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Preface

This is the first edition of Echocardiography in Acute Coronary Syndromes. There
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Chapter 1
Introduction: Acute Coronary Syndrome
and Echocardiography

Gurusher Singh Panjrath, Eyal Herzog, and Farooq A. Chaudhry

The last couple of decades have witnessed remarkable progress in the understanding
of pathophysiology of acute coronary syndrome (ACS). This, in turn, has led to
advances in imaging diagnosis and therapeutic options. Discovery of benefits of
aspirin and thrombolytics was paralleled by the arrival of the coronary care units
in the care of patients undergoing acute coronary syndromes and related arrhyth-
mias. On the diagnostic front the development of noninvasive imaging modalities
has achieved remarkable ground by assisting early diagnosis of an acute ischemic
event. The hunger for technology was further fuelled by increasing options for inva-
sive as well as medical revascularization. This furthered the need for availability of
reliable and accessible modalities which could provide diagnostic as well as prog-
nostic information to further risk stratify patients undergoing an ischemic event.
Development of echocardiography paralleled the progress made in ACS. The ini-
tial use of echocardiography was to detect pericardial effusions and cardiac tumors.
However, the current applications of various forms of echocardiography include an
extended list of pathological and therapeutic indications. Advances in echocardio-
graphic techniques and instrumentation have rivaled those in management of ACS.
This book is focused on the role of echocardiography in acute coronary syn-
drome. While plenty of books have examined the topics of echocardiography and
acute coronary syndromes independently, the subsequent chapters in this book will
discuss in detail the role of echocardiography pertaining specifically to acute coro-
nary syndrome. Echocardiography today plays a quintessential role in the diagnosis
of acute coronary syndrome and its related complications. Additionally, echocardio-
graphy plays an important role before and after ACS. The role of echocardiography
in risk stratification and identifying subclinical disease is well established. Utility of
echocardiography in cardiac resynchronization therapy in end-stage ischemic heart
disease, as will be discussed later in this book, has been of increasing interest.

G.S. Panjrath (=)
The Johns Hopkins Hospital, Division of Cardiology, Baltimore, Maryland, USA
e-mail: gpanjral @jhmi.edu

E. Herzog, F.A. Chaudhry (eds.), Echocardiography in Acute Coronary Syndrome, 1
DOI 10.1007/978-1-84882-027-2_1, © Springer-Verlag London Limited 2009



2 G.S. Panjrath et al.
Echocardiography in the Emergency Room and Chest Pain Unit

Utility of echocardiography in the emergency room for diagnosis and management
of chest pain has grown significantly over the years. Its utility has been noticed the
most in patients with high clinical suspicion of ACS but a non-diagnostic ECG.
Wall motion abnormalities, as a result of interrupted coronary blood flow, form the
basis of this application. Reported sensitivity varies between 90 and 95% along
with a negative predictive value of 90%.!* 2 Echocardiography provides useful incre-
mental prognostic data for identification of patients at risk of future cardiovascular
events. Its use increases the sensitivity beyond that obtained from standard diagnos-
tic criteria. Some authors, in an effort to evaluate its role in aggressive management
and discharge of patients, demonstrated a negative predictive value of around 98%.
This approach, however, would be considered too aggressive for most. A negative
stress echocardiogram in patients with a negative electrocardiogram and biomarkers
predicts excellent prognosis.® Pitfalls of such an aggressive approach include false
negatives and undetected small infarctions in addition to concerns of dobutamine-
induced platelet activation and myocardial injury.

Risk Stratification in the Coronary Care Unit

Utility of echocardiography continues beyond diagnosis in the emergency room.
Assessment of left ventricular function allows appropriate management and decision
making regarding invasive versus conservative management. Event rate in patients
with left ventricular dysfunction and mild to moderate wall motion abnormalities is
greater than those with preserved ventricular function and wall motion abnormali-
ties.2 As will be discussed in detail later, additional information such as wall motion
score index, left ventricular ejection fraction, end-systolic volume, and the presence
of even mild mitral regurgitation are all early predictors of adverse outcome.

Contrast Agents — Shadows with a Bright Future?

Since the first report in 1968 by Gramiak and Shah on the effect of contrast delin-
eation of the aortic root during angiography,* contrast agents have traveled a long
journey. Role of myocardial contrast echocardiography in noninvasive evaluation
of myocardial perfusion and function awaits widespread clinical use in emergency
departments and acute situations. Contrast agents can enhance the confidence to
identify or exclude ischemia during stress echocardiography. However, even more
exciting is the prospect to use micro bubbles for myocardial perfusion imaging.’
Image quality and chamber opacification can be further improved by incorporating
harmonic imaging.

Potential applications of micro bubbles vary from diagnosis of acute coronary
syndromes to identifying the myocardial section at risk, myocardial viability,°
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collateral blood flow,” and outcomes of reperfusion intervention.® Furthermore, due
to its ability to be destroyed by ultrasound, micro bubbles are under investigation as
a vehicle for delivery of targeted agents including thrombolysis. Potential applica-
tions of micro bubbles have expanded to targeted imaging of inflammation,” apop-
tosis, gene'® and liposomal drug delivery.'!

However, the future of contrast agents and micro bubbles would depend on mul-
tiple factors, among them most important are safety and cost-effectiveness.

Future of Echocardiography in Acute Coronary Syndrome:
Imaging and Beyond. . .

Despite technological challenges, its portability and ease of use is of utmost impor-
tance. Whether echocardiography is able to consolidate its position by overcom-
ing safety issues pertaining to contrast agents and technological advancement in
relation to instrumentation is of current experimental interest. Other areas of devel-
opment will be targeted gene therapy or drug delivery systems (e.g., thrombolyt-
ics) and assessment of endothelial function and integrity using intravascular probes.
Finally, techniques and instrumentation such as tissue Doppler imaging, strain rate
imaging, and tissue characterization may be useful in assessment of ischemia and
function.
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Chapter 2
A Novel Pathway for the Management
of Acute Coronary Syndrome

Eyal Herzog, Emad Aziz, and Mun K. Hong

Acute coronary syndrome (ACS) subsumes a spectrum of clinical entities, ranging
from unstable angina to ST elevation myocardial infarction.! The management of
ACS is deservedly scrutinized, since it accounts for 2 million hospitalizations and a
remarkable 30% of all deaths in the Unites States each year.? Clinical guidelines on
the management of ACS, which are based on clinical trials, have been updated and
published.® #

We have developed a novel pathway for the management of acute coronary syn-
drome at our institution, St. Luke’s-Roosevelt Hospital Center (SLRHC), which is a
university hospital of Columbia University College of Physicians and Surgeons.’

The pathway has been designated with the acronym of PAIN (Priority risk,
Advanced risk, Intermediate risk and Negative/Low risk) that reflects patient’s
most immediate risk stratification upon admission (Fig. 2.1). This risk stratifica-
tion reflects patient’s 30 days risks for death and myocardial infarction following
the initial ACS event.

The pathway is color-coded with “PAIN” acronym (P-red, A-yellow, I-yellow,
N-green) that guides patient management according to patient’s risk stratification.
These colors — similar to the road traffic light code — have been chosen as an easy
reference for the provider about the sequential risk level of patients with ACS.

The Goals of the Pain Pathway and a Road Map
to the “Echocardiography in ACS” Book

Initial Assessment of Patients with Chest Pain or Chest Pain
Equivalent

Patients who present to emergency departments with chest pain or chest pain equiv-
alent will be enrolled into this pathway.

E. Herzog (=)
St. Luke’s Roosevelt Hospital Center, New York, NY, USA
e-mail: EHerzog @chpnet.org
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_ The PAIN -
Pathway For The Management Of Ac

Fig. 2.2 Chest pain and chest pain equivalent symptoms

1. Initial Assessment : 12-lead EKG within 10 minutes, Vital signs, H&P
2, Consider Non-ACS chest pain =

3. Labs: CBC, Basic Metabolic Panel, Cardiac Markers, (CPK, CPK-MB, Troponin),BNP, PT, PTT, INR, Mg, Lipid profile
4. Patient MUST fall into one letter of the acronym (@ €) () @

~7 U ~7

| 0 o e s
¥ raseen el bt e by

Fig. 2.3 [Initial assessment of patients with chest pain

Figure 2.2 shows the chest pain equivalent symptoms. The initial assessment is
seen in Fig. 2.3. All patients should have an EKG performed within 10 min as well
as detailed history and physical exam.

Non-ACS chest pain should be excluded urgently. These include aortic dissec-
tion, pericarditis and pericardial effusion, pulmonary emboli, aortic stenosis, and
hypertrophic cardiomyopathy. If any of these emergency conditions is suspected, we
recommend obtaining immediate echocardiogram or CT and to treat accordingly.

Our recommended initial laboratory tests include complete blood count, basic
metabolic panel, cardiac markers (to include CPK, CPK-MB, and troponin), BNP,
PT, PTT, INR, magnesium, and a lipid profile.

Initial Management of PRIORITY Patients (Patients with ST
Elevation Myocardial Infarction)

“PRIORITY” patients are those with symptoms of chest pain or chest pain equiv-
alent lasting longer than 30 min with one of the following EKG criteria for acute
myocardial infarction:

(1) =1 mm ST elevation in two contiguous leads, or
(2) New left bundle branch block, or
(3) Acute posterior wall MI (ST segment depression in leads V1-V3)

The initial treatment of these patients includes obtaining an intravenous line,
providing oxygen, treating patients with oral aspirin (chewable 325 mg stat), clopi-
dogrel (300 or 600 mg loading dose), and intravenous beta blocker (if no contraindi-
cation), heparin (unfractionated or enoxaparin), nitroglycerin, and oral high-dose
statin (Fig. 2.4).
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PRIORITY
Chest Pain 2 30 min with: M

o = 1mm ST elevation in = 2 contiguous leads or

“NTG IV or SL
02 -Beta Blocker IV ( if no contraindication)
*Clopidogrel 300-600mg PO x1  -High dose statin (atrovastatin 80 mg PO)
*ASA 325mg PO - chewed stat  +Heparin (unfractionated or enoxaparin)

Fig. 2.4 The initial management of PRIORITY patients (patients with ST elevation myocardial
infarction)

The key question for further management of these patients is the duration of the
patients’ symptoms. For patients whose symptoms exceed 12 h, the presence of per-
sistent or residual chest pain determines the next strategy. If there is no evidence of
continued symptoms, these patients will be treated as if they had been risk stratified
with the Advanced Risk group.

For patients whose symptoms are less than 12h or with ongoing chest pain,
the decision for further management is based on the availability of on-site angio-
plasty (PCI) capability with expected door to balloon time of less than 90 min or
the presence of cardiogenic shock. Patients with expected door to balloon time of
less than 90 min should be started on intravenous treatment of glycoprotein IIb—IIIa
inhibitors and they should be transferred immediately to the cardiac catheterization
lab for revascularization. The myocardial infarction (MI) team is activated for this
group of patients (Fig. 2.5).

In our institution, a single call made by the Emergency Department physician to
the page operator activates the MI team, which includes the following health-care
providers:

(1) The interventional cardiologist on call

(2) The director of the CCU

(3) The cardiology fellow on call

(4) The interventional cardiology fellow on call
(5) The cath lab nurse on call

(6) The cath lab technologist on call
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eligibility? ' time < 90 min or
(no contraindication) Cardiogenic Shock?

" NO

--:U ',I.:L-)&_ —_

Start Gp IIb-Illa inhibitor and

transfer immediately
to the cath lab for revascularization

Fig. 2.5 Advanced management of PRIORITY myocardial infarction patients with expected door
to balloon time of less than 90 min

(7) The CCU nursing manager on call
(8) The senior internal medicine resident on call

Activating these groups of people have been extremely successful in our insti-
tution and have reduced markedly our door to balloon time. These strategies have
been recently shown to decrease door to balloon time in the range of 8—19 min.’

For hospitals with no PCI capability or in situations when door to balloon time
is expected to exceed 90 min, we recommend thrombolytic therapy if there are no
contraindications.

CCU Management and Secondary Prevention for Patients with
PRIORITY Myocardial Infarction

Patients with “PRIORITY” myocardial infarction should be admitted to the CCU
(Fig. 2.6). All patients should have an echocardiogram to evaluate left ventricle
systolic and diastolic function and to exclude valvular abnormality and pericardial
involvement. We recommend a minimum CCU stay of 24 h to exclude arrhythmia
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Fig. 2.6 CCU management and secondary prevention for patients with PRIORITY myocardial
infarction

complication or mechanical complication. For patients with no evidence of mechan-
ical complications or significant arrhythmia, secondary prevention drugs should
be started, including aspirin, clopidogrel, high-dose statin, beta blocker and ACE
inhibitor, or angiotensin receptor blocker.

Most patients can be discharged within 48 h with recommendation for lifestyle
modification including exercise, weight and diet control, smoking cessation,
and cardiac rehabilitation. Secondary prevention drugs should be continued on
discharge.

Management of Advanced Risk Acute Coronary Syndrome

Typical anginal symptoms are required to be present in patients who will enroll into
the Advanced or the Intermediate Risk groups.
These symptoms include the following:

1. prolonged chest pain (>20 min) relieved by nitroglycerine or rest;
2. chest pain at rest; or
3. accelerated chest pain within 48 h.

In order to qualify for the Advanced Risk group, patients must have either
dynamic ST changes on the electrocardiogram (>0.5 mm) and/or elevated troponin
(>0.2ng/ml) (Fig. 2.7).

We recommend that patients be admitted to the CCU and be treated with aspirin,
clopidogrel, heparin, glycoprotein IIb—Illa inhibitor, beta blocker, statin, and nitro-
glycerin if there are no contraindications (Fig. 2.8).

These patients should have early cardiac catheterization within 12-48 h and reva-
sularizaton by PCI or coronary artery bypass surgery (CABG) if necessary. All
patients should have an echocardiogram to evaluate LV function. Recommendation
for secondary prevention medication, lifestyle modification, and cardiac rehabilita-
tion should be provided similar to the patients with PRIORITY risk group (Fig. 2.6).
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 ADVANGCED INTERMEDI
RISK RISK

Typical Anginal Symptoms

*Prolonged symptoms ( > 20 min ) relieved by nitro or rest
*Symptoms at rest

+Accelerated chest pain in prior 48 hours

1

Is there evidence of:
ODynamic ST shifts (> 0.5 mm) and / or
OElevated troponin > 0.2 ng/ml

<~

Fig. 2.7 Risk stratification as advanced risk acute coronary syndrome

Qlve:
*ASA 325mg PO x1

+Clopidogrel 300mg PO x1

*Heparin (unfractionated or enoxaparin)
*Beta Blockers ( if no contraindication )
*NTG IV or SL

*GPILb-II a inhibitors

+Statin

Early Catheterization (within 12-48 hours)
‘and revascularization (PCI/ CABG)
if neccesary

Fig. 2.8 Management of patients with advanced risk acute coronary syndrome
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Management of Intermediate Risk Group

Both Intermediate Risk group and Advanced Risk patients present to the hospital
with typical anginal symptoms. Compared to the Advanced Risk patients, the Imme-
diate Risk patients do not have evidence of dynamic ST changes on the electrocar-
diogram or evidence of positive cardiac markers. These patients should be admitted
to the telemetry floor and be given aspirin, heparin, and beta blocker (Fig. 2.9). We
recommend a minimum telemetry stay of 12-24 h. If during this period of time there
is evidence of dynamic ST changes on the electrocardiogram or evidence for posi-
tive cardiac markers, the patients should be treated as if they had been stratified to
the Advanced group.

The Intermediate Risk group patients are assessed again for the following high-
risk features:

new or worsening heart failure symptoms;
malignant ventricular arrhythmias;
hemodynamic instability; or

recent (<6 months) PCI of CABG.

bl NS

If there is an evidence of any of these high-risk features, we recommend trans-
ferring the patient for cardiac catheterization within 12-48 h and for revasculariza-

@_ Give :
4 <ASA 325mg PO x1

*Heparin (unfractionated or enoxaparin)
+Beta Blockers ( if no indication )

" Admit to teleme

__|Is there evidence of evolving ST changes or positive cardiac markers w

Is there evidence of any of the R

following high risk features?

O Mew or worsening CHF symptoms
O Malignant ventricular arrythmias
~€>» Hemodynamic instability

O Recent PCl or CABG

Fig. 2.9 Management of patients with intermediate risk acute coronary syndrome
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tion by PCI or CABG if necessary. Patients with no evidence of high-risk features
should be referred for cardiac imaging stress testing (stress echocardiography or
stress nuclear test).

Management of Negative or Low-Risk Group Patients

These groups of patients have atypical symptoms and do not have significant
ischemic EKG changes during pain and do not have elevated cardiac markers. These
patients should be treated only with aspirin and given sublingual nitroglycerin if
needed. If a decision was made to admit them to the hospital, they should be admit-
ted to a chest pain unit or to a regular medical floor. They should be followed up
for 12-24 h with repeated EKG and cardiac markers (Fig. 2.10). If there is evidence
of evolving ST changes on the electrocardiogram or an evidence of positive car-
diac markers, the patients would be treated aggressively as with the Advanced Risk
group patients (Figs. 2.10, 2.11 and 2.12).

If there are no significant EKG changes and all cardiac markers are negative, we
recommend a cardiac imaging stress testing by stress echocardiography or stress
nuclear test (Fig. 2.11).

NEGATIVE or
LOW RISK

O Atypical syndrome with limited
_ CP (<20 min)

Fig. 2.10 Initial
management of patients with
negative or low-risk acute
coronary syndrome
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Is there evidence of evolving ST changes or positive cardiac markers within 12-24 hours?

NO _

G
(echo, nuclear) -

Is there evidence of significant ischemia
on stress test?
YES L NO

Cardiology consult Discharge home and
Refer for cardiac cath risk factor modification

Fig. 2.11 Risk stratification of low-risk patients by using cardiac imaging stress testing

®

Primary Prevention: Life Style Modification:

Fig. 2.12 Primary prevention for low-risk patients

Evidence of significant ischemia on any of these stress imaging modalities will
be followed by a referral for cardiac catheterization. If there is no evidence of sig-
nification ischemia on stress testing, the patients will be discharged home with a
recommendation for risk factor modification to include primary prevention medica-
tion and lifestyle modification (Fig. 2.12).
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Chapter 3

Echocardiography in Acute Coronary
Syndrome: Anatomy, Essential Views
and Imaging Plains

Muhamed Saric

Introduction

A plentiful arterial circulation is required for an effective myocardial function
during both systole and diastole. This supply/demand coupling is accomplished
through regional matching of the arterial supply to a particular portion of the
myocardium.

Arterial circulation of the heart consists of two parts: (1) large epicardial coronary
arteries which serve as conduit vessels, and (2) medium-size and small intramyocar-
dial coronary arterioles which serve as resistance vessels regulating the amount of
coronary flow according to myocardial metabolic needs. Perturbation in any por-
tion of this arterial tree will lead to a regional myocardial dysfunction. Acute coro-
nary syndrome (ACS) is the clinical manifestation of a diminished coronary arterial
blood supply in either conduit or resistance coronary vessels that is most commonly
caused by atherosclerosis.

In this chapter, we will discuss the epicardial circulation; the anatomy and func-
tion of resistance vessels will be discussed in Chapter 5.

Epicardial Conduit Vessels

In most humans, the entire epicardial circulation originates from the two initial
branches of the aorta: the left coronary artery (LCA) and the right coronary artery
(RCA). They originate from the left and the right sinus of Valsalva, respectively. The
initial portion of the LCA is referred to as the left main coronary artery (LMCA);
it branches into the left anterior descending artery (LAD) and the left circumflex
artery (LCx). Although anatomically there are only two coronary arteries (LCA and
RCA) in most individuals, in clinical parlance it is often said that there are three
coronary vessels (RCA, LAD, and LCx).
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In a few individuals, there may be anomalies in the origin of the coronary arteries
pertaining to the number and location of coronary ostia within the aortic root as well
as anomalies in the initial course of the vessels. A more detailed discussion on the
anomalous origin of the coronary arteries is beyond the scope of this textbook.

The LAD supplies the largest portion of the left ventricles; the size of the LAD
territory tends to be relatively constant among individuals and encompasses about
50% of the left ventricle. The LAD initially runs in the anterior interventricular
groove parallel to the long axis of the heart, then turns over the left ventricular apex
and terminates in most individuals in the apical region of the posterior interven-
tricular groove. The LAD gives off septal branches that penetrate into the anterior
two-thirds of the interventricular septum and diagonal branches which supply large
areas of the anterior wall of the left ventricle and much smaller area of the anterior
wall of the right ventricle (Fig. 3.1A).

&y

Left main coronary artery

Fig. 3.1 Coronary anatomy as visualized by coronary angiography. A: Left anterior descending
artery (LAD) and its major branches visualized in a cranially and a slightly rightward angulated
view [right anterior oblique (RAO) —9°; cranial +36°]. B: Dominant right coronary artery (RCA)
and its major branches visualized in a slightly cranially angulated left anterior oblique (LAO) view
(LAO +28°; cranial +3°). C: Nondominant left circumflex (LCx) artery and its major branches
visualized in a caudally and a slightly rightward angulated view [right anterior oblique (RAO) —6°;
caudal -21°)
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Fig. 3.1 (continued)

The other half of the left ventricle is supplied by both the RCA and the LCx in
proportions that vary between individuals. In about 70% of humans, the RCA sub-
tends a larger section of the left ventricle than the LCx (the so-called right-dominant
circulation); in about 20% of individuals the contribution of the two arteries is equal
(codominant or balanced circulation), and in the remaining 10% the LCx is larger
than the RCA (left-dominant circulation).! The dominance type does not affect the
initial course of either the RCA or the LCx; it arises from the pattern of terminal
branching in the two vessels.

In all individuals, the initial course of the RCA is within the right atrioventricular
groove and thus perpendicular to the long axis of the heart. During this initial course,
the RCA gives off acute marginal (AM) branches which run roughly parallel to the
long axis of the right ventricle to supply the acute margin of the heart made up by
the right ventricle. The RCA is the principal source of arterial blood supply to the
right ventricle; when there is a right ventricular dysfunction during ACS, it is almost
invariably caused by abnormalities in the RCA tree (Fig. 3.1B).

In a roughly mirror-image pattern, the LCx initially runs in the left atrioventricu-
lar groove perpendicular to the long axis of the heart and gives off obtuse marginal
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Ob?use

Marginal (OM)
Branches

Fig. 3.1 (continued)

(OM) branches. They run parallel to the long axis of the heart and supply the obtuse
margin of the heart made up by the lateral wall of the left ventricle (Fig. 3.1C).

The inferoposterior aspects of the interventricular septum and the left ventricle
are supplied by the posterior descending artery (PDA) and one or more posterolat-
eral branches (PLBs). The PDA usually runs along the proximal two-thirds of the
posterior interventricular groove and its course is parallel to that of the LAD in the
anterior interventricular groove. Along its interventricular course, the PDA gives off
septal branches to the inferior aspect of the interventricular septum and then meets
the LAD in the apical portion of the posterior interventricular septum. PLBs are
arterial branches that run along the long axis of the left ventricle and roughly par-
allel to the course of the PDA and the OMs. PLBs supply the inferior and posterior
walls of the left ventricle.

It is the origin of the PDA and the PLBs that determines whether the coro-
nary circulation is right-dominant, left-dominant, or balanced (codominant). In the
right-dominant circulation, the PDA and PLBs are branches of the RCA; in the left-
dominant circulation, the PDA and PLBs are terminal branches of LCx; in balanced
(codominant) circulation, both the RCA and the LCx supply the PDA and/or PLBs.
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Imaging of Epicardial Coronary Arteries

Invasive coronary angiography using selective iodinated contrast dye injection into
the RCA or the LCA has traditionally been the gold standard for imaging of epicar-
dial coronary circulation. It is now being supplanted by high-resolution noninvasive
computed tomographic (CT) angiography. The role of echocardiography in imaging
epicardial coronary vessels in ACS remains limited. In adult, the origins of the RCA
and the LCA can be visualized occasionally by transthoracic echocardiography and
almost always by transesophageal echocardiography.>? However, such information
is rarely valuable in ACS unless an anomalous origin of the coronary arteries or
dissection in the proximal coronary arteries is suspected as the cause of the patient’s
chest pain.

Two-dimensional gray-scale and color Doppler echocardiographic imaging
beyond the origins of the coronary arteries is rarely feasible or clinically useful in
ACS unless coronary fistulas are suspected. In such instances, coronary arteries are
enlarged (often markedly so) and thus detectable by standard gray-scale and color
Doppler techniques.

Transthoracic and transesophageal spectral Doppler recordings are feasible and
are routinely used for measuring coronary flow reserve in research protocols involv-
ing the LAD,? the RCA,* and the LCx.> However, the utility of such recordings in
routine clinical evaluation of ACS patients remains limited.

Segmental Anatomy of the Left Ventricle

In order to correlate coronary arterial circulation to the myocardial function, the
left ventricle is commonly divided into 17 segments according to a standardized
American Heart Association consensus model adopted for all forms of modern car-
diac imaging including echocardiography, nuclear cardiology, computed tomogra-
phy, and magnetic resonance imaging.®

In this model, the left ventricle is first cut perpendicular to its long axis to create
three myocardial rings: basal, mid-cavity, and apical. The basal and the mid-cavity
ring each accounts for about 35% of the left ventricular mass, while the apical seg-
ments comprise the remaining 30%. This is in general agreement with autopsy stud-
ies of human hearts.”

