSP can be calculated based on the MR jet 
(see above). Aortic gradient can be calculated from the LVSP and SBP.

 Aortic gradient LVSP SBP= –  

 Evaluation of Left Ventricular Diastolic Pressure

Similar to the right atrial and ventricular diastolic pressure, the gradient between the 
left atrium and the left ventricle during diastole is small and can be ignored in the 
absence of mitral stenosis. Therefore, the left atrial pressure (LAP) can be estimated 
and will approximate left ventricular diastolic pressure (LVDP).

 LVDP LAP=  

In patients who have aortic regurgitation, the regurgitant jet velocity is a function 
of the diastolic gradient between the aorta and the left ventricle. If the aortic dia-
stolic pressure is known, then the left ventricular end-diastolic pressure (LVEDP) 
equals the diastolic blood pressure (DBP) minus the aortic regurgitation gradient 
(AR) at end diastole. In most patients, the aortic pressure equals the cuff pressure 
in the arm.

 LVEDP DBP enddiastolicARgradient= -  

In patients with VSD with a left-to-right shunt, the LVEDP can be calculated if the 
RA pressure (RAP), which estimates RV diastolic pressure (in the absence of tricus-
pid stenosis), is known. In these patients, the addition of the RAP and the VSD end-
diastolic gradient equals the LVEDP.

 LVEDP RAP VSDend diastolic gradient= + -  

Figure 8.9 demonstrates a continuous wave Doppler tracing taken from a patient 
with both aortic stenosis and aortic regurgitation. The aortic stenosis peak 
velocity jet is 4 m/s, and aortic regurgitation end-diastolic velocity is also 4 m/s. 
The blood pressure during the examination was 150/80 mmHg. Therefore, the 
left ventricular systolic pressure equals the systolic blood pressure (150 mmHg) 
plus 70% of the aortic systolic gradient. Since the maximum instantaneous aor-
tic gradient is 64 mmHg, the peak-to-peak gradient is 70% of 64 mmHg, which 
is 45  mmHg. The left ventricular systolic pressure is therefore 
150 + 45 = 195 mmHg. The left ventricular diastolic pressure equals the dia-
stolic blood pressure (80 mmHg) minus the aortic diastolic gradient (64 mmHg), 
which equals 16  mmHg. Therefore, this patient’s left ventricular pressure is 
195/16 mmHg.
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 Evaluation of Left Atrial Pressure

Doppler echocardiography is useful to estimate left ventricular filling pressures. 
Pulse wave Doppler of the transmitral and pulmonary venous flow, along with tissue 
Doppler of the lateral and septal mitral annulus, allows for the estimation of 
LAP. Under normal flow patterns, the pressure in the left atrium is generally between 
6 and 12 mmHg. Impaired relaxation results in a flow pattern with a low E-wave and 
high A-wave on pulse Doppler and corresponds to an atrial pressure of ~13–19 mmHg 
(minimal elevation left atrial pressure). In pseudonormalization of transmitral flow, 
the E–A ratio is between 9 and 14 with a low E′. This corresponds to an elevated left 
atrial pressure ranging from 20 to 24 mmHg. Lastly, a restrictive pattern with a high 
E-wave, low A-wave, and rapid transmitral deceleration time (<150  ms) occurs 
when the left atrial pressure is usually at least 25 mmHg. A simpler alternative to 
calculating left atrial pressure uses the ratio of the transmitral flow E-wave velocity 
and the tissue Doppler (E′). In general, as the left atrial pressure increases, E-wave 
becomes higher and the E′ becomes lower. An E/E′ ratio of less than 9 is associated 
with normal left atrial pressures, where as a ratio of greater than 14 is highly specific 
for elevated left atrial pressures (>14  mmHg). An equation reported by Nagueh 
et al. [5] describes the relation between LAP and E/E′.

 
LAP = ( ) +éë ùû¢1 24 1 9. / .E E

 

The simplified equation that may be used is:

 LAP mmHg= +¢E E/ 4  

Fig. 8.9 Continuous wave Doppler (CW) in the calculation of left ventricular (LV) pressures in a 
patient with aortic stenosis and insufficiency (see text). Aortic stenosis peak velocity (red arrow) 
and aortic regurgitation end-diastolic velocity (white arrow) both measure to be 4 m/s. Other 
abbreviations: Ao Aorta, LVSP Left ventricular systolic pressure, LVDP Left ventricular diastolic 
pressure, SBP Systolic blood pressure, DBP Diastolic blood pressure
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In patients with mitral regurgitation (without aortic stenosis), the left atrial pressure 
during ventricular systole (LAS) equals the systolic blood pressure (SBP) minus the 
mitral regurgitation (MR) gradient.

 LAS SBP MRgradient= -  

In patients with mitral stenosis, the left atrial pressure during ventricular diastole 
(LAD)  equals the left ventricular end-diastolic pressure (LVEDP) plus the mean 
transmitral gradient.

 LAD LVEDP transmitral gradient= +  

Left atrial pressure can also be estimated with the use of flow propagation velocity 
(Vp) of the mitral inflow obtained by color M-Mode. The Vp measures that rate at 
which red blood cells reach the LV apex from the mitral valve during early dias-
tole. Vp is an indirect measurement of LV relaxation rate. Therefore a lower Vp 
means that LV relaxation is higher, which corresponds to elevated filling 
pressures.

 
PAWP p= + ´4 6 5 27. . /E V

 

where Vp is the flow propagation velocity of the mitral inflow obtained by color 
M-Mode in cm/sec. E is the peak blood flow velocity of the mitral inflow in 
cm/s.

It is important to note that for the use of Doppler echocardiography, the estima-
tion of left atrial pressure assumes absence of atrial fibrillation, ventricular pacing, 
left bundle branch block, left ventricular assist device, or mitral valve disease.

 Calculation of Cardiac Output

Cardiac output (CO) may be calculated by measuring either pulmonary or systemic 
blood flow. In the absence of shunts, the pulmonary blood flow is equal to systemic 
blood flow (SBF). The left ventricular outflow tract blood flow is often used to calcu-
late the stroke volume. The LVOT flow can be calculated by the cross-sectional area 
(CSA) times the velocity time integral (VTI) of the LVOT. The cardiac output can then 
be calculated by multiplying the stroke volume with the heart rate (HR) (Fig. 8.10).

 SV CSA VTILVOT LVOT= ´  

 CO SV HR= ´  

Calculation of cardiac output can be done using the right ventricular outflow tract 
blood flow or the flow in the pulmonary artery as well.
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 Calculation of Shunt Flow

Calculating shunt flow in patients with atrial or ventricular septal defects can be 
performed by subtracting the systemic blood flow (SBF) from the pulmonary blood 
flow (PBF) (Fig. 8.11).

 Shunt flow PBF SBF= -  

Alternatively, the shunt flow can be estimated by multiplying the defect orifice area 
(DOA) by the shunt velocity time integral (VTI) and heart rate (HR). Figure 8.10 is 
an example of the calculation of ASD flow with a left-to-right shunt with an orifice 
area of 1.2 (radius of 0.6 cm), a VTI of 80 cm, and HR of 80 bpm. Using the equa-
tion below, the shunt flow is calculated.

 Shunt flow DOA VTI HRshunt= ´ ´  

 Estimation of Pulmonary Vascular Resistance (PVR)

Pulmonary vascular resistance is defined as the ratio between the pressure gradient 
and the blood flow across the pulmonary vascular tree, measured in Wood’s units. 
Invasively, PVR can be calculated using the following equation:

 
PVR PAMP LAMP PBF= -( ) /  

where PAMP = pulmonary artery mean pressure in mmHg, LAMP = left atrial mean 
pressure in mmHg, and PBF = pulmonary blood flow in L/min.

The PVR is directly related to the PA pressure (and therefore to the maximal TR 
jet velocity) and inversely related to the stroke volume in the RVOT (which can be 
measured noninvasively by pulse wave Doppler, using the VTI at the RVOT, just 
proximal to the pulmonic valve). PVR can therefore be calculated by Doppler using 
the following equation [6]:

Fig. 8.10 Calculation of 
systemic blood flow. The 
diameter (D) is measured 
at the LVOT in parasternal 
long-axis view (left), and 
the VTI (right) is 
determined by pulse wave 
Doppler at the LVOT
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PVR peak TRVelocity VTIRVOT= ( ) +éë ùû10 0 16/ .

 

where PVR is expressed in Wood’s units, TR = tricuspid regurgitation in m/s, and 
VTIRVOT = velocity time integral at the right ventricular outflow tract in centimeters 
(Fig. 8.12).

 Conclusion

With the use of Doppler Echocardiography, intracardiac pressures can be 
assessed noninvasively. The hemodynamic information obtained with the use of 
echocardiography can be comparable to invasive methods. It is therefore impor-
tant to obtain a full echocardiographic exam in cardiac patients hospitalized in 
the cardiac critical care unit. This information can be especially helpful in the 
assessment and management of CCU patients without invasive hemodynamic 
monitoring.

Fig. 8.11 Calculation of 
ASD with left-to-right 
shunt flow. The red arrow 
marks the ASD orifice 
diameter (left). The VTI of 
the shunt flow is shown in 
the shaded red area (right)

Fig. 8.12 Noninvasive 
calculation of PVR in 
Wood’s units using the 
peak TR velocity and VTI 
at the RVOT
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Chapter 9
Cardiac Point of Care Ultrasound 
in the CCU

Allison Selby, Eyal Herzog, and Edgar Argulian

Abstract Point-of-care cardiac ultrasound (POCUS) is becoming more commonly 
used in the assessment of patients as an adjunct to the physical examination, particu-
larly in critically ill patients. Improving technology has made these devices smaller 
and portable with improved ease of use by cardiologists, as well as critical care and 
emergency room physicians. The use of cardiac POCUS can improve diagnostic 
accuracy and provide valuable diagnostic information that can significantly impact 
medical management.

Keywords Point of care · Pericardial effusion · Chest pain

 Introduction

Point-of-care cardiac ultrasound (POCUS) is a practice with growing indications 
and utility when used at the bedside in critically ill patients. The development of 
handheld, battery-powered devices has led to more frequent use, including use by 
non-cardiologists in the emergency department and the critical care setting. The 
Society of Critical Care Medicine and American College of Emergency Physicians 
have published guidelines for the use of POCUS and recognized its potential advan-
tages [1]. The utility of POCUS is to answer a particular clinical question, to 
improve diagnostic accuracy, and to help augment physical examination findings. 
POCUS can provide valuable information in the critically ill patient, where ultra-
sound findings can impact medical management [2].

POCUS has been shown to be useful in the evaluation of hypotensive, cardiac 
arrest, trauma, chest pain, and cardiac surgery patients [3]. In these instances, a criti-
cally ill or unstable patient can be rapidly evaluated with a bedside ultrasound to 
assist in confirming physical examination findings and ruling out diagnoses rapidly. 
POCUS is particularly useful in hypotensive patients, where an assessment of left 
ventricular (LV) function, right ventricular (RV) function, presence of a pericardial 
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effusion, and assessment of IVC size can help establish a diagnosis not clearly sug-
gested by physical examination findings alone.

 Point-of-Care Cardiac Ultrasound Devices

POCUS can have a number of different meanings. Other terms used to describe it 
include handheld ultrasound, hand-carried cardiac ultrasound, focused echocar-
diography, bedside cardiac ultrasound, and quick look cardiac ultrasound [4]. There 
are also different machines used to perform these exams ranging from small hand-
held, battery-powered machines to portable ultrasound machines. These devices 
typically range from 2 to 12 pounds and can cost between $8,000 and $30,000. 
Advances in technology have also promoted the use of application-based ultraso-
nography, where the operator’s smartphone or tablet can be turned into a portable 
ultrasound with the connection of a transducer. Some newer devices have touch 
screens. There are also capabilities to upload images wirelessly to a cloud database 
[5]. Some devices also have compatibility with different types of probes. Phased 
array probes are used in cardiac studies as well as lung ultrasound. Linear array 
probes are useful for vascular studies. Curved array probes which are useful in 
abdominal studies are also available for certain devices.

The handheld devices vary widely in terms of their imaging capability. The hand-
held machines typically include 2D and color Doppler imaging and can be carried 
by the examiner. These smaller devices are an ideal adjunct to the physical examina-
tion to answer a particular clinical question; however, most handheld devices do not 
have the capability to visualize all abnormalities. The lack of spectral and tissue 
Doppler and acquisition of 3D images render these smaller devices unable to pro-
vide a complete echocardiographic examination in the assessment of particular car-
diac diseases. As handheld devices continue to be developed, future devices will 
likely include spectral Doppler [5]. A limitation of these smaller, handheld devices 
is small screens and more limited imaging quality. Zooming capabilities, lowering 
sector width, adjusting gray scale, altering ultrasound beam focus, and adjusting 
transducer frequency are also limited on these devices, which can result in lower 
image quality. These characteristics combined can make interpretation of findings 
difficult by practitioners with limited experience in echocardiography interpretation 
and image acquisition [4].

Some larger, portable machines include spectral Doppler and M-mode as well. 
There are also differences between the meaning of limited echocardiography and 
focused echocardiography; the latter being a brief exam performed to answer a 
specific clinical question, the former referring to a study including a brief number 
of images. Limited echocardiography typically includes a full range of cardiac stud-
ies including 2D, color Doppler, spectral Doppler, and M-mode and is typically 
performed by a sonographer or a Level II/III echocardiographer. POCUS can be 
performed by a practitioner with POCUS training with a limited scope of interpreta-
tion. The documentation also varies between limited echocardiography and 
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POCUS—the former requiring a formal report to be documented; the latter docu-
menting findings as part of the physical examination findings [4]. POCUS is not 
equivalent to an echocardiographic exam and is frequently followed up by a com-
plete TTE to confirm POCUS findings and to look for other abnormalities not easily 
identified by POCUS.

 Assessment of Left Ventricular Function

Physical examination findings in the detection of LV systolic dysfunction have vari-
able sensitivity and specificity and are dependent on the skill and level of training of 
the examiner as well as the overall degree of heart failure [2]. Studies have shown 
variable sensitivity (SN) and specificity (SP) in heart failure physical examination 
signs, with an S3 having sensitivity of 11–51% and 85–98% specificity. In addition, 
a displaced apical impulse is not easily appreciated by examiners [6]. It is in these 
patients, with minimal physical examination findings suggestive of LV systolic dys-
function, in which POCUS can be particularly helpful in providing an assessment of 
ejection fraction and the presence of elevated left ventricular filling pressures.

The echocardiographic assessment of the critically ill patient is often difficult. 
Patients in the ICU are frequently intubated with limited mobility which can limit 
the acquisition of high-quality images and can make certain echocardiographic 
views very difficult to obtain. Several studies have shown that a subjective, visual 
assessment of ejection fraction obtained in the parasternal long-axis view (PLAX) 
is adequate in these patients [7]. The parasternal view can be obtained with the 
patient supine and is less dependent on patient position or body habitus. An example 
of a patient with severe LV dysfunction in the PLAX view is shown in Fig. 9.1. 
Apical views are more difficult to obtain and commonly require change in patient 
position to the left lateral decubitus position which may be limited in ICU patients. 
Issues such as apical foreshortening can lead to inaccurate interpretation of LV 
function. Technical aspects of acquiring apical images such as transducer penetra-
tion is limited on smaller, handheld devices which degrade image quality and the 
ability to accurately interpret images. With all of these factors considered, the PLAX 
view is recommended in the assessment of LV function by less experienced users 
[4]. The PLAX view also allows for visualization of the E-point septal separation 
(EPSS) which is another marker of LV dysfunction on echocardiography. The EPSS 
is the closest distance between the anterior mitral leaflet and the interventricular 
septum. When LV function is decreased, the mitral valve opens slower and not as 
wide, making the EPSS larger [7]. A value of EPSS of 7 mm or larger was signifi-
cantly associated with severe LV dysfunction (EF less than or equal to 30%) in a 
study as performed by ED ultrasound fellows [8].

In addition to the visual assessment of LV ejection fraction, other POCUS find-
ings can suggest clinically significant LV systolic function. The detection of left 
atrial enlargement (LAE) on POCUS is a clinically significant marker of increased 
LV filling pressures and carries prognostic significance in patients with 
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 cardiomyopathy, mitral valve disease, and atrial fibrillation. Using a parasternal 
long-axis view, an assessment of the LA anteroposterior diameter compared to a 
4  cm reference standard can be quickly obtained [2]. Furthermore, criteria pro-
posed by Kimura et al. compared the size of the left atrium to that of the overlying 
aorta obtained in a single PLAX view at end diastole. A ratio >1 signifies at least 
moderate LAE and thus can suggest clinically significant heart failure [9]. The 
presence of pulmonary vascular congestion and pleural effusions can also be easily 
detected by POCUS and assist in identifying acute decompensated heart failure. 
Pulmonary edema is manifest on ultrasonography by the presence of B-lines, 
believed to be caused by pleural thickening and interstitial edema [10]. They appear 
as “comet- tail” artifacts on ultrasound and tend to have a higher specificity for 
acute decompensated heart failure when found at the lung apices as compared to 
the lung bases [11]. Pleural effusions can also be identified on POCUS. The pres-
ence of bilateral effusions often suggests acute decompensated heart failure [2], 
particularly when present along with the other findings previously mentioned. On 

Fig. 9.1 PLAX view of a 
patient with dilated 
cardiomyopathy and severe 
LV dysfunction
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echocardiography, a left-sided pleural effusion can be visualized in the PLAX 
view, posterior to the descending thoracic aorta. A right-sided pleural effusion is 
best visualized in the subcostal view.

A rapid echocardiographic assessment of LV function is invaluable and can lead to 
significant changes in medical management depending on the echocardiographic 
findings. Therefore, this has become an area of interest, for both cardiologists and 
non-cardiologists alike in the critical care and emergency room settings. Studies have 
been performed comparing LV function evaluation by intensivists with limited train-
ing in echocardiography versus experienced cardiologists, as differences in level of 
training in interpretation of ejection fraction is a concern, especially since one’s inter-
pretation can considerably impact treatment. Some studies have shown emergency 
department (ED) and intensive care unit (ICU) physicians are capable of assessing LV 
function accurately. One study in which medical ICU physicians performed limited 
bedside TTE in 44 critically ill patients showed a statistically significant agreement 
between intensivist and echocardiographer interpretation of degree of LV dysfunction 
(divided into normal, mild-moderately decreased, and severely decreased). In addi-
tion, intensivists correctly identified normal LV function in 92% of patients and 
abnormal LV function in 80% of patients; both of which achieved statistical signifi-
cance [12]. In another study, 115 patients were assessed for LV ejection fraction by 
emergency physicians who had undergone a 3-hour training session in limited echo-
cardiography. Results of this study showed 86.1% overall agreement between the 
emergency physicians and formal echocardiograms interpreted by a staff cardiologist 
[13]. The best correlation between both groups was in the normal EF category, fol-
lowed by the poor EF category, with the least correlation in the moderate EF category. 
Detection of LV dysfunction by POCUS rather than waiting for formal standard echo-
cardiography and reporting can reduce the time until implementing appropriate medi-
cal management; one study showing an average time difference of 18 h [4].

A study by Panoulas et  al. showed that POCUS after physical examination 
improved sensitivity and specificity in detection of LV systolic dysfunction from 
26% SN, 85% SP to 74% SN, 94% SP in medical students and junior doctors with 2 
hours of POCUS training [14]. In another study by Kimura et al., 13 internal medi-
cine residents with 2 h of POCUS 2D imaging training evaluated outpatients includ-
ing subsets of patients with asymptomatic LV dysfunction. After US use, accuracy 
of detecting LV dysfunction improved in 10 out of 13 residents. In addition, adequate 
image quality was noted in 82% of resident-obtained ultrasounds [15]. These stud-
ies, among others, have shown an increase in diagnostic accuracy in detection of LV 
dysfunction even when performed by non-cardiology personnel after brief training.

 Assessment of Valvular Disease

The ability to detect valvular disease by physical examination alone depends on a num-
ber of factors, including examiner skill, patient’s body habitus, severity of lesions, and 
the number of valvular lesions present. When there is doubt in the identity of a murmur, 
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POCUS can provide more information. The addition of color Doppler to POCUS 
increases the sensitivity of identifying valvular lesions. However, not all of the hand-
held devices have spectral Doppler; therefore quantitation of lesion severity is limited, 
and often referral for a complete echocardiogram is recommended in these cases.

Significant valvular stenosis can be identified with POCUS by demonstration of 
restricted aortic and mitral valve leaflet motion in acquired images. POCUS find-
ings of restricted aortic leaflet opening has a sensitivity and specificity of 85% and 
89%, respectively, similar to the physical exam findings of a late-peaking systolic 
murmur [2]. A study was performed using pocket-sized echocardiograms for visual 
assessment of aortic stenosis (AS) severity using a scoring system to define aortic 
leaflet mobility. Leaflets were given a score of 0, 1, or 2 based on no restriction, 
mild, or severe, respectively. The study found that in the diagnosis of severe AS, a 
visual AS score ≥4 had sensitivity of 85% and specificity of 89% of identifying 
severe aortic stenosis. In addition, the diagnosis of moderate to severe AS, defined 
as a score ≥3, had sensitivity of 84% and specificity of 90% [16]. POCUS can be 
helpful in these cases by helping to select appropriate patients to be referred for 
formal echocardiography. Color Doppler can also be performed on these handheld 
devices and can demonstrate turbulence through the affected valve which can also 
suggest clinically significant stenosis.

POCUS can be utilized in the identification of regurgitant lesions. 2D visualiza-
tion of leaflets showing mitral valve prolapse or leaflet malcoaptation can clue the 
examiner into the presence of a regurgitant lesion. The addition of color Doppler 
can identify even mild mitral regurgitation with 82% and 93% sensitivity and speci-
ficity. Exact determination of lesion severity is likely best interpreted by an expert 
in the field. The significance of identifying mildly regurgitant lesions and referral 
for formal echocardiography is not clearly understood and may not be cost-effective 
as these lesions are often not significant, particularly if LV function is preserved [2]. 
Identification of moderate or severe lesions on POCUS may affect medical manage-
ment. Figure 9.2 demonstrates a parasternal long-axis (PLAX) view of a patient 
with severe mitral regurgitation performed on a handheld echo machine.

POCUS can be used to detect valvular insufficiency in patients with endocarditis, 
though it is similar to transthoracic echocardiogram in that the ability to detect veg-
etations is limited. POCUS can be used to augment the physical exam in these 
cases. However, the absence of spectral Doppler on most handheld devices limits 
the determination of lesion severity which is often assessed by valvular gradients. In 
instances of hypertrophic obstructive cardiomyopathy (HOCM), POCUS has been 
shown to be useful in identifying septal hypertrophy as well as systolic anterior 
motion of the mitral leaflet (SAM) in 2D images. Septal hypertrophy is defined as a 
septal thickness of >15 mm [17]. In devices with M-mode capability, the degree of 
SAM can be further defined and graded depending on the degree of septal contact 
with the anterior mitral valve leaflet; Grade II being <30% and Grade III being 
>30% contact during systole. The limitations of evaluation of HOCM by POCUS is 
the lack of availability of M-mode imaging on many devices as well as the lack of 
spectral Doppler to quantify left ventricular outflow tract (LVOT) gradients. POCUS 
has been shown to be useful in this diagnosis in some case reports [18].
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Use of POCUS for assessment of valvular disease can lead to false-positive ultra-
sound exams. These false positives can lead to further evaluation with a transtho-
racic echocardiogram, which might not necessarily be needed. In a study by Martin 
et al., 354 patients underwent POCUS performed by hospitalists in the assessment 
of LV function, pericardial disease, cardiomegaly, and valvular disease. While the 
assessment of the other factors was more accurate when physical examination was 
augmented with POCUS, the detection of AI, MR, and AS was not improved with 
the use of this tool [19]. The role for POCUS in the assessment of valvular disease 
still requires further investigation.