The basal and the mid-cavity rings are then cut into six circumferential segments
each; every segment accounts for 60° of the left ventricular circumference. These
circumferential segments in the basal and the mid-cavity rings are referred to as
anterior, anteroseptal, inferoseptal, inferior, inferolateral, and anterolateral in the
consensus model. Note, however, that inferolateral and anterolateral segments have
traditionally been referred to by echocardiographers as the posterior and the lateral
wall, respectively.

The apical ring is subdivided into five segments: an apical cap which does not
subtend the left ventricular cavity and four circumferential cuts of 90° each: anterior,
septal, inferior, and lateral.
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Each segment is given a unique number according to the following three
principles:

1. Sequential numbering starts in the basal myocardial ring and ends in the apical
portion of the left ventricle.

2. In each myocardial ring, the numbering starts with the anterior segment and pro-
ceeds counterclockwise.

3. Segment 17 refers to the apical cap.

Note that the traditional echocardiography model differs slightly from the con-
sensus model; the apical cap is not counted as a separate segment giving rise to a
16-segment model of conventional echocardiography.®

In the 2005 guidelines for chamber quantification jointly sponsored by the Amer-
ican Society for Echocardiography and the European Association for Echocardiog-
raphy,® it is stated that:

—

. Both the 17- and the 16-segment models can still be used.

2. The 17-segment model should be used for myocardial perfusion studies or when
a comparison between echocardiography and other cardiac imaging modalities
is necessary.

3. The 16-segment model is appropriate for studies assessing wall motion abnor-

malities since the apical cap (segment 17) does not move.

The nomenclature of the 17-segment consensus model is summarized in
Table 3.1. To represent all 17 segments simultaneously the so-called “bull’s eye”
plot is used (Fig. 3.2).

Table 3.1 17-Segment left ventricular model

Basal  Mid-cavity | Apical
Anterior 1 7 13 Anterior
Anteroseptal 2 8 14 Septal
Inferoseptal 3 9 15 Inferior
Inferior 4 10 16 Lateral
Inferolateral (posterior) 5 11 17 Apical cap
Anterolateral (lateral) 6 12
Total number of segments 6 6 5 Grand total = 17

Based on data from Cerqueira et al.%

A major shortcoming of either the 16-segment or the 17-segment model is their
failure to include any right ventricular (RV) segments. The right ventricle is supplied
primarily by the RCA branches; only a small portion of the anterior right ventricle
may be supplied by the LAD. Since RV dysfunction in ACS has major prognostic
implications, echocardiographers should always comment on RV function in ACS
patients.
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Fig. 3.2 Bull’s eye plot of myocardial segments. A represents left ventricular assignments to
coronary territory based on data from the 2002 American Heart Association consensus statement.®
B represents left ventricular assignments to coronary territory based on data from the 2005 con-
sensus statement by the American Society for Echocardiography and the European Association for
Echocardiography®

Relating Standard Echocardiographic Views to Segmental Left
Ventricular Model

The left ventricle is commonly visualized echocardiographically in three short-axis
and three long-axis views. The three short-axis views are obtained at the cardiac
base, mid-papillary level, and the cardiac apex. The short-axis views correspond to
the three myocardial rings of the consensus model.

In echocardiography, the long-axis views are termed apical four-chamber view,
apical two-chamber view, and apical three-chamber view (which is roughly
equivalent to the parasternal long-axis views). In radiology, however, different ter-
minology is used; the American Heart Association consensus statement encourages
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Table 3.2 Correlation between echocardiographic and radiologic views

Echocardiography Radiology

Apical four-chamber view Horizontal long-axis view

Apical two-chamber view Vertical long-axis view

Apical three-chamber view No equivalent standard view
(parasternal long-axis view)

Short-axis view Short-axis view

Based on data from Cerqueira et al.®

adoption of the radiologic nomenclature by echocardiographers. The relationship
between echocardiographic and radiologic views is summarized in Table 3.2.

The apical four-chamber view (horizontal long-axis view) and the apical two-
chamber view (vertical long-axis view) are roughly 90° apart. The apical three-
chamber view (roughly equivalent to the parasternal long-axis view) is wedged in
between the apical four- and the two-chamber views.

On standard tomographic views of transthoracic echocardiography, only a subset
of the 17-segment model is visualized in each view. Segmental analysis of all stan-
dard 2D transthoracic views is given in Fig. 3.3. With the advent of real-time 3D
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Fig. 3.3 Left ventricular segments on standard 2D echocardiographic views. A: Parasternal
long-axis view. B: Apical four-chamber view (horizontal long-axis view). C: Apical two-chamber
view (vertical long-axis view). D: Parasternal short-axis view at the basal left ventricular level.
E: Parasternal short-axis view at the mid-papillary level. F: Apical short-axis view. Coronary
angiograms are courtesy of Drs. Marc Klapholz and Edo Kaluski, New Jersey Medical School,
Newark, NJ
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Fig. 3.3 (continued)

transthoracic echocardiography, the entire left ventricle can be reconstructed which
allows for visualization of the 17-segment model in a 3D space (Fig. 3.4).

Relating Coronary Circulation to Segmental Left
Ventricular Model

Because there is a great variability in human coronary arterial circulation, a precise
correlation between myocardial segments and coronary arterial branches cannot
be established in a way that would be applicable for every individual. However,
it is generally agreed upon that it is appropriate to assign individual left ventric-
ular segments to specific coronary territories.'? Below we will discuss the left
ventricular assignments to coronary territories based on the 2002 American Heart
Association consensus statement.® Note, however, that the 2005 consensus state-
ment by the American Society for Echocardiography and the European Association’
for Echocardiography provides a more complex view which emphasizes signifi-
cant overlap in border zones between different coronary territories. The difference
between the two schemes is summarized in Fig. 3.2 and in Table 3.3.
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Fig. 3.4 Left ventricular
segments on 3D
echocardiography. With
real-time 3D transthoracic
echocardiography, the entire
17-segment model can be
visualized in a 3D space

Of the three coronary arteries, the LAD probably exhibits the least amount of
variability. It supplies the entire anterior wall (segments 1, 7, and 13), the entire
anterior septum (segments 2, 8, and 14), and most often the apical cap (segment
17). However, one has to bear in mind that the segment 17 exhibits the greatest
variability in blood supplies compared to all other left ventricular segments and that
it can be supplied by any of the three coronary arteries.

Given the variability of the PDA origin, there is a great variability in the supply
of the segments in the RCA and the LCx territories. Since the PDA is the branch of
the RCA in the majority of humans, the RCA territory generally covers more left
ventricular segments than the LCx. In most individuals, the RCA territory supplies
the entire inferior wall (segments 4, 10, and 15) as well as the basal and the mid
segment of the inferior septum (segments 2 and 9). In a left-dominant or codominant
circulation, many of these segments may be supplied by the LCx.

Since the majority of humans have right-dominant coronary circulation, the LCx
territory is restricted to the anterolateral wall (lateral wall in traditional echocardio-
graphy parlance; segments 6, 12, and 16) as well as the basal to mid portion of the
inferolateral wall (posterior wall in traditional echocardiography parlance; segments
5and 11).

Since in acute coronary syndrome echocardiographic imaging is often done
before coronary angiography, echocardiographers cannot a priori determine whether
the coronary circulation is right-dominant, left-dominant, or codominant. Without
this information, an inevitable misassignment of myocardial segments in the RCA
vs. the LCx territory will occasionally arise. In order to avoid misunderstandings
with coronary angiographers, it is customary in our echocardiography laboratory to
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refer to segments supplied by the PDA as being in the non-LAD territory without
specifying whether such segments are in the RCA or in the LCx territory.

It is also important to emphasize that the above assignments of LV segments to
particular coronary artery assume the absence of significant native collateral circu-
lation or surgical bypass grafting.

Overlap Zones Between Coronary Territories

The RCA/LCx dominance pattern is not the only cause of significant variability
among humans in coronary arterial supply to individual LV segments. The variabil-
ity is particularly pronounced in border zones where one coronary territory meets
another.

ALL THREE TERRITORIES: The three coronary territories converge at the LV
apex. The apical cap (segment 17 seen in all apical long-axis views) thus may be
supplied by any of the three arteries although most commonly is supplied by the
LAD.

LAD MEETS PDA TERRITORY: The distal LAD usually wraps around the LV
apex to meet the PDA in the distal portion of the posterior interventricular groove.
Since the magnitude of the LAD wraparound is variable, the border zone segments
of the apical to mid inferior wall (segments 15 and 10 seen on the apical two-
chamber view) and the inferior septum (segments 14 and 9 seen on the apical four-
chamber view) may be supplied by either the LAD or the RCA. Most commonly,
the mid segments (9 and 10) are in the PDA territory, while the apical segments
(14 and 15) are in the LAD territory.

LAD MEETS LCx TERRITORY: The two territories meet around the segment
16 (apical lateral wall seen on the apical four-chamber view) and thus both LAD
and LCx can contribute to its arterial supply. The overlap may even extend to the
mid and basal segments of the lateral wall (segments 12 and 6).

RCA MEETS LCx TERRITORY: The two territories converge at the basal to mid
inferolateral (posterior) left ventricular wall (segments 5 and 11 seen on the apical
three-chamber view or the parasternal long-axis view). These segments are supplied
by the posterolateral branches (PLBs), which may come from either RCA or LCx
depending on the coronary dominance pattern.

Overlap zones are illustrated in Fig. 3.2B.

Conclusion

Regional myocardial systolic and diastolic function is dependent on regional arterial
blood supply. Although there is a significant variability in coronary arterial anatomy,
it is generally agreed that individual left ventricular segments can be paired with
branches of one of the three major coronary arteries (LAD, LCx, and RCA). If on
an echocardiogram of a person suspected of having ACS one observes regional left
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ventricular dysfunction in a segmental pattern consistent with expected coronary
artery distribution, one may conclude that the dysfunction is indeed ischemic in
origin, thus confirming the diagnosis of ACS.

Clinical Case

Gerard Oghlakian, MD, and Yuliya Kats, MD have contributed to the following
clinical case.

Subjective

An 87-year-old man with history of systemic hypertension and benign prostatic
hypertrophy was brought in to our tertiary hospital by Emergency Medical Service
(EMS) after sustaining multiple bruises and a forehead laceration in a car accident.
According to the bystanders, the patient was involved in a single, unprovoked car
accident where his car drove off the road and into a street-side pole. He had no rec-
ollection of the car accident itself; however, he did recall having lightheadedness
just prior to the crash. There were no other symptoms such chest pain, shortness
of breath, or palpitations. He had no prior established cardiovascular disease aside
from systemic hypertension for which he was taking doxazosin. He denied any use
of tobacco, alcohol, or illicit drugs.

Objective

In the emergency department, his physical exam showed a blood pressure of
180/50 mmHg and a heart rate of 105 beats per minute. His respiratory rate was
20 respirations per minute and his oxygen saturation was 99% on a 100% nonre-
breather mask. On a physician exam he had a normal jugular venous pressure. Lung
auscultation revealed diffuse rhonchi in the right lung fields. Cardiac exam demon-
strated normal S1 and S2; no murmurs or gallops were appreciated. There was no
lower extremity edema.

Electrocardiogram performed in the emergency department revealed sinus tachy-
cardia with frequent premature ventricular complexes and mild ST depressions in
inferior and lateral leads (Fig. 3.5). On laboratory exam, complete blood count and
basic chemistries were unremarkable. With respect to cardiac markers, the troponin
I level at time of presentation was 2.06 ng/mL (normal <0.4 ng/mL); creatine phos-
phokinase at 365 units per liter (normal <200 units per liter), and MB isoenzyme
at 23 ng/mL with an MB index of 6.3%. Computed tomography (CT) of the head
revealed no intracranial pathology. CT of the chest showed right-sided lung contu-
sion and multiple right and left rib fractures.
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Fig. 3.5 Electrocardiogram (EKG) performed in the emergency department. EKG revealed sinus
tachycardia with frequent premature ventricular complexes (oval) and mild ST depressions in infe-
rior and lateral leads (arrows)

Assessment and Plan

Patient was suspected of having a non-ST elevation myocardial infarction that likely
led to ventricular arrhythmia, syncope, and the car accident. An alternative expla-
nation for his preadmission course was syncope of a noncardiac etiology leading
to a car accident, traumatic cardiac contusion, and subsequent release of cardiac
markers.

Indication for the Echo

A transthoracic echocardiogram was ordered to determine the presence, the loca-
tion, and the extent of regional left ventricular wall motion abnormalities that would
support or refute the clinical diagnosis of a non-ST elevation myocardial infarction.

Echo Imaging

Transthoracic echocardiogram (Fig. 3.6) performed in the emergency department
revealed hypokinesis of the basal to mid segments of the inferior wall (segments
4 and 10; Fig. 3.6A) and the posterior (inferolateral) wall (segments 5 and 11;
Fig. 3.6B). The pattern of left ventricular wall motion abnormalities was consis-
tent with an ischemic damage in the distribution of either the right coronary artery
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a

Fig. 3.6 Transthoracic echocardiogram. A: Apical two-chamber view revealed hypokinesis of
the basal and the mid segment of the inferior wall (segments 4 and 10). B: Apical three-chamber
view revealed hypokinesis of the basal and the mid segment of the posterior (inferolateral) wall
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(RCA) or the left circumflex artery (LCx) depending on the dominance of the coro-
nary circulation.

Other left ventricular segments were hyperkinetic and the global left ventricular
ejection fraction was preserved. The size and function of the right ventricle — the
chamber that is most likely to suffer contusion in a car accident — was normal. The
study demonstrated neither pericardial effusion nor a significant valvular disease.

Management

Given the combination of elevated cardiac serum markers and the echocardiographic
findings of regional wall motion abnormalities in the distribution of the PDA, patient
was referred for prompt coronary angiography. His coronary circulation revealed a
left-dominant pattern with the PDA being a branch of the left circumflex artery.
LCx had a critical 98% stenosis in its mid course just at the bifurcation of the OM,
branch (Fig. 3.7). There were no left-to-left or right-to-left collaterals, suggesting
that the LCx stenosis was acute.

Obtuse
Marginal (OM)
Branches

Posterior
Descending
Artery (PDA)

Fig. 3.7 Coronary angiogram. Coronary angiogram reveals severe stenosis of the left circumflex
(LCx) artery (arrow head) just prior to the origin of the second obtuse marginal branch (OM?2)
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Outcome

LCx stenosis was successfully treated with a percutaneous placement of a bare-
metal stent. After stenting, he underwent an electrophysiologic study which revealed
no arrhythmia. His subsequent hospital course was uneventful. He was sent home in
good condition and was free of symptoms on follow-up.
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Chapter 4
Echo Assessment of Systolic and Diastolic
Function in Acute Coronary Syndrome

Muhamed Saric

Introduction

The human heart, being almost exclusively dependent on aerobic metabolism,
requires a constant supply of oxygen to avoid tissue injury. Even at rest, the human
myocardium extracts almost the entire oxygen content of the passing blood. This
results in extremely low resting oxygen saturation in the coronary sinus, the final
repository of the coronary blood (35% at rest; 25% at peak exercise). Therefore, the
primary means of increasing oxygen delivery to the myocardium is through aug-
mentation of coronary blood flow. From rest to maximal physical exertion, coronary
flow increases up to fivefold.'

Although the pressure in the epicardial coronary arteries may vary significantly,
the precapillary pressure in the myocardium is held almost constant at 45 mmHg
thanks to autoregulation accomplished through dynamic changes in the arteriolar
resistance.” Due to this autoregulation, a narrowing in an epicardial coronary artery
has to be very severe (about 90% diameter loss) for the stenosis to become clini-
cally evident at rest; blood supply limitation with exercise become evident when the
stenosis reaches 70%.

Once the epicardial stenosis reaches a critical level, the loss of myocardial func-
tion and the development of clinical signs and symptoms proceed in an orderly
fashion. This stepwise process is referred to as ischemic cascade.? It starts with an
intramyocardial perfusion defect and progresses through a diminished left ventric-
ular diastolic function, a decreased myocardial contractility, an increased left ven-
tricular end-diastolic pressure, ST-segment changes, and ends, occasionally, with
angina pectoris (Fig. 4.1).

Intramyocardial perfusion defects are the earliest sign of limitations in the coro-
nary blood supply and can be detected by either myocardial contrast echocardiogra-
phy (MCE) or nuclear imaging. MCE is discussed elsewhere in this textbook. In this
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Fig. 4.1 Ischemic cascade. The loss of myocardial function and the development of clinical signs
and symptoms proceed in a stepwise fashion as the cardiac demand increases

chapter, we will concentrate on the next two steps in the ischemic cascade, namely
the loss of diastolic and systolic function during acute coronary syndromes.

Regional vs. Global Parameters of Dysfunction

Once the coronary supply/demand mismatch reaches a certain threshold level, there
is a loss of normal myocardial function. The fundamental characteristic of ischemic
dysfunction (either diastolic or systolic) is that it occurs regionally and that its dis-
tribution pattern conforms to the expected coronary blood supply of the 17-segment
model discussed in Chapter 3. Conversely, when regional dysfunction is due to non-
ischemic causes its distribution tends to be patchy and often spread over two or more
coronary territories.

In the absence of extensive collaterals or surgical bypass grafting, the loss of
myocardial function usually occurs first in the distal segments and spreads gradually
toward the cardiac base. For instance, in a case of a proximal left anterior descending
(LAD) artery stenosis, the first segments to lose function tend to be the apical ones
followed by mid-cavity and basal segments.

When assessing myocardial systolic or diastolic dysfunction in acute coronary
syndrome, one may evaluate regional abnormalities directly or measure their impact
on the global ventricular function. Although diastolic dysfunction precedes the
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systolic one in the ischemic cascade, we will discuss systolic dysfunction first since
in routine clinical practice it is assessed in almost all patients. This is in contrast to
diastolic dysfunction for which there is a much smaller body of echocardiographic
evidence to guide the diagnosis, treatment, and prognosis.

Assessment of Regional Systolic Function in Acute
Coronary Syndrome

Occlusion of an epicardial coronary artery at the time of acute coronary syndrome
may lead to a loss of contractile function in the myocardial segments subtended by
that artery. The magnitude and duration of such a contractile loss is dependent on
both the severity and the duration of the coronary occlusion (Fig. 4.2).

In unstable angina, left and right ventricular wall motion is usually normal unless
resting transthoracic echocardiography happens to be performed fortuitously during
an episode of chest pain.

Non-ST elevation myocardial infarction (NSTEMI) usually results from an
occlusion of a coronary branch vessel often in an elderly patient with preexisting
collateral coronary circulation. Typically the loss of contractile function is restricted
to the subendocardial layer which is most vulnerable to ischemia. However, on stan-
dard echocardiography the contractility loss will be observed in the entire thick-
ness of the affected myocardial segment. This overestimation of contractile loss is
attributed to tethering (an apparent passive loss of contractility in normal segments
due to contractile loss in an adjacent area).

ST elevation myocardial infarction (STEMI) often results from an occlusion of
a major coronary vessel and tends to occur in a younger age group compared to

Fig. 4.2 Progression of
myocardial dysfunction in
acute coronary syndrome.
Note that the magnitude and
duration of myocardial
systolic dysfunction is
dependent on both the
severity and the duration of
coronary occlusion

Unstable
Angina

Duration of Coronary Occlusion (hours)

Development of Systolic Dysfunction
(Normal > Hypokinesis > Akinesis > Dyskinesis)
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NSTEMIL. If the total session of coronary flow lasts for more than 6 h, myocardial
necrosis will occur and the myocardium in the affected segments will be replaced
with a fibrous scar over the ensuing weeks.

The magnitude of regional contractile loss in acute coronary syndrome is usu-
ally assessed semiquantitatively; one reports descriptively on the following three
parameters:

1. Magnitude of contractile loss in each affected segment

NORMAL Contractility preserved

HYPOKINESIS  Partial loss of contractility

AKINESIS Complete loss of contractility

DYSKINESIS Paradoxical movement of the affected segment away from

The center of the ventricle during systole
ANEURYSMAL Outward movement of the affected segment during both
Systole and diastole

2. Number and location of affected segments
3. Suspected coronary artery distribution (left anterior descending artery vs. right
coronary artery vs. left circumflex artery)

Wall scoring provides a more rigorous quantitative approach to assessing wall
motion abnormalities in acute coronary syndrome. However, the wall scoring
method assesses the contractility of all ventricular segments and is thus described in
the next section.

Assessment of Global Systolic Function in Acute
Coronary Syndrome

Global ventricular systolic function in acute coronary syndrome may be assessed
through either wall motion scoring or calculation of global ventricular ejection
fraction.

Wall Motion Scoring

Wall motion scoring analysis assigns a numeric value to the degree of contractile
dysfunction in each segment. The actual numeric values given to particular forms of
contractile (dys)function vary in the published literature; the most common scheme
is given in Table 4.1.

Once all segments are given individual scores, a total score is calculated as a
sum of individual scores. A wall motion score index (WMSI) in then calculated as a
ratio between the total score and the number of evaluated segments. The WMSI is a
dimensionless number; its range of values depends on the scoring scheme used. For
the scoring scheme shown in Table 4.1, the WMSI would range between 1 and 5.
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Table 4.1 Left ventricular wall motion scoring

Score
Normal 1
Hypokinesis 2
Akinesis 3
Dyskinesis 4
Aneurysmal 5

. . Sum of individual segment scores
‘Wall motion score index =

Number of evaluated segments

For a fully visualized normal ventricle, the total score is 17 (all segments have
normal contractility). 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
the contractile dysfunction. The theoretical maximum for a WMSI is 5 in the scoring
scheme depicted in Table 4.1; such a score would assume that all left ventricular
segments are aneurysmal, a condition incompatible with life. Between the extremes
of 1 and 5 are the values obtained in patients with acute coronary syndrome.

Using the same methodology, one can use the 16-segment model instead of the
17-segment one. The underlying notions will not change: the higher the WMSI,
the worse the systolic dysfunction. For example, in a patient with acute coronary
syndrome who had a total occlusion of the proximal LAD, akinesis was observed
in the entire apical region (segments 13, 14, 15, and 16), while hypokinesis was
observed in the remaining LAD territory (segments 1, 2, 7, and 8). Segments in
the territories of other coronaries were normal. This patient’s global WMSI was
calculated as [4(3) + 4(2) + 8(1)]/16 = 1.75 (Fig. 4.3).

Instead of a global WMSI, one can also calculate a regional WMSI taking into
account only segments supplied by a particular artery. For the patient above, the
regional LAD score would be [4(3) + 4(2)]/8 = 2.5 (Fig. 4.3). Because of tremen-
dous variability in the size of RCA and LCx territories between patients, it is often
more prudent to provide a regional score for the entire non-LAD (RCA + LCx) ter-
ritory rather than individual scores for RCA and LCx when there is no prior knowl-
edge of a coronary dominance pattern in an individual patient.

A major shortcoming of the above WMSI analysis is that it does not include
right ventricular wall segments despite the fact that the presence of right ventricular
systolic dysfunction may portend a worse prognosis in patients with acute coronary
syndrome.*

Assessment of Ventricular Ejection Fraction

Numerous studies have shown that the left ventricular ejection fraction (LVEF) is
one of the most powerful predictors of future mortality and morbidity in patients
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Fig. 4.3 Wall motion score : i wall scoring S8
index (WMSI) calculations
using a 16-segment left
ventricular model. This
patient with acute coronary
syndrome had a total
occlusion of his proximal left
anterior descending (LAD)
artery leading to akinesis of
the four apical segments and
hypokinesis in the basal and
mid segments of the anterior
wall and the anterior septum.
Other left ventricular
segments were normal. Note
the global WMSI (WS Index)
of 1.75, and the regional LAD
score (LAD Index) of 2.50.
Note also that the regional
scores were normal (1.00) for
both the right coronary artery
(RCA) and the left circumflex
(LCx) arterys; this indicates
that the wall motion
abnormalities in this patient
were confined to the LAD
territory
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score

with left ventricular systolic dysfunction of any cause including ischemic heart dis-
ease.’ For instance, LVEF is the single most powerful predictor of mortality and the
risk for life-threatening ventricular arrhythmias after myocardial infarction.® Fur-
thermore, once the acute coronary syndrome resolves, the residual LVEF is impor-
tant for treatment as LVEF cutoff values are built into recommendations for both
medical and electrical device therapies. Even with treatment and clinical stabiliza-
tion of heart failure, there is an inverse, almost linear, relationship between LVEF
and survival in patient whose LVEF is less than 45% (Fig. 4.4).

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 volume of the left ventricle.

Current recommendations of the American Society for Echocardiography and the
European Association for Echocardiography discourage the use of M mode-derived
methods such as the cube rule for calculation of left ventricular volumes.® M mode
is particularly ill-suited for estimating LVEF in patients with ischemic heart disease
involving the apical regions of the left ventricle because M mode measurements are
made at the base of the heart; the calculated regional LVEF at the mid-papillary level
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Fig. 4.4 Relationship between left ventricular ejection fraction and survival. Note the negative
almost linear relationship between survival and left ejection fractions <45%. Based on numeric
data from Curtis et al.’”

is clearly not representative of the global LVEF in patients with apical wall motion
abnormalities.

For two-dimensional echocardiography, biplane Simpson’s rule is the gold stan-
dard for estimation of the LVEF® Most modern ultrasound systems provide a semi-
automated software package for the Simpson’s rule analysis. Operators are usu-
ally required only to trace the left ventricular border of an end-diastolic and an
end-systolic frame in the apical four-chamber and two-chamber views; the software
package then automatically calculates the left ventricular end-diastolic volume, end-
systolic volume, and LVEF (Fig. 4.5). One should be aware, however, that when
mitral or aortic regurgitation is present, Simpson’s rule calculates the total stroke
volume which is the sum of the regurgitant volume and the true antegrade stroke
volume; therefore, the calculated LVEF, although technically correct, may not be a
good measure of left ventricular systolic performance.

With the advent of real-time three-dimensional (RT3D) transthoracic techniques,
left ventricular volumes and LVEF can now be calculated with even greater accu-
racy than is possible with the biplane Simpson’s rule (Fig. 4.6). RT3D-derived left
ventricular volume data are now comparable to those obtained by cardiac magnetic
resonance imaging, the prior gold standard for such calculations.'”

In conclusion, whenever available, left ventricular volumes and LVEF in acute
coronary syndrome should be calculated from an RT3D system; the biplane
Simpson’s rule should be the next best method for such calculations when only a
two-dimensional ultrasound system is available.
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Fig. 4.5 Calculation of left ventricular ejection fraction (LVEF) by biplane Simpson’s rule. The
operator of an ultrasound system is required to trace the endocardial border of an end-diastolic
and an end-systolic frame in the apical four-chamber (A4C) and two-chamber (A2C) views. The
system then calculates the end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume
(SV), and LVEF

End Diastole 3 End Systole

Fig. 4.6 Calculation of left ventricular volumes and ejection fraction (EF) by three-dimensional
echocardiography. A 3D ultrasound system calculates the end-diastolic volume (EDV), end-
systolic volume (ESV), stroke volume (SV), and LVEF automatically from a 3D data set after
an operator manually enters key reference points of the left ventricle

Comparing Wall Motion Scoring to Left Ventricular
Ejection Fraction

A major feature of the wall scoring system is that it does not differentiate between
normal and hyperdynamic left ventricular segments. This may be viewed as either
an advantage or a shortcoming of the wall scoring method.

Let us take an example of two patients with acute coronary syndrome both of
which have hypokinesis in all LAD segments. In one patient, however, the left
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ventricular segments in the non-LAD territory are hyperdynamic, while in the other
patient they move normally. According to the wall scoring method described above,
both would have the same wall motion score index yet their LVEF would be differ-
ent (LVEF is expected to be higher in the first patient). WMSI in this case accurately
reflects the extent of wall motion abnormalities due to acute coronary syndrome in
the two patients but is unable to take into account the compensatory hyperkinesis in
the second patient the way global LVEF can.

Strain Imaging in Acute Coronary Syndrome

Wall motion scoring described above relies on subjective ‘eyeballing’ of left ven-
tricular thickening and wall motion during the cardiac cycle and thus requires a
large degree of experience and expertise. Strain imaging has recently entered the
armamentarium of echocardiography and promises to provide a more objective and
quantitative basis for wall motion analysis.

Strain imaging is based on the fact that each of the 17 segments in the left ventric-
ular model changes its length throughout the cardiac cycle. In the longitudinal direc-
tion, each segment shortens from end diastole to peak systole; this can be observed
in apical four-chamber, two-chamber, and three-chamber views. In the radial direc-
tion, each segment lengthens (thickens) from end diastole to peak systole; this can
be observed in any of the short-axis views of the left ventricle. From peak systole to
end diastole, the process reverses: each ventricular segment lengthens in the longi-
tudinal direction and shortens (thins) in the radial direction.

Strain is a unitless ratio between the segment length at any point in the cardiac
cycle and the reference length at end diastole. In other words, strain is a fractional
change in the segment length during the cardiac cycle. Because left ventricular seg-
ments shorten in the longitudinal direction during systole, their longitudinal systolic
strain has a negative value. This is in contrast to radial strain which has a positive
value in systole due to wall thickening. The opposite is true for both longitudinal
and radial strain during diastole. Echocardiographically, strain data are obtained
from either tissue Doppler velocity data or speckle tracking.'!

In a normally contracting left ventricular segment, peak strain value is achieved
just prior to aortic valve closure. In patients with unstable angina or non-ST eleva-
tion (nontransmural) infarction, two changes occur: the magnitude of systolic strain
diminishes and the peak strain occurs progressively later well past the aortic valve
closure. The latter phenomenon is referred to as ‘postsystolic thickening’ and is
still poorly understood despite decades of experimental work in animal models. It is
important to emphasize that postsystolic thickening is a sensitive but not a specific
sign of ischemia; it may also be observed in other disorders such as myocardial stor-
age diseases and in states of high left ventricular afterload (such as aortic stenosis
and elevated systemic blood pressure).'!

In ST elevation (transmural) infarction with nonviable myocardium, no active
strain is present and may be replaced with outward bulging (dyskinesis). Strain
pattern in normal and ischemic myocardium is summarized diagrammatically in
Fig. 4.7.
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Fig. 4.7 Patterns of left ventricular strain in normal and ischemic myocardium. Schematic rep-
resentation of radial strain recordings. Note that in the normal myocardium, peak systolic strain
occurs at the time of aortic valve closure. During ischemia, the magnitude of systolic strain dimin-
ishes and the peak strain occurs past the aortic valve closure (postsystolic thickening). In the fully
infracted myocardium, there is no active systolic or postsystolic strain. Drawn based on data from
Bijnens et al.!!

Assessment of Diastolic Function in Acute Coronary Syndrome

In patients with acute syndrome, assessment of left ventricular diastolic function
should follow the general guidelines of echocardiographic analysis of diastolic
parameters. The analysis should include at least the following three aspects:

1. Evaluation of the pattern of mitral and pulmonary venous blood flow velocity
determined by pulsed wave Doppler.

2. Measurement of diastolic mitral annular tissue excursion using tissue Doppler
techniques.

3. Calculation of the left atrial volume.

It is important to emphasize that the diastolic changes described in this chapter
are not specific to acute coronary syndrome and occur in a wide variety of cardiac
and extra-cardiac disorders (renal failure, anemia, high afterload due to stiff aortic
tree, etc.).
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Mitral and Pulmonary Venous Blood Flow Velocity Pattern

In young individuals, left ventricular filling occurs primarily during the early (E)
phase of diastole with only a minor contribution from atrial contraction in late dias-
tole (A phase). Furthermore, the filling of the left atrium from the pulmonary veins
is more prominent during ventricular diastole (D wave) and during ventricular sys-
tole (S wave) and the atrial reversal of flow (AR wave) from the left atrium into
the valveless pulmonary veins during atrial contractions is small. In summary, in a
young individual the diastolic pattern is characterized by mitral E wave dominance,
pulmonary vein D wave dominance, and a small AR (Fig. 4.8).

Pulmonary
Vein

[ 0,

GRADEI: GRADE II: GRADE llI:
Abnormal Pseudo- Restrictive
LEEVET normalization Filling

Fig. 4.8 Mitral and pulmonary venous filling patterns. Top panel shows pulmonary vein tracings;
S, systolic wave; D, diastolic wave; AR, atrial reversal wave. Bottom panel shows mitral blood
inflow tracings; E, early diastolic wave; A, atrial kick

The amplitude (peak velocity) of the mitral E wave is governed by the pressure
gradient between the left atrium and the left ventricle in early diastole; similarly the
magnitude of the pulmonary D wave is determined by the pressure gradient between
the pulmonary veins and the left ventricle during the early period of ventricular
diastole.

In young individuals, these gradients are characterized by very low ventricular
pressures and flow from the pulmonary veins and the left atrium driven by ventric-
ular suction.

In humans, the ‘normal’ aging process is characterized by a loss of relaxing
properties in the left ventricle during diastole. Due to slowed relaxation, the left
ventricular pressure remains relatively high during early diastole which in turn
diminishes the left atrial-to-left ventricular and pulmonary venous-to-left ventric-
ular gradients during early diastole. As a consequence, the amplitude of the E wave
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and the pulmonary venous D wave diminishes progressively, while the decelera-
tion of the E wave prolongs. In an elderly person, the pattern of diastolic flow thus
becomes A dominant, S dominant, and with a prominent AR wave (both in ampli-
tude and duration). This pattern has been termed abnormal relaxation or grade I
(mild) left ventricular dysfunction.

Left ventricular relaxation during early diastole is an active, energy-consuming
process requiring a continuous supply of oxygen. It can therefore be expected that in
acute coronary syndrome left ventricular relaxation is impaired; indeed such impair-
ment precedes systolic dysfunction in the ischemic cascade (Fig. 4.1). Using the
pulsed wave Doppler mitral inflow velocity pattern, one can easily show transition
from an E dominant pattern at baseline to an A dominant pattern with prolonged
E wave deceleration time within seconds of acute coronary occlusion. In humans,
this is infrequently observed because most acute coronary syndromes occur in late
middle-age and elderly patients who have the pattern of abnormal relaxation at base-
line due to ‘normal’ aging.

When relaxing properties are severely impaired in moderate and severe left ven-
tricular dysfunction, there is a compensatory increase in the left atrial pressure
(preload) in an attempt to normalize the filling pressure gradient. As a result, the
magnitude of the E and D waves rises in proportion to the rise in the left atrial
pressure. In moderate diastolic dysfunction, the combination of abnormal left ven-
tricular relaxation and moderately elevated left atrial pressure gives rise to the
so-called pseudonormal filling pattern (E dominant, D dominant with an E wave
deceleration time >150ms; grade II diastolic dysfunction). Severe diastolic dys-
function is characterized by ever taller E and D waves but with an E wave decel-
eration time <150ms and is referred to as restrictive filling (grade III diastolic
dysfunction).

Pseudonormal and restrictive filling patterns are combinations of diminished
left ventricular relaxing properties (left ventricular dysfunction) and elevated
preload (elevated left atrial pressures). The Valsalva maneuver diminishes preload
and unmasks the underlying left ventricular relaxation abnormalities. After the
Valsalva maneuver the pseudonormal pattern will become the abnormal relax-
ation pattern; this is important in distinguishing a normal from a pseudonormal
pattern.

Pseudonormal and restrictive filling patterns are frequently encountered in
patients with acute coronary syndrome, especially when there is concomitant sys-
tolic dysfunction and diminished left ventricular ejection fraction. When such pat-
terns are observed, they are indicative of elevated left atrial pressures and should
alert a clinician to actively pursue the diagnosis and treatment of pulmonary edema.
This is further discussed in the section on mitral annular tissue Doppler.

After a Valsalva maneuver, restrictive filling pattern will often revert to a
pseudonormal pattern (reversible restrictive filling pattern). When this fails to occur
(irreversible restrictive filling pattern), the prognosis is very poor.'?

In summary, grade I left ventricular dysfunction is indicative primarily of left
ventricular dysfunction, while grades II and III (pseudonormal and restrictive filling
patterns) are primarily indicative of elevated left atrial pressures.
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Mitral Annular Tissue Doppler Analysis

After placing a pulsed Doppler sample volume at the level of either septal or lateral
mitral annulus in the apical four-chamber transthoracic view, one obtains E and A
waves similar to the mitral blood velocity pattern described above except that the
mitral annular tissue Doppler waves move in the direction opposite to the blood
flow. These annular waves are often labeled E’ and A’ to distinguish them from the
equivalent mitral blood velocity waves (Fig. 4.9).

NORMAL ABNORMAL

Fig. 49 Normal and abnormal mitral annular tissue Doppler tracings. Left panel shows a nor-
mal pattern; right panel reveals diminished E’ velocity consistent with abnormal left ventricular
relaxation

The amplitude (peak velocity) of E' is inversely related to left ventricular relaxing
properties (the lower the E’ velocity, the greater the left ventricular dysfunction). In
the elderly, peak E’ velocities of less than 8 cm/s is abnormal; in young individuals
the cutoff value of 10 cm/s is used. Mitral tissue Doppler E’ measures primarily the
diastolic properties of the left ventricle and is relatively preload independent (unaf-
fected by left atrial filling pressures); this is in contrast with mitral and pulmonary
venous blood velocities, which simultaneously reflect both the left ventricular dias-
tolic properties and the left atrial filling pressures.

Clinically, the most useful application of the mitral annular tissue Doppler analy-
sis is the ratio of the mitral blood velocity E wave and the mitral annular E’ velocity.
When the E’ sampling is performed at the medial annulus, an E/E’ ratio of <8 is
indicative of normal filling pressures. An E/E’ ratio >15 implies elevated filling
pressures. When one observes an E/E’ >15 in a patient with acute coronary syn-
drome, there is a strong possibility that the patient is in pulmonary edema. When
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E/E’ values range between 8 and 15, left atrial pressure may be either normal or
elevated.'? In addition, estimation of left ventricular filling pressures by E/E’ ratio
is a powerful predictor of survival after acute myocardial infarction; the higher the
E/E ratio, the lower the survival.'*

Left Atrial Volume

Usually, left atrial volume does not change precipitously in patients with acute
coronary syndrome. However, chronic remodeling over weeks and months after
completed myocardial infarction leads to progressive left atrial enlargement due to
chronically elevated left atrial pressures. Conversely, in the absence of significant
mitral and aortic valve disease, the mere finding of increased left atrial volume is
indicative of abnormal left ventricular filling characterized by chronically elevated
left atrial pressures.

Left atrial volumes are usually calculated using the area-length method and
indexed for body surface area (Table 4.2). The same reference values are used for
both women and men.

Table 4.2 Normal and abnormal left atrial volumes

Left atrial volume indexed to body surface

Left atrial size area (mL/m?)
Normal 22+6
Mildly enlarged 29-33
Moderately enlarged 34-39
Severely enlarged > 40

Based on data from Lang et al.?

Conclusion

In patients with acute coronary syndrome, assessment of left ventricular function
should be based on the 17-segment model for both standard wall motion analysis
and strain imaging. Assessment of left ventricular diastolic function should include
mitral inflow and pulmonary vein blood velocity pulsed Doppler recordings, mitral
annular tissue Doppler tracings, E/E’ ratio, and calculation of the left atrial volume
indexed to patient’s body surface area.

Clinical Cases

Gerard Oghlakian, MD, Ramzan Zakir, MD, and Christine Gerula, MD of New
Jersey Medical School in Newark, NJ have contributed to the following cases.
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Clinical Case #1

Subjective

A 72-year-old man with history of hypertension, diabetes mellitus, and coronary
artery disease (CAD) presented to the emergency room complaining of intermit-
tent chest pain of 5 days duration. He described the chest pain as being left-sided,
nonexertional, waxing and weaning, and lasting few minutes at a time. He denied
concomitant shortness of breath, nausea, or vomiting. There was no diaphoresis,
lightheadedness, or syncope.

His past medical history of CAD consisted of a previous myocardial infarction
and stent placement in the distal left anterior descending (LAD) artery 1 year ago.
He also had history of mechanical aortic valve replacement 10 years prior. He denied
any tobacco, alcohol, or drug abuse. He was compliant with all his medications
including an angiotensin-converting inhibitor, a beta blocker, a statin, and aspirin.

Objective

In the emergency room, his physical exam revealed a blood pressure of
110/73 mmHg and a heart rate of 89 beats per minute. His respiratory rate was 22
respirations per minute and his oxygen saturation was 99% on room air. He did not
appear to be in any distress. He had a normal jugular venous pressure. His lungs
were clear to auscultation. His cardiac auscultatory findings were normal. There
was no peripheral edema.

The electrocardiogram obtained in the emergency department showed normal
sinus rhythm, inferior Q waves, and lateral T wave abnormalities consisting of a
slight ST depression in the precordial lead V¢ and T wave inversions in leads I and
aVy (Fig. 4.10).

Assessment and Plan

A presumptive diagnosis of cardiac biomarker-negative unstable angina was estab-
lished.

Indication for the Echo

While still in the emergency department, the patient had another episode of chest
pain. His electrocardiogram obtained during the chest episode remained unchanged
from the baseline. A stat echocardiogram was performed in the emergency depart-
ment while the patient was still having chest pain.

Echo Imaging

Transthoracic echocardiography at the time of chest pain revealed hypokinesis of the
basal and mid segments of the inferior and posterior (inferolateral) walls (segments
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Fig. 4.10 Electrocardiogram (EKG). EKG reveals normal sinus rhythm, inferior Q waves, and
lateral T wave abnormalities consisting of a slight ST depression in the precordial lead V¢ (circles)
and T wave inversions in leads I and aVy (arrows)
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Fig. 4.11 Transthoracic echocardiogram. Transthoracic echocardiography at the time of chest pain
revealed hypokinesis of the basal and mid segments of the inferior and posterior (inferolateral)
walls (segments 4, 5, 10, and 11). There were no other left ventricular wall motion abnormalities
including the regions supplied by the distal LAD (segments 13—17) where in-stent restenosis had
occurred

4,5, 10, and 11). There were no other left ventricular wall motion abnormalities
including the distal anterior wall and the apex (segments 13—17). Left ventricular
ejection fraction was diminished and was calculated at 40% (Fig. 4.11).
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Management

Patient was taken to the cardiac catheterization laboratory. His coronary angiogram
revealed that the right coronary artery was dominant and that it had no signifi-
cant stenosis. In the distal left anterior descending (LAD) artery, there was in-stent
restenosis. Just proximal to the takeoff of the first obtuse marginal branch, there was
a 95% diameter stenosis of the left circumflex (LCx) artery (Fig. 4.12).

Fig. 4.12 Coronary angiogram. Note the abnormalities in both the LAD and the LCx. In the distal
LAD, there is in-stent restenosis (arrows). Just proximal to the takeoff of the first obtuse marginal
branch (OM,), there is a 95% diameter stenosis of the LCx (arrow head). The image is obtained in
the right anterior oblique (RAO) view (-27°) with caudal angulation (-30°). Coronary angiogram
is courtesy of Drs. Marc Klapholz and Edo Kaluski, New Jersey Medical School, Newark, NJ

Given the echocardiographic findings, the LCx was deemed to be the culprit
vessel and the stenosis was successfully treated with the deployment of a drug-
eluting stent. Despite restenosis of the stent in the distal LAD, there were no wall
motion abnormalities in the LAD distribution likely due to natural collaterals.

Outcome

Following the percutaneous intervention, his chest pain resolved and he was dis-
charged home. He remained chest pain free on subsequent follow-up.
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Clinical Case #2

Subjective

A 69-year-old man with history of hypertension was found unresponsive in a local
park. Emergency medical service was called and patient was transported to the hos-
pital. No details of his past medical history could be obtained as the patient was
unresponsive and no relative or friend could be contacted.

Objective

In the emergency department, his blood pressure was 185/65 mmHg and a heart
rate of 55 beats per minute. His respiratory rate was 10 respirations per minute
and his oxygen saturation was 99% on a 100% nonrebreather mask. There was no
evidence of trauma. He had a normal jugular venous pressure. Patient was intubated
for airway protection and auscultatory exam of the lungs was difficult. His cardiac
exam revealed no murmurs, rubs, or gallop. He did not have any peripheral edema.

An electrocardiogram performed in the emergency department revealed sinus
bradycardia, left atrial enlargement, and lateral T wave inversions (Fig. 4.13). Basic
laboratory exam was remarkably for elevated serum glucose level (239 mg/dL; nor-
mal <109 mg/dL).
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Fig. 4.13 Electrocardiogram (EKG). EKG reveals sinus bradycardia, left atrial enlargement, and
lateral T wave inversions (arrows)

Serum troponin I peaked at 20.8 ng/mL (normal <0.4 ng/mL). Brain natriuretic
peptide (BNP) was elevated at 1550 pg/mL (normal <100 pg/mL). Chest radiograph
revealed pulmonary vascular congestion (Fig. 4.14).
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Fig. 4.14 Chest radiograph.
Pulmonary vascular
congestion is present in both
lungs. Radiograph is courtesy
of Dr. Pierre Maldjian, New
Jersey Medical School,
Newark, NJ

Indication for the Echo

A presumptive diagnosis of acute coronary syndrome complicated by an acute pul-
monary edema was established and transthoracic echocardiogram was ordered to
assess left ventricular systolic and diastolic function.

Echo Imaging

Transthoracic echocardiogram revealed severe global LV systolic dysfunction.
Assessment of left ventricular diastolic dysfunction revealed a restrictive filling pat-
tern (grade III left ventricular diastolic dysfunction) based on mitral and pulmonary
venous flow velocity recordings. Peak velocity of the mitral annular tissue Doppler
E’ wave was low (6 cm/s) indicative of diminished left ventricular relaxation. E/E’
ratio was greater than 15 indicative of elevated left atrial pressures (Fig. 4.15). In
summary, echocardiographic findings were consistent with the clinical diagnosis of

MITRAL INFLOW MITRALTISSUE DOPPLER PULMONARY VEIN

Fig. 4.15 Echocardiogram. Mitral inflow blood velocity pattern reveals restrictive filling pattern.
Pulmonary venous flow with S < D is consistent with such a pattern. Peak velocity of the mitral
annular tissue Doppler E’ is low. E/E’ ratio is greater than 15 indicative of elevated left atrial
pressures and consistent with the clinical diagnosis of congestive heart failure



56 M. Saric

congestive heart failure (pulmonary vascular congestion on chest radiograph; highly
elevated BNP).

Management

Patient was treated with an angiotensin-converting enzyme, a beta blocker, a statin,
and an intravenous diuretic. His oxygenation improved and pulmonary vascular con-
gestion resolved.

Outcome

The patient’s neurologic status did not improve significantly and he continued to
be in a persistent vegetative state and ventilator dependent. He had a tracheostomy
and gastrostomy tube placed and was transferred to a long-term facility. He had no
further cardiac evaluation or intervention in view of his poor neurologic outcome.
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Chapter 5
Echocardiography Assessment of the Right
Ventricle in Acute Coronary Syndrome

Linda D. Gillam

Introduction

When echocardiographers evaluate patients with cardiac decompensation following
acute myocardial infarction, the abnormalities sought are typically left-sided prob-
lems such as profound left ventricular systolic dysfunction and/or mechanical com-
plications of infarction. However, right ventricular infarction, which may also
present as cardiogenic shock, is often overlooked. Although echocardiography is
ideally suited to make this diagnosis, echocardiographic imaging protocols fre-
quently include only limited images of the right ventricle and rarely include regional
or quantitative assessment of function. As a consequence, the diagnosis of myocar-
dial infarction may be missed.

This chapter will first provide an overview of the clinical features of right ven-
tricular infarction to help the echocardiographer identify clinical scenarios in which
this diagnosis should be suspected. Subsequent sections will provide a road map for
the global and regional assessment of right ventricular function using echocardiog-
raphy. Both qualitative and quantitative approaches will be discussed. The chapter
will conclude with a review of complications of right ventricular infarction and the
role that echocardiography can play in their detection and management.

Blood Supply of the Right Ventricle

The right ventricle receives virtually all of its blood supply from the right coro-
nary artery. The left anterior descending coronary artery supplies small proximal
branches to the right ventricular outflow tract; when it wraps around the left ventric-
ular apex, it perfuses the right ventricular apex as well.

In the majority of people (60%),' the right coronary artery also supplies the
inferior septum and the inferoposterior wall of the left ventricle through the posterior
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descending artery and posterolateral left ventricular branches. This is termed a right
dominant coronary circulation. In approximately 25% of cases,' these regions are
perfused by the left circumflex coronary artery (left dominant circulation). In the
remaining 15%," the circulation is codominant with both the right and the left cir-
cumflex coronary arteries contributing blood supply to these segments.

Thus, right ventricular infarction, which occurs when the right coronary artery
is occluded, is typically accompanied by left ventricular inferior wall infarction.
Isolated occlusion of a nondominant right coronary almost certainly occurs and is
presumably associated with isolated right ventricular infarction. However, this phe-
nomenon is rarely recognized clinically, perhaps because right-sided EKG leads
are not routinely recorded and the small muscle mass of the infarcted right ventricle
results in small enzyme leaks that may be overlooked or attributed to other causes of
chest pain. Moreover, as discussed more fully below, echocardiography may either
fail to detect right ventricular systolic dysfunction or attribute such dysfunction to
other etiologies. Therefore, the true frequency of isolated right ventricular infarc-
tion is unknown. With occlusion of the left anterior descending coronary artery, right
ventricular involvement (apex and/or outflow tract) may occur but is rarely clinically
significant. Inferior wall infarction attributable to left circumflex occlusion does not
involve the right ventricle.

The overall incidence of right ventricular infarction varies widely. Autopsy
series>* report RV involvement in 24-90% of patients with inferior wall myocar-
dial infarction. Clinically evident right ventricular infarction is reported to occur
in 15-20%* with severe involvement in 3—8%. Echocardiographic studies® have
reported that up to 40% of patients with inferior wall myocardial infarction have
right-sided involvement. It is hypothesized that right ventricular hypertrophy with
resulting increased oxygen demand renders the right ventricle more vulnerable to
ischemic insult.