 Assessment of Right Ventricular Function

Physical examination findings suggestive of RV enlargement, including left para-
sternal heave and right-sided S3 occur relatively infrequently and have minimal 
accuracy [2]. The assessment of right-sided cardiac structures by POCUS is helpful 
in the evaluation of a hypotensive patient in whom pulmonary embolism (PE) is 
suspected. Right ventricular enlargement, new tricuspid regurgitation, or a 

Fig. 9.2 PLAX view 
showing severe mitral 
regurgitation on handheld 
echo
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hyperdynamic LV is present in 27–55% cases of PE, and the presence of these signs 
might have a significant impact on medical management, including consideration of 
thrombolytic administration in the unstable patient [3]. The absence of these signs, 
however, is not sufficient to rule out the diagnosis. The right ventricle can be 
assessed in the PLAX, parasternal short axis (PSAX), apical four-chamber views, 
and subcostal views, all of which can be acquired on POCUS devices. Determination 
of RV size is best evaluated on PSAX and apical four-chamber views. Visually, the 
normal right ventricle is less than 2/3 the size of the left ventricle. Moderate dilata-
tion is defined with an RV/LV ratio of >2/3, whereas severe dilatation is when the 
RV is the same size or larger than the LV, with an RV/LV ratio >1 [20]. Example of 
a patient with severe RV enlargement is shown in Fig. 9.3. As with apical views in 
the assessment of LV function, apical foreshortening can distort the shape of the 
right ventricle, leading to misinterpretation of RV size and function. In addition, 
septal flattening or a “D-shaped septum” can be seen in the parasternal short axis 
(PSAX) view which can suggest RV pressure overload in cases of acute PE and 
pulmonary hypertension. An example of D-shaped septal flattening in a patient with 
severe pulmonary hypertension is shown in Fig.  9.4. Without the availability of 
spectral Doppler on most handheld devices limits the ability to quantitate pulmo-
nary hypertension, which is identified using continuous wave (CW) Doppler through 

Fig. 9.3 Apical four-
chamber view of a patient 
with marked RV 
enlargement by handheld 
echo
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the tricuspid jet on standard echocardiography. The use of POCUS in the evaluation 
of the hypotensive patient in the ICU setting is particularly helpful in cases of PE 
when the patient may not be hemodynamically stable to go to CT scan.

Combination of POCUS with venous ultrasonography may increase the sensitiv-
ity of detecting PE when the diagnosis remains uncertain with echocardiography 
alone. A single ICU-based study looked at the incidence of acute cor pulmonale 
(ACP) combined with venous ultrasonography in a population of 173 patients with 
PE. The echocardiographic criterion for ACP was the right to left ventricular end- 
diastolic area ratio over or equal to 0.6 along with paradoxical septal wall motion. It 
was found that 100% of patients with proximal (main, right, or left pulmonary 
artery) embolism or hemodynamic instability had either signs of right heart strain 
(87%) or DVT (74%) on POCUS [21].

 Assessment of Pericardial Disease

Evaluating for the presence of pericardial effusion or cardiac tamponade is critically 
important for a patient with hypotension. Pericardial effusions can have a varied 
presentation, ranging from dyspnea to cardiogenic shock. Typical physical exam 

Fig. 9.4 PSAX view 
showing D-shaped septal 
flattening in a patient with 
severe pulmonary 
hypertension
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findings of Beck’s triad and pulsus paradoxus have limited sensitivity [2]. 
Development of cardiac tamponade depends on the rate of fluid accumulation in the 
pericardial sac rather than the size of the effusion itself. As cardiac tamponade can 
progress rapidly to shock, most ED and ICU POCUS protocols include an evalua-
tion for pericardial effusion to quickly rule it out as a diagnosis for the hypotensive 
patient.

The size of the pericardial effusion can be assessed in multiple views; however, as 
previously mentioned, the subcostal and PLAX views are more easily obtained. 
Figure 9.5 shows a subcostal view of a patient with a pericardial effusion. The peri-
cardial effusion should be measured in diastole and is quantified as small if less than 
1 cm, moderate if between 1 and 2 cm, and large if greater than 2 cm [22]. Precise 
measurements and quantification of pericardial effusion may be limited on some 
handheld devices. In the apical four-chamber view and the subcostal views, RA sys-
tolic collapse can also be visualized, which occurs before RV diastolic collapse in 
pericardial tamponade. Significant RA collapse is defined as collapse in >1/3 of the 
cardiac cycle. Limitations of POCUS such as lack of ECG gating and M-mode imag-
ing on all devices make this assessment more difficult. RV diastolic collapse is the 
most specific finding in the diagnosis of cardiac tamponade. RV diastolic collapse 
can be visualized in the PLAX, subcostal, and apical views. POCUS imaging in peri-
cardial tamponade is limited by the lack of spectral Doppler, rendering respiratory 

Fig. 9.5 Subcostal view 
showing a pericardial 
effusion on handheld echo
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variation across the mitral and tricuspid valves unobtainable. In conjunction with 
IVC plethora and lack of respiratory variation, which will be discussed in a further 
section, these findings support the diagnosis of cardiac tamponade.

Studies have shown a high degree of sensitivity and specificity in detection of 
effusions with POCUS by non-cardiologists [23]. In a study by Mandavia et al., 
echocardiograms performed by emergency medicine physicians with ultrasonogra-
phy training were reviewed. Of 515 echocardiograms performed, 103 patients were 
diagnosed with a pericardial effusion. Emergency physicians in this study detected 
pericardial effusion with a sensitivity of 96%, specificity of 98%, and overall accu-
racy of 97.5% [24].

 Assessment of Volume Status

In the critically ill patient, assessment of hypovolemia and fluid responsiveness is of 
vital importance as to assess whether a patient needs volume resuscitation or diure-
sis. Physical examination findings to assess volume status, including jugular venous 
distention, are sensitive and specific but can be limited in particular patient popula-
tions, such as morbidly obese patients with thick necks as well as intubated patients 
[2]. In these patients, the role of POCUS becomes particularly helpful. Inferior vena 
cava (IVC) assessment by ultrasound or echocardiography offers an accurate assess-
ment of intravascular volume status. IVC size and respiratory variation have been 
shown to correlate well with central venous pressure (CVP) [3]. Views of the IVC 
are obtained in the subcostal view. IVC measurements should be performed just 
distal to the hepatic vein for the most accurate measurement [25]. Figure 9.6 shows 
a subcostal view of the IVC by handheld echo. To assess IVC collapsibility and 
respiratory variation, the examiner should ask the patient to sniff and acquire images 
simultaneously. This is defined in the American Society of Echocardiography 
guidelines as follows: IVC diameter ≤2.1 cm collapsing >50% with sniff suggests 
normal right atrial pressure of 3 mmHg with a range of 0–5 mmHg; IVC diameter 
>2.1 cm collapsing <50% with sniff suggests high right atrial pressure of 15 mmHg 
with a range of 10–20 mmHg [26]. The lack of the ability to perform linear mea-
surements on most handheld devices limits an accurate assessment of IVC diameter; 
however, a visual assessment of size and collapsibility can be performed. A limita-
tion of assessment of IVC diameter is in the instance of mechanically ventilated 
patients. The increase in intrathoracic pressure that is associated with ventilation 
causes the IVC to engorge in inspiration due to backflow of pressure to the right 
atrium. Therefore, RA pressure should not be estimated based on IVC collapsibility 
and size in intubated patients. However, in patients with an IVC less than 1.2 cm, a 
RAP less than 10 mmHg can be assumed [25]. Fluid responsiveness can be pre-
dicted in these patients using the IVC distensibility index (dIVC), which was shown 
to be an accurate predictor using a cutoff of 18% [26].

Ultrasound can also be used to find the height of the jugular venous column when 
physical examination of the neck veins is difficult or equivocal. One ICU-based 
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study compared three methods of determining CVP in the critical care setting; 
 measurement of the internal jugular vein height to width ratio (aspect ratio), the 
inferior vena cava diameter, and the percent collapse of the inferior vena cava with 
inspiration (collapsibility index) by ultrasound. In this study, it was found that maxi-
mal inferior vena cava diameter was a better estimate of central venous pressure 
than the inferior vena cava collapsibility index or the internal jugular vein aspect 
ratio [27].

 Limitations

POCUS has been demonstrated to be an effective tool in the assessment of left ven-
tricular function, right ventricular function, pericardial effusion and tamponade, 
volume status, and valvular lesions based on the previously mentioned data. When 
POCUS is implemented, significant changes in medical management can occur 
based on these findings. However, the accuracy of the aforementioned structural 
abnormalities by POCUS is variable. Table 9.1 summarizes the accuracy of POCUS 

Fig. 9.6 Subcostal view of 
the IVC by handheld echo
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in the assessment of these abnormalities. Based on the available data, the area that 
requires further study in determination is that of valvular disease. This lack of accu-
racy in the assessment of valvular disease is due to the fact that most ultrasounds 
and handheld devices include 2D and color Doppler without spectral Doppler which 
is used in complete echocardiography to assist in the determination of lesion sever-
ity. As technology advances, it is likely that spectral Doppler will be incorporated 
into newer models.

Another recognized limitation in POCUS is that the quality and interpretation of 
cardiac ultrasound is dependent on the level of training of the examiner. Numerous 
studies have shown that physicians of various fields and levels of training can inter-
pret POCUS with acceptable diagnostic accuracy as compared to cardiologists and 
echocardiographers. At the same time, precise assessment of cardiac abnormalities 
requires a high degree of expertise in cardiac ultrasound and is beyond the scope of 
POCUS. Therefore, caution should be exercised when implemented a POCUS pro-
gram in the critical care and emergency room settings, with careful attention payed 
to the provider training, scope of practice, documentation, and medicolegal aspects. 
Overreliance on POCUS findings, especially with less trained examiners, may lead 
to incorrect diagnosis and management errors.

 Conclusions

POCUS has been shown to be an effective tool as an adjunct to the physical exami-
nation in critically ill patients. At the hands of a cardiologist, ED physician, or an 
ICU physician, POCUS has been shown to be performed and interpreted with 

Table 9.1 Summary of POCUS findings in structural abnormalities

Structural 
abnormality Features

Typical 
views Limitations

LV Function Visual estimation, EPSS PLAX, 
apical

Poor windows
Apical foreshortening

Left atrial 
enlargement

AP diameter
Aorta to LA ratio

PLAX Poor windows

RV Function RV enlargement, hypokinesis, 
septal flattening

PSAX, 
apical

Apical foreshortening

Valvular 
disease

Leaflet restriction, leaflet 
coaptation, calcification, color 
Doppler findings

PLAX, 
apical

Lack of spectral Doppler on most 
devices

Pericardial 
Effusion

Visual assessment of effusion, 
size
RA/RV collapse

Subcostal Inability to perform 
measurements of effusion
Lack of spectral Doppler, 
M-mode, and ECG gating to 
determine tamponade

CVP IVC plethora, respiratory 
variation

Subcostal Poor windows
Difficult in intubated patients
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reasonable accuracy in the aforementioned clinical conditions. Diagnosing such 
conditions can significantly impact medical management and reduce the time to 
change in management. As technology advances, devices for performing POCUS 
are becoming more advanced with improved image quality and functionality, mak-
ing more complete assessments possible.
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Chapter 10
Non-cardiac Point of Care Ultrasound 
in the CCU

Nick Pakzad, Ismini Kourouni, Joseph P. Mathew,  
and Gopal Narayanswami

Abstract Point-of-care ultrasonography (POCUS) has rapidly emerged as an 
invaluable tool in the assessment and management of the critically ill CCU patient. 
Whole-body bedside ultrasound, with evaluation of the heart, lungs, abdomen, and 
the vascular system, allows for rapid diagnosis and timely treatment of conditions 
such as shock, acute respiratory failure, and multi-organ dysfunction. Training in 
POCUS also facilitates improved safety and success of bedside procedures that are 
routinely performed in the CCU.

Keywords Pleural effusion · Pulmonary edema · Central line

 Introduction

Point-of-care ultrasound (POCUS), also referred to as critical care ultrasonography 
(CCUS) or whole-body ultrasound (WBU), consists of focused ultrasonography 
performed by a clinician to answer a clinical question or to assist with an invasive 
procedure. The exam is performed at the bedside and is interpreted in real time by 
the same clinician, allowing for the rapid and accurate assessment of a patient’s 
condition [1–4]. When performed with a focused clinical question or goal in mind, 
POCUS serves as a valuable adjunct to the physical exam and significantly increases 
procedure success rates and safety [5–8].

As the most important innovation in critical care over the past decade, POCUS 
has enabled expedited and improved quality of care for critically ill patients. The 
advent of affordable portable ultrasound machines has allowed for widespread 
training in both cardiac and non-cardiac POCUS and is rapidly becoming the stan-
dard of care [1, 9]. In this chapter we describe the role of non-cardiac ultrasound in 
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the evaluation and management of the CCU patient presenting with shock, respira-
tory failure, and multi-organ dysfunction [10].

 Basic Principles of Ultrasonography

In order to properly understand and accurately interpret ultrasound (US) images, 
one must first have knowledge of the basic principles of ultrasonography (USG). 
This includes familiarity with the equipment and modalities available. Modern-day 
ultrasound machines use sound waves with frequencies ranging anywhere from 2 to 
15 MHz, created by a vibrating crystal within a ceramic transducer. These crystals 
can send and receive sound waves, and the screen image is created from information 
on strength, timing, and positioning of the returning sound wave [10, 11].

As ultrasound waves pass through various types of tissue, they are partly 
reflected at each tissue interface. US waves penetrate well through solid organs and 
fluid; however, they do not penetrate air or bone; hence the ribs are often a hin-
drance when performing echocardiography and thoracic ultrasonography. The bone 
typically has a white leading edge and then a black shadow due to near total reflec-
tion of US waves. Air is completely reflected back to the transducer. If air is in the 
way of sound waves, it generates “A-lines” or “air lines” which are a reverberation 
artifact [11].

When performing B-mode ultrasonography, bright structures such as the dia-
phragm and pleura are referred to as hyperechoic, as they represent echogenic struc-
tures that transmit and reflect US waves. On the other hand, anechoic or black 
regions occur when US waves encounter a structure, such as a fluid cavity, which 
does not reflect any waves and does not return back to the transducer. US waves 
propagate well through fluid, and hence this is an excellent medium to see other 
nearby structures. Low amplitude US waves are translated into shades of gray or 
hypoechoic regions. Lastly, lines occur at boundaries between two markedly differ-
ent tissue reflectors, delineating the two structures. Soft tissue often has white, gray, 
and black planes and borders, representing different speeds of propagation and 
reflection of US waves [11]. Table  10.1 lists examples of structures of different 
echogenicity.

 Equipment and Image Acquisition

Portable ultrasound machines offer an array of transducers (also called probes), all 
with different indications based on the frequency of US waves they emit and their 
footprint (Table  10.2). Linear array transducers emit high-frequency US waves 
(5–15 MHz), providing excellent resolution of superficial structures. In the CCU, this 
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Table 10.1 Differences in tissue echogenicity

Grayscale Terminology Structure Example

Anechoic Pure fluid Pleural or pericardial effusion
Ascites
Bladder
Veins and arteries

Hypoechoic Thick fluid, thrombosis, 
consolidation, tissue/organs

Hemothorax or hemoperitoneum
DVT
Pneumonia
Liver, spleen, kidney, bowel
Fat, lymph nodes, nerve

Hyperechoic Bone/calculus, strong 
interface

Ribs, kidney, or gallstones
Pleura, pericardium
Diaphragm, nerve, tendon

Table 10.2 Transducer characteristics

Transducer Frequency Characteristics Uses

Linear array 5–15 MHz High frequency
Excellent 
resolution of 
superficial 
structures
Loss of depth

Vascular access
DVT study
Pleural lines
Soft tissue and 
musculoskeletal 
imaging

Phased array 1–5 MHz Low frequency
Small footprint
Deep penetration

Cardiac
Lung/pleural
Abdomen

Microconvex 5–8 MHz Small footprint
Good resolution

Lung
Abdomen
Vascular
Nerve

(continued)
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Table 10.2 (continued)

Transducer Frequency Characteristics Uses

Curvilinear 1–8 MHz Low frequency
Low resolution
Multipurpose
Full depth of 
penetration

Abdominal/
pelvic imaging
FAST exam
Lung/cardiac

can be used for vascular ultrasonography, specifically for procedural guidance during 
vascular access and also to assess for deep vein thrombosis (DVT). It can be used to 
image the pleura and rule out pneumothorax. Due to its poor penetration into the 
body, it is not used to image deeper structures. Phased array transducers are low-
frequency transducers (1–5 MHz) that provide good penetration into the body and 
also have small footprint that allows for image acquisition between the ribs. In the 
CCU, this can be used to image deeper organs such as the heart, lungs, and abdominal 
structures. Curvilinear transducers are hybrid, multipurpose transducers that image at 
lower frequencies (1–8 MHz). The larger footprint makes it more ideal for abdominal 
and pelvic imaging and for performing the FAST (focused abdominal sonography for 
trauma) exam where the subcostal cardiac view can also be obtained [1, 2, 12–15].

Portable US machines have preset imaging settings (e.g., abdomen vs. cardiac) 
for each organ, which sets the resolution, frame rates, and the location of the screen 
marker. This is important because if one is performing cardiac imaging in the 
abdominal preset, the image will be reversed as the screen marker may be on the 
opposite side; moreover, the frame rates will be suboptimal for cardiac imaging. All 
US transducers have a marker that correlates to the marker on the US monitor. The 
operator should always be aware of the orientation of the probe marker in relation 
to the marker on the monitor screen. Structures adjacent to the probe marker will 
appear on the same side of the image as the screen marker, helping to orient the 
viewer and guide probe manipulations. Structures closest to the footprint of the 
transducer will appear on the top of the screen (near field) and those furthest away 
will appear on the bottom (far field). The transducer should be held steady, as if 
holding a pencil (Fig. 10.1), and should be manipulated gently to allow for optimal 
image acquisition [11].
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Obtaining quality images will involve optimizing the gain and depth of the 
imaging. Gain adjusts the brightness of the entire image and should be adjusted 
such that there is maximal resolution between the different tissues that are imaged. 
Failure to adjust gain can lead to misinterpretation of image. Depth is manipulated 
on the console such that the structure of interest should always be in the center of 
the screen. The depth of interrogation is usually shown on a scale on the monitor. 
The operator should familiarize oneself with other features of the portable US 
machine such as how to freeze and measure structures using the caliper button, 
how to save images and clips, and how to utilize features such as M-mode and 
Doppler.

 Practical Applications of POCUS

The critical care US exam performed in the CCU generally involves scanning the 
major organ systems that would answer the question about the presenting condi-
tion. The main regions that are scanned include thoracic (lung and pleural), 

Fig. 10.1 Proper 
technique for holding the 
probe. Resting palm of 
hand on the patient’s body 
allows for greater control
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cardiac, limited abdominal, and vascular imaging (DVT assessment). The organ 
of interest is often scanned first (e.g., the heart in shock or lungs in respiratory 
failure); however, a standardized multi-organ approach can be used for the criti-
cally ill CCU patient. Although a focused exam is often all that is needed, studies 
have shown that a multi- organ or whole-body approach leads to a more accurate 
diagnosis [4, 16, 17]. The US exam should always be performed in conjunction 
with the patient’s clinical data and then repeated to reassess the patient.

The most common indication for POCUS in the CCU is cardiopulmonary failure. 
It is very helpful in the CCU patient who suddenly deteriorates; POCUS can be used 
to quickly rule out pneumothorax, massive pulmonary embolism (PE), pericardial 
tamponade, valvular rupture, and intra-abdominal bleeding. In the patient with undif-
ferentiated shock, POCUS can help distinguish between obstructive, cardiogenic, 
hypovolemic, and distributive shock states [4, 16–18]. In the patient with acute respira-
tory failure, focused US imaging of the heart, lungs, and deep veins can help differenti-
ate various causes of respiratory failure [19]. Assessing inferior vena cava (IVC) size 
and variation, as well as imaging the heart and lungs, can help guide fluid resuscitation 
[13]. Assessing the lungs for extravascular lung water during fluid resuscitation can 
limit over-administration of fluids and decrease days of ventilator support [20].

 Thoracic Ultrasonography

 Basic Principles

The lung was traditionally not considered an organ that was amenable for ultraso-
nography since the lungs are filled with air and US waves cannot be transmitted 
through air-filled structures. When the lungs become devoid of air and the alveoli 
displaced by fluid, blood, or pus, US findings change and allow for clinical interpre-
tation. Since air is a near total reflector of US, the healthy or “unhealthy” pleural line 
serves as the generator of reflecting signs, which can be interpreted. The findings of 
lung ultrasonography relate to the ratio of air to fluid within the lung. Most lung 
processes (e.g., pulmonary edema, pneumonia, pneumothorax, pleural effusion, and 
atelectasis) all extend to the lung periphery allowing the US machine’s ability to 
distinguish air and water to produce artifacts [16, 21]. Lung ultrasonography is 
therefore based on the clinical interpretation of a number of dynamic artifacts.

 Lung and Pleural Examination

A low-frequency phased array transducer (1–5  MHz) or micro-convex (5–8  MHz) 
transducer is preferable as it fits in the rib interspace [15]. A high-frequency linear array 
transducer (5–15 MHz) can be used to visualize the superficial pleural line; however, it 
is limited by the depth of penetration (<8 cm) and the linear trajectory of the US waves 
[21]. When performing thoracic USG, the transducer is held perpendicular to the body 
in a longitudinal orientation, with the marker facing cephalad (Fig.  10.2). In most 
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portable US machines, the abdominal preset can be selected for thoracic USG. With a 
preset depth of 16 cm and the screen marker in the upper left corner of the monitor, the 
gain and depth must be further adjusted to optimize and center the image.

A complete lung exam can be performed by dividing the thorax into three zones: 
anterior, lateral, and posterior zone, demarcated by the anterior and posterior axil-
lary line (Fig.  10.2) and then further into upper and lower zones [15]. Thus, a 
 complete exam consists of 12 imaging regions, 6 in each hemithorax (Fig. 10.3). As 
a general rule, these lung zones can be assessed by using cephalad to caudal scan 
lines throughout each lung zone (Fig. 10.4). Alternatively, Lichtenstein describes 
four points in each hemithorax that can be quickly assessed as part of the BLUE 
(Bedside Lung Ultrasound in Emergency) protocol (Fig. 10.5), a goal-directed lung 
ultrasound (LUS) exam that can be performed in <3 min [19].

In each lung zone, identify the ribs and direct the US beam between them. The 
anterior lung zone is assessed for pneumothorax, alveolar-interstitial syndromes 
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Fig. 10.2 Lung zones for 
thoracic ultrasonography 
Zone 3 (posterior) not 
shown

Fig. 10.3 Six scan points in each hemithorax
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Fig. 10.4 Scan lines to evaluate the three lung zones

Fig. 10.5 BLUE protocol

such as pulmonary edema, and lung consolidation, which is seen with pneumonia. 
In the lateral lung zone, it is important to identify the kidney, liver or spleen, and the 
hyperechoic hemidiaphragm as the main anatomical landmarks and then assess for 
pleural effusions, atelectasis, and consolidation above the hemidiaphragm. The pos-
terior lung zone (BLUE point 4) is a forgotten region where dependent pleural effu-
sions and lung consolidation may be seen, so it is important to turn the supine 
critically ill patient to expose this area.

 Normal and Abnormal Lung and Pleural Signs

There are five cardinal signs to look for when performing thoracic ultrasonography. 
Table 10.3 describes these and additional signs that are described in lung and pleural 
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Table 10.3 Normal and abnormal signs in lung ultrasonography

Sign Lung ultrasound pattern Clinical significance

A-line Horizontal reflections or reverberations of 
pleural line
Hyperechoic and equal in distance from the 
skin to pleural line

Present in normal lung
“Air” line—indicates air in the 
lung or pleural space

B-lines “Comet-tail” or “lung rockets”—vertical 
hyperechoic reverberation artifacts that 
arise from the pleural line and extend to the 
bottom of the screen
Move synchronously with the lung sliding 
and efface A-lines. Implies fluid-filled 
subpleural interlobular septa

>3 B-lines = interstitial 
pathology
Multiple diffuse B-lines indicate 
interstitial syndrome
Focal B-line can be seen in 
pneumonia, infarct, cancer

Lung sliding Sliding or shimmering of the pleural line 
that occurs with respiration
Indicates intact visceral and parietal pleura

Present in normal lung, absent in 
pneumothorax, apnea, fibrosis, 
ARDS, pleurodesis

Lung pulse Subtle rhythmic movement of the visceral 
upon the parietal pleural with cardiac 
oscillations

Present in normal lung
Rules out pneumothorax

Seashore sign Normal M-mode image with lines above 
echogenic pleura and speckled pattern deep 
to it indicating normal lung sliding

Normal aeration pattern
No pneumothorax

Bar code or 
stratosphere 
sign

Abnormal M-mode image showing a linear 
pattern above and below the pleura

Signifies absence of lung sliding; 
can be seen with pneumothorax

Lung point Transition point where visceral and parietal 
pleura separate—image changes from the 
intermittent presence and then absence of 
lung sliding

Pathognomonic sign for 
pneumothorax

Lung 
hepatization/
consolidation

Loss of aeration of the lung leads to a 
hyperechoic appearance of the lung; alveoli 
are filled with fluid or inflammatory cells 
or are atelectatic

Can be seen with atelectasis or 
pneumonia

Dynamic air 
bronchograms

Dynamic echogenic foci within 
consolidated lung that fluctuate with the 
respiratory cycle

Seen with pneumonia

Static air 
bronchograms

Hyperechoic foci which does not move 
with respiration

Seen with atelectasis

Shred sign Border between consolidated and aerated 
lung

Seen with consolidation but not 
translobar consolidation

Curtain sign Intermittent obscuration of underlying 
organs by intervening air-filled lung

Can be normal finding

Hematocrit sign Effusion is separated into different 
echogenicity with a layering effect

Seen in hemothorax or highly 
cellular effusions (e.g., 
malignant effusion)

Flapping lung 
(jellyfish sign)

Floating movement of collapsed lung with 
in a pleura effusion

Atelectatic lung in effusion

Sinusoid sign In a pleural effusion, M-mode appearance 
of the pleura moving toward and away 
from the parietal pleura

Can be used to distinguish 
pleural thickening from effusion

Plankton sign Particulate matter in lung effusion Complex effusion
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ultrasonography. Table 10.4 summarizes common lung ultrasound patterns seen in 
common disease processes that may be encountered in the CCU.

 Lung Sliding

As the lungs expand during respiration, the visceral pleura surface slides relative to 
the parietal pleura and chest wall. This creates a subtle shimmering of the hyper-
echoic pleural line (Fig. 10.6). This is particularly evident using a high-frequency 
linear array transducer. The presence of lung sliding strongly suggests that two con-
ditions are met: the pleural surfaces are adjacent (i.e., no pneumothorax) and that 
the patient is ventilating. The presence of lung sliding essentially rules out pneumo-
thorax with 100% certainty at that particular point on the thorax [15, 22]. A similar 
analogous sign can be from lung pulse, which is produced when cardiac motion 
causes pulsations of the pleural line [23]. Air in the pleural space (i.e., pneumotho-
rax) will cause absence of lung sliding and lung pulse, as the US waves do not 
propagate through the pleural air. Other conditions that can cause absence of lung 
sliding include apnea or hypoventilation (e.g., contralateral bronchial intubation), 
prior pleurodesis, and dense lung consolidation.

 A-Lines

A-lines are hyperechoic lines, which are reverberation artifacts of the pleural line 
(Fig. 10.7). The distance from the transducer to the pleural line and each subsequent 
A-line will be equal. A-lines can also be thought of as “air” lines, but the air can be 
either in the pleural space or within the lung parenchyma. The presence of sliding 
lung determines that the air is in the lung parenchyma and the absence of it indicates 
that the air maybe in the pleural space. Hence the presence of A-lines and sliding 
lung means the lungs are normally aerated at that particular site. The standard view 
of the upper rib, pleural line, A-line, and lower rib has the appearance of a bat flying 
out of the screen, hence called a batwing sign (Fig. 10.8) [19, 21].

Table 10.4 Lung ultrasound patterns

Lung Ultrasound pattern Clinical significance

A lines with lung sliding Normal aeration pattern
A lines without lung sliding and +lung point Pneumothorax
B7 lines Interlobular septal pathology
B3 lines Alveolar-interstitial syndrome
Focal absence of B-lines Pulmonary embolus, cancer
Lung hepatization + dynamic air bronchograms Pneumonia
Lung hepatization ± static air bronchograms Atelectasis
Anechoic collection without septations Simple pleural effusion
Echogenic fluid with septations Complicated effusion
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Fig. 10.6 Normal pleural line with lung sliding imaged with linear array transducer
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Fig. 10.7 Standard view of A-lines from anterior lung zone imaged with phased array transducer
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 B-Lines

B-lines, also called comet tails or lung rockets, are vertical ray-like projections 
that extend from the pleura to the edge of the screen (Fig. 10.9). B-lines move in 
conjunction with lung sliding and obliterate A-lines. B-lines represent thickening 
of the interlobular septa or an alveolar filling process (e.g., pneumonia or pulmo-
nary edema). A single B-line in the anterior thorax or a few B-lines in the depen-
dent regions of the thorax may be a normal finding. The presence of >3 B-lines in 
the anterior lung zones is abnormal. The focal location of B-lines may be sugges-
tive of local infiltration (e.g., focal pneumonia). A generalized bilateral B-line 
pattern represents an interstitial syndrome such as pulmonary edema, pneumonia, 
acute respiratory distress syndrome (ARDS), or interstitial lung disease (ILD) [19, 
24, 25].

 Alveolar Consolidation

When the normally aerated alveoli fill with fluid and inflammatory cells or become 
atelectatic, US waves can penetrate the lung and reveal echogenic tissue deep to the 
pleura. Areas of consolidation may have pinpoint hyperechoic opacities corre-
sponding to sonographic air bronchograms, which indicate that air still remains in 
the bronchioles. It is difficult to distinguish consolidation pattern from pneumonia 
to atelectasis. Compressive atelectasis is often within a transudative pleural effu-
sion and is associated with volume loss, whereas lung volume is maintained with 
pneumonia. The term “lung hepatization” is used to describe the hyperechoic solid-
ification of the lung that is seen with pneumonia [15, 19] (Fig. 10.10). Additionally, 
the presence of mobile or dynamic air bronchograms has a high specificity (94%) 
for the diagnosis of pneumonia, as compared to static air bronchograms, which is 
seen in resorptive atelectasis [26]. Figure 10.11 shows an example of lung consoli-
dation in a patient with severe pneumonia with parapneumonic effusion.

Pleural Line

A-lines

RibFig. 10.8 The bat sign is 
a basic step which allows 
to locate the lung surface 
in any circumstance
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B-lines

Fig. 10.9 Multiple B-lines in a patient with ARDS
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Fig. 10.10 Lung hepatization, indicating loss of aeration due to consolidative process or atelectasis

 Pleural Effusion

Ultrasound is a fantastic tool for the rapid diagnosis and characterization of pleural 
effusion, as well as improving the safety of thoracentesis [7]. It is far superior to the 
standard chest X-ray (CXR) in differentiating pleural effusions from lung consoli-
dation, which both appear radiopaque on a CXR [27]. Pleural effusion is anechoic 
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or hypoechoic on USG, whereas consolidated or atelectatic lung is echogenic. The 
three main characteristics of a pleural effusion are (1) an anechoic space; (2) ana-
tomic boundaries of the chest wall, diaphragm, and lung; and (3) dynamic changes 
of the atelectatic lung and diaphragm (Fig. 10.12). Ultrasound can be used to esti-
mate the size of an effusion, as well as whether it is likely to be exudative. Most 
operators prefer the “eyeball” method to estimate the size of the effusion. One 
method to quantify the fluid is to measure the horizontal distance from the most 
cranial aspect of the diaphragm to the nearest segment of the lung in the midaxillary 
line. This distance (mm) is multiplied by 20 to yield the approximate pleural fluid 
volume [28, 29].

Simple anechoic fluid suggests a noncomplicated pleural effusion, which may or 
may not be a transudate. Septated or loculated fluid implies a complicated pleural 
effusion, which often needs sampling and may warrant chest tube placement or 
surgical drainage (Fig.  10.13). Flapping lung or jellyfish sign is the oscillating 
movement of collapsed lung in a pleural effusion (Fig. 10.14). Strands of echogenic 
mater floating suggest complex fluid; this is called the plankton sign [30]. Similarly, 
pleural effusions can demonstrate the hematocrit sign, where an echogenic or highly 
cellular effusion (e.g., hemothorax) has gravity-dependent area of increased echo-
genicity (Fig. 10.14) [30].

 Clinical Applications of Thoracic Ultrasonography in the CCU

 Detection of Lung Alveolar-Interstitial Syndrome

Various conditions that are encountered in the CCU can lead to an alveolar- 
interstitial process, including acute pulmonary edema, interstitial pneumonias, and 
the acute respiratory distress syndrome (ARDS). A diffuse bilateral B-line pattern is 
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Fig. 10.11 Lung 
consolidation with 
sonographic air 
bronchograms
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Fig. 10.12 Pleural effusion imaged in the right lateral lung zone imaged with phased array transducer 
and comparison to CXR and CT scan showing complete opacification of the right hemithorax

Septations
in pleural
fluid

Lung Cancer

immobile
diaphragm

Chest
wall

Pleural fluid

Fig. 10.13 Examples of complex pleural effusions

Increased
Echogenicity
Indicative of
Hemothorax

Fig. 10.14 Flapping lung or “jellyfish sign,” surrounded by large pleural effusion
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seen in patients with both hydrostatic pulmonary edema and the increased permea-
bility edema of ARDS. One can quantify the number of B-lines to assess the degree 
of lung pathology. B-7 lines are 7 mm apart and correspond to edematous or thick-
ened interlobular septa (similar to Kerley B-lines on a CXR or interlobular septal 
thickening on a CT scan). B-3 lines are 3 mm apart and are more confluent, indicat-
ing alveolar edema or an alveolar filling process (similar to air space opacities on a 
CXR or ground glass opacities on a CT scan). The more B-lines that are present 
anteriorly, the lower the air to fluid and the more severe the lung pathology.

Lung ultrasound (LUS)  is very sensitive in detecting early pulmonary vascular 
congestion, much more than a chest X-ray. This is very helpful during fluid resus-
citation, where the appearance of new B-lines corresponds to early pulmonary 
edema and correlates to elevated pulmonary artery occlusion pressures (PAOP 
>18 mmHg) [31]. Detection of diffuse B-lines allows the clinician to immediately 
distinguish acute pulmonary edema from chronic obstructive pulmonary disease 
(COPD) when the CXR is unhelpful [24]. Similarly, while administering diuretics 
in the setting of pulmonary edema, the clinician can assess for a reduction in the 
number of B-lines and also reduction in the volume of pleural effusions. A simpli-
fied LUS protocol where only the anterior chest was scanned correlated well with 
extravascular lung water measured using a transpulmonary thermodilution tech-
nique [20]. Recent studies have shown that LUS can be used as a tool in patients 
on mechanical ventilation for assessing lung recruitment using positive end-expi-
ratory pressure (PEEP)  or recruitment maneuvers [32]. Similarly, in patients 
being weaned from mechanical ventilation, the loss of lung aeration detected 
using LUS during a spontaneous breathing trial predicted post-extubation respira-
tory distress [33].

LUS can also help in the differentiation between hydrostatic pulmonary edema 
and ARDS. In ARDS, subpleural consolidation may be visualized below the pleu-
ral line with sparing of certain areas [34]. Performing both cardiac and lung US 
can also be helpful in the CCU in differentiating cardiogenic pulmonary edema 
from ARDS and miscellaneous causes of acute hypoxemic respiratory failure [35]. 
Additionally, assessing the pleura using a linear array transducer can help differen-
tiate the diffuse B-line pattern seen with both pulmonary edema and interstitial 
lung disease. A smooth pleural line may be seen in pulmonary edema, whereas 
with lung fibrosis, an irregular or “lumpy bumpy” pleural line will be present. 
Table 10.5 summarizes main characteristics that can be used to distinguish these 
entities.

 Detection of Pneumothorax

LUS has a high sensitivity (>95%) for the detection of pneumothorax [36]. 
Pneumothorax can be quickly ruled out in the CCU patient who is decompensating 
despite mechanical ventilator support or who recently underwent central line place-
ment. The transducer is placed longitudinally in the midclavicular line at the level 
of the second to third intercostal space. Sequential movement of the transducer 
inferior and lateral across multiple rib interspaces will allow for a comprehensive 
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examination of the pleural space [15]. Checking for lung sliding before and after 
central venous catheter (CVC) placement will quickly rule out pneumothorax. The 
presence of lung sliding carries a 100% negative predictive value in the diagnosis of 
pneumothorax [22]. In contrast to normal lung, when air is trapped between the 
visceral and parietal pleural layers, lung sliding will not be detected. Note that 
absence of lung sliding can also be seen with hypoventilation, massive atelectasis, 
ARDS, pleural adhesions, and severe lung fibrosis. The presence of B-lines or lung 
pulse also rules out pneumothorax [23, 25].

If lung sliding is difficult to appreciate, the pleura should be reassessed using a 
linear array transducer. With normal lungs and pleura, M-mode analysis demon-
strates the seashore sign, with lines above the hyperechoic pleura and a granular 
pattern deep to it, representing normal pleural sliding (Fig. 10.15a). In the presence 
of a pneumothorax, the stratosphere or barcode sign is seen, with a linear pattern 
both above and below the pleural line, indicating lack of lung sliding (Fig. 10.15b) 
[36]. The visualization of the lung point may also be used in the diagnosis of pneu-
mothorax, having a specificity of 100% but only moderate sensitivity. The lung 
point represents the transition point between normal lung sliding and to an area of 
absent lung sliding (Fig. 10.16) [37]. Lung point is helpful to quantify the size of the 
pneumothorax and also aids in choosing the location for chest tube placement. LUS 
can be performed to ensure proper lung aeration after drainage of a pneumothorax 
and also to evaluate for re-accumulation of air after clamping or removal of a chest 
tube [38]. Figure 10.17 demonstrates other conditions such as bullous lung disease 
which can mimic a pneumothorax.

 Assessment of Diaphragmatic Function

Phrenic nerve injury or paralysis can occur due to hypothermia or mechanical injury 
during cardiac surgery or during cardiac ablation procedures. Diaphragmatic func-
tion can be quickly assessed in the CCU patient or post-cardiac surgery patient with 
acute respiratory failure or inability to wean from mechanical ventilation. The 

Table 10.5 Differentiating causes of the interstitial syndrome

Acute 
pulmonary 
edema

Chronic heart 
failure ARDS

Pulmonary 
fibrosis

Clinical 
setting

Acute Chronic Acute Chronic

B-lines 
number

++++ +/++/+++ ++++ +/++/+++

B-lines 
distribution

Multiple, 
diffuse, 
bilateral

Multiple, diffuse, 
bilateral following 
dependent regions

Nonhomogeneous 
distribution, spared 
areas

More frequently 
posterior at lung 
bases

Other lung 
US signs

Small bilateral 
pleural 
effusions

Bilateral pleural 
effusions

Subpleural 
consolidations, possible 
effusion

Irregular pleural 
line

Echo Abnormal Abnormal Likely normal Likely normal
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technique involves using the phased array transducer to scan the lateral lung zone, 
along the anterior or midaxillary line, identifying the liver or spleen. The diaphragm 
is hyperechoic and easily visualized by ultrasonography. Note the left hemidia-
phragm is tougher to locate and may require more posterior imaging. Once visual-
ized, M-mode imaging can be used to measure diaphragmatic excursion. Normal 
diaphragmatic excursion for a male in quiet breathing is 1.8 cm and 7.5 cm during 
deep breathing. Sonographically detected diaphragmatic dysfunction, defined as 
<10 mm or paradoxical motion, can identify patients who are difficult to wean [21]. 
Figure 10.18 represents 2D and M-mode imaging of the left hemidiaphragm in a 
patient with amyotrophic lateral sclerosis (ALS). Alternatively, a linear array 
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Fig. 10.15 (a) Seashore sign. (b) Stratosphere or barcode sign
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Fig. 10.16 Lung point 
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Fig. 10.17 Pneumothorax mimickers on ultrasonography. All may present with lack of lung 
sliding
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Fig. 10.18 Decreased diaphragmatic excursion on M-mode
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transducer can be used to measure diaphragmatic thickness (tdi) at the zone of appo-
sition of the diaphragm to the rib cage (Fig. 10.19). Diaphragmatic thinning and 
weakening occurs with prolonged mechanical ventilation. Diaphragmatic thicken-
ing between end-inspiration and end-expiration (Δtdi > 30%) has been shown to 
predict extubation success [39].

 Rapid Assessment of the Acutely Decompensating CCU Patient

Using the concepts described in this section, one can rapidly evaluate the CCU 
patient with acute respiratory distress. Bilateral A-line pattern in all three lung zones 
with presence of sliding lung indicates a normal aeration pattern so the etiology may 
be due to airways disease (i.e., asthma or COPD) or pulmonary vascular disease or 
other metabolic causes. A diffuse A-line pattern with lack of sliding lung should 
prompt the operator to search for lung point to rule out pneumothorax and to per-
form M-mode analysis to evaluate for barcode sign. A bilateral B-lines pattern with 
pleural effusions and a smooth pleural line suggest acute cardiogenic pulmonary 
edema. Bilateral B-lines with subpleural consolidations and areas of sparing are 
suggestive of ARDS. Unilateral B-lines or a consolidation pattern with dynamic air 
bronchograms can be seen with pneumonia [15]. Combining thoracic ultrasound 
with goal-directed echocardiography can detect findings such as right ventricular 
strain or clot-in-transit, leading to a diagnosis of acute PE [40].

Daniel Lichtenstein developed the BLUE protocol, a simple, goal-directed LUS 
examination combined with a DVT study for the evaluation of acute respiratory 
failure. Blinded investigators scanned the four BLUE points and performed com-
pression ultrasound of the lower extremities, following a standardized algorithm 
(Fig. 10.20). They were able to rapidly make an accurate diagnosis in 90% of the 
cases. The LUS profiles had very good sensitivity and excellent specificity to diag-
nose the conditions correlating with each profile [19]. These concepts of thoracic 
ultrasonography can be easily learned by house staff and other clinicians and uti-
lized to make an accurate diagnosis in patients presenting with dyspnea [41].

Liver

DiaphragmPleural line

Chest wall

Fig. 10.19 Diaphragm 
imaged using linear array 
transducer
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 Performing Pleural Procedures

Ultrasound assistance has become the standard of care for performing pleural 
drainage procedures such as thoracentesis and chest tube placement. It increases 
the success rate and reduces the risk of pneumothorax and organ injury [7]. A 
systematic approach can be helpful when performing pleural procedures in the 
CCU [29]:

 1. Locate the anatomical landmarks. With the phased array transducer and the 
marker pointing cephalad, locate subdiaphragmatic structures like the kidney 
and either liver or spleen and then locate the hemidiaphragm. Because other 
structures are sometimes mistaken for a pleural effusion, confirm that the effu-
sion is truly an anechoic space; identify the boundaries of the chest wall, dia-
phragm, and lung; and ensure that there are dynamic changes of the atelectatic 
lung and diaphragm.

 2. Estimate the size of the effusion. Use the “eyeball” method or quantify the vol-
ume is sufficient to safely drain the fluid. Ensure there is no lung in the trajectory 
of the needle. Assess the US characteristics of the fluid.

 3. Locate the intercostal artery. Use the linear array transducer and color Doppler 
to ensure there are no vessels in the trajectory of the needle. This is particularly 
important in elderly patients where the intercostal vessels can be tortuous.

 4. Measure minimal and maximal distance. Use the caliper function to estimate the 
distance from the skin to the pleural space as well as the depth to reach atelec-
tatic lung.

 5. Perform ultrasound-assisted pleural drainage. Most operators prefer to use US 
assistance to mark the optimal site for drainage, rather than perform real-time 
US-guided drainage. Always scan one rib space above and below the chosen site 
to ensure that this is the most optimal location for needle puncture. Once the site 
is marked, follow institutional protocol including time-out, full sterile precau-

Protocol for Acute Respiratory Failure

Lung Ultrasound Profile

YES

Is there A-line profile
bilaterally

Is there sliding
lung?

Is there a DVT? Is lung point present?

Is there subpleural
consolidation, sparing?

CHF or non-
cardiogenic

pulmonary edema

Are there sonographic air
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Is it bilateral?
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fluid overload
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(lung consolidation)

Is there a pleural
effusion?

YES

YES

Pneumothorax

Asthma/COPD
Pulmonary
Embolism

Clinical correlation or
CT angiogram chest

Pneumonia

Are they
dynamic?

Are they
static?

Atelectasis
Empyema

Drainage

Clinical
correlation;

thoracentesis

Pulmonary
Embolism

Is there DVT?Septations or
consolidated lung?YES

NO

NO NO

NO
NO

NO

NO

NO

YES

ARDS
YES

YES

YES YES

YES YES YES

Fig. 10.20 Lung ultrasound profiles and algorithm for the evaluation of acute respiratory failure
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tions, and application of local anesthesia. Insert the needle along the superior 
margin of the rib, avoiding the neurovascular bundle that runs along the inferior 
portion of the rib. Use digital palpation of the rib and intercostal space to assist 
with needle insertion and advancement. Advance the needle until pleural fluid is 
reached and aspirated.