Clinical Manifestations and Significance of Right
Ventricular Infarction

Right ventricular infarction should be suspected and sought echocardiographi-
cally in any patient with inferior wall myocardial infarction. More specific clini-
cal findings include manifestations of acute right ventricular decompensation such
as hypotension and jugular venous distention, particularly if associated with clear
lung fields. The clinical differential diagnosis of right ventricular infarction includes
left ventricular myocardial infarction with pump failure (in patients presenting with
cardiogenic shock), cardiac tamponade, pulmonary embolus, and cor pulmonale.
Right-sided precordial EKG leads should be routinely performed and will show
ST-T changes and Q waves.®

In many patients, right ventricular infarction may be associated with no or min-
imal signs and symptoms. However, even in such individuals it may be clinically
important since, in aggregate, right ventricular infarction has been shown to be an
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independent predictor of morbidity and mortality.”™ It is notable, however, that
right ventricular infarction may cause cardiogenic shock. In the SHOCK (SHould
we emergently revascularize Occluded coronaries for Cardiogenic shocK) study,'”
right ventricular infarction accounted for 5.3% of patients with MI-associated shock.
Importantly, in this series, adverse outcomes defined as recurrent infarction (8.8%),
recurrent ischemia (12.1%), and death (53.1%) occurred just as frequently when
shock was on the basis of predominant right versus left ventricular infarction. The
pathophysiologic basis for cardiogenic shock in right ventricular infarction may be
multifactorial. Importantly, a right ventricle that is unable to pump blood through the
pulmonary vascular bed will result in left ventricular underfilling. Moreover, due to
pericardial constraint, an acutely dilated right ventricle will result in deviation of the
interventricular septum toward the left with a tendency to distort and impede filling
of the left ventricle.'!

Echocardiographic Diagnosis of Right Ventricular Infarction

Qualitative Assessment

Echocardiographers have, for many years, used a qualitative (visual) assessment as
the initial approach to evaluate left ventricular global and regional function. While it
has its limitations, this approach has permitted the reliable diagnosis of left ventric-
ular infarction. Moreover, there is a well-established correlation between regional
wall motion abnormalities and the site of coronary occlusion. This is the basis of
the 17-segment model of the left ventricle that has been adopted for all imaging
modalities.'?

The qualitative assessment of the left ventricle emphasizes the use of multiple
echocardiographic windows that collectively demonstrate all 17 segments in a man-
ner that is intrinsically redundant, i.e., each segment is shown in more than one
window. Seeing a regional wall motion abnormality in more than one echocardio-
graphic view increases the confidence with which the diagnosis of regional dysfunc-
tion is made. While the assessment of regional left ventricular function is arguably
one of the most difficult echocardiographic skills, it is well established that it can be
acquired with formal training and practice.

A similar approach can be applied to the right ventricle. Thus the right ventri-
cle should be evaluated in multiple views, and it behooves the echocardiographer
to fully evaluate the right ventricle in all patients so that the spectrum of normal
right ventricular function is learned. Only with this approach will the qualitative
assessment of RV function be robust.

Unfortunately in many echocardiographic studies, the assessment of the
right ventricle is limited to the apical four-chamber view. However, the rou-
tine two-dimensional echocardiographic examination of the right ventricle should
include multiple views as follows (Fig. 5.1):
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Fig. 5.1 Standard imaging planes for the two-dimensional echocardiographic evaluation of the
right ventricle. PLA = parasternal long axis; RVIT = right ventricular inflow tract;
PSA = parasternal short axis (the image obtained is at the level of the ventricles); A4C = apical
four-chamber; S4C = subcostal four-chamber; SSA = subcostal short axis (in the image, the plane
is at the level of the great vessels). However, with transducer angulation, a series of short-axis views
at the level of the ventricles that is analogous to those obtained parasternally may be recorded

1) Parasternal right ventricular inflow tract view.

2) Parasternal short-axis views at multiple levels. (Note: In order to see the right
ventricle optimally, it may be necessary to widen the sector and/or sacrifice a
complete simultaneous display of the left ventricular short axis. In this situation
a series of RV-optimized and LV-optimized short-axis views should be recorded.)

3) Apical four-chamber view. (Note: While this view is routinely optimized for
the left ventricle, a second RV-optimized four-chamber view should also be
recorded.) This typically requires medial transducer angulation and a degree of
foreshortening of the left ventricle.

4) Subcostal four-chamber view.

5) Subcostal short—axis view.

The Utility of Echocardiographic Contrast Agents in Assessing
the Right Ventricle

When RV endocardial definition is poor, echocardiographic contrast agents may be
enormously helpful in improving image quality although RV endocardial border
enhancement is an off-label indication. On occasion, satisfactory right ventricular
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opacification may be achieved with saline contrast. While contrast perfusion imag-
ing of the right ventricle has been reported in a canine model,"? it is technically
challenging given the thin right ventricular wall. There has been no published study
of this technique in humans.

A Segmental Approach to the Right Ventricle

As is discussed in greater detail below, a segmental approach to the right ventricle
is also important since regional rather than global RV dysfunction may occur in a
number of clinically important scenarios including both right ventricular infarction
and arrhythmogenic RV dysplasia. One such approach and the relationship between
echocardiographic views and segments visualized are shown in Fig. 5.2. This rec-
ognizes four right ventricular segments: the right ventricular outflow tract (typi-
cally supplied by branches of the left anterior descending coronary artery), and the
anterior, lateral, and inferior (diaphragmatic) free walls, all supplied by the right
coronary. While the anterior and lateral walls are supplied by the acute marginal
branches, the inferior wall is perfused by the posterior descending artery. While this
system has value, particularly in the setting of right ventricular ischemia/infarction,
it should be noted that there has not yet been agreement within the echocardio-
graphic or larger imaging community on this or any other system. Moreover, it is
limited by the fact that it does not provide a standardized nomenclature for differ-
entiating between basal and apical segments.

Fig. 5.2 The segmental approach to the right ventricle recognizes four segments: the right ven-
tricular outflow tract (RVOT) as well as the anterior, lateral, and inferior (diaphragmatic) walls.
As shown schematically, the parasternal long-axis view displays the right ventricular outflow tract;
the right ventricular inflow tract demonstrates the anterior and inferior walls; parasternal short-axis
views at the level of the ventricles show the anterior, lateral, and inferior walls; the apical four-
chamber view reveals the lateral wall; the subcostal view shows the inferior wall, and the subcostal
short axis at the level of the great vessels reveals the inferior wall and the right ventricular outflow
tract
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When properly displayed, the right ventricular inflow tract view displays the right
ventricular anterior and inferior walls and attached anterior and posterior leaflets of
the tricuspid valve. However, there is a frequent variation on this view in which
the interventricular septum rather than the right ventricular inferior wall is imaged
(Fig. 5.3). In this case, the anterior and septal leaflets of the tricuspid valve are dis-
played. The parasternal long-axis view shows the right ventricular outflow tract,
while short-axis views from either a parasternal or a subcostal view reveal the
right ventricular anterior, lateral, and inferior walls. The apical four-chamber view
demonstrates the right ventricular lateral wall, while the subcostal four-chamber
view shows its inferior wall. Thus, the subcostal four-chamber view is not identical
to the apical four-chamber view.

The importance of a segmental approach to the right ventricle is underscored
by the fact that right ventricular infarction will vary in extent with the site of
occlusion as reported in a study of 40 patients with inferior wall infarction due
to right coronary artery occlusion and EKG-defined right ventricular infarction.'*
In this study, using the segmental scoring system described above, 90% of patients
with the most extensive RV dysfunction (wall motion abnormalities involving the
anterior, inferior, and lateral segments) had obstruction proximal to the first acute
marginal branch. In 83% of patients with dysfunction involving the anterior and

Fig. 5.3 In this nonstandard right ventricular inflow tract view, the transducer has been rotated
to reveal the interventricular septum and adjacent left and right ventricles. This view shows only
the anterior wall of the right ventricle and typically does not show it well. The inferior wall is no
longer visible
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inferior segments, occlusion was proximal to the second marginal branch while
wall motion abnormalities limited to the inferior segment correlated with obstruc-
tion either immediately proximal to the third marginal branch (50%) or distal to this
vessel (50%). In all patients in whom there was no detectable right ventricular dys-
function, obstruction was distal to the third marginal branch. No patient had right
ventricular outflow tract dysfunction or dysfunction isolated to the anterior or lateral
walls. This study supports the concept that the right ventricular inferior wall is in
the distal perfusion bed of the right coronary artery and, as such, will be at risk with
both proximal and distal occlusion. In contrast, the anterior wall will be affected
only with proximal occlusions.

This fact has important ramifications when one considers the echocardiographic
views of the right ventricle. Views such as the apical four-chamber view that image
only the lateral wall may fail to detect infarction when the culpritlesion is distal and the
resultant wall motion abnormality is limited to the inferior wall. Since the inferior wall
may be difficult to see in short-axis views, the subcostal four-chamber and properly
aligned right ventricular inflow tract views are essential to the echocardiographic
detection of right ventricular infarction. Figure 5.4 demonstrates severe hypokinesis
to akinesis of the RV as evidenced by nearly identical right ventricular size at both
end-diastole and end-systole. This patient had a proximal RCA occlusion.

It should be noted that all patients in this study have undergone successful pri-
mary angioplasty prior to echocardiographic imaging and that it has previously been
reported that, in the setting of acute right coronary artery occlusion, early reperfu-
sion improves right ventricular as well as left ventricular function.'3

Additional Studies of Right Ventricular Infarction Using
Qualitative Two-dimensional Echocardiography

Using a semiquantitative segmental scoring system (normal, hypokinesis, kine-
sis/dyskinesis), Ketikoglu and colleagues reported abnormal right ventricular func-
tion at baseline with improvement at 3 months in patients with LV inferior wall
infarction and EKG-defined RV involvement.'® In the RV infarct group, they also
noted abnormal diastolic function (increased tricuspid A wave, E deceleration time,
and RV isovolumic relaxation time as well as decreased E/A ratio).

Dobutamine stress echocardiography has been used to demonstrate viability in
patients with right ventricular infarction who had undergone successful acute reper-
fusion. Contractile reserve demonstrated at day 5 correlated with recovery of func-
tion at the time of 3 month follow-up.!”

Three-Dimensional Echocardiography

Three-dimensional echocardiography is ideally suited to the assessment of the right
ventricle given the geometric complexity of this chamber. However, there has not
yet been a report of the utility of this technique in right ventricular infarction.
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Fig. 5.4 End-diastolic (A) and end-systolic (B) apical four-chamber images of a patient with right
ventricular infarction due to proximal right coronary artery occlusion. Although it is difficult to
convey wall motion with static images, it should be apparent that there has been little change in
the size or the contour of the right ventricle. In real time, the RV lateral wall is seen to be severely
hypokinetic to akinetic

Quantitative Assessment of the Right Ventricle

A number of methods have been proposed for the quantitative echocardio-
graphic assessment of global right ventricular function although none has achieved
widespread clinical use. A major obstacle to the development and adoption of such
tools has been the unusual shape of the right ventricle that handicaps its assessment
with planar two-dimensional imaging. Moreover, there has been a relative lack of
interest in abnormalities of the right heart with the result that few gold standards
exist. The advent of three-dimensional echocardiography has spurred interest in
developing quantitative three-dimensional analytic techniques which have, to date,
been applied to right ventricular volumes. Additional applications will likely be
forthcoming.

Validated two-dimensional methods for assessing the right ventricle include the
following:
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1. Fractional area change. This measure is easily obtained using the apical four-
chamber view in which the end-diastolic and end-systolic areas are simply
planimetered. The fractional area change is expressed as:

(Area at end-diastole) — (Area at end-systole)

End-diastolic area

Normal values are greater than 35%.

2. Tricuspid annular plane systolic excursion has also been widely used. This mea-
sure (TAPSE) is easily obtained using either two-dimensional or M-mode mea-
surements using the apical four-chamber view.

3. Tricuspid regurgitant jets may be used to derive right ventricular dP/dt. The tri-
cuspid regurgitant jet is displayed at high sweep speeds. Using analysis systems
that have been developed for the assessment of left ventricular dP/dt, two calipers
are placed on the ascending limb of the tricuspid regurgitation jet typically at 1
and 2 m/sec. Based on the Bernoulli equation, the velocity spectrum can be used
to calculate the rate of rise of pressure (dp/dt).

4. The myocardial performance (Tei) index originally described for the left ven-
tricle has also been adapted to the right ventricle. This index is expressed as
follows:

(Isovolumic contraction time) + (Isovolumic relaxation time)

Ejection time

Since it is usually difficult to simultaneously record tricuspid inflow and pul-
monary outflow given the relative positions of the tricuspid and pulmonic valves,
sequential inflow and outflow recordings are usually employed.

5. Doppler tissue imaging has also been used to look at the right ventricle and
more recently, strain and strain rate have been derived using both Doppler tis-
sue imaging and speckled tracking approaches. Using Doppler tissue imaging,
the acceleration rate of isovolumic contraction has been suggested to be a load-
independent index of right ventricular contractility.

Studies of Right Ventricular Infarction Using Quantitative Methods

Using right ventricular free wall Doppler tissue imaging, Dokainish et al.'® reported
that a reduced S wave correlated with right ventricular infarction as defined by
proximal right coronary occlusion. Moreover, it was prognostically important, pre-
dictive of cardiac death and rehospitalization at 1 year. In a small series of patients
with ECG-defined right ventricular infarction,'® right ventricular tissue velocity
strain and strain rate were noted to be abnormal in the basal and midventricular seg-
ments. However, apical values were not statistically different from those in patients
with isolated left ventricular inferior wall infarction.
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The myocardial performance index has also been reported to be abnormal in
the setting of right ventricular infarction.?? Using an EKG gold standard, a right
ventricular performance index of >30 had a sensitivity of 82% and specificity of
95% for RV infarction in the setting of left ventricular inferior wall infarction. In the
study group, the mean performance index for those with RV myocardial infarction
was 0.53 £ 0.22.

In a group of patients with acute EKG-defined RV myocardial infarction, abnor-
mal tricuspid annular plane excursion (17 mm) and Doppler tissue imaging S wave
(10.3 cm/s) were noted when they were compared to those with inferior wall infarc-
tion without RV involvement.?! In a later study of patients with both anterior and
inferior infarction?” reduced tricuspid annular plane excursion was noted to be a
marker of poor prognosis, particularly in patients with anterior wall infarction. This
study did not report the number of patients with EKG evidence of right ventricular
involvement.

Echocardiography in the Differential Diagnosis of Right
Ventricular Infarction

In addition to being able to make a positive diagnosis of right ventricular infarc-
tion, echocardiography can also easily confirm or exclude some alternative clinical
diagnoses such as tamponade or left heart abnormalities. The key features of right
ventricular infarction are regional or global right ventricular systolic dysfunction
accompanied by left ventricular inferior wall and inferoseptal regional wall motion
abnormalities. Dysfunction of the inferior wall and the inferior septum will help
exclude cor pulmonale or pulmonary embolus where left ventricular function is typ-
ically normal. However, the septal distortion associated with pulmonary hyperten-
sion in these conditions may distort the left ventricular inferior wall making it more
difficult to assess inferoseptal and inferior wall regional function.

Apical sparing with otherwise global RV systolic dysfunction®* has been reported
as a marker of pulmonary embolus but is neither specific nor sensitive for this diag-
nosis. Since the RV apex may be supplied by the left anterior descending coronary
artery, a similar pattern is theoretically possible with right ventricular infarction.
Finally, it is possible that in patients with nondominant RCA occlusion and right
ventricular infarction, echocardiography alone may fail to reach the correct diagno-
sis since there will be no left-sided involvement in these patients. Clinical correlation
and right ventricular ECGs are always helpful.

Complications
Tricuspid Regurgitation

Ischemic mitral regurgitation as a complication of left ventricular infarction has
been extensively studied and is recognized to occur as a result of an imbalance
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between tethering and closure forces. As first described by Gibson et al.,>* apical
tethering, the hallmark of functional/ischemic mitral regurgitation, is also observed
in cases of functional tricuspid regurgitation (Fig. 5.5). However, functional tricus-
pid regurgitation in the context of acute or chronic right ventricular infarction has
not been extensively studied although one small reported series suggested that sig-
nificant functional tricuspid regurgitation was rare in the setting of acute right ven-
tricular infarction unless there was pulmonary hypertension.?’ Further study, ideally
with three-dimensional technique, is warranted.

Ventricular Septal Defect

Ventricular septal rupture is a recognized complication of acute myocardial infarc-
tion (Fig. 5.6). Of relevance to this discussion is the fact that reduced right
ventricular function is a strong predictor of poor outcome. Thus a full assessment of
the right ventricle is essential in all such patients.?

Fig. 5.5 Normal closure of the tricuspid valve is shown in panel A. The septal and anterior
leaflets close in the plane of the annulus. In contrast, in the setting of functional (ischemic) tricuspid
regurgitation (panel B), the leaflets are apically tethered with a point of coaptation that is apically
displaced from the plane of the annulus. Apical tethering is best appreciated in the apical four-
chamber view
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Fig. 5.6 Subcostal four-chamber view (panel A) of a patient with a ventricular septal defect
(arrows). Color flow mapping (panel B) shows a large left to right shunt. In real-time, the right
ventricle is noted to be severely hypokinetic, a poor prognostic sign

Intraventricular Thrombus + Pulmonary Embolus

The development of intracardiac thrombi with the potential for pulmonary embolism
is another complication that has been the subject of isolated case reports.”’” While
echocardiography, particularly with contrast enhancement, might facilitate the iden-
tification of this complication, it is frequently confounded by normal prominent right
ventricular trabeculation.

Right to Left Shunting

An additional complication that may be detectable by echocardiography is the devel-
opment of right to left shunt across a patent foramen ovale.”® As a consequence
of elevated right-sided pressures and right atrial dilatation, the foramen may be
stretched open and a significant right to left shunt with systemic hypoxia may ensue.
Saline contrast echocardiography may establish the diagnosis and intracardiac or
transesophageal echocardiography may help guide device closure.

Free Wall Rupture

Right ventricular free wall rupture is a rare complication of right ventricular
infarction.?® As with left ventricular rupture, the echocardiographic manifestations
typically consist of hemopericardium with echocardiographic features of tampon-
ade. The rupture site is rarely demonstrable since the right ventricle is dramatically
underfilled (Fig. 5.7).
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Fig. 5.7 Subcostal view
from a patient with right
ventricular free wall rupture
following myocardial
infarction. A large hematoma
as well as free blood is seen
in the pericardial space. The
heart is compressed and the
right ventricle is virtually
empty. The suspected site of
rupture is identified by the
arrow although no color flow
signal was detectable.
Autopsy confirmed this to be
the site of rupture

Treatment and Outcomes

A full discussion of the treatment of right ventricular infarction is beyond the
scope of this chapter. However, elements of treatment include volume repletion,
inotropic support with dobutamine, antiarrhythmic support for the maintenance of
sinus mechanism, reperfusion, and, in patients who are acutely decompensated, tem-
porary right ventricular assist device placement. Nitrates and morphine are typi-
cally avoided. Since such treatment differs in many respects from that of left-sided
myocardial infarction, the ability to make the correct diagnosis with echocardiogra-
phy is obviously of extreme importance.

The prognosis in right ventricular infarction is generally favorable if the acute
event is survived and if appropriate treatment is provided. There is typically variable
residual dysfunction but this is often clinically inapparent. Patients with right ven-
tricular infarction may recover RV systolic function over a period of weeks, perhaps
attributable to a favorable oxygen supply—demand ratio as well as a greater capacity
for quickly developing a functional collateral vascular supply. These results suggest
that in many cases RV myocardial stunning takes place during ischemia instead of
irreversible damage.
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Conclusion

Right ventricular myocardial infarction is a clinically important and frequently over-
looked complication of acute occlusion of the right coronary artery. While it may
easily be detected by careful echocardiographic evaluation, current echo protocols
frequently fail to systematically evaluate the right ventricle. Suboptimal apical views
are particularly problematic. To date, the cornerstone of echocardiographic evalua-
tion of the right ventricle is a qualitative approach. However, quantitative methods
for assessing the right ventricle exist and will continue to evolve.
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Chapter 6
Role of TEE in Acute Coronary Syndrome

Andrew P. Miller and Navin C. Nanda

Introduction

Transesophageal echocardiography (TEE) can be useful in the diagnosis of and
in assessing the complications of acute coronary syndromes (ACS) and myocar-
dial infarction (MI).! Careful transesophageal imaging can provide insight into the
anatomy of the coronary tree and yield conclusive evidence of coronary stenosis.
TEE is often the diagnostic tool of choice to evaluate aortic dissection, which rarely
but flagrantly can alter the treatment plan of patients with ACS. Similar to transtho-
racic imaging, TEE is capable of diagnosing any resulting wall motion abnormal-
ities, aneurysm or pseduoaneurysm formation, and right ventricular infarction in
ACS. When transthoracic imaging of a hemodynamically unstable or critically ill
patient reveals apparent normal systolic function, a mechanical complication of MI
should be considered. These complications of MI that can present later in the course
of care, such as left ventricular free wall rupture, ventricular septal rupture, dynamic
left ventricular outflow tract obstruction, mitral regurgitation from papillary muscle
dysfunction or rupture, right ventricular papillary muscle rupture, and pericardial
effusion, may be best appreciated with the TEE exam. Additionally, TEE may be
particularly useful in the critical care unit in intubated or postoperative patients and
others in whom transthoracic imaging may not be possible. If performed carefully,
the TEE exam can be of importance in the cardiologist’s armamentarium in patients
with ACS.

Coronary Stenosis
Evaluation of the proximal coronary tree, including the left main coronary (LMCA),

left anterior descending (LAD), left circumflex (LCX), and right coronary (RCA)
arteries, is possible with careful inspection during the TEE exam.!~* Stenosis may be
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Fig. 6.1 Left main coronary
artery stenosis. (A) An
eccentric, highly reflectile
atherosclerotic plaque (upper
arrow) that produced >80%
stenosis of the left main
coronary artery (LMCA). The
presence of normal-sized
lumen beyond the stenosed
area increases the diagnostic
confidence, because it
excludes the possibility of
artificial narrowing produced
by an oblique section through
the coronary vessel. (B)
Patients with severe mid left
main stenosis with turbulent
flow seen beyond the lesion.
Pulsed Doppler interrogation
reveals a high diastolic
velocity. LA = left atrium;
LAA = left atrial appendage;
RA = right atrium; RVOT =
right ventricular outflow tract.
Reproduced with permission
from Nanda and
Domanski!®277)
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imaged directly and represented by compromise of the lumen, as seen in Fig. 6.1A.
In this example of >80% stenosis of the LMCA, an eccentric, highly reflectile lesion
is appreciated. To differentiate from an artifact produced by oblique imaging of the
artery, normal lumen should be seen on both sides of the obstruction, as in this
example. Poststenotic dilatation may be appreciated as well, and this often marks
severe stenosis.

Doppler can be useful in confirming the diagnosis of proximal coronary stenosis
and assessing its severity (Fig. 6.1B)."™* Turbulence by color Doppler can prompt
further investigation. Pulsed Doppler interrogation will yield high diastolic veloci-
ties (>1 m/s) in stenotic lesions at rest. Provocative studies using stress agents can
yield additional important clinical data. Using adenosine to induce maximum hyper-
emia may be valuable in assessing coronary flow reserve and has been validated
against invasive flow wire techniques.’

In summary, by careful evaluation it is possible to image the entire LMCA, the
proximal 2 cm of the LAD, the proximal 3 cm of the LCX, and the proximal 4 cm of
the RCA in many patients.? Of these, the RCA is the most difficult to assess, owing
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to its anterior and immediate downward course. When performed in patients with
ACS, TEE assessment of the coronary arteries is a skill that can yield important
clinical results.

Aortic Dissection

Unrecognized aortic dissection in the patient with ACS can yield tragic clinical
consequences. Overall, the incidence of acute aortic dissection in the United States
is 800 times lower than that of acute M1.° Thus, delaying time to reperfusion therapy
in all patients with acute ST elevation MI would be a mistake.” However, symptoms
that suggest aortic dissection should prompt further evaluation.

In the TEE exam of aortic dissection (reviewed elsewhere in this text), it is impor-
tant to assess the ostium of the LMCA and RCA. Nearly 5% of patients presenting
with type A aortic dissection will have an associated acute ML.® Whether the dis-
section extends to the coronary tree is the information imperative to proper surgical
repair.

Wall Motion Abnormalities

Evaluation of wall motion abnormalities, usually from the transgastric approach,
is useful in assessing regions of ischemia or infarction.! In the intraoperative set-
ting for both cardiac and noncardiac procedures, TEE offers monitoring that may

DIASTOLE SYSTOLE

Fig. 6.2 Left ventricular dysfunction. Marked hypokinesis of the anterior septum (arrowheads) is
seen in this patient with ischemic heart disease. The inferior wall is also hypokinetic. Reproduced
with permission from Nanda and Domanski'®28%
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provide the only clue for the presence of ACS.? In coronary revascularization pro-
cedures, TEE offers insight into the response to therapy, which can be magnificently
appreciated during an intraoperative exam.