 IVC Imaging: Evaluating Fluid Status and Fluid 
Responsiveness in Shock

The inferior vena cava caliber is altered by respiration, blood volume, and right 
heart failure. The IVC can be used to assess intravascular volume status. Fluid 
responsiveness is by definition an increase in cardiac output (CO) (generally >15%) 
after an adequate volume challenge. Interpretation of IVC size and variability is 
dependent on whether a patient is spontaneously breathing or on mechanical venti-
lation. In the spontaneously breathing patient, IVC imaging helps estimate RA pres-
sures (i.e., as a “noninvasive” central venous pressure (CVP) reading). In the CCU 
patient on mechanical ventilation, respiratory variation of the IVC can predict fluid 
responsiveness, in the appropriate settings.

 Technique

With the patient in supine position, the IVC can be visualized from the subcostal 
cardiac view by placing the phased array transducer in the subxiphoid space with 
the marker facing the patient’s head. Alternatively, obtain a subcostal four-chamber 
view by positioning the probe flat just below the xiphoid, with the probe marker 
facing the patient’s left side (Fig. 10.21). Identify the right atrium (RA) at the top of 
the screen and track it while turning the probe counterclockwise and slightly per-
pendicular to the body such that the marker is facing the patient’s head. The IVC 
will appear within the liver with a hepatic vein joining it and emptying into the 
RA. Table 10.6 delineates basic characteristics used to identify the IVC and differ-
entiate it from the aorta, which runs alongside the IVC. The IVC diameter can be 
measured using M-mode imaging by using the caliper feature. The “sniff” maneu-
ver can be used in spontaneously breathing patients to estimate RA pressures. In 
patients on mechanical ventilation, the maximal and minimal diameter can be cal-
culated to assess for respiratory variability.

 Spontaneously Breathing Patient

In the spontaneously breathing patient, IVC size and the degree of collapse correlate 
to CVP. An IVC >2 cm in diameter, with inspiratory collapse <50%, approximates 
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a CVP of 15  cmH2O.  When the IVC is narrow (<1.5  cm) and collapses a large 
amount (>50%), the CVP will be low and a hypovolemic (dehydration, hemor-
rhage) or distributive (sepsis, anaphylaxis) cause of shock is likely (Table  10.7) 
[42]. When the IVC is dilated (>3 cm) and non-collapsing, it usually indicates vol-
ume unresponsiveness unless the patient has right heart strain. On the other hand, 
when the IVC is extremely small or a “virtual IVC,” it likely indicates that the 
patient is fluid depleted (Table 10.8).

 Mechanically Ventilated Patient

Studies have shown that dynamic measures of fluid responsiveness (e.g., IVC varia-
tion) are more reliable than static measures (e.g., CVP) [43]. During mechanical 
ventilation of a sedated or paralyzed patient, pleural and juxtacardiac pressures 
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Fig. 10.21 Technique for IVC image acquisition

Table 10.6 Distinguishing inferior vena cava from aorta

IVC Aorta

Direction Goes through the liver Goes through the liver
Relation to heart Merges with right atrium Continues down the heart
Flow Continuous, changes with respiration Pulsatile
Walls Thin walled, may not be visible Thick walled, hyperechoic
Respiratory variations May be present No
Collateral vessels Subhepatic veins merge with the IVC Not visible from this approach
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increase during inspiration, causing RA pressures to rise and decreasing filling of 
the right heart. This causes a reduction in right ventricular stroke volume (SV) and 
less filling of the left ventricle (LV), thus reducing left ventricular SV several car-
diac cycles later. These respiratory changes are exaggerated in the hypovolemic 
patient, and these variations in SV can be used to predict fluid responsiveness [18]. 
Respiratory variation of the IVC diameter has been shown to accurately predict 
fluid responsiveness [13, 44]. Tables 10.7 and 10.8 summarize interpretation of IVC 
size and variation. Figure 10.22a and b shows examples of IVC diameter measure-
ments with and without respiratory variability using M-mode. Figures 10.23a and b 
are examples of small collapsible IVCs, as well as large dilated IVC with minimal 
variability.

 Fundamentals of Abdominal Ultrasound in Critical Illness

Abdominal ultrasonography has several applications in the evaluation of the criti-
cally ill patient. CCU patients are commonly on dual antiplatelet therapy and anti-
coagulation and are at high risk for intra-abdominal hemorrhage. Procedures such 
as cardiac catheterization, intra-aortic balloon pump (IABP) placement, intravascu-
lar cooling catheter placement, and femoral arterial sheath placement all increase 

Table 10.7 IVC size, collapsibility, and 
estimation of CVP in spontaneously 
breathing patients

IVC diameter 
(cm)

Inspiratory 
collapse (%) CVP (mmHg)

Normal: <2.1 >50% 0–5 (mean 3)
IVC findings 
other

± 5–10 (mean 8)

High: >2.1 <50% 10–20 (mean 15)

Table 10.8 IVC variability and fluid responsiveness in critically ill patients

Evaluating fluid status via inferior vena cava size and variability

Fluid responsiveness: clinically relevant increase in cardiac output (>15%) after a volume 
challenge
Spontaneously breathing patients

• Measure IVC size 2–3 cm from the right atrium using M-mode
• Static
       – <1 cm → likely volume depleted
       – >3 cm → sufficient volume status
Patients on mechanical ventilation (criteria)

• On mechanical ventilation
• Tidal volume >8 cc/kg ideal body weight
• Passive on ventilator support (no spontaneous breaths)
• Normal sinus rhythm
Patient is fluid responsive if

– (Max diameter − min diameter)/min diameter >18% OR
– (Max diameter − min diameter)/average diameter >12%
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bleeding risk both during insertion and removal. Intraperitoneal and retroperitoneal 
hemorrhage should always be ruled out in the CCU patient who is hypotensive.

 FAST Exam

The focused assessment with sonography in trauma (FAST) exam is utilized in the 
assessment of the trauma patient suspected to have intraperitoneal bleeding. With 

IVC

IVC

IVC

a b

Fig. 10.22 (a) M-mode image showing respiratory variation of the IVC. (b) M-mode image show-
ing lack of respiratory variability of the IVC

IVC

IVC

IVC

IVC

a b

Fig. 10.23 (a) Small collapsible IVC. (b) Dilated IVC
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a minimum of approximately 200 cc, the FAST exam has 90% sensitivity in the 
detection of abdominal free fluid. Considering the multiple invasive procedures 
and predilection for bleeding discussed above, the FAST exam is vital for the CCU 
patient [45]. Given the rapidity and noninvasive nature of the FAST exam, repeat 
assessments are warranted if there are any concerns regarding intraperitoneal free 
fluid, as volumes of free fluid less than 200  cc may not be detected on initial 
examinations [12].

To perform the FAST exam, use a curvilinear or phased array transducer to scan 
the patient in the supine position. This positioning allows for visualization of the 
three most dependent areas of the abdominal cavity, as well as the costophrenic 
angles bilaterally. The addition of the fourth view, the subcostal four-chamber view 
of the heart and pericardium during the traditional FAST exam of the abdomen 
allows for further differentiation of a shock state. An extended FAST exam (EFAST) 
additionally includes two rapid evaluations of the bilateral anterior lung zones in 
order to evaluate for a pneumothorax (Table 10.9).

The FAST exam begins by placing the transducer (with marker cephalad) in the 
midaxillary line at the level of the xiphoid process to obtain a coronal view of the 
right hemidiaphragm, liver, and kidney. The hepatorenal space (Fig. 10.24a), also 
known as Morrison’s pouch, is commonly where free fluid accumulates (Fig. 10.24b). 
Evaluate for pleural fluid (i.e., hemothorax, Fig. 10.14) by scanning just above the 
diaphragm from this position. Next move the transducer to the left posterior axillary 
line, at the level of the xiphoid process. Visualize the left hemidiaphragm, spleen, 
and kidney and evaluate for free fluid in the splenorenal space. Another quick scan 
above the hemidiaphragm from this vantage point can assess for pleural fluid in the 
left hemithorax. Now place the transducer (with marker to patient’s left) just supe-
rior to the pubic symphysis with the transducer angled toward the patient’s feet. This 
will allow for visualization of the bladder and any free fluid in the pelvis. Adding a 
subcostal four-chamber cardiac view (with marker to patient’s left) to the FAST 
exam allows for quick assessment for any pericardial effusion and further differenti-
ates etiologies of a shock state. If there is increased echogenicity or layering of the 
free fluids visualized in the abdomen, it is more indicative of hemoperitoneum than 
simple ascites (Figs. 10.25a). USG does not have high sensitivity to detect retroperi-
toneal bleeding (Fig. 10.25b); hence a CT abdomen should be performed.

 Ascites

Bedside ultrasonography is an easy way to assess for ascites in the patient with 
cirrhosis or right heart failure. US also facilitates paracentesis by assisting in 
selection of the best pocket for sampling and by avoiding nearby structures such 
as bowel and vasculature (Fig.  10.26). When compared to non-ultrasound-
guided paracenteses, US guidance facilitated a 95% success rate, compared to 
the 61% of traditional methods [46]. Both detection of ascites and procedural 
competence in US-assisted paracentesis can be easily achieved with appropriate 
training [47].
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Table 10.9 Standardized POCUS protocols in the evaluation of shock

Name Probe landmarks Views/structures Evaluation goals

RUSH exam
Rapid
Ultrasound in 
Shock

PLAX/PSAX LV, RV, valves Pump—LV failure, RV strain from 
PE, tamponade

A4C/SC views Pericardium
SC IVC Tank—IVC and IJV collapsibility to 

evaluate volume status
Neck IJV
Right flank/RUQ Hepatorenal Hemoperitoneum, hemothorax, 

ascites
Left flank/LUQ Splenorenal 

recess
Suprapubic Pelvis [FAST]
Anterior chest Lung/pleura Pneumothorax and pulmonary edema
Chest/abdomen Aortic slide view Pipes—ruptured aortic aneurysm
Femoral, popliteal 
veins

Limited DVT 
study

DVT/PE

E FAST exam Anterior chest Lung/pleura Pneumothorax, pulmonary edema
Extended
Focused
Assessment of 
sonography in 
trauma

Subxiphoid SC cardiac Pericardial tamponade
Right flank/RUQ Hepatorenal Hemoperitoneum
Left flank/LUQ Splenorenal 

recess
Splenic rupture

Pleural space Hemothorax
Suprapubic Retrovesicular Free fluid/pelvic hemorrhage

FALLS PLAX/PSAX/
A4C/SC

Basic cardiac 
views

Rules out tamponade and PE
Fluid
Administration 
limited by
Lung
Sonography

Lung US [BLUE 
protocol]

Lung/pleura Rules out pneumothorax

Determine A-line vs. B-line profile 
A-line profile → give fluids until 
improvement or B-line appear (points 
to septic or distributive shock) B-line 
profile → suggests cardiogenic shock

Kidney

a b

Liver

Hepato-
renal
recess

Kidney

Liver

Free fluid

Fig. 10.24 (a) Hepatorenal recess. (b) Free fluid in hepatorenal recess
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 Abdominal Aortic Ultrasonography

Aortic USG allows detection of aortic syndromes such as thrombosis, dissection, 
aneurysm, or rupture. Conventionally, an abdominal aortic aneurysm (AAA) is 
diagnosed when the diameter of aorta exceeds 4 cm. The risk of rupture at this level 
is <4% within a year, but it exponentially increases for AAA of larger diameter 
(>5 cm). The presence or absence of abdominal aortic aneurysm can be evaluated 
with POCUS with high sensitivity and specificity; however, it has poor sensitivity 
for extraluminal blood. Nevertheless, in one ED study, it was shown to improve 
diagnosis of ruptured AAA in the appropriate clinical setting and resulted in correct 
decision to perform surgery [48].

The proximal aorta can be visualized with a curvilinear transducer in the trans-
verse view. Ideal conditions for scanning are a thin body habitus and a non-gas- 
filled transverse colon. The examiner should scan between the xiphoid process and 
the umbilicus, which generally correspond to the 12th thoracic and the 4th lumbar 
vertebral bodies, where the aorta enters the abdominal cavity and bifurcates to the 

Echogenicity in ascitic fluid Echogenic material in retroperitoneum

a b

Fig. 10.25 (a) Hemoperitoneum, evidenced by layering of hyperechoic material. (b) 
Retroperitoneal hematoma

Hemidiaphragm
Flapping

lung

Pleural
effusion Ascites

Liver

a b

Fig. 10.26 (a) Ascites—simple anechoic fluid in pelvis. (b) Perihepatic ascites and pleural effu-
sion in cirrhosis
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iliac arteries, respectively. Approximately 1  cm below the diaphragm, the aorta 
gives rise to three major branches: the celiac trunk (immediately below the dia-
phragm) giving rise to the common hepatic artery and splenic artery (called seagull 
sign), the superior mesenteric artery (SMA), and the renal arteries. The vast major-
ity of aortic aneurysms occur distal to the renal artery takeoffs. The various aortic 
branch points can be seen in Fig. 10.27. Obtaining a longitudinal view of the aorta 
can allow for further visualization of the aorta, especially when evaluating for dis-
section. Figure 10.28 demonstrates CXR, CT scan, and ultrasound correlations of a 
patient presenting with Type B aortic dissection.

 Kidney and Bladder

Using POCUS to assess the kidneys and bladder can quickly add or eliminate eti-
ologies from a differential. A normal kidney has a hyperechoic medulla with a 
hypoechoic cortex. As outflow obstruction causes urine accumulation in the collect-
ing system, the center of the kidney will appear dilated with anechoic fluid 
(Fig. 10.29a). This hydronephrosis usually indicates a downstream obstruction, and 
the clinician should utilize US to evaluate for a large dilated anechoic bladder 
(Fig. 10.29b). It is not uncommon to see a Foley balloon in a dilated anechoic blad-
der, indicating the catheter itself is obstructed.

b

c

Ao

d

Ao

a

Ao

Vertebral
body

Fig. 10.27 (a) Distal aorta. (b) Aorta at the level of bifurcation to the common iliac arteries. (c) 
Aorta bifurcating in iliacs. (d) Proximal aorta—longitudinal view
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Using a phased array or curvilinear transducer, the transverse and longitudinal 
views of the kidney can be obtained using the same anatomical landmarks as the 
FAST exam. By directing the probe marker cephalad and angling the probe anteri-
orly and posteriorly through each kidney, assessing for any dilation of the collecting 
system, one can rapidly evaluate for hydronephrosis. Color Doppler can be used to 

Jellyfish

Aortic flap

diaphragm

Dissection
flap

IVC

Dissection
flap

Pleural
effusion

Dissection
flap

Fig. 10.28 CXR, CT, and ultrasound correlates for Type B dissection. Note the patient has a wid-
ened mediastinum and a new left pleural effusion

a b

Fig. 10.29 (a) Hydronephrosis. (b) Full bladder with obstructing clot
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ensure that an anechoic duct is not a blood vessel. At the same location, the trans-
ducer should be rotated 90° counterclockwise, tilting the probe superior to inferior 
to scan through the entire kidney. Once complete, the transducer can be placed 
superior to the pubic symphysis to evaluate the bladder in the transverse and longi-
tudinal views [49].

 Diagnostic Vascular Ultrasound

 Deep Venous Thrombosis

Patients in the CCU have an increased risk of venous thromboembolism due to 
immobility, indwelling central venous catheters, multi-organ failure, and 
inflammatory states. The lower extremities are examined for DVT using a high-
frequency linear array transducer. Compression ultrasound is performed to 
assess for venous collapse under pressure, with the lumen disappearing entirely 
under direct visualization. Visualization of echogenic thrombus in the vascular 
lumen or lack of collapsibility with compression maneuver is consistent with 
DVT.

Place the patient in supine position, with the knee slightly bent and the leg 
externally rotated. Identify the common femoral vein (CFV) and then perform 
 compressions starting from above the inguinal ligament at the proximal portion 
of the external iliac vein (Fig. 10.30). Compress every 1–2 cm while moving dis-

CFV
CFA

GSV

PV

PA

SFA

DFA
DFV

SFV

CFVCFA

Fig. 10.30 Compression ultrasonography to assess for DVT
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tally along the CFV, the greater saphenous vein, over the lateral perforator-CFV 
junction until the common femoral vein is seen branching into the superficial and 
deep branches. Apply downward pressure to the transducer until the vein col-
lapses completely. Scan the popliteal region by flexing the knee 45° and exter-
nally rotated the leg. The popliteal vein overlies the popliteal artery. Perform 
sequential compression at approximately 1 cm intervals while moving distally to 
the trifurcation of the popliteal vein. Even minimal pressure can compress the 
popliteal vein. A minimum of three sites in the groin region and three sites in the 
popliteal fossa should be assessed for DVT.  Figure  10.31 shows examples of 
venous thrombosis in the IJV and the common femoral vein. Blood flow augmen-
tation maneuvers, color Doppler, and pulse-wave Doppler can be performed; 
however, compression US alone performed by non-radiologists has been shown 
to accurately diagnose DVT with 95% accuracy and reduce the time to diagnose 
DVT [50, 51].

Clot

Clot

Clot
a b

Fig. 10.31 Deep vein thrombosis with lack of compressibility and thrombus in vessel. (a) Right 
internal jugular clot. (b) Common femoral vein, visualized nonobstructing hyperechoic clot
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 Fundamentals of Ultrasonography in Undifferentiated Shock: 
Multi-organ POCUS

Shock is a commonly encountered condition in the CCU but is not always associ-
ated with cardiac causes. Physical examination and laboratory parameters along 
with multi-organ POCUS guide the evaluation and management. POCUS tech-
niques involving the heart, lungs, abdomen, and vasculature are performed based on 
the appropriate clinical setting in an attempt to identify the cause of hypotension 
and optimize management. The goal-directed evaluation of a new, unexpected, or 
unexplained shock state in a CCU patient requires a structured approach that will 
diagnose or rule out reversible causes such as cardiac tamponade, tension pneumo-
thorax, pulmonary embolus, ruptured aortic aneurysm, and intra-abdominal hemor-
rhage [16, 18].

Goal-directed echocardiography (GDE) allows the clinician to assess for right or 
left ventricular failure, pericardial effusion, major valvular failure, and fluid respon-
siveness. The statement on training in critical care ultrasonography makes the rec-
ommendation that training in critical care include training in basic critical care 
echocardiography [1–3]. GDE can be learned and performed well by non- 
cardiologists with adequate training [14, 52, 53]. Combining GDE with sonography 
of other organs (multi-organ or whole-body ultrasonography) adds to the diagnostic 
yield when evaluating the patient in shock [4, 16]. One can perform a goal-directed 
multi-organ POCUS exam in an efficient and systematic way to discern the etiology 
of shock:

 1. Basic critical care echo to evaluate LV and RV function and rule out tamponade 
and valvular failure

 (a) Parasternal long-axis (PLAX), parasternal short-axis (PSAX), apical four- 
chamber (A4C), and subcostal views (SC)

 2. IVC imaging to assess volume status in setting of hypovolemia or sepsis
 3. Thoracic ultrasound to rule out pneumothorax and hemothorax
 4. Limited abdominal exam

 (a) Right and left flank to rule out hemoperitoneum
 (b) Abdominal aorta to evaluate for dissection
 (c) The kidneys and bladder to rule out hydronephrosis in setting of sepsis or 

renal failure

 5. Compression US of lower extremities to evaluate for DVT

A systematic approach to the CCU patient with shock also employs the follow-
ing questions while performing POCUS [18]:

 1. Is there an imminently life-threatening cause of shock?
 2. Is there evidence of pump failure: LV or RV failure?
 3. Is the shock state likely to be fluid responsive?
 4. Is there more than one cause for the shock state?
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 5. Is it non-cardiac in origin?
 6. Is there evidence of life-threatening hemorrhage?

Figure 10.32 illustrates an algorithmic approach to the CCU patient who is hypo-
tensive. Many POCUS protocols exist for the evaluation of shock. Essentially, they 
all incorporate multi-organ POCUS to evaluate the etiology of shock. Table 10.9 
summarizes a few of these protocols and the organs that are assessed [54–56]. 
Furthermore, Table 10.10 lists the whole-body US findings for the various organs in 
the setting of undifferentiated shock. Further discussions on cardiac etiologies of 
shock are found in other sections of this textbook.

Undifferentiated
Hypotension

Treat Hypotension (SBP <90mmHg)
IV/IO bolus
Vasopressor infusion
Inotrope infusion
POCUS
Monitor and observe response

POCUS STEP1:
Is there pump failure?

POCUS STEP2:
Is the BP responsding

to fluid challenge?

POCUS STEP4:
Is there life-threatening

hemorrhage?

POCUS STEP3:
Are there

non cardiac causes e.g
pneumothorax or

pulmonary embolus?

Does ECHO show Cardiac Problem?

Does ECHO raise suspicion for
Pulmonary Embolism?

• akinetic/hypokinetic function?
• low contractility?
• low estimated EF?
• IVC respiratory variability?

• hypokinetic RV OR
• Right heart strain?

YES

Advanced
critical

care

Advanced
critical

care

YES

YES

NO

NO

NO

NO

Does LUNG ultrasound show
lung sliding?

Does Abdominal ultrasound show
• Aortic aneurysm rupture?
• Intra-abdominal fluid in dependent
   areas?

Follow the blue protocol algorithm
Is there pneumothorax identified?

Fig. 10.32 Approach to undifferentiated shock
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Table 10.10 Suspected US findings for undifferentiated shock

Ultrasound pattern Organ evaluation Corresponding signs

Hypovolemic Heart Hyperkinetic LV
IVC Diameter <2 cm + resp. collapse >50%
Lungs A-line pattern
Abdomen Free fluid/aortic aneurysm

Distributive Heart Hyperkinetic LV
IVC Diameter <2 cm + resp. collapse >50%
Lungs B-line pattern with consolidation/air bronchograms

Cardiac tamponade Heart Pericardial effusion with tamponade
Pulmonary embolism Heart Dilated and hypokinetic RV

IVC Diameter >2 cm without resp. collapse
Tension pneumothorax Heart Dilated and hypokinetic RV

IVC Diameter >2 cm without resp. collapse
Lungs No lung sliding/pulse, no B-lines or consolidation

Cardiogenic Heart Hypokinetic LV
Lungs B-Line pattern

 Procedural Guidance for Vascular Access

 Introduction

POCUS is invaluable for obtaining vascular access in the cardiac care unit (CCU) 
patient. Knowledge of vascular anatomy, familiarity with the equipment, and expe-
rience with the use of US are necessary prerequisites for the successful insertion of 
the catheter. The decision to place a line and the choice of site of insertion should be 
based on a thoughtful assessment by the operator and the CCU team of the patient’s 
anatomy, clinical status, and coagulation profile. Real-time ultrasound guidance is 
recommended for CVC placement.

 Ultrasound Guidance

Numerous studies have shown that US guidance increases the first-attempt success 
rates and decreases mechanical and infectious complications [5, 6, 57, 58]. The use 
of US for CVC placement is strongly advocated by various organizations such as 
the Agency for Healthcare Research and Quality (AHRQ), American Society of 
Anesthesiologists, American College of Surgeons, American Society of 
Echocardiography, and Society of Cardiovascular Anesthesiologists [59–62]. 
Studies have shown significant variation in the size of the vein and its position rela-
tive to the artery resulting in the possibility of an arterial puncture. Landmark meth-
ods lead to failure rates as high as 36%, even in experienced hands [6, 58]. Ultrasound 

10 Non-cardiac Point of Care Ultrasound in the CCU



200

guidance allows the operator to identify the target vessel, ensure that there is no 
thrombus within the vessel, and allows for real-time visualization of the needle dur-
ing the cannulation. Additionally, it allows confirmation of venous placement of the 
guidewire before dilation and placement of the catheter.

US guidance is most useful for cannulation of the internal jugular vein (IJV) and 
femoral vein (FV). Although US guidance can be used successfully for subclavian 
vein (SCV) access, it has a steeper learning curve and should only be performed by 
experienced operators, due to the risk of pneumothorax [5]. Prior to inserting a cen-
tral line using US guidance, the operator should perform a pre-procedural scan. The 
portable US machine should be set to the “vascular” preset. A high-frequency linear 
array transducer should be used. It should be held like a pencil with the hypothenar 
eminence steady on the patient’s body, allowing for a steady image during the actual 
procedure. The marker on the transducer should always be “operator left” to match 
the marker on the upper left corner of the screen. The left side of the US probe cor-
responds to the left side of the screen. With this setup, in order to aim the needle left, 
one would advance the needle to the left and vice versa. The depth and gain should 
be adjusted such that the vessel of interest is in the center of the screen and the 
image is not too bright or dark. Arteries have thick walls and are pulsatile, whereas 
veins are thin walled and are easily collapsible when pressure is applied over the 
vein. Color Doppler or pulsed Doppler can be used to further confirm arterial versus 
venous flow.

 Transverse Approach

In the short axis or transverse plane, the vessels will appear as round circles (Fig. 10.33a) 
as the US beam intersects the vessel in a cross section at a perpendicular angle [63]. In 
the long-axis or longitudinal view, the US beam is parallel to the vessels, and the 

IJV

SCM

IJV - internal jugular vein
CA – carotid artery
SCM – sternocleidomastoid muscle

IJV
CA

SCM

Depth

PresetScreen
marker
a b

Fig. 10.33 (a) Short-axis view of IJV. (b) Longitudinal view of IJV
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vessels will appear as long cylinders if the beams transect the vessel in the middle 
along its course (Fig. 10.33b). Ensure the vein and arteries are parallel to each other 
and not on top of each other. Figure 10.34a and b demonstrates examples of unsafe 
sites for cannulation as the carotid artery and IJV are not parallel to each other. Image 
the vein up and down in the transverse view to ensure patency. Do a compression 
maneuver by applying gentle pressure in at least three sites to ensure there is no throm-
bus (Fig.  10.35). Figure  10.36a and b shows examples of intraluminal thrombus 
detected prior to IJV CVC placement. Table 10.11 summarizes the steps for pre-pro-
cedural US scan, which should always be done prior to US-guided line placement.

IJV - internal jugular vein
CA – carotid artery
SCM – sternocleidomastoid muscle

CA

IJV

SCM

CA

IJV

SCM

a b

Fig. 10.34 (a) Unsafe site with carotid artery immediately beneath IJV. (b) Unsafe site with 
carotid artery above IJV

Fig. 10.35 Image the 
entire length of the IJV 
and do a compression 
maneuver
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Once a safe site is identified, cannulation should be performed with the thin- 
walled introducer needle with the needle inserted at a steep angle (70°–90°) and 
directly beneath the center marker of the probe. A sterile probe cover should always 
be used, ensuring adequate sterile gel both inside and outside the probe cover. The 
US probe is held steadily with the non-dominant hand and the needle advanced with 
the dominant hand. During advancement to the vessel, the visualization of the nee-
dle may be limited to deformation of the soft tissue and the central vein prior to 
penetration of the vessel. The needle and syringe apparatus may have to be jiggled 
gently in order to appreciate the needle on the screen. It is imperative to maintain 
visualization of the needle tip by keeping the needle tip within the plane of the US 
beam. Once there is good blood flow, the angle should be decreased prior to insert-
ing the guidewire. Alternatively, a lower angle (30°–60°) can be used with the 
 ultrasound probe being advanced forward as the needle is being advanced, with 
gentle back-and-forth tilting of the probe to identify and follow the tip of the intro-

IJV

SCM

Thrombus

IJV - internal jugular vein
SCM - sternocleidomastoid muscle

Thrombus in IJV

a b

Fig. 10.36 (a) IJV intraluminal thrombus transverse view. (b) IJV compression maneuver shows 
intraluminal thrombus with lack of compressibility

Table 10.11 Steps for line placement: pre-procedural ultrasound scan

Step Description

1 Set US machine in “vascular” preset mode
2 Hold vascular probe like a pencil with hand resting on patient
3 Ensure probe marker is “operator left”
4 Identify vein and artery
5 Optimize gain and depth, ensuring vein is in center of screen
6 Scan up and down the vessel to ensure patency
7 Do a compression maneuver at three sites along the vessel to ensure no thrombus
8 Ensure vein and artery are parallel to each other
9 Image both sides for optimal site selection
10 Identify safest site for cannulation
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ducer needle directly into the vein (Fig. 10.37). Be careful not to confuse the shaft 
of the needle with the needle tip. Subtle tilting of the transducer at the point where 
the needle tip disappears on the monitor confirms location of the tip.

Once the needle is in the vein and there is good blood flow into the syringe, the 
operator must release the transducer and steady the needle with the non-dominant 
hand prior to advancing the guidewire with the dominant hand. The needle should 
now be removed and the vein imaged with US in both the transverse and longitudi-
nal planes to confirm that the guidewire is in the vein. The guidewire should be 
visualized within the thin-walled vein, which will be compressible with gentle pres-
sure (Fig. 10.38). This step must be performed prior to dilation and placement of the 
central venous catheter.

Needle tip

CFV

CFA

CFV – common femoral vein
CFA – common femoral artery

Fig. 10.37 Echogenic 
needle tip visualized 
within common femoral 
vein

Guidewire

Guidewire

Valve

a b

Fig. 10.38 (a) Guidewire in IJV. (b) Longitudinal view of guidewire in IJV

10 Non-cardiac Point of Care Ultrasound in the CCU



204

 Longitudinal Approach

A longitudinal or in-plane approach can be utilized for CVC placement; however, 
this is not recommended for the beginner as there is increased risk of puncturing the 
adjacent artery. From a transverse view, the transducer is rotated counterclockwise 
such that the marker is facing the operator and the US beam is along the long axis 
of the target vein. The needle is inserted at a shallow angle (45°–600) at the trans-
ducer marker with the needle and syringe apparatus aligned with the long axis of the 
transducer. The needle insertion angle and the distance from the transducer should 
be appropriate for the depth of the target vessel. Identify the needle tip and shaft on 
the screen and adjust the needle trajectory as the needle is advanced into the central 
vein (Fig. 10.39).

 Site-Specific Considerations Using Ultrasound-Guided 
Approach

 Internal Jugular Vein

The IJV is a common site for central venous catheterization as it is easily accessed 
with ultrasonography [6]. The IJV jugular vein is located under the sternocleido-
mastoid muscle on either side of the neck. The right side of the neck is preferred 

Subclavian vein

Needle

Rib shadow

Fig. 10.39 US-guided subclavian vein cannulation using longitudinal approach
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because the vessels run a straight course to the right atrium. IJV cannulation may be 
difficult in patients with tracheostomies as the tracheostomy holder often overlies 
the site.

Ensure the patient is in Trendelenburg position with the head slightly turned 
45° to the contralateral side from the intended insertion side. Anatomical land-
marks for the IJV begin at the triangle formed by the heads of the sternocleido-
mastoid muscles and the clavicle (Fig. 10.40). The IJV is easily collapsible and 
can often not be visualized due to excessive pressure by the US probe or the 
operator’s finger.

A pre-procedural scan of the left and right IJV is done to select the best site. 
Place the US probe parallel and cephalad to the clavicle, at the apex of the tri-
angle, with the transducer marker “operator left.” Visualize the IJV and carotid 
artery in the transverse view. The carotid artery will be thick walled and pulsatile, 
while the IJV will be thin walled and easily compressible (Fig. 10.40). Identify a 
safe site for cannulation where the IJV is away from the carotid artery and not 
overlying it (Fig. 10.34). Position the transducer and optimize the depth such that 
the vein is centered on the screen. Stay in the mid-neck and avoid the lower neck 
region above the clavicle, as there is a risk of puncturing the apex of the lung, 
even with US guidance. Performing a quick lung ultrasound before and after the 
procedure to check for lung sliding is an efficient way to rule out 
pneumothorax.

Internal
jugular vein

Carotid artery

Sternocleidomastoid

Subclavian
artery and vein

Fig. 10.40 Internal 
jugular vein and 
subclavian vein 
anatomy
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 Femoral Vein

The femoral vein site is associated with the fewest vascular and pulmonary compli-
cations; however, it carries a higher infection rate; hence it is discouraged by the 
Centers for Disease Control and Prevention (CDC) [64]. Femoral vein is the site of 
choice for central venous catheterization during emergencies such as cardiac arrest, 
respiratory distress, or in an agitated patient.

Place the patient in supine position, externally rotate and abduct the patient’s leg 
away from midline [65]. The CFV lies medial to the common femoral artery as it 
runs distal to the inguinal ligament (Fig. 10.41). The mnemonic “VAN” illustrates 

Common
femoral

Lateral
perforator

Greater
saphenous

Deep
femoral

Inguinal
ligament

Femoral Triangle

Popliteal

Superficial
femoral

Fig. 10.41 Venous anatomy of femoral triangle and lower extremities
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the contents of the femoral sheath (Fig. 10.41) from medial to lateral: femoral Vein, 
femoral Artery, and femoral Nerve. The femoral artery lies at the midpoint of a line 
connecting the pubic symphysis (PS) to the anterior superior iliac spine (ASIS). The 
FV lies 1 cm medial to the femoral artery. Localize the FV by palpating the artery 
or with ultrasonography. The cannulation site must be inferior to the inguinal 
ligament

Using a linear array transducer with the marker “operator left,” identify the com-
mon femoral vein and artery (Fig. 10.42). Identify the safest site for cannulation, 
and holding the probe steady, insert the needle at a 45°–70° angle into the vein. 
Once there is venous blood return, hold the needle steady, detach the syringe, and 
thread the guidewire. Remove the needle and confirm venous placement of the 
guidewire in both the transverse and longitudinal view prior to dilation and insertion 
of the catheter.

 Subclavian Vein

The subclavian site is the most preferable site for CVC placement as it carries the 
lowest risk of central line-associated blood stream infections (CLABSI) and throm-
bosis as compared to IJV or FV cannulation; however, it has a higher risk of pneu-
mothorax [66]. Accessing the subclavian vein requires placement of the cannulation 
needle under the clavicle and near the apex of the lung so it is not surprising that 
pneumothorax is a potential complication. Subclavian vein catheterization should 
be avoided in patients with lung hyperinflation due to severe COPD or asthma, 
patients on high FiO2 and PEEP while on mechanical ventilation, and patients with 
parenchymal lung disease and limited pulmonary reserve. The insertion point using 
a landmark approach is normally 2 cm caudal to the point where the clavicle takes 
the turn superiorly. The introducer needle is inserted at the defined landmark till the 
clavicle is felt and then advanced under and along the inferior border of the clavicle 
in the direction of the suprasternal notch until the vein is entered.

CFVCFA CFA CFV

Fig. 10.42 Common femoral vein with compression maneuver
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Although the traditional landmark approach is preferred by many, several articles 
suggest that US can increase the likelihood of success [5, 67]. With the short-axis 
approach, using the linear array probe with the orientation marker left scan along 
the inferior margin of the midclavicular region in a sagittal plane such that the trans-
ducer is almost perpendicular to the clavicle. Visualize the subclavian artery and 
vein and the pleural line below the vessel. Identify the vein where it is most super-
ficial and separate from the artery. Insert the needle at 45°–70° angle relative to the 
skin surface and look for deformation of the soft tissue and vessel as the needle 
courses through and penetrates the SCV.

For the long-axis approach, find the SCV and artery in the short axis. Holding the 
transducer steady with the non-dominant hand, turn the probe counterclockwise 
with the dominant hand such that the marker faces the operator and obtain a longi-
tudinal view of the SCV. Maintain the vessel in the middle of the screen while going 
from short to long axis. Insert the needle at the midpoint of the transducer at a 
45°–70° and follow the needle as it punctures the midpoint of the SCV (Fig. 10.39). 
Although the long-axis approach appears to be a safer method as the needle is better 
visualized, a recent study showed that the short-axis method led to higher first pass 
and overall success rates, and fewer needle redirections, punctures, and complica-
tions [68].

 Arterial Line Placement

Ultrasound use is often helpful in arterial catheterization of the critically ill CCU 
patient. The insertion of the catheter by blind palpation can sometimes require mul-
tiple attempts and thus can cause patient discomfort and arterial vasospasm. The 
radial artery is the most common site for arterial cannulation because it is thought 
to have a low rate of associated complications. This low rate occurs as a result of 
extensive collateral circulation involving the ulnar artery and palmar arches with 
flow to the distal limb. US guidance can be helpful with radial, axillary, and femoral 
artery catheterization. The use of ultrasound guidance has been shown to increase 
first-pass success rate and reduce number of attempts [69, 70].

Identify the artery that will be cannulated and adjust the gain and depth to opti-
mize the image such that the vessel of interest appears in the center of the screen. 
Scan up and down in the transverse view to ensure there is no tortuosity or calcifica-
tion. Locate a section with the largest diameter. The radial artery will be located 
adjacent to the styloid process of the radial bone. The femoral artery is the pulsatile 
vessel located in the femoral triangle. (Fig. 10.41) For axillary artery cannulation, 
have the patient place their arm under their head and scan the axillary region until 
the vessels are identified. Table 10.11 lists general anatomic landmarks and consid-
erations for each potential site.

Arterial catheterization can be performed in either the transverse view or longi-
tudinal view (Fig. 10.43a and b) [71]. With the transverse view, after locating the 
artery, optimize the image and center the artery in the transverse view. Anesthetize 
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the skin and insert the catheter-covered needle at the midpoint of the transducer at a 
45°–60° angle. Slide or tilt the probe up and down until the needle tip is visualized. 
As the needle is advanced toward the artery, follow the tip of the needle. Adjust the 
position of the needle until it is directly over the artery and then puncture through 
the vessel wall into the lumen.

For the longitudinal view approach, first obtain a transverse view with the vessel 
in the center of the screen. Hold the base of the transducer steady and turn the trans-
ducer counterclockwise with the dominant hand and obtain a longitudinal view 
(Fig.  10.43b). While holding the transducer steady with the non-dominant hand 
resting on the body, insert the needle at the midpoint of the transducer at a 30°–45° 
angle (Fig. 10.44) and follow the needle as it punctures the midpoint of the artery. 
The longitudinal approach can be useful for radial artery cannulation, whereas the 
transverse approach is preferable for femoral artery and axillary artery catheteriza-
tion (Table 10.12).

Radial artery
Radial arteryCompressible vein

Distal
radius

a b

Fig. 10.43 (a) Radial artery in transverse view. (b) Radial artery in longitudinal view

Fig. 10.44 Transducer 
holds for longitudinal 
approach for cannulation
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 Limitations of POCUS

Ultrasonography has developed as an irreplaceable tool in for the critical care physi-
cian in the management of a critically ill patient. Patient factors such as obesity, 
body habitus, rib shadows, artifacts, the presence of edema, subcutaneous 

Table 10.12 Site-specific characteristics of arterial line placement

Site Landmarks Advantages Disadvantages Complications

Radial Distal end of radius 
between tendons of 
brachioradialis and 
flexor carpi radialis

Easy to locate
Ease of 
placement
Most common 
site of 
cannulation
Presence of 
collateral flow 
(ulnar artery and 
palmar arch)
Easily 
maintained

Easily collapsible
Easily 
vasoconstricting
Difficult in profound 
shock
High thrombosis risk
Lower accuracy due 
to distal position
Frequent accidental 
removal

Thrombosis risk
Limb ischemia

Femoral 
artery

Below the inguinal 
ligament
Palpated midway 
between pubic 
symphysis and 
anterior iliac crest

Easy cannulation 
especially with 
US guidance
Lower 
thrombosis risk
Easily 
maintained
Comfortable
Largest 
accessible 
arterial access

Highest infection rate
Compressible for 
bleeding control
Avoid in peripheral 
arterial disease

Retroperitoneal
hemorrhage

Axillary 
artery

Palpated in the 
intramuscular 
groove between the 
coracobrachial and 
triceps muscles
Deep to pectoralis 
minor muscle

Lower infection 
and thrombosis 
risk
Maintains 
pulsation in 
profound shock 
due to proximity 
to aorta
Second largest 
after femoral 
artery
Preferred in 
obese it radial 
access difficult

US guidance often 
needed
High failure rate
Proximity to pleural 
space: brachial plexus
Right axillary line in 
continuity with right 
carotid ⇒ risk for 
cerebral
thromboembolism

Brachial plexus 
compressive injury 
from hematoma
Paresthesia
Cannulation of left 
axillary is 
preferred compared 
to the right

Brachial 
artery

Medial side of 
antecubital fossa
Lateral border of 
brachial muscle

Easily accessed 
but lacks the 
anatomic benefit 
of collateral 
circulation

Highest likelihood for 
thrombosis and loss of 
radial pulsations

Do not use
Any cannulation 
may lead to upper 
limb ischemia
Median nerve 
injury
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emphysema, or suboptimal patient position can be a limitation. It is also operator 
dependent, so adequate training and a proper certification process are required.

 Conclusions

Point-of-care ultrasonography has evolved into an invaluable tool in facilitating the 
diagnosis and treatment of acutely ill patients. With the advent of portable US 
machines, POCUS has revolutionized the way that patients are managed and has 
drastically improved the safety of procedures. With the popularity of POCUS, medi-
cal schools are now adopting US education into undergraduate medical curriculum, 
and societies are offering courses to practicing clinicians. Goal-directed critical care 
ultrasonography readily answers clinical questions in the management of critically 
ill patients in the CCU with conditions such as shock, acute respiratory failure, and 
multi-organ failure.
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Chapter 11
Contrast Echocardiography in the Cardiac 
Care Unit

Eyal Herzog, Seyed Hamed Hosseini Dehkordi, and Edgar Argulian

Abstract Suboptimal echocardiograms are common in critically ill patients. The 
obstacles that interfere with optimal echocardiographic imaging in cardiac care unit 
patients include suboptimal positioning, obesity, hyperinflated lungs due to mechan-
ical ventilation, lung disease, subcutaneous emphysema, surgical incisions, chest 
tubes, bandages, and crowded quarters. It is well known that use of contrast in echo-
cardiography significantly improves the image quality, but despite that, contrast 
echocardiography is widely underused. The current chapter outlines the basics of 
contrast echocardiography as it applies to critical care.

Keywords Contrast echocardiography · Myocardial infarction · Thrombus

 Introduction

Cardiovascular disease is the foremost cause of death worldwide and is a major indi-
cation for diagnostic imaging [1]. More than 5.7 million patients are admitted annu-
ally to intensive care units in the United States for intensive and/or invasive monitoring. 
Approximately 20% of acute care admissions are to an intensive care setting [2].

Management of patients in the cardiac care unit (CCU) with acute symptoms and 
potentially life-threatening clinical conditions is a multifaceted task. Detailed his-
tory and comprehensive physical examination are the first steps. Laboratory and 
imaging diagnostic modalities are also crucially important steps in order to obtain a 
timely and accurate diagnosis and to stratify the risk to the patient’s life in a timely 
and efficient manner. Echocardiography is a versatile, noninvasive, and easily avail-
able tool which can be performed at the bedside. It provides rapid results and avoids 
exposure to ionizing radiation. In addition, contemporary bedside echocardiogra-
phy often renders invasive monitoring unnecessary in critically ill patients [3].
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Echocardiography is a common imaging procedure: approximately 32 million 
echocardiograms were done in the United States in 2016. The American Society of 
Echocardiography and other societies estimate that up to 20% of the echocardio-
grams are suboptimal which translate into approximately 6.4 million procedures a 
year. Suboptimal echocardiographic image is defined as an image in which two or 
more consecutive myocardial segments are not visualized well. Suboptimal echo-
cardiograms are more common in critically ill patients accounting for up to 40–50% 
of all examinations in this patient population. It is well known that use of contrast 
in echocardiography significantly improves the image quality, but despite that, con-
trast echocardiography is widely underused.

The areas where use of contrast has the greatest impact include quantification of 
chamber dimensions, volumes, and ejection fraction (EF); assessment of regional 
wall motion abnormalities; documentation or exclusion of LV structural abnormali-
ties; and documentation or exclusion of left ventricular or left atrial thrombus [4–7]. 
Contrast can also be used to enhance spectral Doppler signals.

Leading cardiovascular disease societies including the American Society of 
Echocardiography (ASE), International Academy of Cardiology (IAC), the 
International Contrast Ultrasound Society (ICUS), American College of Cardiology 
Foundation (ACCF), American Society of Nuclear Cardiology (ASNC), Heart 
Failure Society of America (HFSA), American Heart Association (AHA), Heart 
Rhythm Society (HRS), Society for Cardiovascular Angiography and Interventions 
(SCAI), Society of Critical Care Medicine (SCCM), Society of Cardiovascular 
Computed Tomography (SCCT), and Society for Cardiovascular Magnetic 
Resonance (SCMR) agree that contrast should be used when a suboptimal echocar-
diogram is acquired.

 Ultrasound Contrast Agents

Contrast agents used in echocardiography are gas-filled microbubbles that are 
administered intravenously into the systemic circulation. There are currently three 
commercially available second-generation contrast agents in the United States: 
Optison™ (perflutren protein-type A microspheres; GE Healthcare, Buckinghamshire, 
UK), Definity® (perflutren lipid microsphere; Lantheus Medical Imaging, Billerica, 
MA), and Lumason® (sulfur hexafluoride lipid-type A microspheres; Bracco 
Diagnostics Inc., Monroe Township, NJ). The ultrasound properties of contrast 
agents are determined by the size of the microbubbles, the composition of the shell, 
and the encapsulated gas. Since the purpose of the contrast-enhanced imaging is 
typically opacification of the left-sided cardiac chambers, the microbubbles need to 
be small to be able to pass through the pulmonary capillaries into the systemic cir-
culation in the absence of a shunt. At the same time, the echogenicity of microbub-
bles is directly proportional to their size; thus the largest microbubbles able to pass 
through the lung circulation have the strongest acoustic properties. The composition 
of the shell of microbubbles varies among the manufacturers and may include lipids 
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(Definity®, Lumason®) or human albumin (Optison™). The shell should provide 
elasticity for the microbubbles to resonate upon the application of ultrasound. Rigid 
and inelastic surface coating would get destroyed easily in the ultrasound field and 
may not provide effective continuous imaging. Finally, microbubbles are filled with 
high-molecular-weight gases which have poor blood solubility. As a result, they 
make microbubbles more stable and ensure high concentration of microbubbles in 
the left-sided chambers for real-time imaging.

The microbubbles in the commercially available contrast agents do not aggregate 
and are biologically inert. They remain entirely within the vascular space, have an 
intravascular rheology that is very similar to that of erythrocytes, and are eliminated 
from the body via the reticuloendothelial system.