Wall motion abnormalities are usually best seen in short-axis views of the left
ventricle from the transgastric approach, at the mid-papillary muscle level where
segments corresponding to all three coronary arteries can be seen (Fig. 6.2). TEE
assessment also involves an evaluation of overall left ventricular systolic function,
and care should be taken to ensure that all segments are visualized, with the apical
segment being the most difficult to image.

Left Ventricular Aneurysm and Pseudoaneurysm Formation

Left ventricular aneurysm formation after MI (Fig. 6.3) results from regional con-
tractile dysfunction and LV remodeling of the infarction and peri-infarction regions.
To differentiate from pseudoaneurysm, left ventricular aneurysm is characterized

CAD
DIASTOLE

Fig. 6.3 Left ventricular
apical aneurysm. (A) A large
apical aneurysm containing a
thrombus (arrowheads) is
shown. (B) Color Doppler
examination shows the
presence of associated mitral
regurgitation (MR). LA = left
atrium; LV = left ventricle;
LVO = left ventricular
outflow tract; MV = mitral
valve; RV = right ventricle.
Reproduced with permission
from Nanda and

Domanski! (286
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by a broad neck, with the maximal internal width of the neck nearly equaling the
maximal internal diameter of the aneurysm.’

In the setting of ACS, it is important to inspect for the presence of thrombus
(Fig. 6.3A). Occurring in up to one-third of transmural anterior infarctions, more
than half of LV thrombi form within 48 h and nearly all form within 1 week.'?
Though the length of anticoagulation is controversial, identification of LV thrombus
warrants heparin therapy followed by warfarin for at least 3—6 months.!°

Left ventricular aneurysm, due to both the magnitude of the associated infarction
and the remodeling that follows, results in additional impairment in global ventric-
ular function and geometry. Careful inspection during the TEE exam for associated
functional impairment, such as significant mitral regurgitation (Fig. 6.3B), is war-
ranted. In addition, the TEE exam may guide surgical interventions to restore or
improve left ventricular geometry.

Left ventricular pseudoaneurysm (Fig. 6.4) is a false aneurysm that results from
a left ventricular rupture contained by adherent pericardium or scar tissue. These
lesions have narrow necks that communicate with the left ventricular cavity. In
pseudoaneurysm, the maximal internal width of the neck is less than half that of
the aneurysmal sac.® Owing to their traumatic origin, pseudoaneurysms may take
serpentine paths and three-dimensional echocardiography may provide insight into
their anatomy and wall structure.!! Inherently unstable pseudoaneurysms have a
propensity to rupture and should be resected even if discovered late in the clinical
course after MI.

Fig. 6.4 Left ventricular
pseudoaneurysm. The arrow
shows the communication of
the left ventricle (LV) with
the pseudoaneurysm which
appears to be larger than the
LV cavity. RV = right
ventricle. Reproduced with
permission from Nanda and
Domanski' (289

Right Ventricular Infarction

A well-recognized complication of inferior MI, right ventricular infarction is
marked by right ventricular dilatation and hypokinesis/akinesis during the TEE
exam.'? This important clinical entity requires a different clinical approach, and
when unrecognized can produce undesirable responses in the ACS patient. Only
in rare instances would TEE be the diagnostic modality, since right ventricular
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infarction can be readily diagnosed by clinical signs, the electrocardiogram, and
transthoracic echocardiography.

One complication of right ventricular infarction in which TEE may play a signif-
icant role is in patients with refractory hypoxemia due to shunting through an atrial
septal defect or a patent foramen ovale.'?*'* When right atrial pressure increases to
equal or exceed left atrial pressure, a right-to-left shunt can occur if an atrial septal
defect or a patent foramen ovale exists. Contrast transesophageal echocardiogra-
phy can be helpful in making the diagnosis and percutaneous closure can result in
marked improvement in oxygenation.'3:14

Left Ventricular Free Wall Rupture

The most common mechanical complication of MI, left ventricular free wall rup-
ture has been reported in up to 6% of patients prior to acute revascularization
therapy.'® In the modern era, rates of this complication have improved.'® While

Fig. 6.5 Contained slit-like 7.7 L&z [BFF)
cardiac rupture following :
acute myocardial infarction.

Transgastric views. (A,B) 5 aaxat
Show a large and narrow bl
color jet (arrow) within the s
left ventricle (LV) posterior 1aHe ~

wall. B also shows color flow
signals partially filling the
pseydoaneurysm cavity
(PAN). RV = right ventricle;
T = thrombus. Reproduced
with permission from Rao
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Fig. 6.6 Ventricular septal rupture after acute anterior myocardial infarction. (A) Apical five-
chamber view. Flow signals are seen moving from the left ventricle (LV) into the right ventricle
(RV) through the large apical defect (arrows). (B) The patch (solid arrow) used to close the defect.
(C) Transgastric views (transverse plane imaging) from the same patient show marked enlargement
and widening of the ventricular septum (VS), with large areas of echolucency consistent with
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the most common presentation is out-of-hospital sudden death and the diagnosis
is often made by postmortem exam, the diagnosis of free wall rupture should be
considered in patients with acute clinical decline during the first 10 days after M1
Risk factors that should raise awareness include older age, female gender, first M1,
single-vessel disease, transmural MI, anterior location, and absence of left ventricu-
lar hypertrophy. Complete rupture often results in hemopericardium and electrome-
chanical dissociation, but smaller slit-like ruptures may result in slower bleeding
and be accompanied by progressive signs of cardiogenic shock.

The most common echocardiographic finding in left ventricular free wall rup-
ture is a pericardial effusion. Pericardial effusions containing echodense material
(thrombus) neighboring a wall motion abnormality should raise suspicion for rup-
ture (Fig. 6.5). Careful inspection with color flow Doppler can reveal the site of
rupture. In addition, the use of contrast agents can improve sensitivity by demon-
strating extravasation into the pericardial space.

Ventricular Septal Rupture

Ventricular septal rupture is a less common mechanical complication of MI and
occurs in about 0.2% of patients in the era of reperfusion therapy.!” Ventricular sep-
tal rupture is usually associated with single-vessel disease (left anterior descending
artery is most common) and occurs at the MI margin between thinned, necrotic
and hyperdynamic, non-necrotic myocardium. Other risk factors include older age,
female gender, hypertension, absence of smoking history, tachycardia, and Killip
class 3 or 4.7 Presenting with hemodynamic compromise and a new systolic mur-
mur in most, ventricular septal rupture requires a prompt diagnosis.'®

Anterior ventricular septal ruptures are more apically located, while inferior rup-
tures tend to occur toward the base and have a more complex course. Right ventric-
ular infarction is commonly associated with inferoseptal rupture, and both portend
a poor prognosis. While TTE can establish the diagnosis in most patients, TEE may
be useful in those with poor transthoracic windows and during surgical intervention.

<&
<

Fig. 6.6 (continued) dissection (horizontal open arrows in C). Color Doppler imaging shows
prominent color flow signals (maximal width 10 mm) moving from the LV into the ventricular
septum (VS) (vertical open arrow in C) and occupying the large echolucent areas seen on the
noncolor Doppler image. The prominent area of localized relatively high-velocity signals (flow
acceleration) noted in the LV measured 9 mm at the site of the defect. No corresponding defect at
the same level is seen on the right ventricular aspect, but two smaller sites of rupture, both 5 mm
in size, are noted on the right side further posteriorly (solid arrows in C). These are associated
with smaller areas of flow acceleration (1.5-2 mm). These defects are not delineated on the two-
dimensional image but are visualized only during color Doppler examination. Therefore the patient
has four defects in the VS, one very large and located in the apical region, and the other three
much smaller and located more posteriorly. None of the findings noted in C was demonstrated by
transthoracic echocardiography. LA = left atrium; VSD = ventricular septal defect. Reproduced
with permission from Ballal et al.?°
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Imaging reveals a disrupted ventricular septum with left-to-right shunting by color
flow Doppler (Fig. 6.6).!°: 29 Intravenous injection of agitated saline can demon-
strate bubbles crossing into the left ventricle but is often marked by negative con-
trast of the right ventricle at the site of the defect. It is important to consider that
defects may be underappreciated when they are very large and flow is of low veloc-
ity or when the rupture results in serpiginous tracts that produce multiple sites of
entry into the right ventricle. In addition, posterior ventricular septal rupture may be
sometimes only appreciated from the transgastric approach.

Left Ventricular Outflow Tract Obstruction

In the setting of anteroapical MI with hyperdynamic basal segments, a rare com-
plication of MI is left ventricular outflow tract obstruction.?! The hemodynamic
consequence of hyperdynamic basal septal contraction and systolic anterior motion
of the mitral valve, this complication is more often seen in older women with hyper-
tension and has also been described in Takostubo cardiomyopathy. Marked by a new
systolic murmur and hemodynamic compromise that does not improve or worsens
with inotropic therapy, this is another complication of MI that is best diagnosed with
urgent bedside cardiac ultrasound.

Echocardiography reveals systolic anterior motion of the mitral valve, turbulent
and high-velocity flow in the left ventricular outflow tract, and a dagger-shaped
contour on continuous wave Doppler evaluation. Transthoracic imaging is usually
adequate to make this diagnosis, but TEE is necessary in those with poor acoustic
windows.

Mitrial Regurgitation and Papillary Muscle Rupture

Papillary muscle rupture is the least common mechanical complication of acute
MI. Usually (>90%) involving the posteromedial papillary muscle due to its single
blood supply, rupture may be complete or just involve the muscular heads or tips
and can occur in even small infarctions.?? Patients with this disorder often present
with acute volume overload and cardiogenic shock in the time period of 2-7 days
after MI. Identification of papillary muscle rupture is a surgical emergency, with a
50% unoperated mortality rate over the first 24 h.?? Due to tachycardia and a non-
compliant left atrium in the acute phase of mitral regurgitation, the murmur of mitral
regurgitation may be soft and transthoracic imaging may be inconclusive. The TEE
exam offers significant incremental value in this clinical entity.

Echocardiographic features of papillary muscle rupture include hyperdynamic
left ventricular function, a flail mitral leaflet with systolic prolapse into the left
atrium, and severe mitral regurgitation. Though diagnostic, visualization of the rup-
tured papillary muscle head prolapsing into the left atrium (Fig. 6.7) may not be
seen in about 35% of cases even with TEE.?* Helpful clues include erratic motion
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Fig. 6.7 Left ventricular
papillary muscle rupture. A
classic finding of prolapse
(arrows) of the ruptured
papillary muscle head into the
left atrium (LA) is noted. The
ruptured head involved the
anterior papillary muscle.
Reproduced with permission
from Moursi et al.??

of a large echo density in the left ventricle (Fig. 6.8) and Doppler evidence of mitral
regurgitation in all four pulmonary veins.

Rupture of the papillary muscle is not necessary to induce acute severe mitral
regurgitation, which can be a result of ischemic dysfunction and respond to revascu-
larization.2* When associated with dilatation of the mitral annulus, the left atrium,
and the left ventricle, functional mitral regurgitation may be long-standing and a
subject of another chapter. When discovered in patients with ACS though, signifi-
cant mitral regurgitation should be carefully considered, since insufficiency marks
that a worse prognosis can progress with continued left ventricular remodeling after
ischemic injury.?>:2

Fig. 6.8 Left ventricular
papillary muscle rupture.
Representation of transgastric
view demonstrating erratic
motion of the ruptured
papillary muscle head 6B 82812:92
(arrow) in the left ventricle
(LV). The ruptured head,
which involved the posterior
papillary muscle, did not
prolapse into the left atrium.
RV = right ventricle.
Reproduced with permission
from Moursi et al.??
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Right Ventricular Papillary Muscle Rupture

Tricuspid insufficiency due to papillary muscle rupture is a rare clinical entity in
ACS (Fig. 6.9).7 More often seen spontaneously in neonates or from traumatic
injury, right ventricular papillary muscle rupture has been reported in only a few
cases.

Fig. 6.9 Right ventricular
papillary muscle rupture.
Apical view. The ruptured
papillary muscle (M) is
visible in the right atrium
(RA). The arrow points to an
associated ventricular septal
rupture. A = anterior
tricuspid valve leaflet; LV =
left atrium; LV = left
ventricle; RV = right
ventricle. Reproduced with
permission from Maxted
etal”’

Pericardial Effusion

As discussed above, the surgical emergencies of aortic dissection and left ventric-
ular rupture may be represented by a pericardial effusion during the TEE exam.
However, up to 28% of patients with acute MI may have a pericardial effusion, and
hemopericardium comprises a minority of these.?® Early postinfarction pericardi-
tis often develops on day 2 or 3 after a transmural MI and the course is usually
benign. Dressler’s syndrome is a different clinical entity and usually develops dur-
ing the second or third week after an acute MI, but may begin as early as 24 h after
the MI. This syndrome can result in large effusions and rarely can produce cardiac
tamponade.

During a TEE exam in the patient with ACS, a pericardial effusion should be
viewed suspiciously, and aortic dissection or free wall rupture should be ruled out.
The usual signs of cardiac tamponade should be evaluated, including pronounced
respiratory variation of diastolic flow across the mitral and tricuspid valves, right
atrial systolic collapse, right ventricular early diastolic collapse, and a dilated infe-
rior vena cava with poor respiratory excursion. In patients after cardiac surgery, it is
important to inspect for left ventricular collapse and a loculated posterior effusion.
When these signs are absent, pericardial effusion may be a benign complication of
acute ML
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Conclusion

When performed in the operating room and in the cardiac care unit, TEE can add
valuable information to the care of the ACS patient. Intraoperative TEE may provide
only the diagnostic clue for ACS in the sedated patient with alterations in hemody-
namics. In patients with aortic dissection, or the rare case of paradoxical embo-
lus,?® TEE may identify the etiology of ACS. In critically ill patients with sudden
hemodynamic compromise in the hours to days after a transmural MI, TEE may be
the diagnostic modality of choice to identify pseudoaneurysm, left ventricular free
wall rupture, ventricular septal rupture, and papillary muscle rupture. These entities
require prompt intervention and, thus, must not be missed.
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Chapter 7
Newer Quantification Technique for the Left
Ventricular Wall Motion Analyses

Ajay S. Shah, Melana Yuzefpolsky, and Farooq A. Chaudhry

Introduction

One hundred and sixty years ago, the Austrian professor of mathematics Christian
Doppler first described the Doppler principle for light. Applied to ultrasound this
technique has been developed to an essential part of echocardiography. In contrast
to two-dimensional echocardiography, Doppler signals are less affected by tissue
between the region of interest and the transducer. Tissue Doppler imaging (TDI)
and strain rate imaging (SRI) are new techniques providing velocities of normal and
pathologic myocardial structures during the cardiac cycle.!

Usual indices of global LV function such as EF and volumes are load depen-
dent and influenced by image quality, technical considerations, and measurement
error. Ejection fraction reflects the sum contribution of several regions and does not
provide information on regional function. Myocardial tagging with cardiac mag-
netic resonance (CMR) introduced the opportunity to noninvasively track regional
myocardial mechanics.”~* TDI allows similar assessment by ultrasound.>-

TDI depicts myocardial motion, measured as tissue velocities, at specific loca-
tion in the heart. Tissue velocity indicates the rate at which a particular point moves
toward or away from the transducer. Despite its validity in multiple cardiac patholo-
gies,” ® TDI is an imperfect measure of regional myocardial activity. It interrogates
motion at a single point in the myocardium with transducer being the reference
point and is influenced by translational motion and tethering. The term “tethering”
is used to describe the dragging of akinetic basal segments toward the apex by nor-
mally functioning mid or apical segments. Strain and strain rate, however, allow us
to measure myocardial deformation relative to the adjacent myocardium.

When considering the different modalities of echocardiography, the distinction
between motion and deformation imaging is important. Displacement and veloc-
ity are motion, while strain and strain rate are deformation. A moving object does
not undergo deformation so long as every part of the object moves with the same
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velocity. The object may then be said to have pure translational velocity, but the
shape remains unchanged. Over time, the object will change position — displace-
ment. On the other hand, if different parts of the object have different velocities, the
object has to change shape. Then, the motion of the different parts can be described
by their velocity and displacement, while the whole object can be described as
undergoing deformation.’ This is illustrated below (Fig. 7.1).

Fig. 7.1 (A) The engine and &
coaches all run with the same
velocity. Over a defined

period of time, the train will
change position W Y
(displacement), but not shape. 4

Thus, the train shows both the

velocity and the <= = l <= <=
displacement, i.e., motion,
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engine and the last coach pull " E !f ! @ Uit ouboooo
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Strain is a measure of tissue deformation and is defined as change in length nor-
malized to the original length, also known as myocardial fiber shortening (Fig. 7.2).
By this definition, strain is a dimensionless ratio and is often expressed in percent.
Positive strain is lengthening or stretching and negative strain is shortening or com-
pression, in relation to the original length.

Strain rate (SR) is the rate by which the deformation occurs, strain per time unit.

£ = Aé/At

The unit of strain rate is s~!. The strain rate is negative during shortening, positive
during elongation. Myocardial thickening during systole is thus an example of a
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Fig. 7.2 Strain measures Strain (el =L
tissue deformation and is ‘ , b.i?_
defined as the change in Lﬂ

dimension or length (L1-L0),
normalized to the initial
length LO of the region of
interest. For example, if the
initial length of a myocardial
segment is 10 cm, then
shortening it by 2-8 cm
indicates a strain of —20%.
Likewise a lengthening of the
segment to 12 cm indicates a
strain of +20%. No change in
length would suggest 0%
strain. The rate at which any
of these length (dimension)
changes occur is strain rate

ke L, L L

positive strain. Peak systolic strain rate represents the maximal rate of deformation
in systole. Tissue Doppler velocities can be used to obtain an estimate of SR.

§=Va—Vb/d

Expression Va—Vb represents the difference of instantaneous myocardial veloci-
ties Va and Vb at measurement points a and b. Distance (d) specifies how far apart
the two velocity points are at a time measurement (Fig. 7.3).1°

If we assume that the time interval between consecutive frames is infinitesimally
short, we can obtain strain by summing (integrating) SR values from a starting point
t0 to an ending time point t. Indeed, SR seems to be a correlate of rate of change in
pressure over time (dP/dt), a parameter that is used to reflect contractility, whereas
strain is an analog of regional ejection fraction. As would be expected with ejection
fraction, increasing preload is associated with increasing strain at all levels of wall
stress, and increasing afterload is associated with a reduction of strain. Peak systolic
strain rate is the parameter that comes closest to measuring local contractile function
in clinical cardiology.'!

The use of strain (deformation) to examine the properties of the heart is not a
new concept. Mirsky and Parmley used strain to study the elastic properties of the
myocardium.'?> Although myocardial strain is a three-dimensional tensor, it is usu-
ally simplified focusing on the three primary directions of strain in the heart. The
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Transducer

== Ultrasound scan line
------- Scanning sector

Fig. 7.3 Schematic drawing demonstrating how strain rate is estimated from the difference in
local tissue velocities Va and Vb over a distance (d). (A) Analysis of longitudinal shortening and
lengthening in the ventricular septum using an apical four-chamber projection. (B) Analysis of
radial thickening and thinning in the ventricular anterior wall using a short-axis view. (C) Analy-
sis of circumferential shortening and lengthening in the ventricular septal wall using a short-axis
view!?

heart shortens and lengthens in the longitudinal direction, it thickens and thins in
the radial direction, and it shortens and lengthens in the circumferential direction. A
torsion or wringing motion is also present between the base and the apex of the heart
(Fig. 7.4)."3 When viewed from the apex, the apex rotates counterclockwise, and the
base rotates clockwise in systole (twisting), with the opposite motion (untwisting)
in diastole. An example of typical SR and strain curves is provided below (Fig. 7.5).
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Fig. 7.4  Graphic representation of the myocardial deformations: longitudinal (A), radial and
circumferential (B), and torsional (C). Solid lines: direction of deformation in systole. Dashed
lines: direction of deformation in diastole!3
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Fig. 7.5 Examples of longitudinal strain profiles in normal (A) and ischemic (B and C)
myocardium. Reduced (B) or inverted (C) systolic (S) strain rate, delayed onset of systolic shorten-
ing (t-S), postsystolic shortening (negative strain rate) during isovolumic relaxation period (IVR),
and reversed diastolic E/A strain rate ratio occur in acute ischemia

Cardiomyopathies

Tissue velocities, strain rates, and strain are reduced in cardiomyopathies and poten-
tially could be used for preclinical detection of several inherited cardiomyopathies.
Early diastolic strain rates were significantly lower in asymptomatic, gene-positive
patients with Friedrich’s ataxia.'* Abnormal systolic and diastolic tissue veloci-
ties are reported in Fabry’s disease patients without ventricular hypertrophy.'> Sys-
tolic strain and strain rates improved after enzyme-replacement therapy in Fabry’s
disease.'®

Systolic SR during ventricular ejection and rapid ventricular filling was lower in
restrictive cardiomyopathy compared with constrictive cardiomyopathy.!” SR dur-
ing isovolumic relaxation was positive in restrictive patients and negative in con-
strictive patients. Early diastolic SR (during rapid ventricular filling) was low in
restrictive patients compared with constrictive patients and normal controls.!”

Similarly, systolic SRs were lower in hypertrophic cardiomyopathy patients com-
pared to athletes, hypertensive patients, or healthy subjects. Early diastolic strain is
able to differentiate between hypertrophic cardiomyopathy and physiologic hyper-
trophy in athletes.'® It also has been shown that advancing age is associated with a
gradual decrease in systolic and early diastolic SR and a corresponding increase in
late diastolic SR.!> 20

Coronary Artery Disease

Detection of myocardial ischemia by visual assessment of wall motion is fraught
with variability and low reproducibility.>! Wall motion can be quantified by TDI or
strain echocardiography, respectively. Low systolic tissue velocities correlate with
angiographic or echocardiographic wall motion abnormalities.?> Tissue velocities
decrease with reduced regional perfusion, recover on reperfusion, and differentiate
between trasmural and nontrasmural infarction.”?: 2* The advantage of strain/strain
rate, as compared to regular echocardiography, is its ability to detect inducible
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ischemia at earlier stages than visual estimation of wall motion or wall thickening
parameters.

The homogenous distribution of systolic SRs from apical to basal segments is
lost during myocardial ischemia and infarction. The typical changes that are seen
in strain rate profiles with acute ischemia are reduced or inverted systolic SR, pre-
dominant postsystolic SRs ( i.e., postsystolic shortening), delayed onset of systolic
shortening, regional asynchrony in the onset of systolic contraction, reflecting early
systolic bulging,> 2° and reversed diastolic E/A strain rate ratio®’ " (Fig. 7.5).

Postsystolic shortening or thickening is a sensitive but not a very specific marker
of ischemia and can be easily recognized by high, abnormal SR during the iso-
volumic relaxation period, often extending into the early filling period. Accurate
timing of the aortic valve closure is critically important for correct recognition
of postsystolic shortening. It has been shown that the extent of the myocardium
that exhibits postsystolic shortening approximates the extent of the myocardium at
ischemic risk?>’-3° (Fig. 7.6).

Com pression
(Shartening) (lengthening)

Fig. 7.6 Example of longitudinal strain rate (SR) maps in apical long-axis view during infarction
in the LAD territory (A) and postpercutaneous intervention to LAD (B). Negative SR (longitu-
dinal shortening) is color-coded in yellow-orange and positive SR (longitudinal lengthening) in
cyan-blue. During infarction, delayed onset, postsystolic shortening, and delayed onset of local
lengthening are readily visible. Postpercutaneous intervention the strain rate is homogenously dis-
tributed from the apex to the base. The vertical lines indicate time of the aortic valve closure (AVC)
and the mitral valve opening (MVO)

Stress Echocardiography

Although clinically useful in its present form, the main limitation of stress echocar-
diography interpretation is the subjective visual analysis of endocardial motion and
wall thickening and necessity of adequate training. Myocardial velocity may provide
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a more objective correlate of ischemia, reducing the expertise needed for interpret-
ing stress echocardiography with improved reproducibility.

Changes in strain precede those in wall motion or tissue velocity during dobu-
tamine stress and can differentiate stunned from ischemic myocardium.?! Strain
rate correlates with regional myocardial perfusion during dobutamine stress. Strain
rate may be better than strain and both are likely superior to tissue velocity
in detecting ischemia via stress echocardiography.’? Systolic tissue velocities,
strain rates, and to some extent strain increase with dobutamine stimulation in
the normal subjects.’® 3* This response is blunted in areas with stress-induced
ischemia. Low systolic tissue velocity at maximal stress (<5.5 cm/s) predicts stress-
induced ischemic wall motion abnormalities.’® At rest, stunned, acutely ischemic
myocardium and nontransmural infarction are associated with reduction of strain
and SR, together with the presence of postsystolic shortening. Transmural infarc-
tion is associated with lower strain and SR and less postsystolic shortening than the
other entities. Low-dose dobutamine increases the strain and SR and reduces the
postsystolic shortening in stunned myocardium, but nontransmural infarcts show
only a transient increase in SR, no change of strain, and increasing postsystolic
thickening. Acutely ischemic tissue deteriorates and transmural infarction remains
unchanged.

Viability assessment of DSE in combination with TDI improved accuracy and
showed comparable results to thallium-201 tomography.*®- 37 In PET nonviable seg-
ment systolic peak velocities were significantly lower and demonstrated a reduced
response during dobutamine stress compared to PET-viable segments.*®

Dyssynchrony Assessment

Patients with low ejection fraction, conduction abnormalities (prolonged QRS), and
symptomatic heart failure refractory to optimal medical therapy experience sig-
nificant benefits from cardiac resynchronization therapy (CRT).** However, about
30% of patients do not respond to CRT. This has to be attributed to the ill-defined
selection criteria, which rely on QRS width as the only marker for dyssynchrony.*’
Mechanical dyssynchrony as determined by TDI may be superior to electrocardio-
graphy in predicting response to therapy.

In normal synchronous hearts, segmental systolic tissue velocities peak almost
simultaneously (Fig. 7.7A). In dyssynchronous hearts, the lateral and/or posterior
segments peak considerably later than the septum (Fig. 7.7B), which results in inef-
ficient ejection. Pacing the delayed region allows synchronized mechanical activity
and improves ejection (Fig. 7.7C).

The mechanical delay between the normal (early) and the late segments predicts
response to resynchronization.*! Among several proposed indices of mechanical
dyssynchrony, the criteria commonly used in clinical practice are (1) septal to lateral
wall delay >65ms*’ and (2) the standard deviation systolic delay of time to peak
systolic velocity of 12 segments >33 ms — Yu index.*?
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Fig. 7.7 (A) Normal individual showing simultaneous contraction of the anteroseptum (green and
turquoise) and the posterior (yellow and red) wall. (B) Tracing of a patient with heart failure and
low ejection fraction prior to biventricular pacing demonstrates an early anteroseptal peak and a
delayed lateral wall peak. The septal and lateral wall delay was 106 ms, which suggests significant
mechanical dyssynchrony. (C) That is reduced to 14 ms after biventricular pacing

Atrial Function

Atrial function has been examined by strain echo initially in amyloidosis** and sub-
sequently in patients with atrial fibrillation, as an adjunct to appropriate selection
of people for cardioversion. Atrial compliance is altered by atrial fibrillation before
structural remodeling occurs. The degree of the impairment in atrial compliance
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assessed by strain and strain rate has been shown to be strongly predictive of mainte-
nance of sinus rhythm.** The best predictive value for maintenance of sinus rhythm
was obtained by peak systolic strain rate.

Techniques and Limitations of the Strain Rate Imaging (SRI)

The velocity-regression technique has a number of potential pitfalls. First, the com-
parison of adjacent velocities is very sensitive to signal noise, and the quality of SR
curves may vary depending on the curve used in obtaining the underlying velocity
data. Optimizing the velocity signal should include avoidance of reverberation arti-
fact (Fig. 7.8A) and ensuring adequate frame rate (>100 frames/s). Improvements
to the velocity signal by the use of harmonic imaging as well as both temporal and
spatial averaging are important in optimizing the SR signal, although this comes at
the cost of reducing spatial resolution.

i ASPW=106ms -\ AS-PW=14ms
w PreCRT % postcRr

W

Fig. 7.8 Pitfalls of tissue Doppler-derived strain rate. (A) Reverberation artifact shown in yellow
curve compromises the strain rate signal, contrasted with an adjacent normal strain rate signal (blue
curve). (B) Blood pool activity, noise strain rate curve (yellow) is compared with a smaller sample
size, tracked to myocardial movement (blue). (C) The limited spatial resolution of tissue Doppler,
blue curve (sample volume outside the cardiac contour), although noisy, is comparable with the
yellow curve that is appropriately tracked to the wall

The second limitation relates to the limits on spatial resolution that are imposed
by imaging at high temporal resolution. If the number of Doppler interrogating
beams is limited in an effort to maximize temporal resolution, spatial resolution
may be compromised. This may contaminate myocardial velocity signals with adja-
cent LV blood pool velocities, which are an important source of noise (Fig. 7.8B).
In turn, this will compromise the strain rate signal (Fig. 7.8C). Tracking the sam-
ple throughout the cardiac cycle is also important to ensure that the sample remains
with the myocardium.

Third, like all Doppler techniques, tissue velocity-based strain is sensitive to
alignment. The application of this technique to areas where the axis of contraction
changes along the scan line means that different vectors may be involved at each
site, with consequent error in strain measurements.*
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Fourth is the through plane motion. It should be remembered that myocardium
undergoes wringing torsional motion so that the sample will inevitably move out of
the scanning plane in the course of the cardiac cycle. This motion has little effect on
systolic measurements, because peak SR occurs early in systole, but it may become
important in the measurements of diastolic phenomena. Finally, angle changes dur-
ing the cardiac cycle and with respiratory movement may contribute to drifting of
the strain curve. This can be avoided by careful acquisition.

Speckle Tracking

The basic principle of speckle tracking is based on the interference of the reflected
ultrasound giving rise to an irregular random-speckled pattern. The random distribu-
tion of the speckles ensures that each region of the myocardium has a unique pattern.
The speckles follow the motion of the myocardium, so when the myocardium moves
from one frame to the next, the position of this unique pattern will shift slightly,
remaining fairly constant. The speckles can be traced over time and speckle dis-
placement is used to calculate tissue velocity and strain.*® This method is relatively
angle independent, because it is not based on Doppler principle. It is also performed
at a much lower frame rates ( 40-90 frames/s) and may not be as accurate in timing
mechanical events as Doppler-based imaging ( 100-250 frames/s).

Velocity Vector Imaging

Velocity vector imaging is a novel quantitative echocardiographic technique that
is applied to routine grayscale echocardiographic images. Velocity vector imag-
ing can quantify left ventricular mechanical dyssynchrony and predict response to

Fig. 7.9 Depicting a normal
velocity vector imaging
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resynchronization therapy. Tissue velocities are determined by the automated track-
ing of periodic B-mode image patterns on digital cine loops from standard apical
four-chamber, two-chamber, and long-axis views, with the user tracing the mid left
ventricular wall from a single frame. Dyssynchrony is determined as the greatest
opposing wall peak longitudinal systolic velocity delay from the three views. Veloc-
ity vector imaging has potential for clinical utility (Fig. 7.9).

Conclusion

Over its 5-year history, SRI has provided a valuable physiological tool for under-
standing myocardial mechanics. Unlike its parent methodology, tissue Doppler
imaging, which has found a niche in the assessment of diastolic dysfunction and
measurement of LV synchrony, the place of SRI in standard clinical practice remains
incompletely defined. The most immediate clinical applications relate to myocar-
dial viability and the identification of subclinical LV dysfunction, with the applica-
tion of standard stress echocardiography and the quantification of resting function
being more remote goals. Barriers to the clinical uptake of this technique include
the requirements for significant understanding of complex methodology, techni-
cal challenges of the acquisition and analysis, and lack of consensus regarding the
superiority of any one among a number of potential measurements for different
applications.*’
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Chapter 8
3D Echo in Acute Coronary Syndrome

Kohei Fujimoto and Shunichi Homma

The echocardiogram (echo) is a very important tool in assessing patients with
coronary artery disease. Recently developed 3D echo has advantages over conven-
tional 2D echo.

The evaluation of patients with chest pain is an important step in making diag-
noses and clinical decisions. Although coronary angiography is the gold standard
for the diagnosis of coronary artery disease, this is an invasive method. There are
various noninvasive modalities to assess coronary artery disease. However, exercise
electrocardiography has low reliability,' and myocardial scintigraphy is costly and
has low reliability in certain cases such as those involving left main or multives-
sel coronary artery disease.” Thus, a simpler and more useful noninvasive modality
seems to be ideal for these patients.

Exercise or pharmacological stress echo is used for the assessment of ischemic
heart disease.> However, conventional 2D stress echo suffers from limited sensitivity
and specificity and high interobserver variability, in part because of the limitations
of 2D echo.* 3D echo would be especially useful in assessing ischemic heart disease
since an accurate assessment of wall motion abnormality and asymmetric shape of
the left ventricle (LV) is needed. The latest 3D echo systems are being to provide
suitable images for clinical use.

Before the invention of real-time 3D echo, 3D echo took 10 min to acquire data
and required significant offline data processing. The first real-time 3D echo (Vol-
umetrics, Durham, North Carolina) used a sparse-array matrix transducer (2.5 or
3.5 MHz). Transducer consisted of 256 elements to generate a 60° x 60° pyramidal
volume within a single heartbeat. It shortened data acquisition time. As a result, 3D
echo can be used for stress echo,’-° measuring accurate LV volume, mass or ejection
fraction’-8? in several clinical studies. However, the limitations of this device were
suboptimal image quality and low frame rate. Recently, 3D echo has been developed
in order to improve the image quality. Current 3D echo has been increasingly used
for many clinical and research practice.

K. Fujimoto ()
Cardiology, Columbia University Medical Center, New York, NY, USA
e-mail: koheifujimoto@aol.com

E. Herzog, F.A. Chaudhry (eds.), Echocardiography in Acute Coronary Syndrome, 103
DOI 10.1007/978-1-84882-027-2_8, © Springer-Verlag London Limited 2009



104 K. Fujimoto and S. Homma

How to Record and Show 3D Images for Detecting Wall
Motion Abnormality

There are several ways to record and show 3D images for the assessment of
ischemia, as described below.

Real-Time Mode

3D transducers and computer technology have improved so that real-time 3D
(Philips Medical Systems, Andover, Massachusetts) images can now be generated.
Both 3D transducer and computer technology have advanced to create matrix trans-
ducers with 3000 elements that can acquire a pyramidal image containing most car-
diac structures.

Using real-time mode, it is possible to see an online 3D display of rendered
images (Fig. 8.1). In this mode, not only can we change the 3D images by moving
the probe, but we can also see the cross-sectional images of interest by moving the
trackball on the machine using software. Though the image is too narrow to show
the entire LV at once in this mode, we can use this mode for screening by moving
the trackball.

VR 19Hz
15cm

Live 3D
3D 50%
3D &0dB

Fig. 8.1 Real-time mode. The 3D echo image is displayed in real time by simply pushing the
3D switch using the matrix transducer
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Fig. 8.2 Full volume mode. (A) The entire left ventricle is displayed by using full volume mode
and collecting four pulse images. (B) The full volume image is collected using 2D images of the

apical four-chamber and two-chamber view as references
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Full Volume Mode

Though it is difficult to show the entire LV in real-time mode, it is possible to show
the entire LV by using full volume mode (Philips Medical Systems, Andover, Mas-
sachusetts) and collecting four pulse images (Fig. 8.2).

This mode provides an easy process for acquiring 3D data of the entire heart
nearly in real-time. In addition, 2D images of the two-chamber view, four-chamber
view, long-axis view, and short-axis view can be displayed by cutting the acquired
full volume image. Thus far, this mode appears to be for assessing of wall motion
abnormality. This mode allows us to measure LV ejection fraction, LV volume, and
LV mass using all LV volume data. Moreover, we can record the wall motion of the
entire LV at each stage of the dobutamine stress test.

islice Mode

The islice mode (Philips Medical Systems, Andover, Massachusetts) is used to show
multilevels of the short-axis image from the apex to the base of the heart (Fig. 8.3).
After recording LV full volume data, it is possible to show multiple images of the

Fig. 8.3 islice mode. Full volume data recorded in full volume mode using an apical approach
can be displayed as many short-axis slices. From the apex to the base, nine slices of the short-axis
image are displayed
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LV at the same time. It helps us quickly find the best views for diagnoses. This is
useful in assessing the wall motion of the entire LV.

Tri Plane Mode

GE (GE Vingmed Ultrasound, Horten, Norway) has also made it possible to show
the images in a multiplanar mode with relatively high temporal resolution. Because
of the recent improvements in matrix array transducer technology, imaging time
is shortened without significantly compromising the quality of the images. This is
due to the acquisition of multiple planes from one acoustic window instead of the
entire LV volume. In addition, the transducer allows one to view the three planes
simultaneously without any other adjustments once the image angles are set.

Tri plane imaging is a 3D technique that integrates data from three conventional
2D apical views. We can see 2D images of the apical four-chamber, two-chamber,
and long-axis views simultaneously and in real time (Fig. 8.4). Unlike full volume
mode, it is not necessary to hold one’s breath during several pulses in tri plane mode.

.5 IiHz
6.0/0.7

Fig. 8.4 Tri plane mode. The tri plane mode with apical approach shows 2D images of the apical
four-chamber view (upper left), the two-chamber view (upper right), and the long-axis view (lower
left) at the same time
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Assessing Left Ventricular Volume and Left Ventricular
Ejection Fraction

Needless to say, measuring LV volume and LV ejection fraction is important. It is
difficult to accurately assess the exact LV volume using the 2D modified Simpson’s
method in patients with ischemic heart disease. This is because such patients have
wall motion abnormalities or aneurysms that make it difficult to show the true apex
and negate the assumption used for LV volume in the 2D method.!” However, all
the LV data obtained using 3D can allow us to accurately calculate LV volume by
searching for the real apex and showing the longest axis (Fig. 8.5). In the literature,
it has been shown several times that 3D echo makes it possible to assess the exact LV
volume both clinically and experimentally.!!-'?13 When calculating LV volume, it
is necessary to trace the surface of the LV intima in several images. Recently devel-
oped software may prove useful to trace LV intima semiautomatically'* (Fig. 8.5).

Fig. 8.5  The recent software which calculates left ventricle volume. By pointing out the
apex and the mitral annulus in two views of one cycle, the endocardial border of the left ventricle
can be traced automatically. End-diastolic volume, end-systolic volume, and ejection fraction are
displayed in the upper right corner. The change in volume during a cycle is displayed in a graph
at the bottom
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Observation of Wall Motion Abnormalities Using 3D
Echocardiography

It is very important to assess the area of wall motion abnormality and LV function
in order to evaluate the severity of the disease and prognosis.

Using 2D echo, the area and severity of wall motion abnormality and LV sys-
tolic function are assessed subjectively by an experienced physician. Experience
is needed to reconstruct several images. However, using 3D echo, it may be easy
to understand and assess the structure of the heart, as well as the area and sever-
ity of wall motion abnormality. 3D echo is especially appropriate for assessing
wall motion in cases involving LV aneurysms.”-'> Using the software, the image
recorded in full volume mode can be colorized by wall motion for each LV seg-
ment'® (Fig. 8.6). Showing the colorized graph may make it easy to assess wall
motion more objectively.

3D Echocardiography for Ischemic Mitral Regurgitation

There are many reports about the utility of 3D echo for ischemic mitral regurgi-
tation (MR). Previously, transesophageal 3D echo was used for evaluation of the
mitral valve.'”'8 A sequence of 2D echos could be recorded, aligned, and recon-
structed into a 3D data set. This methodology was limited by the need for off-
line data processing to create and display the 3D images. However, transthoracic
3D echo is able to assess the mitral valve in real time.'” The “surgeon’s view”
is one of the most currently used views in which to observe the mitral valve
using 3D echo. This view can show us an image of the location and range of
disease.

3D echo has played an important role in analyzing the mechanism of ischemic
MR.?°-26 Using 3D echo, it has been shown that mitral valve leaflet tethering is an
important factor for ischemic MR.?”-28 3D echo can evaluate tethering and quantify
tethering volume.?®=3! It is useful for the determination or evaluation of therapy for
ischemic MR 3233

We can evaluate the MR jet itself using 3D echo. Using 2D echo, we may under-
estimate the severity of MR with eccentric jet, but 3D echo can provide the exact
origin and flow of MR. Though the PISA method of 2D echo used for the quantifi-
cation of MR requires hemisphere acceleration flow, it has been reported that 3D
echo assesses the real orifice area or volume of MR.33

There are two limitations of 3D echo with color Doppler. One limitation is that
a patient is required to hold his or her breath for at least seven beats in order to
get good images. Because this method requires ECG gating, the color data set is
compiled by merging narrower pyramidal scans obtained over consecutive heart-
beats. The other limitation is that we can only obtain a narrow-angle image. These
technical issues need to be resolved.
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Fig. 8.6  The evaluation of focal wall motion abnormality using software. This view was
obtained from a patient with an old myocardial infarction. On the graph, the ratio of volume change
is decreased in the white area, meaning that the wall motion is decreased in this area. In addition,
end-systolic volume is bigger than end-diastolic volume in the pale yellow area, meaning that the
is this area show skinesis. (A) End systole; (B) End diastole
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We have just begun to use the new real-time 3D transesophageal echo probe
(Philips Medical Systems, Andover, Massachusetts), which is able to provide
detailed real-time images.>® It will offer useful information about ischemic MR.

3D Echocardiography for Complications of Myocardial
Infarction

In the course of caring for patients with myocardial infarction (MI), we need to pay
attention to complications. Several reports show that 3D echo is useful for eval-
uating complications of MI. It is very important to assess MR after MI because
ischemic MR is an independent prognostic factor in patients with MI, and as pre-
viously mentioned, 3D echo is useful for assessing MR. LV aneurysm is another
important complication of MI. We can evaluate wall motion abnormalities and vol-
ume of aneurysms precisely with 3D echo. Cardiac rupture resulting from aneurysm
is one of the most dramatic complications after acute MI and is responsible for some
in-hospital deaths.

3D echo might be used to help diagnose free wall rupture or pericardial effusion
after MI. One study showed that preoperative real-time 3D color Doppler studies
assisted surgical planning by clearly demonstrating the site and circular geometry
of the myocardial rupture.’’ Ventricular septal perforation after MI can also be eval-
vated using 3D echo. Some studies illustrate the clinical usefulness of real-time
3D echo in defining the exact location of a post-MI ventricular septal defect.?8:39-40
Thrombus is also a well-known complication after MI. One report illustrates that 3D
echo is beneficial for demonstrating the exact point of attachment of the thrombus
to the LV wall and for providing more accurate assessment of thrombus mobility,
which has prognostic indications.*!

Stress Test for Ischemic Heart Disease using 3D
Echocardiography

In exercise or pharmacological stress echo, the advantage of 3D echo is rapid and
simultaneous acquisition of images of all wall segments. Quick recording of the
images at baseline and at peak stress is needed to precisely assess wall motion
abnormalities. In order to assess LV wall motion, at least four different 2D images
(parasternal long axis, parasternal short axis, apical two-chamber, and apical four-
chamber views) are needed. It is technically difficult to record several images pre-
cisely and quickly using 2D echo. 3D echo can easily show 2D images of the apical
four-chamber, two-chamber, and long-axis views at the same time using tri plane
mode. It has been reported that the recording time is reduced when performing stress
echo in multiplane mode.*~6:42-43

Using full volume mode, 3D echo can record the wall motion of the entire LV.
Therefore, we can easily and accurately detect segmental wall motion abnormalities
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caused by stress and it might be possible to detect ischemia of a small area. This
mode makes the recording time shorter than 2D echo recording time in pharmaco-
logical stress tests but maintains the accuracy of diagnosis found using 2D echo.*%3

However, this method still has some limitations. One limitation of this mode is
that it is difficult to use the four images to reconstruct the 3D image if there are
different time durations between four cycles of images because of arrhythmia. In
addition, it is preferable for a patient to hold his or her breath while the images
during four cycles are being taken. However, during exercise stress echo it is difficult
to hold one’s breath just after exercise. In such a case, the tri plane mode would be
more useful because it is not necessary to hold one’s breath.*?

Contrast Agent for 3D Echocardiography

Contrast Echo for LV Opacification of 3D Images

Contrast agent is used with 3D echo in order to improve image quality.*® Moreover,
the usefulness of contrast agent during 3D stress echo was previously reported.*’-48
The use of contrast agent improves endocardial border visualization, leading to a
more accurate interpretation of wall motion abnormalities.

3D Myocardial Contrast Echocardiography

One study showed that 3D echo with contrast agent can detect and quantify myocar-
dial perfusion.*” In the future, it may be used as a tool to detect myocardial ischemia.

References

1. Gianrossi R, Detrano R, Mulvihill D, et al. Exercise-induced ST depression in the diagnosis
of coronary artery disease. A meta-analysis. Circulation. 1989;80(1):87-98.

2. Christian TF, Miller TD, Bailey KR, Gibbons RJ. Noninvasive identification of severe
coronary artery disease using exercise tomographic thallium-201 imaging. Am J Cardiol.
1992;70(1):14-20.

3. Marwick TH, Nemec JJ, Pashkow FJ, Stewart WJ, Salcedo EE. Accuracy and limitations of
exercise echocardiography in a routine clinical setting. J Am Coll Cardiol. 1992;19(1):74-81.

4. Ahmad M, Xie T, McCulloch M, Abreo G, Runge M. Real-time three-dimensional dobu-
tamine stress echocardiography in assessment stress echocardiography in assessment of
ischemia: comparison with two-dimensional dobutamine stress echocardiography. J Am Coll
Cardiol. 2001;37(5):1303-1309.

5. Takuma S, Cardinale C, Homma S. Real-time three-dimensional stress echocardiography: a
review of current applications. Echocardiography. 2000;17(8):791-794.

6. Zwas DR, Takuma S, Mullis-Jansson S, et al. Feasibility of real-time 3-dimensional treadmill
stress echocardiography. J Am Soc Echocardiogr. 1999;12(5):285-289.

7. Takuma S, Ota T, Muro T, et al. Assessment of left ventricular function by real-time
3-dimensional echocardiography compared with conventional noninvasive methods. J Am Soc
Echocardiogr. 2001; 14(4):275-284.



8 3D Echo in Acute Coronary Syndrome 113

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ota T, Kisslo J, von Ramm OT, Yoshikawa J. Real-time, volumetric echocardiography: use-
fulness of volumetric scanning for the assessment of cardiac volume and function. J Cardiol.
2001;37 Suppl 1:93-101.

Takuma S, Cabreriza SE, Sciacca R, Di Tullio MR, Spotnitz HM, Homma S. Determination
of left ventricular mass by real-time three-dimensional echocardiography: in vitro validation.
Echocardiography. 2000;17(7):665-674.

Lang RM, Bierig M, Devereux RB, et al. Recommendations for chamber quantification: a
report from the American Society of Echocardiography’s Guidelines and Standards Commit-
tee and the Chamber Quantification Writing Group, developed in conjunction with the Euro-
pean Association of Echocardiography, a branch of the European Society of Cardiology. J Am
Soc Echocardiogr. 2005;18(12):1440-1463.

. Kuhl HP, Schreckenberg M, Rulands D, et al. High-resolution transthoracic real-time three-

dimensional echocardiography: quantitation of cardiac volumes and function using semi-
automatic border detection and comparison with cardiac magnetic resonance imaging. J Am
Coll Cardiol. 2004;43(11):2083-2090.

Arai K, Hozumi T, Matsumura Y, et al. Accuracy of measurement of left ventricular volume
and ejection fraction by new real-time three-dimensional echocardiography in patients with
wall motion abnormalities secondary to myocardial infarction. Am J Cardiol. 2004;94(5):
552-558.

Jenkins C, Bricknell K, Hanekom L, Marwick TH. Reproducibility and accuracy of echocar-
diographic measurements of left ventricular parameters using real-time three-dimensional
echocardiography. J Am Coll Cardiol. 2004;44(4):878-886.

Jacobs LD, Salgo IS, Goonewardena S, et al. Rapid online quantification of left ven-
tricular volume from real-time three-dimensional echocardiographic data. Eur Heart J.
2006;27(4):460-468.

Collins M, Hsieh A, Ohazama CJ, et al. Assessment of regional wall motion abnormal-
ities with real-time 3-dimensional echocardiography. J Am Soc Echocardiogr. 1999;12(1):
7-14.

Corsi C, Lang RM, Veronesi F, et al. Volumetric quantification of global and regional left
ventricular function from real-time three-dimensional echocardiographic images. Circulation.
2005;112(8):1161-1170.

Hozumi T, Yoshikawa J, Yoshida K, Akasaka T, Takagi T, Yamamuro A. Assessment of
flail mitral leaflets by dynamic three-dimensional echocardiographic imaging. Am J Cardiol.
1997;79(2):223-225.

Ahmed S, Nanda NC, Miller AP, et al. Usefulness of transesophageal three-dimensional
echocardiography in the identification of individual segment/scallop prolapse of the mitral
valve. Echocardiography. 2003;20(2):203-209.

Sugeng L, Coon P, Weinert L, et al. Use of real-time 3-dimensional transthoracic echocar-
diography in the evaluation of mitral valve disease. J Am Soc Echocardiogr. 2006;19(4):
413-421.

De SR, Wolf I, Hoda R, et al. Three-dimensional assessment of left ventricular geometry and
annular dilatation provides new mechanistic insights into the surgical correction of ischemic
mitral regurgitation. Thorac Cardiovasc Surg. 2006;54(7):452-458.

Watanabe N, Ogasawara Y, Yamaura Y, et al. Geometric differences of the mitral valve tenting
between anterior and inferior myocardial infarction with significant ischemic mitral regurgi-
tation: quantitation by novel software system with transthoracic real-time three-dimensional
echocardiography. J Am Soc Echocardiogr. 2006;19(1):71-75.