 Interaction of Contrast Agents with Ultrasound

The clinical application of contrast echocardiography relies on unique acoustic 
interaction of the microbubbles with the ultrasound. The microbubbles oscillate by 
asymmetrically changing their radius in response to compression and expansion in 
the ultrasound beam. As a result, they exhibit a nonlinear behavior generating strong 
harmonic signals at the multiples of the fundamental frequency. The strength of the 
harmonic signal is strongly dependent on the acoustic intensity of the ultrasound 
beam which is reported as mechanical index (MI). High MI imaging used for con-
ventional echocardiography provides high-intensity contrast signal but results in 
rapid destruction of microbubbles. Therefore, it cannot be used for the purpose of 
continuous real-time imaging due to poor left ventricular opacification and swirling. 
Low and very low MI imaging allows detection of the microbubbles without 
destroying them, and it is well suited for continuous imaging such as assessment of 
left ventricular wall motion and ejection fraction. In low MI modes, the image qual-
ity may be degraded by tissue harmonic signal. Therefore, many manufacturers 
combine low-MI continuous imaging with tissue signal suppression techniques: 
these techniques enhance the signal from nonlinear scatterers (microbubbles) and 
cancel out signals from linear scatterers (tissue). All current cardiac ultrasound plat-
forms use harmonic imaging for contrast echocardiography and conveniently pro-
vide presets to achieve optimal contrast imaging.

 Safety of Contrast Echocardiography in the Critically  
Ill Patients

Despite the proven utility of contrast agents in the diagnosis and management of 
critically ill patients, concerns initially existed regarding the safety of these com-
pounds. In a meta-analysis of 110,500 patients, the incidence of serious allergic and 
anaphylactoid reactions immediately after contrast administration was estimated at 
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0.009% and 0.004%, respectively. Anaphylactoid reactions are also known as com-
plement activation-related pseudo-allergy (CARPA). CARPA reactions are not IgE 
mediated, do not necessarily need previous exposure, are generally milder or absent 
on repeated exposure, spontaneously resolve, and are more common among women 
and atopic patients [8]. Despite these reactions being extremely rare, busy echocar-
diography laboratories will likely eventually witness a severe allergic reaction; 
therefore staff education and provision of resuscitation medications and equipment 
are important.

Despite initial concerns, many safety studies have been published and led to a 
better understanding of contrast agents’ safety in critically ill patients. For example, 
Main et  al. [9] published a propensity-matched outcome study in critically ill 
patients undergoing echocardiography with and without a contrast agent. In this 
study, 1,006,381 critically ill patients were identified who underwent echocardiog-
raphy. A propensity scoring algorithm was used to create matched cohorts of 16,217 
patients who underwent echocardiography with or without contrast agents. At 48 h, 
mortality was lower in the cohort in which contrast agents were used (1.70% vs. 
2.5%; odds ratio, 0.66; 95% confidence interval, 0.54–0.80); this difference per-
sisted throughout the hospital stay (14.85% vs. 15.66%; odds ratio, 0.89; confidence 
interval, 0.84–0.96). Other studies in different subsets of patients with critical ill-
ness undergoing contrast echocardiography similarly demonstrated safety of ultra-
sound contrast agents. In addition, large studies have not confirmed the concerns 
raised by regulatory agencies regarding the use of contrast agents in patients with 
pulmonary hypertension or known intracardiac right-to-left shunts. Therefore in 
most of these circumstances, the benefit of ultrasound contrast agents outweighs 
their risks.

 Echocardiography in Critical Care Settings

The primary importance for critical care delivery focuses on minimizing mortality 
and optimizing efficiency while preserving dignity and compassion for these 
patients with complex comorbidities and life-threatening conditions. Outcomes in 
critical care are mainly measured by reduced mortality, improved efficacy, 
decreased length of stay, and decreased cost of care. This is why performing the 
right tests at the right time and obtaining accurate diagnosis to initiate appropriate 
medical therapy are important factors in delivering quality patient care [10]. 
Echocardiography is one of the most powerful diagnostic and monitoring tools 
available to the modern critical care medicine. TTE has become the primary imag-
ing tool for beside diagnosis and monitoring of patients with acute conditions. It is 
noninvasive, provides rapid and accurate assessment of cardiac morphology and 
hemodynamics, is useful in assisting therapeutic procedures, and provides quick 
results for rapid patient management decisions. The fact that echo can be easily 
repeated when required makes it highly valuable in emergency/critical care 
circumstances.
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Due to the complex problems of patients in critical care, they have the most gain 
from accurate and reliable assessment of cardiac structure and function. However 
they can also present the greatest challenge in obtaining diagnostic studies.

The information echo provides has a significant impact on treatment strategies, 
but suboptimal image quality can often limit the accuracy or confidence in the data 
obtained.

Up to 50% of critically ill patients have nondiagnostic images which can have a 
significant impact on diagnosis and patient management.

The feasibility of TTE imaging can be limited because of the complex and 
dynamic profile of patients in the CCU, many of whom cannot assume an optimal 
position for imaging. Other obstacles that interfere with optimal echocardio-
graphic imaging in CCU patients include obesity, hyperinflated lungs due to 
mechanical ventilation, lung disease, subcutaneous emphysema, surgical inci-
sions, chest tubes, bandages, and crowded quarters. As a result, endocardial reso-
lution is frequently suboptimal, preventing the accurate assessment of regional 
and global wall motion [4, 5].

Studies have shown that the use of contrast agents has a significant impact on 
outcomes and patient management decisions [4].

Kurt and colleagues [4] showed that there is a significant difference between the 
LV segments visualized using transthoracic echocardiography (TTE) between 
patients with and without the use of intravenous contrast agents (10.75 segments vs. 
16.75 segments). This produced a significant change in the ability of the TTE to 
adequately evaluate LV function compared to unenhanced studies. In the subgroup 
analysis, this study also showed that use of contrast to enhance TTE images signifi-
cantly improved visualization of abnormal LV segments in patients in surgical and 
medical ICUs (59% and 70% respectively). Also, when the cohorts of patients in 
both surgical and medical ICUs were combined, use of contrast enhancement sig-
nificantly reduced the need for additional diagnostic procedures in 88% of patients. 
The combination of these effects resulted in altered medical management in 34.4% 
of patients in this study and resulted in 28% lower mortality at 48hours in critically 
ill patients. Other studies also supported this finding [9].

A major advantage of echocardiography is that both global and regional cardiac 
function can be evaluated early in the triage of patients with chest pain presenting to 
the cardiac care unit. The presence of regional wall motion abnormalities on a rest-
ing echo has a high sensitivity for detecting cardiac ischemia in these patients. 
Patients with regional wall motion abnormalities are six times more likely to have 
cardiac death, acute myocardial infarction, unstable angina, and congestive heart 
failure or need revascularization within 48 h of presentation (p < 0.001), and abnor-
mal echocardiographic results are a more independent and incrementally useful 
prognostic indicator than clinical evaluation and ECG findings [5].

With improved visualization of the endocardial borders through the use of con-
trast, regional wall motion abnormalities can be identified that are otherwise not 
seen on the unenhanced images. The following cases exemplify real-life clinical 
scenarios in which use of contrast agents had an impact on patients’ clinical course 
and management plan.
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 Examples of Clinical Applications of Contrast 
Echocardiography in the Cardiac Care Unit Which Changed 
Patient Management and Outcomes

 Chest Pain Post Percutaneous Coronary Intervention

A 61-year-old man presented to the emergency department with right-sided chest 
pain. He recently underwent percutaneous coronary intervention (PCI) following an 
anterior ST elevation myocardial infarction. The TTE showed decreased LV EF 
(35%) and poorly visualized endocardial borders of the mid- and apical LV seg-
ments (Fig. 11.1).

A contrast agent was subsequently used which clearly demonstrated apical aki-
nesis, mid- to distal septal akinesis, decreased LV systolic function, as well as exis-
tence of a protruding apical thrombus (Fig. 11.2).

Based on these findings, the patient management was changed, and he was 
started on anticoagulation therapy in addition to his dual antiplatelet therapy which 
eventually led to resolution of the clot on the follow-up echocardiogram.

a b

c d

Fig. 11.1 Unenhanced apical four-chamber (a), apical two-chamber (b), parasternal long-axis (c), 
and parasternal short-axis (d) views
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 Modern Management of Anterior Wall Myocardial Infarction

A 60-year-old man presented to the emergency department (ED) with new-onset 
severe substernal chest pain. His vital signs and physical examination were within 
normal limits. An electrocardiogram (ECG) was performed in the ED and showed 
concave ST segment elevation in the anterior precordial leads. He was immediately 
transferred to the cardiac catheterization laboratory where a diagnostic left heart 
catheterization showed complete occlusion of the mid-left anterior descending 
(LAD) coronary artery. He was treated with a drug-eluting stent to his mid-LAD, 
and he was started on eptifibatide, dual oral antiplatelets, atorvastatin, and metopro-
lol. The patient was subsequently transferred to CCU where a blood pressure of 
90/60 mmHg was recorded, but his chest pain eventually resolved. His troponin I 
levels increased from 0.02 to 23 ng/mL. The patient developed gingival bleeding, so 
the eptifibatide was discontinued, and he was continued on aspirin, ticagrelor, ator-
vastatin, and metoprolol.

Due to hypotension a TTE was performed (Fig. 11.3) using an ultrasound con-
trast agent which helped rule out an apical thrombus. The patient did not require 
addition of an anticoagulant to his dual antiplatelet therapy; he improved clinically 
and was discharged home directly from CCU with a total hospital stay of 72 h.

a b

c d

Fig. 11.2 Comparison between unenhanced (a) and contrast-enhanced (b) apical four-chamber 
views as well as unenhanced (c) and contrast-enhanced (d) apical two-chamber views demonstrat-
ing apical LV thrombus (asterisk)
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 Shock in the Setting of Hypertrophic Cardiomyopathy

A 75-year-old woman arrived by ambulance to the ED after surviving an acute 
respiratory arrest which required intubation in the field. In the emergency depart-
ment, her blood pressure was 212/98  mmHg with a heart rate (HR) of 56  bpm. 
Physical examination was remarkable for bibasilar rales and a 3/6 systolic murmur, 
best heard along the left sternal border. ECG showed sinus bradycardia with diffuse 
T wave inversion in the precordial leads.

Due to severe hypertension and bradycardia, the patient was treated with intrave-
nous nitroglycerine and furosemide with initial BP improvement to 130/70 mmHg, 
but within 10  min, rapid response team was activated as her BP dropped to 
66/30 mmHg with a pulse rate of 54 bpm. The patient’s clinical condition changed 
dramatically from severe hypertension and bradycardia to shock with bradycardia. 
The patient was stabilized with normal saline and a transthoracic followed by trans-
esophageal echocardiogram (TEE) was planned to both assess cardiac structure and 
function and rule out aortic dissection.

Figure 11.4 shows the bedside, unenhanced parasternal long-axis view with 
small pericardial effusion.

a b

c d

e f

Fig. 11.3 Comparison between unenhanced (a) and contrast-enhanced (b) apical four-chamber 
views as well as unenhanced (c) and contrast-enhanced (d) apical two-chamber views and unen-
hanced (e) and contrast-enhanced (f) apical long-axis view
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Figure 11.5 shows an unenhanced apical four-chamber view demonstrating an 
enlarged LA and normal-sized right atrium (RA) and right ventricle (RV) with nor-
mal RV contractility. Only the basal segments of the LV were seen, and they 
appeared to have normal contractility; however the apical segments were not well 
visualized.

Figure 11.6a, b demonstrate apical two-chamber views showing an enlarged LA 
with normal contractility of the base of the inferior and the anterior walls. In this 
view, it appeared that the apical and mid-inferior and apical and the mid-anterior 
segments are hypokinetic with a probable apical akinesis, but this was unclear due 
to poor quality of the images.

Figure 11.6c, d demonstrate apical long-axis views with good contractility of the 
base of the antero-septum and the basal inferolateral wall; however, the rest of the 
segments were not well seen.

Because of the suboptimal images, an echocardiographic contrast agent was used 
by the sonographer.

Fig. 11.4 Parasternal 
long-axis view showing 
small amount of pericardial 
effusion. LA is enlarged 
and the LVOT shows 
normal contractility. (LA 
left atrium, LVOT left 
ventricular outflow tract)

Fig. 11.5 Apical 
four-chamber view 
showing an enlarged LA 
and normal-sized RA and 
RV with normal RV 
contractility. (LA left 
atrium, RA right atrium, RV 
right atrium)

11 Contrast Echocardiography in the Cardiac Care Unit



224

Figure 11.7 shows side-by-side comparison of the unenhanced and enhanced api-
cal four-chamber view. With improved delineation of the endocardium, it appeared 
as the anterolateral and infero-septal walls are touching each other causing mid-
cavitary obliteration. In addition, there is trapping of contrast within the apex which 
is truly akinetic, consistent with subapical obstruction and apical akinetic chamber.

a b

c d

Fig. 11.6 Apical two-chamber (a and b) view showing enlarged LA but poor visualization of wall 
motion of the apical, mid-inferior and apical, mid-anterior segments. Apical long-axis view (c and 
d) with poor visualization of the apical lateral segment and the mid-antero-septum and the true 
apex. (LA left atrium)

a b

Fig. 11.7 Side-by-side comparison of the unenhanced (a) and contrast-enhanced (b) apical four- 
chamber view. Improved delineation of the endocardium helps demonstrate mid-cavitary oblitera-
tion from touching of the anterolateral and the infero-septal walls
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Figure 11.8 shows the apical two-chamber view with the typical “spade” shape 
ventricular cavity which is characteristic for apical hypertrophic cardiomyopathy.

Based on the new diagnosis, the patient was immediately treated with an intrave-
nous beta-blocker, and the blood pressure improved to 120/80  mmHg. No addi-
tional testing was required, and the initially planned TEE was cancelled. The patient 
was discharged home 3 days later on a combination of a beta-blocker and a calcium 
channel blocker.

 Conclusions

TTE is an invaluable tool in diagnosis and management of acutely ill patients seen 
in CCU or ED, but unfortunately, the image quality is often suboptimal. The use 
of ultrasound contrast agents to enhance the acquired images improves the diag-
nostic yield of echocardiography by rendering examination interpretable. 
Consequently, this may have implications in patient management. Studies have 
shown that these agents are not only safe but are associated with improved sur-
vival in critically ill patients.
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Chapter 12
Use of Echocardiography in Patients 
with Intracardiac Devices
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Abstract Intracardiac ventricular assist devices (VADs) are increasingly being 
used in the management of patients with severe heart failure refractory to medical 
therapy. In the CCU, echocardiography is utilized to confirm appropriate position 
and function of intracardiac VAD components as part of routine surveillance or in 
response to concerning signs and symptoms. This chapter will focus on the use of 
echocardiography in adult patients with durable continuous-flow left ventricular 
assist devices (LVADs) as well as short-term, percutaneous left- and right-sided 
Impella VADs.

Keywords Impella · Assist devices · Heart failure

 Introduction

Intracardiac ventricular assist devices (VADs) are increasingly being used in the 
management of patients with severe heart failure refractory to medical therapy. In 
the CCU, echocardiography is utilized to confirm appropriate position and function 
of intracardiac VAD components as part of routine surveillance or in response to 
concerning signs and symptoms. This chapter will focus on the use of echocardiog-
raphy in adult patients with durable continuous-flow left ventricular assist devices 
(LVADs) as well as short-term, percutaneous left- and right-sided Impella VADs. 
First-generation, pulsatile-flow surgical LVADs are no longer implanted and will 
not be discussed. Durable right ventricular assist devices do not contain intracardiac 
components and will also not be discussed.
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 Echocardiography in Continuous-Flow Left Ventricular  
Assist Devices

LVADs are indicated for use in patients with severe heart failure as a bridge to 
native heart recovery, a bridge to eventual heart transplant, or a destination therapy 
in those who are not heart transplant candidates. The LVADs currently approved 
by the FDA are the HeartWare HVAD and the Thoratec HeartMate II and III 
(Fig. 12.1).

The notable components of a continuous-flow LVAD include an inflow cannula 
that is inserted into the left ventricular apex, an outflow cannula that is inserted into 
the ascending aorta, an extracardiac pump that receives blood from the inflow can-
nula and delivers blood through the outflow cannula, and a driveline that runs from 
the pump to a wearable controller.

 When to Consider Echocardiography

After LVAD implantation, echocardiographic examination can be performed for 
routine surveillance, in response to concerning signs, symptoms, or device alarms, 
or to optimize LVAD settings as part of a ramp study. During each echocardio-
graphic examination, the LVAD speed (in rotations per minute, rpm) and blood 
pressure should be recorded as these conditions can alter the degree of unloading of 
the left ventricle. Comparisons of serial echocardiograms should also be made in 
the context of the LVAD speed and blood pressure. Echocardiographic examination 
of patients with LVADs includes the standard views as well as LVAD-specific views 
that interrogate the inflow cannula and outflow cannula, assess the impact and 
sequelae of left ventricular unloading by the LVAD, and evaluate for potential 
LVAD-related complications such as suction, aortic regurgitation, and thrombus 
formation.

HVAD Pump

Fig. 12.1 FDA-approved CF LVADs: the HVAD, HeartMate II, and HeartMate III (far right)
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 Echocardiography for Routine Surveillance

The purpose of a surveillance echocardiogram is to trend baseline LVAD and native 
heart anatomy and function over time to ensure appropriate response to LVAD ther-
apy and to detect subclinical LVAD or native heart abnormalities. After LVAD 
implantation, surveillance transthoracic echocardiograms should be performed prior 
to discharge from index hospitalization, 1 month after initial implant, every 3 months 
after initial implant in the first year, and every 6–12 months after the first year [1].

 Echocardiography in Response to Signs, Symptoms, or Device Alarms

There should be a low threshold to perform echocardiographic examination in 
response to a deterioration in clinical status and/or new controller alarms as LVAD 
malfunction or inappropriate patient response to LVAD therapy can be fatal if not 
addressed. Common LVAD alarms include notifications related to changes in pulsa-
tility index, changes to flow, suction triggers, and high-power consumption. LVAD- 
related complications detectable by echocardiography include intracardiac thrombus 
formation, intravascular hemolysis from motor-related shear stress, suction events, 
new or worsening aortic regurgitation, and inappropriate unloading conditions. 
These conditions will be further discussed in the section titled “Abnormal Findings 
on Echocardiogram.”

 Echocardiogram to Optimize LVAD Speed

An echocardiogram to optimize LVAD speed and its immediate effect on left heart 
function, known as unloading conditions, relative to baseline conditions is known as 
a ramp study. Ramp studies are often performed as part of routine surveillance or in 
response to concerning clinical features. Poor response to specific ramp study pro-
tocols can be suggestive of LVAD pump thrombosis [2].

During a ramp study, the unloading conditions as determined by the LV internal 
diastolic dimension (LVIDd), interventricular septum (IVS) orientation, aortic valve 
opening frequency/duration, and MR severity are tracked as the LVAD speed is 
incrementally increased to establish a LVAD minimum speed, maximum speed, and 
optimal speed. Relative to baseline measurements, the minimum speed is defined as 
the speed below which the LVIDd is increased and the IVS becomes shifted more 
rightward, aortic valve opening becomes more frequent, and the MR becomes more 
severe. Relative to baseline measurements, the maximum speed is defined as the 
speed above which the LVIDd is reduced and IVS shifts leftward leading to inflow 
cannula turbulence, obstruction or suction events, and the aortic valve ceases to 
open. The optimal speed occurs below the maximum speed when the aortic valve 
opening occurs with a frequency determined by the LVAD medical team (e.g., every 
third cardiac cycle).

12 Use of Echocardiography in Patients with Intracardiac Devices
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 Normal Findings on Echocardiogram

LVAD-specific transthoracic echocardiographic views are used to assess the inflow 
cannula, outflow cannula, and left heart unloading conditions. Standard views of 
native heart structures can be used to evaluate for LVAD-related complications such 
as aortic regurgitation, vegetations, and intracardiac thrombus.

 Inflow Cannula

The inflow cannula, typically implanted at or near the cardiac apex, is best visual-
ized on transthoracic echocardiogram in the parasternal long-axis or apical views. 
Although direct visualization may be challenging due to image quality or device 
material artifact, several parameters should be identified.

On direct visualization, the inflow cannula should be free of any adherent 
masses. Color Doppler assessment should demonstrate laminar flow from the 
left ventricle to the outflow cannula. Inflow should not be impeded by the inter-
ventricular septum. Pulsed and CW Doppler should demonstrate low-velocity, 
continuous flow throughout the cardiac cycle. Due to intrinsic left ventricle con-
tractility, the waveform will always be somewhat pulsatile, even when the ven-
tricle is appropriately off-loaded and the aortic valve does not open. In a 
normally functioning device, peak systolic velocity should be less than 1.5 m/s 
[1]. Accurate Doppler interrogation of the inflow cannula frequently requires 
off-axis, individualized views to ensure an angle of interrogation parallel to 
flow.

Of note, in the HVAD, and at times the HeartMate III, color and spectral Doppler 
may be severely limited or unavailable due to Doppler artifact caused by the prox-
imity of the impeller to the inflow cannula [1].

 Outflow Cannula

Unlike the inflow cannula, which can be seen on standard TTE views, the out-
flow cannula requires atypical views. The aortic anastomosis is best visualized 
on transthoracic echocardiogram in a high left parasternal long-axis view. In 
some patients, this can also be seen in a supraclavicular or suprasternal view. 
Similar to the inflow cannula, pulsed and CW Doppler profiles should be 
obtained. The waveform will again show mild pulsatility with continuous flow 
throughout diastole. Although there are no clear benchmarks for abnormal peak 
systolic velocity at the outflow cannula, normal velocities should generally be 
less than 2 m/sec1.
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 Unloading Conditions

Left heart unloading conditions are a means of assessing the extent to which the 
failing, dilated left ventricle has been decompressed and bypassed by the LVAD. This 
is largely modulated by the speed of the LVAD. Loading conditions are best appre-
ciated in the parasternal long-axis and the apical four-chamber views. An optimally 
unloaded left ventricle should display the following characteristics:

• The LV internal diastolic dimension (LVIDd)  should be significantly reduced 
compared with the preimplantation echo.

• The interventricular septum should be midline or shifted toward the left ventricle 
as compared with the preimplantation echo. The septum should not be bowing 
toward or obstructing the inflow cannula.

• The aortic valve should not open with every cardiac cycle (although the ideal 
frequency of aortic valve opening is often patient and physician dependent).

• Mitral regurgitation should be less than that seen on the preimplantation echo.
• Tricuspid regurgitation and RVSP should be less than that seen on the preimplan-

tation echo.

 Abnormal Findings on Echocardiogram

There are a number of key, pathologic echocardiographic findings which are impor-
tant to recognize, whether the echo is performed for routine follow-up or to investi-
gate concerning signs or symptoms. These findings must be integrated with the 
clinical situation and device alarms to arrive at an appropriate diagnostic plan.