Watanabe N, Ogasawara Y, Yamaura Y, et al. Mitral annulus flattens in ischemic mitral regur-
gitation: geometric differences between inferior and anterior myocardial infarction: a real-
time 3-dimensional echocardiographic study. Circulation. 2005;112(9 Suppl):1458-1462.
Watanabe N, Ogasawara Y, Yamaura Y, Kawamoto T, Akasaka T, Yoshida K. Geometric
deformity of the mitral annulus in patients with ischemic mitral regurgitation: a real-time
three-dimensional echocardiographic study. J Heart Valve Dis. 2005;14(4):447-452.



114

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

K. Fujimoto and S. Homma

Otsuji Y, Handschumacher MD, Liel-Cohen N, et al. Mechanism of ischemic mitral regurgita-
tion with segmental left ventricular dysfunction: three-dimensional echocardiographic studies
in models of acute and chronic progressive regurgitation. J Am Coll Cardiol. 2001;37(2):
641-648.

Song JM, Kim MJ, Kim YJ, et al. Three-dimensional characteristics of functional mitral regur-
gitation in patients with severe left ventricular dysfunction: a real-time 3-dimensional color
Doppler echocardiography study. Heart. 2008;94:590-596.

Levine RA, Hung J, Otsuji Y et al. Mechanistic insights into functional mitral regurgitation.
Curr Cardiol Rep. 2002;4(2):125-129.

Otsuji Y, Handschumacher MD, Schwammenthal E, et al. Insights from three-dimensional
echocardiography into the mechanism of functional mitral regurgitation: direct in vivo demon-
stration of altered leaflet tethering geometry. Circulation. 1997;96(6):1999-2008.

Song JM, Qin JX, Kongsaerepong V, et al. Determinants of ischemic mitral regurgitation
in patients with chronic anterior wall myocardial infarction: a real time three-dimensional
echocardiography study. Echocardiography. 2006;23(8):650—-657.

Ryan L, Jackson B, Parish L, et al. Quantification and localization of mitral valve tenting
in ischemic mitral regurgitation using real-time three-dimensional echocardiography. Eur J
Cardiothorac Surg. 2007;31(5):839-844.

Song JM, Fukuda S, Kihara T, et al. Value of mitral valve tenting volume determined by real-
time three-dimensional echocardiography in patients with functional mitral regurgitation. Am
J Cardiol. 2006;98(8):1088—1093.

Watanabe N, Ogasawara Y, Yamaura Y, et al. Quantitation of mitral valve tenting in ischemic
mitral regurgitation by transthoracic real-time three-dimensional echocardiography. J Am Coll
Cardiol. 2005;45(5):763-769.

Sai-Sudhakar CB, Vandse R, Armen TA, Bickle KM, Nathan NS. Efficacy of chordal cutting
in alleviating ischemic mitral regurgitation: insights from 3-dimensional echocardiography. J
Cardiothorac Surg. 2007;2:39.

Yamaura Y, Watanabe N, Ogasawara Y, et al. Geometric change of mitral valve leaflets and
annulus after reconstructive surgery for ischemic mitral regurgitation: real-time 3-dimensional
echocardiographic study. J Thorac Cardiovasc Surg. 2005;130(5):1459-1461.

Iwakura K, Ito H, Kawano S, et al. Comparison of orifice area by transthoracic three-
dimensional Doppler echocardiography versus proximal isovelocity surface area (PISA)
method for assessment of mitral regurgitation. Am J Cardiol. 2006;97(11):1630-1637.

Sitges M, Jones M, Shiota T, et al. Real-time three-dimensional color Doppler evaluation of
the flow convergence zone for quantification of mitral regurgitation: validation experimental
animal study and initial clinical experience. J Am Soc Echocardiogr. 2003;16(1):38-45.
Pothineni KR, Inamdar V, Miller AP, et al. Initial experience with live/real time three-
dimensional transesophageal echocardiography. Echocardiography. 2007;24(10):1099-1104.
Little SH, Ramasubbu K, Zoghbi WA. Real-time 3-dimensional echocardiography demon-
strates size and extent of acute left ventricular free wall rupture. J Am Soc Echocardiogr.
2007;20(5):538-543.

Brandt RR, Elsaesser A, Hamm CW. Real-time three-dimensional echocardiographic diagno-
sis of postmyocardial infarction ventricular septal defect and guidance of transcatheter clo-
sure. Heart. 2007;93(5):551.

Gabriel H, Binder T, Globits S, Zangeneh M, Rothy W, Glogar D. Three-dimensional
echocardiography in the diagnosis of postinfarction ventricular septal defect. Am Heart J.
1995;129(5):1038-1040.

Vengala S, Nanda NC, Mehmood F, et al. Live three-dimensional transthoracic echocardio-
graphic delineation of ventricular septal rupture following myocardial infarction. Echocardio-
graphy. 2004;21(8):745-747.

Duncan K, Nanda NC, Foster WA, Mehmood F, Patel V, Singh A. Incremental value of
live/real time three-dimensional transthoracic echocardiography in the assessment of left ven-
tricular thrombi. Echocardiography. 2006;23(1):68-72.



8 3D Echo in Acute Coronary Syndrome 115

42.

43.

44.

45.

46.

47.

48.

49.

Sugeng L, Kirkpatrick J, Lang RM, et al. Biplane stress echocardiography using a prototype
matrix-array transducer. J Am Soc Echocardiogr. 2003;16(9):937-941.

Eroglu E, D’hooge J, Herbots L, et al. Comparison of real-time tri-plane and conventional 2D
dobutamine stress echocardiography for the assessment of coronary artery disease. Eur Heart
J.2006;27(14):1719-1724.

Matsumura Y, Hozumi T, Arai K, et al. Non-invasive assessment of myocardial ischaemia
using new real-time three-dimensional dobutamine stress echocardiography: comparison with
conventional two-dimensional methods. Eur Heart J. 2005;26(16):1625-1632.

Aggeli C, Giannopoulos G, Misovoulos P, et al. Real-time three-dimensional dobutamine
stress echocardiography for coronary artery disease diagnosis: validation with coronary
angiography. Heart. 2007;93(6):672—-675.

Malm S, Frigstad S, Sagberg E, Steen PA, Skjarpe T. Real-time simultaneous triplane con-
trast echocardiography gives rapid, accurate, and reproducible assessment of left ventricular
volumes and ejection fraction: a comparison with magnetic resonance imaging. J Am Soc
Echocardiogr. 2006;19(12):1494-1501.

Nemes A, Geleijnse ML, Krenning BJ, et al. Usefulness of ultrasound contrast agent to
improve image quality during real-time three-dimensional stress echocardiography. Am J Car-
diol. 2007; 99(2):275-278.

Pulerwitz T, Hirata K, Abe Y, et al. Feasibility of using a real-time 3-dimensional tech-
nique for contrast dobutamine stress echocardiography. J Am Soc Echocardiogr. 2006;19(5):
540-545.

Toledo E, Lang RM, Collins KA, et al. Imaging and quantification of myocardial perfusion
using real-time three-dimensional echocardiography. J Am Coll Cardiol. 2006;47(1):146-154.



Chapter 9
Contrast Echocardiography in Acute
Coronary Syndromes

Brian Nolan and Kevin Wei

Introduction

The term “acute coronary syndrome (ACS)” encompasses a wide array of diagnoses
from unstable angina to ST segment elevation myocardial infarction. Apart from its
diversity, an ACS is a diagnosis that can be challenging to make because many other
disease processes present with chest pain and confirmatory serology may take many
hours to become positive.

Approximately 5—10 million chest pain (CP) patients present annually to an
Emergency Department (ED) in the United States, of which only 10-30% will be
eventually diagnosed with an ACS.'~? Looking for the “needle in the haystack” is
both time-consuming and expensive. Current clinical methods which utilize the his-
tory, physical exam, and electrocardiogram (ECG) have poor sensitivity and speci-
ficity for identifying ischemia. The ECG is initially normal in 20% of patients who
have acute myocardial infarction (AMI)* and remains normal in 5% of patients with
this diagnosis.*> Serum cardiac biomarkers are the gold standard for detecting AMI
and have excellent utility in risk stratifying patients with CP.® Troponin I and T,
however, have poor sensitivity for detecting AMI at initial presentation (23-66%)
because they may take up to 6h to become positive after the onset of ischemia.
In unstable angina without myocellular necrosis, cardiac biomarkers may never
become clinically detectable.* Awaiting the results of cardiac serum markers often
delays the initiation of important medical therapies such as anticoagulation, platelet
inhibition, or early invasive evaluation.

On the other hand, 2-8% of patients presenting with CP are discharged from the
ED with an unrecognized ACS, with an estimated 30-day mortality of 10%.7-%

In patients presenting with unstable angina or a non-ST elevation myocardial
infarction and a normal or nondiagnostic ECG for ischemia, an early diagnosis of
ACS could significantly impact the institution of treatment. Furthermore, it may
identify patients with noncardiac CP, leading to alternative diagnoses or earlier
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discharge. Thus, much attention has been focused on the use of ancillary nonin-
vasive imaging for the identification of myocardial ischemia.

Myocardial contrast echocardiography (MCE), which uses microbubble-based
contrast agents as a tracer, has been an evolving tool since the 1960s. Apart from
its ability to enhance the assessment of regional wall motion by opacifying the left
ventricular (LV) cavity, it can provide a noninvasive evaluation of myocardial per-
fusion. MCE is also the only portable imaging method available today. This chapter
will illustrate many of the benefits that MCE can provide in a wide array of patients
ranging from those with undifferentiated CP to those with a diagnosed AMI under-
going reperfusion therapy.

MCE Methodology

Microbubbles as perfusion agents have evolved over the last 10 years and have had
significant impact on MCE. The use of air-filled microbubbles in MCE was initially
limited by the rapid diffusion of air (mainly N, and O,) down their concentration
gradients into blood, resulting in a loss of microbubble size and backscatter signal.
Because the scattering cross section of a microbubble is related to the sixth power of
its radius, even small changes in radius would have a huge impact on the scattering
cross section of a microbubble.® In recent years, these limitations have been over-
come with the incorporation of high molecular weight gases with low diffusibility
and solubility into the microbubble. The current second-generation agents available
in the United States (Optison and Definity) contain perfluoropropane gas.

The microbubbles have a mean size of <5 jwm and possess unique properties for
tracers currently used in imaging. They stay entirely in the intravascular space and
do not alter hemodynamics. The microvascular behavior of microbubbles is also
nearly identical to red blood cells,'”!" making the microbubbles an ideal tool for
the assessment of the spatial distribution of perfusion and for the quantification of
myocardial blood flow (MBF).

Backscatter signals from microbubbles are processed into pixels of brightness,
or acoustic intensity, in ultrasound. As shown in Fig. 9.1, the relationship between
microbubble concentration and acoustic intensity is linear, which is important for the
quantification of flow.!> At high microbubble concentrations, the relation plateaus,
and at even higher concentrations, there is a paradoxic decrease in acoustic intensity
caused by attenuation of ultrasound by the microbubbles themselves.'? Thus, assess-
ments of MBF using MCE must be performed at concentrations of microbubbles
that do not saturate the system, which can be achieved by maintaining myocardial
enhancement visually lower than that of the LV.

The current method for the assessment of regional myocardial perfusion using
MCE is the same as that for the quantification of MBFE.!> The actual imaging
modalities, however, are beyond the scope of this chapter. During a constant infu-
sion of microbubbles, their concentration reaches a steady state in the circulation,
so microbubble washout and their subsequent replenishment in any myocardial
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Fig. 9.1 Relation between microbubble concentration and myocardial acoustic intensity. Redrawn
from Skyba et al.!?

microcirculatory unit are equal and dependent on MBF. The microbubbles can be
destroyed by a high acoustic power pulse of ultrasound and the rate of replenishment
of microbubbles represents MBF velocity.!*> When all the microvessels have been
replenished with microbubbles, myocardial acoustic intensity represents capillary
or myocardial blood volume (MBV).!3 These two terms can be used synonymously,
as the vast majority of blood within the myocardium (~ 90% in systole) is contained
in approximately 8 million capillaries.'*

As discussed below, MBF velocity can be used to gain insight into the adequacy
of antegrade perfusion in the setting of an ACS. For example, the presence of a
critically stenosed or occluded epicardial coronary artery would be associated with
reduced or absent MBF velocity in its perfusion bed.!> Similarly, the assessment of
MBYV provides insight into capillary integrity — a sine qua non of the presence of
residual myocardial viability.'®

Acute Chest Pain and MCE

Current tools used to evaluate patients presenting with acute CP are imperfect. As
noted above, while up to 10 million patients visit the ED with chest pain, an ACS is
confirmed in only 10-30%. Even though the majority of patients will be admitted to
the hospital or observation units, an estimated 2—7% will be discharged and have
subsequent acute coronary events. The appropriate diagnosis of ACS has impli-
cations not only to patient care but also to health-care resources and utilization
of limited monetary funds. The sensitivity and specificity of our traditional tools
have well-delineated limitations. The ECG has been demonstrated to be diagnos-
tic in just 30—40% of patients with active myocardial ischemia.!” In addition the
biomarkers with greatest sensitivity are time delayed until hours after the onset of
ACS.'® Thus, a noninvasive method that can directly detect myocardial ischemia
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would be invaluable. Ischemia is defined as “a decrease in blood flow that results
in tissue hypoxia.” Thus, such a tool would need to detect either reduced perfusion
to myocytes or the consequences of this abnormal perfusion. Ideally, such a tool
would also have to be rapid, noninvasive, highly accurate, safe, and portable. MCE
fits many of these criteria and has been shown to be of benefit in a wide array of
scenarios.

MCE in Patients with Suspected Cardiac Chest Pain

In patients with suggested ischemic CP, causes may include non-ST elevation
myocardial infarction (NSTEMI), unstable angina, or transient ischemia. In patients
with NSTEMI, subendocardial or patchy microvascular and myocellular necrosis
results in both regional function abnormalities and abnormal myocardial perfusion
which can be detected using MCE. In the event of only transient ischemia, myocar-
dial perfusion defects may resolve, but abnormal regional function may still be
present as a result of myocardial stunning. This abnormal regional function will
be present despite the spontaneous restoration of antegrade flow.'”

To understand the ability of MCE to detect acute myocardial ischemia, it is nec-
essary to have a working knowledge of the relationship between resting MBF and
regional wall thickening. Because of autoregulation, resting MBF remains normal
even in the presence of up to 85% luminal diameter narrowing. When arteriolar
vasodilatory reserve is exhausted, however, MBF will become dependent on perfu-
sion pressure and will decrease below resting levels as stenosis severity progresses
toward total occlusion. Because myocardial contractility is a major determinant of
myocardial oxygen consumption, reduction in resting MBF is immediately followed
by the development of a wall thickening abnormality?® (Fig. 9.2). This relationship
allows the evaluation of wall thickening as a measure of myocardial ischemia.
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The detection of ischemia using MCE can be identified within seconds of the ini-
tial event and may be present for hours thereafter. The presence of abnormal regional
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Fig. 9.3 Multivariate logistic regression analysis of multiple variables for the prediction of early
(48 h) cardiovascular events in patients presenting with suspected cardiac CP to the ED and no ST
segment elevation on ECG. Different variables are shown with the corresponding odds ratio and
confidence intervals

function with MCE has been shown in a large single center study to improve the
detection of cardiac ischemia over traditional evaluation with ECG and biomarkers.
As shown in Fig. 9.3, patients with abnormal myocardial function and myocardial
perfusion were at a 14-fold higher risk of myocardial infarction, cardiac-related
death, unstable angina, congestive heart failure, and revascularization within 48 h
of presentation to the ED.?! Normal regional function of MCE also has excellent
negative predictive value. The incidence of nonfatal myocardial infarction or car-
diovascular mortality within 24 h of evaluation was only 0.4% in these patients,??
while patients discharged from EDs using routine evaluation have been shown to
have an incidence of myocardial infarction of 2.3%.%

The early identification of ACS has a direct impact on patient care which may
include earlier institution of definitive therapy, while alternative pathologic pro-
cesses can be considered in patients who do not have cardiac chest pain, includ-
ing more rapid patient disposition. By preventing unnecessary downstream resource
utilization, there is also a significant impact on health-care dollars. The estimated
cost of evaluating patients presenting with chest pain is in excess of 10 billion dol-
lars annually.>* Most of this cost is derived from the low threshold for admission of
chest pain patients to “rule out” acute myocardial infarction. Because the incidence
of infarction is exceedingly low in patients with a normal MCE, such patients could
be discharged directly from the ED or could proceed immediately to stress testing
prior to discharge. Despite the added cost of performing MCE on all patients with
suspected cardiac chest pain, preventing unnecessary admissions has been shown to
be a cost-efficient strategy.?

The following cases serve to demonstrate the positive and negative predictive
value of MCE in patients presenting with chest pain to the ED.



122 B. Nolan and K. Wei
Case Study 1

A 60-year old man without prior cardiac history woke up at 5 AM with 5/10 dull
retrosternal chest pain (CP), radiating to the left arm associated with diaphoresis.
He denied associated symptoms such as dyspnea or nausea. The chest pain was not
pleuritic, and the patient had no fever, cough, sputum production, or hemoptysis.
He initially thought that the discomfort was reflux and took some antacids without
relief. After 2 h, the patient presented to the ED with ongoing symptoms.

The patient had a history of hypercholesterolemia and was on atorvastatin 20 mg
po daily. He was taking no other medications. He had no history of diabetes, tobacco
abuse, or hypertension. There was no other significant past medical history.

On physical exam, the patient was in mild discomfort. He appeared his stated
age. There was no cyanosis, pallor, clubbing, or jaundice. Heart rate was 70 bpm,
blood pressure 110/60 when supine, respiratory rate was 16 per min. Oxygen sat-
uration was 97% on room air. Respiratory exam was within normal limits. There
was no reproducible discomfort to chest wall palpation. Jugular venous pulse was
1 cm above sternal angle with normal waveforms. The carotid upstroke and volume
were normal without bruits. Apex beat was not palpable. On auscultation, Sland S2
were normal, no S3 or S4 were heard in the ED. All pulses were 2+, with no sub-
clavian, abdominal, or femoral bruits. There was no ankle edema. Neurologic exam
was grossly normal. Stool guaiac exam was negative for occult blood.

The patient’s electrocardiogram is shown in Fig. 9.4. A portable chest x-ray
showed no mediastinal enlargement. Initial labs showed sodium of 138, potassium
3.7, chloride 105, CO2 23, BUN 16, creatinine 1.1. Glucose was 135, Ca 9, Mg 1.8,
PO4 2.9, Hg 15, Hct 44, WBC 6.3, PLT 218. A lipid panel was drawn but was
not available. PT 14, INR 1.1, PTT 32. The initial cardiac troponin I was <0.05
(negative).
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Fig. 9.4 Presenting ECG for patient in Case 1. See text for details

The patient was given sublingual nitroglycerine three times with mild improve-
ment in his pain, as well as intravenous morphine with some further improvement,



9 Contrast Echocardiography in ACSs 123

but his symptoms did not completely resolve. A repeat 12-lead ECG showed no
changes.

At this time, there is suspicion that the patient has ischemic cardiac CP, but
no ECG or serologic evidence of AMI. Should he be treated empirically with
antithrombotics or glycoprotein IIb-IIla inhibitors at this time or should one wait
for further serology? Should the patient be kept in the ED, or should he be admitted
to the ward, step-down unit, or coronary care unit? Should he proceed directly to
cardiac catheterization?

As shown in the discussion above, a MCE is indicated to help make a diagno-
sis of cardiac chest pain and to risk stratify the patient. The patient’s echo showed
that the mid to distal septum, anterior wall, and apex were akinetic (Fig. 9.5). In
a patient with no prior history of MI, a new wall thickening abnormality confirms
that his CP is related to cardiac ischemia. Perfusion imaging was also performed to
evaluate the extent of residual viability in the anterior territory since the patient’s
presentation to the ED was delayed. This demonstrated a slow rate of replenishment

Fig. 9.5 Apical four-chamber view for patient in Case 1 using Definity for left ventricular opaci-
fication. The mid to distal septum and apex (arrowheads) was akinetic. See text for details
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Fig. 9.6 Myocardial
perfusion study for patient in
Case 1 demonstrating
extensive contrast
enhancement within the
akinetic area defined in

Fig. 9.5. See text for details

of microbubbles into the anterior territory (denoting either very slow antegrade flow
in the left anterior descending (LAD) artery due to a critical stenosis or a completely
occluded LAD with slow collateral flow). There was, however, nearly complete con-
trast enhancement of the entire akinetic territory, except for a small subendocardial
rim at a long pulsing interval of eight cardiac cycles — denoting extensive microvas-
cular integrity and viability despite prolonged ischemia (Fig. 9.6). The patient was
therefore taken immediately to cardiac catheterization without need for further con-
firmatory serology, which revealed a critical mid-LAD stenosis that was success-
fully stented (Fig. 9.7). The patient was discharged in stable condition after 2 days.
This case illustrates the ability of MCE to rapidly diagnose and risk stratify patients
with cardiac CP.

Case Study 2

A 41-year-old premenopausal female with a strong family history of CAD presents
to the ED with complaints of new-onset exertional CP over the last few days.
Episodes are located in the retrosternal area, with no radiation. Prior to the onset
of these symptoms, the patient was under a great deal of stress because her father
was very ill. The episodes appear to be increasing in frequency and severity and are
associated with dyspnea, but no nausea or diaphoresis. She works as a nurse in an
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Fig. 9.7 Selective coronary angiogram for patient in Case 1 demonstrating a critical mid left
anterior descending artery stenosis. See text for details

ambulatory cardiology clinic and is very concerned about these symptoms. She is
having ongoing CP in the ED. She has no other risk factors for coronary disease.
She is on no medications. She reports no allergies. Her physical exam was normal.
A 12-lead ECG was within normal limits. All labs (including a cardiac troponin I)
have been drawn, and results are pending.

This patient has new-onset crescendo exertional chest pain and a strong fam-
ily history for CAD. It is possible that she has unstable angina or is suffering an
NSTEMI. However, the patient is clinically at low risk for cardiac ischemia because
she is young, female, premenopausal, and has no cardiac risk factors. In this setting,
a normal MCE would help to eliminate cardiac ischemia as a cause of her ongo-
ing symptoms. An MCE was performed, which showed entirely normal LV systolic
function and perfusion (Fig. 9.8).

Since an AMI was excluded by echo, the patient did not require a complete sero-
logical “rule out” in the ED. She was referred for an exercise stress sestamibi scan
to assess for underlying occult CAD. The patient exercised to 12.9 mets, achieved
peak HR of 188 beats per minute (105% maximal age-predicted heart rate), and SBP
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Fig. 9.8 Myocardial
perfusion study for patient in
Case 2 with the transmit
focus placed at the level of
the apex to prevent apical
destruction artifact. There is
some basal and mid lateral
wall attenuation. Further
imaging with the focus at the
level of the mitral annulus
demonstrated normal lateral
wall contrast enhancement as
well. See text for details
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Fig. 9.9 Rest and exercise stress *™Tc-sestamibi single photon emission computed tomograms
from the patient in Case 2. See text for details

of 190. She had no CP during stress. Both the stress ECG and stress sestamibi scans
were normal (Fig. 9.9).

Thus, this case illustrates the advantage of a normal MCE, which has a negative
predictive value of >99% even in patients who present up to 12h after their last
episode of CP to the ED."
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MCE in Patients with Established Cardiac Chest Pain

When a patient presents with ischemic chest pain and diagnostic changes on the
ECG (ST segment elevation, new left bundle branch block, dynamic ST depression,
or deep T-wave inversions), an MCE is not required for diagnosis and there are
well-established guidelines for the management of patients with STEMI, NSTEMI,
or unstable angina.

Nonetheless, MCE can be used to provide important adjunctive information that
may be helpful for patient management or risk stratification. These include the abil-
ity of MCE to evaluate the effects of therapy — for example, to determine the success
of thrombolysis; and MCE can be used to assess infarct size — or more importantly
determine the extent of residual myocardial viability.

Patency in the infarct-related artery is not achieved in up to 30% of patients fol-
lowing thombolytic therapy. Establishing success or failure of reperfusion therapy is
imprecise with clinical predictors such as relief of chest pain or resolution of ECG
changes.”® MCE has been used to evaluate the area at risk for myocardial necro-
sis before intervention and subsequently to evaluate success of reperfusion therapy
early after coronary stenting. Patients with good myocardial contrast enhancement
following intervention at 3—5 days led to eventual recovery of wall motion.”” Of
even greater importance is that MCE provides an assessment of reperfusion at a
microvascular level. In up to 25% of patients with TIMI 3 flow in the epicardial
coronary artery after primary angioplasty, there is significant “no-reflow” or “low-
reflow” on MCE.?® These patients had poor functional recovery of left ventricu-
lar function and greater infarct expansion, remodeling, and left ventricular dilation.
They also have a greater incidence of heart failure, nonfatal myocardial infarction,
and also higher mortality compared to patients with preserved microvascular perfu-
sion during 1-year follow-up.?