 Excessive Unloading and Suction Events

As discussed above, when the LV is appropriately unloaded, the LVIDd decreases 
and the IVS shifts leftward, and the aortic valve opens infrequently or not at all. 
Taken to extremes, the LV cavity can become small and underfilled, leading to sig-
nificant leftward shift of the interventricular septum. This can lead to “suction 
events,” in which nearby endocardium (typically septum) is transiently pulled into 
the path of the inflow cannula, leading to impaired flow through the inflow cannula 
and ventricular arrhythmias due to local irritation of the “sucked in” endocardium. 
Intermittent high velocities at the inflow cannula can be seen. Suction events can 
result from inappropriately high LVAD speeds and may be exacerbated by condi-
tions of decreased LV preload, as may be seen in hypovolemia, RV failure, or car-
diac tamponade. This typically manifests as low-flow alarms on the VAD.
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Excessive unloading, with its leftward shift of the septum, alters RV geometry 
with multiple potential downstream effects. Progressive RV dysfunction can result 
from increased RV end-diastolic volume, impaired RV systolic function, and 
increased tricuspid regurgitation.

 Inadequate Unloading

The characteristics of an inadequately unloaded LV include a minimal or absent 
decrease in LVIDd, rightward-shifted IVS, increased mitral regurgitation,  increased 
right-sided pressures, and aortic valve opening with every cardiac cycle. This can 
result from inappropriately low LVAD speeds or pump malfunction. This frequently 
manifests as high-flow alarms on the VAD.

 Thrombosis

LVAD thrombosis is a feared complication in the care of patients with durable LVADs. 
Pump thrombosis is usually not directly visualized on echocardiography, and its pres-
ence must be inferred from the available data. Pump thrombosis usually manifests with 
signs of inadequate unloading, along with increased speed and power requirements, as 
may be demonstrated during a ramp study [2]. Other supportive signs include reduced 
inflow or outflow cannula Doppler velocities. If thrombosis or obstruction is localized 
to the outflow graft, increased peak systolic velocities may be seen on Doppler inter-
rogation of the outflow tract. This is associated with high-flow alarms on the VAD.

 Cardiac Tamponade

Although the features of cardiac tamponade are well described elsewhere in this text, 
there are some unique features to tamponade in the presence of LVAD which bear men-
tioning. In the postoperative state, there may be pericardial hematoma rather than free-
flowing effusion. Both the LV and RV may appear underfilled, and typical features of 
ventricular interdependence may not be seen. Valve inflow velocities, specifically mitral 
inflow velocities, often do not have excessive respiratory variation due to the presence of 
the LVAD. Thus, in the presence of low-flow alarms and significant clinical suspicion, 
one should not depend upon “classic” features of tamponade to make the diagnosis.

 Echocardiography in Impella Ventricular Assist Devices

The Abiomed portfolio of Impella heart pumps, including the left heart systems 
Impella 2.5, 5.0, CP, and LD, as well as the right heart Impella RP, are short-term 
ventricular assist devices used to augment cardiac output in critically ill patients 

E. Chu et al.



233

with advanced heart failure or undergoing complex cardiac intervention. Correct 
positioning of the Impella catheter in the ventricular outflow tract and associated 
great vessel is critical for proper device functioning. During initial implantation, 
fluoroscopy is necessary to guide placement of the Impella catheter. After implanta-
tion, catheter-related complications can develop, leading to hemodynamic instabil-
ity and activation of device alarms. In these acute situations, echocardiography is 
commonly used to reassess catheter position and function.

 Impella 2.5, 5.0, CP, and LD [3, 4]

The left heart Impella catheter systems, including the Impella 2.5, 5.0, CP, and LD, 
are indicated for use in patients with ongoing cardiogenic shock immediately after 
myocardial infarction or open-heart surgery. The Impella 2.5 and CP can be addi-
tionally used in patients with depressed left ventricular ejection fraction ≤35% 
without three-vessel disease or ≤30% with three-vessel disease and undergoing 
high-risk percutaneous coronary intervention. The Impella 2.5, 5.0, and CP catheter 
systems can be implanted percutaneously, whereas the Impella LD can only be 
implanted surgically (Fig. 12.2).

 When to Consider Echocardiography

Transthoracic or transesophageal echocardiogram allows for simultaneous visual-
ization of the inlet and outlet areas of the left heart Impella catheters and is the 
preferred imaging modality for routine position surveillance or in response to signs, 

Femoral Insertion Axillary Insertion Direct Insertion into
Ascending AortaImpella 2.5, Impella 5.0 and

Impella CP heart pumps
Impella 2.5, Impella 5.0 and

Impella CP heart pumps Impella LD heart pump only

Fig. 12.2 Implantation techniques for left heart Impella pumps
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symptoms, and device alarms concerning for Impella malfunction. Similar to intra- 
aortic balloon pumps and endotracheal tubes, the Impella catheter can migrate as a 
result of excess “slack” or patient movement or inadvertently from necessary medi-
cal care. Displacement and/or obstruction of the catheter inlet and outlet areas can 
lead to blood flow disturbances which may in turn cause electrical and mechanical 
cardiac dysfunction. The following signs, symptoms, and device features may be 
indicative of Impella catheter malfunction (Table 12.1):

 Normal Position on Echocardiogram

The distal portion of the left heart Impella catheters is notable for the motor housing 
unit, blood outlet area, a 6–8 cm cannula, a blood inlet area, and a pigtail end in the 
Impella 2.5, 5.0, and CP or a straight end in the Impella LD. The cannula for the 
Impella 2.5, 5.0, and CP catheters is longer and contains a slight bend, whereas the 
cannula for the Impella LD catheter is shorter and straight (Fig. 12.3).

Visualization of both the distal catheter inlet and outlet orientation in the left 
ventricular outflow tract and ascending aorta is best achieved with parasternal long- 
axis transthoracic echocardiogram view or with long-axis transesophageal view. 
When properly positioned in the heart, the inlet area should be in the left ventricular 
outflow tract approximately 3.5 cm below the aortic valve, and the outlet area should 
be distal to the aortic valve in the ascending aorta. The catheter inlet area can be 
distinguished by faint railroad track markings, whereas the outlet area is hyper-
echoic in appearance relative to the adjacent cannula. Except for the cannula which 

Table 12.1 Concerning indicators of left heart Impella pump malfunction

Symptoms Chest discomfort, shortness of breath, palpitations, light-headedness, and 
loss of consciousness

Vital signs Hypotension, tachycardia, and hypoxemia
Physical exam Features of left-sided heart failure (lung crackles, new S3 or S4 murmur, 

etc.)
ECG/telemetry PVC, NSVT, VT/VF
Labwork Markers of poor perfusion (increased lactate, decreased pH, etc.), 

markers of hemolytic anemia (decreased hemoglobin/hematocrit, 
increased LDH, decreased haptoglobin, etc.)

Cardiac imaging 
(CXR, CT, MRI, 
etc.)

Movement of Impella catheter on serial studies

Impella Controller 
display

Abrupt change in the placement signal (waveform or pressure reading)
Abrupt change in motor current (waveform or current reading)
Abrupt change in flow reading

Impella catheter 
position alarms

Including but not limited to:
Impella position in the ventricle
Impella position wrong
Impella position unknown
Impella outflow blocked
Impella flow reduced
Suction
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Fig. 12.3 Anatomy of left heart Impella catheters

is in contact with the aortic valve leaflets, no portion of the distal Impella catheter 
should be in contact with cardiac structures, including the left ventricular wall and 
mitral valve apparatus (Figs. 12.4 and 12.5).

Color Doppler analysis over the correctly positioned outlet area will show a 
dense mosaic pattern consistent with turbulent blood flow above the aortic valve in 
the ascending aorta (Fig. 12.6).

 Abnormal Findings on Echocardiogram

The most common catheter-related abnormalities detected on echocardiogram are 
the presence of adherent masses and changes to catheter position. Masses adherent 
to the catheter surface are most concerning for thrombus or infected vegetation. By 
protocol, patients with an implanted left heart Impella catheter should be receiving 
anticoagulation with a goal ACT 160–180 s to prevent thrombus formation. Infected 
vegetation should be considered in individuals with signs and symptoms of endo-
carditis, including fever and positive blood cultures.

Minor position fluctuations of the left heart Impella catheter from the motion of 
nearby blood flow and surrounding cardiac structures are unlikely to have any func-
tional consequence on device operation or patient hemodynamic parameters. Major 
position changes necessitating catheter adjustment occur when the catheter inlet 
area moves above the aortic valve, the catheter outlet area moves below the aortic 
valve, or a contact between the catheter and nearby cardiac structures leads to device 
or cardiac displacement. Echocardiography can be used to detect and guide reposi-
tioning of the Impella catheter in each of these three situations.
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Fig. 12.4 Correct Impella 
catheter position on 
transthoracic 
echocardiogram 
parasternal long-axis view

Fig. 12.5 Correct Impella 
catheter position on 
transesophageal 
echocardiogram long-axis 
view

Fig. 12.6 Correct Impella 
catheter position on 
transthoracic 
echocardiogram 
parasternal long-axis view 
with color Doppler flow
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Impella Catheter Moves Too Far into the Left Ventricle

If the Impella catheter has migrated too far into the left ventricle, the outlet area may be 
incorrectly positioned below the aortic valve. Blood flow from the catheter inlet area to 
the outlet area is recycled within the left ventricle, and there is no augmentation of cardiac 
output. On echocardiogram, the most distal end of the Impella catheter will appear below 
the midpoint of the left ventricular cavity and close to the LV apex. The radiopaque por-
tion of the outlet area will appear within the left ventricular outflow tract (Fig. 12.7).

 Impella Catheter Moves Too Far Out of the Left Ventricle

If the Impella catheter has migrated too far out of the left ventricle, the inlet area 
may be incorrectly positioned above the aortic valve. Blood flow from the catheter 
inlet area to the outlet area is recycled within the thoracic aorta, and there is no 
augmentation of cardiac output. On echocardiogram, the terminal portion of the 
Impella catheter will appear above the midpoint of the left ventricular cavity and 
in extreme cases entirely out of the left ventricle. The railroad track appearance of 
the inlet area will appear within the ascending aorta. If the Impella catheter is 
completely out of the left ventricle, it should not be repositioned into the left ven-
tricle without the use of a guidewire under fluoroscopic guidance (Fig. 12.8).

Fig. 12.7 Impella catheter 
too far into the left 
ventricle on 
transesophageal 
echocardiogram

Fig. 12.8 Impella catheter 
too far out of the left 
ventricle on 
transesophageal 
echocardiogram
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Impella Catheter in Contact with Cardiac Structures

If a portion of the Impella catheter is caught on or against a cardiac structure, it may 
lead to partial or complete obstruction of the catheter inlet and/or outlet causing 
hemolysis, low pump flow, and suction events. Irritation of the left ventricular wall 
by the catheter can lead to ventricular ectopy, NSVT, or VT/VF. Entanglement of 
the catheter in the chordae tendineae or papillary muscles can disrupt mitral valve 
function resulting in mitral regurgitation. Similar entanglement of the distal pigtail 
in the aortic leaflets can result in aortic regurgitation. On echocardiogram, the 
Impella catheter will be found against the endocardium and moving simultaneously 
with cardiac systole and diastole. In some cases, gentle manipulation of the proxi-
mal Impella catheter from the percutaneous access site may be sufficient in reliev-
ing contact of the distal catheter from adjacent cardiac structures. If there is risk of 
damaging adjacent cardiac structures or extensive entanglement, the use of a guide-
wire may be required (Fig. 12.9).

 Impella RP [4, 5]

The right heart Impella RP is indicated for use in patients with acute right heart 
failure, defined by echocardiographic criteria global RV hypokinesis, TAPSE 
score ≤14 mm, RV base diameter >42 mm, or RV mid-cavity diameter >35 mm, 
after LVAD implant, MI, heart transplant, or open-heart surgery. The Impella 
RP is the first short-term percutaneous right ventricular assist device 
(Fig. 12.10).

Fig. 12.9 Impella catheter 
in contact with the left 
ventricular wall on 
transesophageal 
echocardiogram
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 When to Consider Echocardiography

Daily chest X-ray is the preferred imaging modality for position surveillance of the 
Impella RP catheter as echocardiogram is unable to simultaneously display both the 
inlet and outlet areas in the same view. However, the position of the inlet and outlet 
areas can be separately evaluated by echocardiogram in greater detail than can be 
provided by chest X-ray. Similar to the left heart Impella catheters, the Impella RP 
catheter can migrate as a result of excess “slack” and patient movement or inadver-
tently from necessary medical care. Displacement and/or obstruction of the catheter 
inlet and outlet areas can lead to blood flow disturbances which may in turn cause 
electrical and mechanical cardiac dysfunction. The following signs, symptoms, and 
device features may be indicative of Impella RP catheter malfunction (Table 12.2).

 Normal Position on Echocardiogram

The distal Impella RP catheter is notable for the motor housing unit, blood inlet 
area, a 16 cm cannula, a blood outlet area, and a pigtail end (Fig. 12.11).

Outlet area
in PA

Intlet area
in IVC

Femoral Vein
Insertion

Fig. 12.10 Implantation techniques for Impella RP
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When properly positioned in the heart, there are three bends in the cannula cor-
responding to the presence of the IVC/RA junction, tricuspid valve, and pulmonic 
valve. Based on this configuration, the inlet area should rest in the IVC at the level 
of the diaphragm, and the outlet area should be 2–4 cm distal to the pulmonic valve 
typically in the pulmonary trunk or left pulmonary artery. This positioning is most 
readily seen on chest X-ray, as shown below (Fig. 12.12).

On echocardiogram, the Impella RP catheter inlet area can be best seen in 
the IVC/RA junction from the transthoracic subcostal view or from the trans-

Table 12.2 Concerning indicators of Impella RP malfunction

Symptoms Chest discomfort, shortness of breath, palpitations, light- 
headedness, loss of consciousness

Vital signs Hypotension, tachycardia, hypoxemia
Physical exam Features of right-sided heart failure (elevated JVD, hepatomegaly, 

LE edema, etc.)
ECG/telemetry PVC, NSVT, VT/VF
Labwork Markers of poor perfusion (increased lactate, decreased pH, etc.), 

markers of hemolytic anemia (decreased hemoglobin/hematocrit, 
increased LDH, decreased haptoglobin, etc.)

Cardiac imaging (CXR, CT, 
MRI, etc.)

Movement of Impella catheter on serial studies

Impella Controller display Abrupt change in placement signal (waveform or pressure 
reading)
Abrupt change in motor current (waveform or current reading)
Abrupt change in flow reading

Impella catheter alarms
Note: The Impella RP does 
not have specific position 
alarms

Alarms suggestive of position change may include:
Impella failure
Impella stopped
Retrograde flow
Placement signal not reliable
Suction

Blue Pump Plug

Catheter Shaft
With 1cm markings

Repositioning
Unit

Pressure Sensor

Check Valve

Outlet
Area

Cannula

Inlet Area

Motor Housing

PigtailClear Sidearm

Infusion Filter

Pressure Reservoir

Fig. 12.11 Anatomy 
of Impella RP 
catheter
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esophageal bicaval view. The inlet area can be identified by its faint railroad 
tracking markings. The Impella RP outlet area can be best seen just beyond the 
pulmonic valve in the pulmonary trunk from the transthoracic parasternal 
short-axis view or from the transesophageal mid-esophageal long-axis view. 
The outlet area can be identified by its hyperechoic appearance and should be 
2–4  cm beyond the pulmonic valve. Color Doppler over the inlet and outlet 
area will reveal mosaic pattern of blood flow turbulence. Except for the can-
nula which is in contact with the tricuspid and pulmonic valve leaflets, no por-
tion of the terminal Impella catheter should be in contact with cardiac structures, 
including the right ventricular wall and tricuspid valve apparatus. Representative 
images of the Impella RP catheter in proper positioning are shown below 
(Figs. 12.13 and 12.14).

 Abnormal Findings on Echocardiogram

The most common catheter-related abnormalities detected on echocardiogram are 
the presence of adherent masses and changes to catheter position. Masses adherent 
to the catheter surface are most concerning for thrombus or infected vegetation. By 
protocol, patients with an implanted Impella RP catheter should be receiving anti-
coagulation with a goal ACT 160–180 s to prevent thrombus formation. Infected 
vegetation should be considered in individuals with signs and symptoms of endo-
carditis, including fever and positive blood cultures.

Minor position fluctuations of the Impella RP catheter from the motion of 
nearby blood flow and surrounding cardiac structures are unlikely to have any 
functional consequence on device operation or patient hemodynamic parameters. 
In addition, migration of the catheter inlet area further into or out of right atrium 
is also unlikely to cause any significant device or hemodynamic dysfunction as 
long as the outlet area remains above the pulmonic valve. Major position changes 

Fig. 12.12 Chest X-ray of 
correct Impella RP position
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necessitating catheter adjustment occur when the catheter outlet area moves below 
the pulmonic valve or contact between the catheter and nearby cardiac structures 
leads to device or cardiac dysfunction. Echocardiography can be used to detect 
and guide repositioning of the Impella catheter in each in both of these 
situations.

Impella Outlet Area Below Pulmonic Valve

If the pigtail of the Impella RP catheter has migrated back toward the right ventricle, 
the outlet area may become incorrectly positioned below the pulmonic valve. Blood 
flow from the catheter inlet area to the outlet area becomes recycled within the right 
ventricle and with no augmentation of cardiac output. On echocardiogram, the 

Fig. 12.13 Correct 
Impella RP catheter 
position on 
transesophageal 
echocardiogram, mid- 
esophageal long-axis view 
optimized for right 
ventricular outflow tract

Fig. 12.14 Correct 
Impella RP catheter 
position on 
transesophageal 
echocardiogram, mid- 
esophageal long-axis view 
optimized for tricuspid 
valve
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“silver ball” outlet area of the Impella RP catheter will appear in the right ventricu-
lar cavity. Color Doppler analysis of the pulmonary trunk or left main pulmonary 
artery will show absence of the mosaic pattern of blood flow turbulence consistent 
with the presence of the outlet area. Similar to a Swan-Ganz catheter, the Impella 
RP catheter can be repositioned at beside with guidance from waveform tracings on 
the Impella Controller display. Echocardiography and/or CXR can be used to con-
firm correct placement.

Impella Catheter in Contact with Cardiac Structures

If a portion of the Impella RP catheter is caught on or against a cardiac structure, it 
may lead to partial or complete obstruction of the catheter inlet and/or outlet caus-
ing hemolysis, low pump flow, and suction events. Irritation of the right ventricular 
wall by the catheter can lead to ventricular arrhythmias. Entanglement of the cath-
eter in the chordae tendineae can disrupt tricuspid valve function resulting in tricus-
pid regurgitation. Similar entanglement of the distal pigtail in the pulmonic leaflets 
can result in pulmonic regurgitation. On echocardiogram, the Impella catheter will 
be found against the endocardium and moving simultaneously with cardiac systole 
and diastole. Gentle manipulation of the proximal Impella catheter repositioning 
unit near the percutaneous access site may be sufficient in relieving contact of the 
distal catheter from adjacent cardiac structures. If there is risk of damaging adjacent 
cardiac structures or extensive entanglement, the use of a guidewire may be required.
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Chapter 13
Echocardiography in Structural Cardiac 
Interventions

Gnalini Sathananthan, Gila Perk, and Amir Ahmadi

Abstract Echocardiography plays an important role in the assessment of structural 
heart disease. The work-up for the assessment for structural interventions often 
requires a combination of both transthoracic (TTE) and transoesophageal (TEE) 
imaging. Three-dimensional (3D) echocardiography provides added value to tradi-
tional two-dimensional (2D) echocardiography, allowing for definition of anatomi-
cal and spatial relationships. Echocardiography is portable and easily accessible, 
whilst avoiding the need for radiation and contrast making it the preferred mode of 
imaging in the cardiac catheterisation lab.

Keywords Aortic stenosis · Mitral regurgitation · Closure devices

Echocardiography plays an important role in the assessment of structural heart dis-
ease. The work-up for the assessment for structural interventions often requires a 
combination of both transthoracic (TTE) and transoesophageal (TEE) imaging. 
Three-dimensional (3D) echocardiography provides added value to traditional two- 
dimensional (2D) echocardiography, allowing for definition of anatomical and spa-
tial relationships.

With the evolution of less invasive transcatheter structural cardiac interventions, 
there is an increasing need for echocardiographic planning and intraprocedural 
guidance. As the number and complexity of the devices and therapeutic strategies 
increase, the role of transoesophageal echocardiography in this setting is becoming 
ever important. Live 3D imaging intraprocedurally has dramatically transformed 
the efficiency with which some of these procedures can be performed.

Echocardiography is portable and easily accessible whilst avoiding the need for 
radiation and contrast, making it the preferred mode of imaging in the cardiac cath-
eter lab.
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 Transcatheter Aortic Valve Replacement

Transcatheter aortic valve replacement (TAVR) was first performed in France in 
2002 for severe aortic stenosis [1]. The PARTNER trial published in 2010 was a 
game changer showing superiority of TAVR to standard medical therapy for indi-
viduals who were not suitable candidates for surgical aortic valve replacement [2]. 
The AHA/ACC guidelines give a Class I indication for the use of TAVR in individu-
als who are considered high risk for surgical aortic valve replacement. More recently 
in 2016, the PARTNER II trial showed non-inferiority of TAVR to surgical aortic 
valve replacement in intermediate-risk patients [3]. The updated 2017 AHA/ACC 
guidelines give this a Class IIa recommendation, thus expanding the role of this 
novel technology [4].

To date, TAVR includes the three generations of balloon-expandable valves, 
namely, the Edward Sapien, the Edward Sapien XT and the Edward Sapien 3. These 
are tri-leaflet pericardial bovine valves, mounted within a balloon-expandable 
cobalt-chromium frame. The Edward Sapien XT is available as a 23, 26 and a 
29 mm device, whilst the Edward Sapien 3 is available as a 20, 23, 26 mm and a 
29 mm device. The Medtronic CoreValve is a pericardial valve in a self-expanding 
nitinol frame. The Medtronic CoreValve anchors within the LVOT and ascending 
aorta. This is available in 23, 26, 29 and 31 mm. This device requires a well-sized 
ascending aorta to accommodate the broad distal portion of the valve. This device is 
limited to implantation via a retrograde approach [5]. The Evolut R is the next- 
generation self-expandable TAVR valve which was first introduced in 2014. It was 
designed to overcome some of the issues faced with the CoreValve. It has a lower 
delivery profile and an extended sealing skirt to reduce the incidence of paravalvular 
leaks. Despite no long-term data, this device appears to show good promise [6].

Echocardiography is the gold standard in the assessment of aortic stenosis (AS). 
It allows assessment of morphology and severity of disease. The AHA/ACC guide-
lines classify aortic stenosis as severe when peak velocity is ≥4.0 m/s, mean gradi-
ent is ≥40 mmHg and valve area is <1.0 cm2. These parameters are however flow 
dependent, and thus grading the severity of AS should also take into account left 
ventricular function, coexistence of regurgitant valvular disease and clinical symp-
toms [7].

Echocardiography can also be helpful in determining anatomical suitability for 
TAVR by providing information regarding the extent and distribution of calcifica-
tion, as well as aortic annular dimensions. The aortic annular dimension and area 
determine prosthesis size, which is ultimately the key to procedural success. The 
aortic annulus, which was once thought to be circular, has now been well described 
as more oval shaped from both 3D TEE and CT. As a result, 2D TEE can underes-
timate the annular dimension. On TEE, the annular dimension is measured in early 
to mid-systole at the level of the basal attachments of the aortic cusps. It is measured 
from the trailing edge to leading edge, from the three-chamber view which is often 
between 110° and 140°. Areas of calcification can often result in overestimation of 
the annular diameter. 3D TEE can be used to calculate the annular area from the 2D 
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image. The transverse, sagittal and coronal views are all oriented along the aortic 
root. The transverse plane is then placed at the level of the hinge points. The orthog-
onal views are then repeatedly rotated (the turnaround rule) ensuring the hinge 
points have been transacted accurately. The maximum dimension is often seen in 
the coronal view with the minimum dimension in the sagittal view (Fig. 13.1 [8]).

More recently however multi-detector CT imaging (MDCT) has become an inte-
gral part of the work-up for TAVR. In addition to providing accurate assessment of 
annular area and perimeter, it also allows visualisation of coronary artery origins 
and iliofemoral anatomy. A gated cardiac CT is required for imaging of the aortic 
root, and with an adequately low heart rate, excellent spatial resolution can be 
achieved with minimal radiation exposure. Although cardiac CT has largely taken 
over the role of the work-up for sizing of the prosthetic valve, TEE still plays an 
important role in those in whom adequate CT imaging cannot be obtained such as 
due to arrhythmia, or in whom cardiac CT cannot be performed due to the risk of 
contrast-induced nephropathy. 3D TEE annular sizing has been found to correlate 
well with MDCT sizing [9].

Choosing prosthesis size is dependent on the annular area and perimeter, the 
extent of calcification around the annulus and the type of valve that is to be used. 
Marked calcification increases the inherent risk of root rupture, and thus it is pru-
dent that the valve is not significantly oversized. Sizing charts are available for each 
prosthesis to determine the correct valve size [10]. Undersizing a valve can result in 
paravalvular aortic regurgitation or embolisation of the valve, whilst oversizing can 
result in valvar aortic regurgitation or aortic root rupture.

1

2

3

4

Transverse Orthogonal 1 Orthogonal 2

Fig. 13.1 Measuring aortic valve area using 3D multiplanar reconstruction
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TAVRs are performed either transaortically or transapically. The transapical 
approach, which requires a mini thoracotomy, is opted for in patients who have dif-
ficult peripheral vascular access and are not amenable to the transaortic technique.

The use of periprocedural TEE can be extremely helpful; however a general 
anaesthetic is then required for the procedure. Periprocedural TEE has the advan-
tage of providing assistance with balloon dilatation, valve positioning and assess-
ment of valve function immediately after valve deployment and for the early 
detection of periprocedural complications [11, 12].

The standard TEE working view for guidance during TAVR is generally the 
three-chamber view for both transfemoral and transapical cases. This view provides 
the best visualisation of the LVOT, with a clear view of surrounding structures that 
need to be accounted for during valve deployment, such as the anterior leaflet of the 
mitral valve. This view is also used to guide the transapical puncture when required 
as it also provides a view of the true apex and the trajectory needed to reach the 
aortic valve. TEE can confirm position of the guidewire in the ascending aorta. 3D 
TEE provides better spatial resolution and allows for optimal balloon positioning. 
Imaging during balloon inflation ensures that the balloon does not migrate, and in 
the absence of TEE, this is often done with fluoroscopy. The balloon is prone to 
migrating in the absence of an adequate landing zone, such as with extensive sub-
aortic septal hypertrophy or a small sinotubular junction. Real-time echocardiogra-
phy can also be useful when marked areas of ectopic calcification are present to 
guide safe balloon dilatation (Fig. 13.2).

When assessing valve function following TAVR, imaging of the prosthesis 
should be performed in multiple views. Mid-oesophageal short- and long-axis views 
of the aortic valve help confirm valve seating and normal leaflet function. The site 
and severity of aortic regurgitation should be assessed. Differentiating valvular and 
paravalvular aortic regurgitation is important. Some degree of aortic regurgitation is 
not uncommon after TAVR and is often paravalvular. The presence of significant 
paravalvular aortic regurgitation immediately post valve deployment is due to 

Fig. 13.2 Core valve post 
deployment
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 incorrect valve position, suboptimal balloon expansion or an undersized valve. 
Being aware of this immediately post valve deployment gives the interventionalist 
the opportunity to further dilate the balloon or deploy a second prosthesis if needed. 
Oversizing of the prosthesis can result in suboptimal stent expansion, impaired cusp 
mobility and central aortic regurgitation. There is also a risk of aortic root rupture.

Transgastric view of the aortic valve is useful as it allows Doppler alignment of 
the aortic valve to determine the gradient across the valve post TAVR. This view can 
also help identify paravalvular regurgitant jets that may not be well appreciated in 
the mid-oesophageal view.

3D TEE is useful to help evaluate prosthetic valve function. It can also be a help-
ful tool to determine the site and severity of aortic regurgitation, especially if the 
distinction between transvalvular and paravalvular is not clear on 2D.

Early periprocedural complications include aortic rupture and cardiac tampon-
ade. Acute coronary obstruction is exceedingly rare as pre-procedural imaging helps 
avoid this complication. This can however be a complication if the valve migrates 
during balloon inflation or deployment. The most commonly described cause for 
coronary obstruction during TAVI is however displacement of the calcified valve 
cusp towards the coronary ostia. This can occur in the setting of low coronary height 
or a small aortic root [13]. The ostia of the coronary arteries can sometimes be 
appreciated on TEE, though this is not always the case. More commonly left ven-
tricular dysfunction will be seen, and it is important to consider coronary artery 
occlusion as a possible cause if this is seen. The landing zone of the valve should be 
at least 10 mm from the coronary ostia [14].

A follow-up echocardiogram is often done prior to hospital discharge. A success-
ful result post TAVR includes a well-positioned prosthesis with a valve area of 
>1.2 cm2, a mean gradient of <20 mmHg, a peak velocity of <3 m/s and the absence 
of moderate or severe aortic regurgitation as moderate or severe aortic regurgitation 
post TAVR is associated with a twofold increase in all-cause mortality at 1 year [14, 
15]. The frequency of follow-up echocardiograms thereafter varies from centre to 
centre. It is generally recommended that a TTE be performed at 1-, 6- and 12-month 
follow-up, with an annual TTE thereafter.

 Mitral Interventions

Transcatheter mitral valve intervention is an expanding field that has great potential 
for the future of mitral valve disease. MitraClip technology was approved for use in 
humans in 2004, for the treatment of mitral regurgitation (MR). The MitraClip 
device is a 5-mm-wide cobalt-chromium implant with two arms which can be 
opened and closed using the delivery system handle. The maximal dimension of the 
device, when the arms are open to 180°, is 20 mm. This technology is designed to 
create a double-orifice repair, with reestablishment of leaflet coaptation.

The EVEREST II trial published in 2011 found that although percutaneous 
repair was less effective at reducing mitral regurgitation when compared with 
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 conventional surgery, it was associated with superior safety and similar improve-
ments in clinical outcomes [16]. A sub-study of the EVEREST trial published in 
2014 however found that it reduced MR, improved clinical outcomes and decreased 
LV dimensions at 12 months in an elderly high-risk surgical cohort. Seventy percent 
of this cohort had functional MR [17].

TTE can be used to determine the severity and the mechanism of the MR. It can 
also determine suitability of the valve for the MitraClip. TEE can be a useful adjunct 
when the mechanism of the MR is not clear on TTE; however it is almost always 
performed for screening purposes when determining anatomical suitability. The 
severity should be based on a combination of traditional qualitative and quantitative 
measures. 3D TEE can provide excellent spatial resolution to help determine the 
mechanism and site of origin of the MR. The MR jet should originate from the cen-
tral two-thirds of the line of coaptation. As the device creates a double orifice, it is 
important that there is no pre-existing mitral stenosis. A valve orifice area of >4 cm2 
is ideal. A flail segment width of <1.5 cm and a flail gap of <10 mm are recom-
mended in those with degenerative mitral valve disease. A cleft in the mitral valve 
or calcified leaflets is a relative contraindication for MitraClip. The MitraClip is not 
indicated for use in patients with rheumatic heart disease or active infective endo-
carditis [18] (Fig. 13.3).

TEE guidance is an essential part of this procedure which cannot be performed 
under fluoroscopy alone. A transseptal puncture is first performed. The site of the 

Coaptation

Flail gap

Flail width
< 15mm

< 10mm

length
≥ 2mm

Coaptation
depth
< 11mm

Fig. 13.3 Coaptation length and depth as measured in functional mitral regurgitation. Flail gap 
and width as measured in degenerative mitral regurgitation
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puncture is a crucial step in the procedure. A more supero-posteriorly located 
 puncture is ideal, as it provides adequate space for manipulation of the delivery 
system within the left atrium to direct it towards the mitral valve. The transseptal 
puncture should be made approximately 35–40  mm from the level of the mitral 
valve (Fig. 13.4).

A guidewire is then placed in the left upper pulmonary vein, and the steerable 
guide catheter advanced over the guidewire. The steerable guide catheter has an 
echo-bright double ring which can be well appreciated on both 2D and 3D echo. 
This should lie 2–3 cm within the left atrium. The clip delivery system (CDS) is 
then advanced through the steerable guide catheter into the left atrium. The arms of 
the clip are directed perpendicular to the coaptation line of the mitral valve. 3D TEE 
can be extremely useful in this setting, helping to guide and position the CDS using 
a bird’s-eye view from the left atrial roof (Fig. 13.5).

The device should also be aligned with the origin of the MR jet. It is then 
advanced approximately 2 cm into the left ventricle. This is usually performed when 

Fig. 13.4 Bicaval view 
demonstrating tenting of 
the interatrial septum 
immediately prior to a 
transseptal puncture

Fig. 13.5 Surgical en face 
view from the left atrium, 
look straight down on the 
mitral valve. The arms of 
the clip are above the 
mitral valve and need to be 
rotated clockwise another 
60°, such that they are 
directly perpendicular to 
the coaptation line
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the device is completely open at 180°. The clip arms are then placed into a grasping 
position at 120° and pulled back in systole to capture the leaflets. The latter part of 
this procedure should be done using X-plane, with a bicommissural and LVOT 
view. This helps to identify the position of the clip from a medial-lateral and 
anterior- posterior perspective, respectively. It is important there is no tension in the 
leaflets and that the leaflets move freely above the arms. The MitraClip is then 
slowly closed and released. Colour Doppler is in fact placed over the mitral valve at 
various stages of device positioning to gauge the ideal position in which the MR 
reduction is greatest (Fig. 13.6).

Following the release of the MitraClip, valve function needs to be assessed. The 
degree of mitral regurgitation should be qualitatively and quantitatively assessed. A 
reduction in the grade of MR to 2+ or less is the aim of this procedure. A second 
device may be used to help achieve this. The degree of mitral stenosis (MS) however 
needs to be assessed prior to this. Quantitative assessment using the mean gradient 
is a quick and informative means of assessing this. The role of pressure half-time for 
the assessment of mitral valve area in this scenario is unknown. Planimetry of the 
mitral valve orifices using 3D MPR can also be very helpful. The degree of mitral 
stenosis should be taken into account when considering a second clip, as the MR 
could be reduced at the risk of worsening MS.

An iatrogenic atrial septal defect (IASD) is created following the transseptal 
puncture. This should be assessed at the end of the study using an X-plane image of 
the bicaval view, which is at approximately 110°. The size and direction of the shunt 
should be determined. The persistence of an ASD following a MitraClip procedure 
is reported in up to 50% of cases. It was associated with a worse clinical outcome 
and increased mortality [19]. Although there are no clear guidelines as to how to 
manage iatrogenic ASD’s following a MitraClip, closure at the time of index proce-
dure can be considered in the setting of a large right to left shunt associated with 
pulmonary hypertension or if there are any concerns about systemic embolisation 
[20].

Fig. 13.6 Post MitraClip 
deployment demonstrating 
the final result
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 Transcatheter Paravalvular Leak Closures

Paravalvular leaks are a well-recognised complication following surgical valve 
replacement, occurring in 5–17% of cases. They are generally more frequently asso-
ciated with the mitral valve than the aortic valve in this setting [21]. In the era of 
TAVR, however, the aortic valve too is frequently prone to paravalvular leaks. 
Postsurgical paravalvular leaks often occur in the setting of significant annular cal-
cification, infection or technical errors that result in incomplete apposition of the 
sewing ring to the native valve tissue. Paravalvular AR following TAVR was dis-
cussed in the earlier segment.

Paravalvular leaks can range from trivial to severe. It is important to distinguish 
a paravalvular leak from a washing jet, which is a normal finding with mechanical 
valves. A washing jet is a small jet that arises from between the sewing ring and disc 
or leaflet. These jets are in theory meant to prevent blood stasis and thrombus for-
mation [22]. Most patients with a paravalvular leak are asymptomatic. Those that 
are symptomatic, however, often present with congestive heart failure, haemolysis 
or both. This can sometimes be managed conservatively with medical therapy. 
Those that are refractory to such therapy however require correction of this leak. 
Surgical correction requires a repeat sternotomy which carries a significant morbid-
ity and mortality risk. Transcatheter device closure of these leaks has therefore revo-
lutionised the management of these patients. There is a wide range of devices that 
are used in this setting and are used off-label. The device chosen often depends on 
the size and shape of the defect. The devices used include Amplatzer and Occlutech. 
Depending on the leak, more than one device can also be used [23].

The approach to closure of these leaks depends on the valve affected. A mitral 
paravalvular leak will be antegradely approached via a transseptal puncture in the 
cardiac catheter lab. Alternative approaches include a retrograde transapical and retro-
grade transaortic. Aortic paravalvular leaks can be readily approached retrogradely.

Pre-procedural planning is crucial. An initial TTE to identify the severity and 
origin of the jet is required. A negative TTE however does not exclude a significant 
paravalvular leak. Acoustic shadowing from calcification and from the mechanical 
prosthesis can make identification and quantification of the regurgitant jet difficult. 
Multiple views and off-axis views are recommended to ensure the jet is not being 
missed.

In those with a high index of suspicion, a TEE is recommended to clarify this. 2D 
in conjunction with 3D TEE can help quantify and determine the site of regurgita-
tion. Quantification of paravalvular regurgitation is the same as for native valve 
regurgitation,  though this is not well validated. Quantification of paravalvular leaks 
is difficult even when detected as they are often eccentric, and there are often mul-
tiple jets. It is therefore recommended that a combination of multiple qualitative, 
semi-quantitative and quantitative findings be used to assess the severity of the 
regurgitation. An additional measurement that is recommended for paravalvular 
leaks is imaging of the neck of the jet in the short-axis view at the level of the 
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 sewing ring and expressing it as a percentage of the total sewing ring circumference. 
Thirty percent or greater is considered severe. Greater than 40% valve dehiscence 
results in rocking of the prosthesis and is therefore associated with severe paraval-
vular regurgitation [24].

3D TEE can be extremely useful in identifying the exact position and size of the 
leak. Most mitral paravalvular leaks are crescentic or oblong in shape, rather than 
being circular. 3D TEE can therefore in this setting provide an accurate measure of 
the size and shape of the defect. 3D TEE can also provide details of the position of 
the defect in relation to other anatomical structures. Acoustic shadowing can also 
occur with TEE, however, and this needs to be taken into consideration. Anterior 
aortic paravalvular jets are often underdetected or underestimated as a result [25] 
(Figs. 13.7, 13.8 and 13.9).

Fig. 13.7 Severe mitral 
paravalvular leak 
originating from the medial 
aspect of the valve

Fig. 13.8 A large defect is 
seen on 3D at the medial 
aspect of the sewing ring, 
extending from 7 o’clock 
to 11 o’clock
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In the setting of a mitral paravalvular leak, the site of transseptal puncture is a 
crucial aspect of the procedure. An appropriate transseptal puncture site ensures an 
adequate trajectory directed towards the defect. A medially located paravalvular 
leak requires a higher puncture on the interatrial septum compared to a laterally 
located paravalvular leak. Once the left atrium has been accessed, the guide wire is 
directed towards the defect. The wire can be seen on 2D TEE, but live 3D is 
extremely useful when it comes to actually directing the wire towards the defect. 
The en face surgical view from the left atrium visualises the defect from the position 
of the wire itself, thus enabling the interventionalist to see each incremental move-
ment of the wire. 3D TEE has improved the ease with which these procedures can 
be performed. Once the wire is passed through the defect, the device is then 
deployed. It is important to ensure the device is aligned along the correct axis, espe-
cially in an irregularly shaped defect. 3D TEE is very useful in this scenario and can 
confirm appropriate positioning of the device. Colour Doppler can be performed 
prior to device deployment to confirm the defect is adequately sealed. Once the 
device is deployed, the device should be interrogated to confirm adequate seating of 
the device. Colour Doppler should be applied again across the device to assess for 
residual leak. If a significant residual leak exists, a second device can be considered 
if it can be safely positioned alongside the first. In some cases, more than one device 
placement can help stabilise the devices, by anchoring onto each other.

 Left Atrial Appendage Device Closures

The left atrial appendage (LAA) is the most common site of thrombus in patients 
with atrial fibrillation or atrial flutter. Certain LAA morphologies have been shown 
to have different levels of thromboembolic risk [26]. The LAA can occasionally be 
seen on TTE, but largely TEE is required for visualisation.

Fig. 13.9 The final result 
with three new closure 
devices inserted into the 
defect
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Patients with these arrhythmias who are at a significant risk of cardioembolic 
stroke are advised to be on an anticoagulant. However, anticoagulants are not with-
out risk, and there remains a small proportion of patient in whom the risk of bleed-
ing outweighs the benefit of anticoagulation. It is in these individuals in whom 
closure of the left atrial appendage can be a useful alternative to anticoagulation. 
Surgical closure of the LAA has mostly been unsuccessful [27]. LAA device clo-
sure on the other hand was shown to be non-inferior to warfarin therapy [28].

Three devices are currently designed for this procedure, namely, the Watchman, 
the Amplatzer Cardiac Plug and the WaveCrest.

TEE imaging of the LAA should be performed from multiple views, namely, 0°, 
30°, 45°, 90° and 135°. This enables measurement of the short and long axis. The 
135° view often captures the widest diameter, which is deemed the landing zone. 
The landing zone is measured from the area of the left circumflex coronary artery 
across the LAA to approximately 1 cm inward from the tip of the ridge separating 
the LAA and left upper pulmonary vein. The depth of the LAA is measured from 
the ostium line to the apex. For this procedure, a low transseptal puncture is pre-
ferred to allow coaxial alignment with the LAA. Thrombus in the LAA is a contra-
indication to device closure, as it can be dislodged during device positioning. The 
device chosen is generally 10–20% larger than the diameter of the landing zone. 
Ideally the device should not protrude more than 4–7 mm beyond the LAA. No or 
minimal residual flow should be seen following device deployment. However resid-
ual peri-device flow is a common finding on TEE following the use of the Watchman 
device. The PROTECT AF study however found no difference in thromboembolic 
risk with the presence of a peri-device leak using the Watchman device [29]. The 
Amplatzer device tends to have less residual flow (Figs. 13.10 and 13.11).

The Watchman device is made of a nitinol cage with a polyethylene terephthalate 
membrane covering the surface that faces the left atrium. Fixation barbs are avail-
able to attach to the neck of the appendage, to minimise the risk of embolisation. 
This can be used for a LAA with a landing zone between 17 and 31 mm.

Fig. 13.10 Measurements 
of the os and height of the 
left atrial appendage
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The Amplatzer Cardiac Plug (APC) consists of a cylindrical nitinol cage con-
nected by a short flexible waist to a nitinol plate covering the appendage ostium. 
This device has two discs. This device is shorter than its diameter and is therefore 
suited for wider appendages. The landing zone should be less than 28 mm for use of 
the APC. Post deployment, the lobe should be compressed, with an adequate dis-
tance to the disc. The disc will develop a slightly concave shape and cover most if 
not all of the LAA ostium.

The WaveCrest device is made of a nitinol structure with a foam layer that sits 
within the LAA to promote rapid organisation. The PTFE layer facing the left 
atrium is designed to reduce thrombus formation. This device sits more proximally 
within the LAA and is designed for short appendages [30].

 Atrial Septal Device Closure

The large majority of secundum atrial septal defects (ASD) can now be closed with 
a transcatheter device, rather than requiring surgery. The defects however need suf-
ficient rims to be suitable for device closure. TTE can most often help identify the 
presence of an atrial septal defect, though generally cannot help further delineate 
the defect. On TTE, the ASD is generally best seen on the subcostal view as the 
Doppler beam is parallel to flow across the defect. In other views in which the atrial 
septum is seen on TTE, the interatrial flow is perpendicular to the beam and the 
septum is subject to artefactual dropout which can falsely give the illusion of a 
defect. A modified apical view can be used for those with suboptimal subcostal 
imaging. An agitated saline study is recommended if there is a suspicion of inter-
atrial communication without clear visualisation of the defect itself. The appearance 
of microbubbles in the left atrium within 3–6 cardiac beats after opacification of the 
RA confirms the presence of an intracardiac shunt. Provocation manoeuvres such as 

Fig. 13.11 Left atrial 
appendage device post 
deployment
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the Valsalva are sometimes required to transiently increase right atrial pressure and 
encourage right atrial opacification [31].

A TEE is recommended for any patient with a secundum ASD who is being con-
sidered for device closure. TEE enables assessment of the anteroposterior and 
superoinferior rims. The interatrial septum should be viewed at multiple angles, 
starting at 0° to determine the size and location of the defect. It is important to 
assess the number of defects, as it is not uncommon for more than one defect to be 
present. The anteroposterior rim refers to the relationship of the defect with the 
aortic valve and posterior wall, respectively. The superoinferior rim refers to the 
defects relationship with the SVC and IVC, respectively. 3D TEE can provide a 
comprehensive assessment of the ASD whilst allowing for measurement of the 
dimensions and area [32].

The most commonly used device is the Amplatzer septal occluder. This is a 
double- disc device made from nitinol mesh and polyester fabric. The aortic rim is 
not uncommonly deficient in secundum ASDs, though it is not an absolute contra-
indication for device closure. The device can often sit nicely splayed on the aortic 
valve. There is a risk of erosion in this scenario though it is unlikely especially if the 
device appears seated well at the conclusion of the procedure. Device closure is 
contraindicated in the setting of a deficient rim, which is defined as a rim less than 
5 mm [28]. Surgical closure is also recommended in the setting of very large defects.

Balloon sizing is generally always recommended. When flow across the defect 
has completely disappeared, the diameter of the balloon is measured. This is best 
performed using orthogonal planes on X-plane. This ensures there are no residual 
defects that have been missed. The device is sized approximately 2 mm larger than 
the size determined on balloon sizing. 3D TEE however allows for accurate dimen-
sions without the need for balloon sizing. 3D TEE is also very useful during device 
placement for guiding the delivery system and to ensure appropriate seating of both 
discs on either side of the septum. At the conclusion of the study, no flow should be 
seen across the defect. Follow-up can be done with a TTE, which can clearly display 
the device and confirm appropriate seating [33] (Figs. 13.12 and 13.13).

Fig. 13.12 An ASD device 
is seen well seated on the 
interatrial septum
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