Experimental studies in dogs have shown that the time course of cell death begins
approximately 30—40 min after acute coronary occlusion and occurs initially in the
subendocardium where ischemia is most severe.’® Infarct size is determined by the
size of the risk area (the territory “at risk” of necrosis in the absence of reperfusion),
the duration of ischemia, and the amount of collateral blood flow.3! As discussed
above, MCE can establish infarct size after reperfusion by determining the spatial
extent of the no-reflow zone. However, it may be clinically more useful to be able to
predict eventual infarct size prior to reperfusion — e.g., if it can be established that a
patient is going to have a very small infarct, management could potentially be more
conservative. MCE can be used to predict infarct size, even prior to reperfusion,
by assessing the adequacy of collateral blood flow within the risk area.>> Myocytes
can remain viable in the presence of MBF >20% of normal resting levels, which is
also the amount of flow required to allow contrast enhancement on MCE. Territories
with lesser degrees of flow are destined to necrose in the absence of reperfusion. The
method is based on providing enough time for microbubble replenishment into the
risk area after their destruction, so that slow collateral-derived flow can be imaged.
Figure 9.10 shows short-axis images obtained in the presence of an occlusion of the
left anterior descending coronary artery, during a continuous intravenous infusion of
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microbubbles. At the shortest pulsing interval, a clear demarcation is noted between
the inferoposterior wall, which has normal myocardial perfusion, and the occluded
anterior bed, which shows no contrast enhancement (9 o’clock to 1 o’clock, Panel
A, Fig. 9.10). The hypoperfused zone at this PI represents the risk area. At a longer
PI, border zones of the anterior myocardium supplied by collateral flow have started
to replenish with microbubbles (panel B, Fig. 9.10). At a PI of 10 s, the entire risk
area had become homogeneously opacified from collateral-derived MBF except for
a small subendocardial rim. The spatial distribution of perfusion within the risk area
identifies tissue that may be spared from necrosis despite persistent coronary occlu-
sion. Thus, despite a prolonged 6-h occlusion in the animal shown in Fig. 9.10, only
a small subendocardial infarct developed, as shown on the triphenyl-tetrazolium
chloride-stained image (panel C, Fig. 9.10).%

Fig. 9.10 MCE images at various pulsing intervals and ultimate infarct size by tissue staining
in a dog undergoing 6 h of left anterior descending coronary artery occlusion. Although the risk
area is large at a short pulsing interval of 2 s (panel A), infarct size on postmortem tissue staining
occurred only in the subendocardium (panel C) because of collateral-derived MBF (panel B)

The extent of viability following intervention and stent placement can be pre-
dictive of the likelihood of recovery of resting systolic function and contractile
reserve.’3:3* Residual myocardial viability has been shown to be an independent pre-
dictor of long-term cardiac events following myocardial infarction. During a 4-year
follow-up period, following thrombolysis, the presence of myocardial viability on
MCE predicted 99% survival versus 67% in patients without viability.’> Thus, MCE
is evolving as a powerful independent predictor of further cardiac events following
ACS.

Early after reperfusion, there may be a sustained period of reactive hyperemia
in the infarct bed. The use of MCE in this setting may result in underestimation of
infarct size and overestimation of the degree of myocardial salvage.?® Thus, the best
timing for the evaluation of the extent of viability is approximately 3-5 days after
reperfusion for prognostic information.
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Limitations of MCE

Limitations of MCE may include poor image quality in patients with suboptimal
windows, which results in an inability to evaluate comprehensively for wall thick-
ening abnormalities. In addition, the positive predictive value of MCE is lower than
its negative predictive value because of the inability of MCE to differentiate acute
from chronic wall motion abnormalities.'® Logistical challenges also need to be
addressed in order for MCE to be utilized effectively in acute CP patients. For exam-
ple, many centers do not have staff available to perform and evaluate these studies at
all hours. Finally, assessment of regional function and myocardial perfusion relies
on subjective interpretation, which has known limitations.

Future investigation may overcome some of these described limitations. For
example, utilization of specific targeted microbubbles may solve the dilemma
between acute and chronic wall motion abnormality. Targeted microbubbles will
enable the identification of inflammation and thus identify acute ischemia-perfusion
injury.?’

Summary

MCE is a valuable and evolving noninvasive method for the evaluation of patients
with chest pain and ACS. Appropriate utilization of this unique imaging tool allows
expeditious evaluations of patients presenting with CP of unclear etiology. This will
facilitate both an accurate diagnostic approach and a timely and cost-saving strategy
in emergency centers. The high negative predictive value of MCE makes this an
attractive imaging technique.

In addition to diagnostic information MCE can also add valuable prognostic
information, including viability and functional recovery of LV function. The utiliza-
tion of this modality requires an understanding of MBF and coronary physiology,
as well as the infrastructure and personnel to acquire and interpret the appropri-
ate imaging. MCE should be used in appropriate clinical scenarios and should not
delay definitive treatment for patients presenting with STEMI or when traditional
evaluation is consistent with NSTEML
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Chapter 10
Cardiac Risk Prevention Strategies

Melana Yuzefpolsky, Olivier Frankenberger, and Eyal Herzog

Cardiovascular disease (CVD), which includes coronary heart disease (CHD),
stroke, and peripheral vascular disease, is the leading cause of death and disabil-
ity in most Western industrialized countries including the United States, dispersing
across all ethnic, racial, and gender groups. Worldwide, it is estimated that death
from CHD will increase 100% in men and 80% in women from 1990 to 2020, with
majority of that increase coming from Asia, Africa, and Latin America.! Similarly,
disability-adjusted life-years lost will increase 107% in men and 74% in women
worldwide.!

Early recognition of the cardiovascular disease and aggressive treatment is of
paramount importance. The ability of Doppler echocardiography to provide unique
noninvasive information with minimal discomfort or risk coupled with its portabil-
ity, immediate availability, and repeatability provides a unique diagnostic tool in
prognostication of virtually all categories of cardiovascular disease. However, two-
dimensional Doppler echocardiography is best used after a careful history, physical
examination, electrocardiography, and risk assessment is performed.

The overall objectives of cardiovascular prevention are to reduce mortality and
morbidity in those at high absolute risk and to assist those at low absolute risk
to maintain this state, through a healthy lifestyle. Historical medical recordings as
early as 2500 BC referred to the practice of Prevention. References to the impor-
tance of prevention are found in writings of Hippocrates and Osler, thus rendering
the prevention concept important and certainly not new in practice of medicine.?
However, it is not until 1961 when Kannel and colleagues in the Framingham Heart
study gave modern medicine the term risk factors and their association with coro-
nary heart disease. The major and independent risk factors for CHD are cigarette
smoking of any amount, elevated blood pressure, elevated serum total cholesterol
and low-density lipoprotein cholesterol (LDL-C), low serum high-density lipopro-
tein cholesterol (HDL-C), diabetes mellitus, and advancing age. Framingham heart
study developed a quantitative relationship between these risk factors and CHD. The
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total risk of a person can be estimated by a summing of the risks imparted by each
of the major risk factors. Framingham score estimates the 10-year risk of cardiovas-
cular events for persons without clinical manifestations of CHD. This risk score was
modified by the National Cholesterol education program Expert Panel on Detection,
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment
Panel III or ATP III) for use in their recommendations for screening and treatment of
dyslipidemia. The modifications include elimination of diabetes from the algorithm,
broadening of the age range, inclusion of hypertension treatment, and age-specific
points for smoking and total cholesterol.

The 10-year risk is defined as low <10% CHD risk, intermediate 10-20%, and
high risk is >20%. Once CHD or its equivalents are established, Framingham scor-
ing no longer applies. CHD equivalents include symptomatic carotid artery disease,
peripheral arterial disease, abdominal aortic aneurysm, and diabetes mellitus. Other
models have been developed in an attempt to provide better predictive accuracy for
European patients. The largest of these is that developed by the SCORE project.

The advantages of using the risk charts are the following:

Intuitive and easy to use

Takes account of multifactorial nature of CVD

Estimates risk of all atherosclerotic CVD, not just CHD

Allows flexibility in management — if an ideal risk factor level cannot be
achieved, total risk can still be reduced by reducing other risk factors.

e Establishes a common language of risk for clinicians.

Smoking

The overwhelming wealth of literature indicates that cigarette smoking increases
the incidence of and mortality from CVD. Smoking accounts for more than 400,000
deaths annually in the United States and 1.6 million worldwide.* Despite the relative
stability (25%) in prevalence of current smokers, rates of tobacco use are increasing
among adolescents, young adults, and women.’ Even among nonsmokers, we now
recognize that inhaled smoke, whether from passive exposure or from cigar and pipe
consumption, also increases coronary risk.

Smoking remains one of the most preventable risk factors in cardiology. In a
recent review, smoking cessation reduced mortality from heart disease by 36% as
compared with mortality in subjects who continued to smoke, an effect that did not
vary by age, gender, or country of origin.® The importance of physician counseling
for smoking cessation cannot be underestimated.

Methods of Cessation

Both behavioral and pharmacologic approaches should be utilized to enhance smok-
ing cessation. A simple behavioral approach (also referred to as 5As) for use
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in physician offices has been developed by National Cancer Institute and is also
endorsed by British Thoracic Society.

A-ASK systematically. Identify all smokers at every opportunity.

A-ASSESS. Determine the person’s degree of addiction and his/her readiness
to stop smoking.

A-ADVISE. Urge all smokers to quit.

A-ASSIST. Create a smoking cessation plan including behavioral counseling,
nicotine replacement therapy, and/or pharmacological intervention.

A-ARRANGE. A schedule of follow-up visits.

Patients can benefit from both clinician counseling and group setting. Hospital-
ized patients who smoke, especially those admitted with acute myocardial infarc-
tion, stand to benefit from this type of intervention. Smoking cessation counseling
over the telephone or via a letter is also an effective means of communication.

Group counseling programs are offered widely. These typically include lectures,
group interactions, exercises on self-recognition of one’s habit, some form of taper-
ing method leading to a “quit day,” development of coping skills, and suggestions
for relapse prevention.

Nicotine has been used as replacement therapy to help quitters go through the
initial stages of smoking cessation. It is now available for administration in several
ways: as a gum (nicotine polacrilex), via a transdermal patch, by nasal spray, or
by inhaler. No nicotine delivery system is demonstrable superior to another, and all
appear similarly effective.

Antidepressant medications have been used in aiding long-term smoking cessa-
tion, Bupropion being the most widely studied. A sustained-release formulation of
the drug (Zyban) is licensed to be used in smoking cessation. The dose and dura-
tion of therapy is still not clear. Another new pharmacologic agent that may help in
smoking cessation is varenicline, a nicotinic acetylcholine receptor agonist. It has
been approved by the US FDA in May 2006. Patients start a 7-day dosing sched-
ule and are instructed to quit smoking 1 week after starting varenicline. Treatment
should be continued for 12 weeks before determining efficacy; patients who have
successfully quit at 12 weeks can be continued for an additional 12 weeks. The
most common side effects reported are nausea and abnormal dreams.

Future Directions

Rimonabant, a selective CB1 cannabinoid receptor antagonist, has been developed
as a treatment for both smoking cessation and obesity’; phase III human trials are
ongoing. A separate experimental therapy uses a vaccine to generate antinicotine
antibodies, which act within the central nervous system to inhibit the effects of
nicotine.?
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Nutrition

Dietetics is an integral part of cardiovascular patient risk management. All patients
having a CHD and those individuals at high risk should be given professional advice
on the food and dietary options that reduce the cardiovascular risks.’

Healthy Food Choices

e A wide variety of foods should be eaten.

e Caloric intake should be adjusted to avoid weight gain.

e Encourage: Fruits, vegetables, wholegrain cereals and bread, fish (especially
oily), lean meat, and low-fat dairy products.

e Avoid saturated fats. Increase monosaturated and polyunsaturated fats from veg-
etable and marine sources to reduce total fat to <30% of caloric intake, of which
less than 1/3 is saturated.

e Recommend reducing salt intake if blood pressure is raised.

Supplemental vitamin C, E, and beta carotene cannot be recommended in the pri-
mary prevention of CVD. Taking supplements without clinical benefits could, in
theory, increase the risk if individuals mistakenly avoid therapeutic lifestyle changes
or drug therapies with proven benefits.

Individuals who consume small to moderate amounts of alcohol have lower risks
of CVD, including cardiovascular mortality.'” The United States Dietary Guidelines
recommend alcohol intake in moderation, if at all: one drink per day for women and
up to two drinks per day for men. The type of alcoholic beverage does not appear to
be important. Drinking should be strongly discouraged for individuals under the age
of 40 who are at low risk of CVD, since the risks are likely to outweigh the benefits
in this group.

Dietary recommendations should be defined individually, taking into account the
local culture and the subject’s risk factors — dyslipidemia, hypertension, diabetes,
and obesity.

Obesity

Obesity is associated with a number of risk factors for atherosclerosis and CVD,
including hypertension, insulin resistance and glucose intolerance, high cholesterol,
hypertriglyceridemia, low serum HDL cholesterol concentrations, and high plasma
fibrinogen concentrations.!!"!?> Data from the Framingham Heart Study and the
Nurses’ Health study have shown a positive association between body weight and
coronary heart disease. The distribution of the body fat appears to be an important
determinant as patients with excess central (visceral abdominal) fat are at greatest
risk.!3
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Multiple indices of obesity are available for cardiovascular risk stratification:
BMI, waist-hip circumference ratio (WHR), and simply waist circumference (WC).
BMI has been extensively used to define the groups of body weight (kg/height (m?)).
According to the National Institutes of Health and the WHO, overweight is defined
as BMI ranging from 25 to 29.9 kg/m? and obesity by BMI> 30 kg/m?. Increasing
BMI is highly associated with CVD. It has also been suggested by multiple expert
panels to use WC as an additional indicator of metabolic risk within each category
of BML!#-13

Weight reduction is recommended for obese people (BMI>30 kg/m?) and should
be considered for those who are overweight (BMI>25 and <30kg/m?). Men with
waist circumference of 94—102 cm and women with a waist circumference of 80—
88 cm are advised not to increase their weight. Men above 102 cm and women above
88 cm should be advised to lose weight.’

Selection of treatment for overweight subjects is based upon an initial risk assess-
ment. All should be evaluated for their readiness to change, as essential feature
of those who are successful in losing weight. Those who are ready to lose weight
should also receive basic information about behavior modification, diet, and exer-
cise. It is likely that improvements in central fat metabolism occur with exercise
even before weight reduction occurs.

Ten suggested steps for treating overweight and obesity in the primary care set-
ting are as follows:

Measure height and weight.

Measure waist circumference.

Assess co-morbidities.

Should your patient be treated?

Which diet should you recommend?

Is the patient ready and motivated?

Discuss a physical activity goal.

Review the Weekly Food and Activity Diary.
Give the patient copes of the dietary information.
Enter the patient’s information.

SO B LD =

—

These strategies highlight the need to view the treatment of obesity in the context
of a chronic disorder. Each individual needs ongoing follow-up, evaluation, and
reinforcement.

Drug Treatment for Overweight

Drug treatment has little additional value in weight reduction to diet and exer-
cise. Orlistat inhibits intestinal lipases to prevent the hydrolysis and uptake of
fat. Weight loss is usually modest, and gastrointestinal disturbances occur. Sebu-
taramine enhances a feeling of satiety after food by an effect of its metabolites
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which inhibit noradrenaline and serotonin uptake. Rimonabant is an endocannabi-
noid receptor antagonist that appears capable of inducing a modest but sustained
weight loss in combination with calorie-controlled diet. It is still unclear if its
promising effect on weight reduction and other factors will translate into hard points
of cardiovascular mortality.

Physical Activity

A number of observational studies have shown a strong inverse relationship between
leisure time activity with energy expenditure, habitual exercise, and fitness with
risk of coronary disease and death.'®!” In primary prevention, appropriate physical
activity would consist of 30 min or more of brisk walking four to six times a week.
Endpoints indicating an adequate degree of activity include breathlessness, fatigue,
and sweating. Achievement of goal heart rate is not necessary.

Exercise ECG testing has often been recommended for people who are seden-
tary but are considering a vigorous exercise program. However, the Lipid Research
Clinic Coronary Prevention Trial found that, among 3617 asymptomatic men with
elevated cholesterol, the cumulative incidence related to acute cardiac events was
only 2% during a mean follow-up of 7.4 years.'3

Management

e Providers must stress that positive health benefits occur with almost any increase
in activity; small amounts of exercise have an additive effect; exercise opportu-
nities exist in the workplace, i.e., using stairs instead of the elevator.

Try to find leisure activities that are positively enjoyable.

30min of moderately vigorous exercise on most days of the week will reduce
risk and increase fitness.

Exercising with family or friends tend to improve motivation.

Added benefits include a sense of well-being, weight reduction, and better self-
esteem.

e Continued physician support and encouragement may help in the long term.

Hypertension

Hypertension affects approximately 50 million individuals in the United States and
approximately 1 billion individuals worldwide.'® Data from the Framingham Heart
Study suggest that individuals who are normotensive at 55 years of age have a 90%
lifetime risk for developing hypertension.?’
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Elevated BP is a risk factor for CHD, heart failure, CVD, peripheral vascular dis-
ease, and renal failure in both men and women. In general, epidemiological studies
of treated and untreated patients reveal that there is a gradually increasing incidence
of coronary disease and stroke and cardiovascular mortality as the blood pressure
rises above 110/75, with some notable differences in risk based upon age and under-
lying co-morbid conditions.?! INC VII, published in 2003, provides new classifica-
tion of hypertension for adults aged 18 years or older. The classification is based on
the mean of two or more properly measured seated BP readings on each of two or
more office visits.

Patient Evaluation

Evaluation of patients with documented hypertension has three objectives: (1) to
assess lifestyle and identify other cardiovascular risk factors or concomitant disor-
ders that may affect prognosis and guide treatment; (2) to reveal identifiable causes
of high BP; and (3) to assess the presence or absence of target-organ damage and
CVD.

The physical examination should include an appropriate measurements of BP,
with verification in the contralateral arm; examination of the optic fundi; calcula-
tion of the body mass index, auscultation for carotid, abdominal and femoral bruits;
palpation of the thyroid gland; thorough examination of the heart and lungs; exami-
nation of the abdomen for enlarged kidneys, masses, and abdominal aortic pulsation;
palpation of the lower extremities for edema and pulses; and neurologic assessment.

Routine laboratory tests after initial evaluation include electrocardiogram;
urinalysis; blood glucose and hematocrit, basic metabolic panel, estimate of
glomerular filtration rate, and a fasting lipid profile. Additional testing for identi-
fiable causes is not indicated unless BP control is not achieved.

Treatment: Who to Treat?

Using the definitions from JNC VII in combination with ESC guidelines published
in 2007, the following general approach can be used to determine which patients
with hypertension require antihypertensive therapy.

All patients should undergo essential lifestyle modifications, including weight
reduction for obese and overweight patients, physical activity, dietary sodium
restriction, and moderation of alcohol consumption (Table 10.1). The decision
to start antihypertensive drug treatment depends on the presence of CVD, dia-
betes, renal disease, and target-organ damage. When using the ESC guide-
lines, the SCORE estimate of total CVD risk is used to guide treatment choice
(Table 10.2).

In the absence of end-organ damage, patients should not be labeled as having
hypertension unless the blood pressure is persistently elevated over three to six visits
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Table 10.1 Recommendations for lifestyle modifications
Approximate
systolic BP
Modification Recommendation reduction (mmHg)
Weight reduction Maintain normal body weight (BMI, 18.5-24.9)  5-20mmHg/10kg
weight loss
Adopt DASH Consume a diet rich in fruits, vegetables, and 8-14 mmHg
eating plan low-fat dairy products with a reduced content
of saturated and total fat
Dietary sodium Reduce dietary sodium intake to not more than 2-8 mmHg
restriction 100 mequiv./l (2.4 g of sodium or 6 g sodium
chloride)
Physical activity Engage in regular aerobic physical activity such ~ 4-9 mmHg
as brisk walking ( at least 30 min per day, most
days of the week)
Moderation of Limit consumption to not more than two drinks 2-4mmHg

alcohol
consumption

per day [l oz or 30 ml ethanol (g, 24 oz beer,
10 oz wine, or 3 oz 80-roof whiskey)] in most
men and not more than one drink per day in

women and lighter-weight persons

Table 10.2 Blood pressure treatment guidelines based on the score index

Stage | Stage 2
SCORE Normal Prehypertension hypertension hypertension
CVD risk <120/80 mmHg  130-139/80-89 mmHg  140-159/90- >160/100 mmHg
99 mmHg
Low Lifestyle advice  Lifestyle advice Lifestyle Drug Rx if
(<1%) advice persists
Moderate Lifestyle advice  Lifestyle advice Consider Drug Rx if
(1-4%) drug Rx persists
Increased Lifestyle advice ~ Consider drug Rx Drug Rx Drug Rx
(5-9%)
Markedly Lifestyle advice ~ Consider drug Rx Drug Rx Drug Rx
increased
(=10%)

within several months. During the initial evaluation period, patients should also be
encouraged to measure their blood pressure at home or work.

Antihypertensive medications should generally be started if the systolic pressure
is persistently >140 mmHg and the diastolic pressure is persistently >90 mmHg in
the office and at home despite attempted nonpharmacologic therapy. Starting with
two drugs may be considered in patients with a baseline blood pressure greater than
20/10 mmHg above goal. In patients with diabetes or chronic kidney disease, anti-
hypertensive therapy is indicated when the systolic pressure is persistently above
130 mmHg and/or the diastolic pressure is above 80 mmHg. Extrapolating from
prior trials, it is also suggested to keep the goal blood pressure <130/80 mmHg
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in patients with heart failure or coronary disease. Patients with office hypertension,

normal values at home, and no evidence of end-organ damage should undergo ambu-
latory blood pressure monitoring to see if they are truly hypertensive.

Flow Chart for Selecting Antihypertensive Medications

Lifestyle Modification

Not at goal BP
(<140/90 mmHg or <130/80 mmHg for
those with Diabetes or Chronic
Kidney Disease)

Initial drug choices

Hypertension Without compelling Hypertension With compelling
indications indications
Stage 2 Hypertension Rugs for the compelling
Stage 1 Hypertension (Systolic BP > 160 mmHg or indications
(Systolic BP 140159 mmHg Diastolic BP > 100 mmHg) ‘ )
or Diastolic BP 90-00 mmHg) 2-drug combination for most Other Antihypertensive drugs
(usually thiazide type diuretic and (Diuretics, ACE inhibitors,
Thiazide type diuretics for most ACE inhibitor or ARB or ARB; B-blocker, CCB)
B-blocker or CCB) as needed

May consider ACE inhibitor,
ARB, B-blocker, CCB, or
combination

Not at Goal BP

Optimize dosages or add
additional drugs until goal BP
is achieved

Consider consultation with
Hypertension Specialist.
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How to Treat?

Antihypertensive Medications

Two recent large-scale trials and meta-analyses have concluded that B-blockers may
not protect against stroke, though they are equally effective in reducing coronary
events and mortality.?>*>* It has also been proven that administration of B-blockers
has been beneficial in patients with angina, heart failure, and recent MI. B-blockers
should still be considered a valid option for initial and subsequent antihypertensive
treatment strategies. However, they may induce weight gain, have adverse effect
on lipid profile, and increase the incidence of new onset diabetes. Thiazide diuretics
have also been shown to have diabetogenic and dyslipidemic effects.?*?> Physicians
should exercise caution when prescribing these medications to hypertensive patients
with multiple metabolic risk factors, including the metabolic syndrome and its major
components.

ACE inhibitors and angiotensin receptor antagonists have been particularly effec-
tive in reducing left ventricular hypertrophy and myocardial fibrosis. Additionally,
they reduce microalbuminuria, proteinuria and help to preserve renal function, pre-
venting progression to end-stage renal disease. Up to 35% increase in serum creati-
nine above baseline is expected with these medications and should not be used as a
reason to withhold treatment.

Follow-Up

Once the antihypertensive treatment has been initiated, patients should return for
follow-up on a monthly basis until the optimal blood pressure has been achieved.
More frequent follow-up may be required in patient with Stage 2 hypertension or
with multiple co-morbidities. Serum potassium and creatinine should be checked at
least once or twice a year. After blood pressure is in the target range, stable follow-
up can be at 3- to 6-month intervals. Generally, antihypertensive treatment should
be maintained indefinitely.

Plasma Lipids

The relationship between elevated plasma cholesterol and atherosclerotic disease
is well established. A 10% increase in serum cholesterol is associated with a 20—
30% increase in risk for CHD. All patients with cardiovascular disease should be
screened for serum cholesterol levels. Some controversy remains regarding screen-
ing in primary prevention. The National Cholesterol Education Program (NCEP)
recommends routine screening of all adults older than 20 years, the American
College of Physicians (ACP) recommends screening only men aged 35-65 and
women 45-65 and the US Preventive Services Task Force recommends screening
all men aged 35 and older and all women aged 45 and older. To establish treat-
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Table 10.3 Cholesterol treatment guidelines based on the risk category

Risk category LDL-C goal Initiate TLC Consider drug therapy

High risk: CHD or CHD <100 mg/dl >100 mg/dl >100 mg/dl (<100 mg/dl;
risk equivalents; 10-year (optional consider drug options)
risk>20% goal:

<70 mg/dl)

Moderately high risk: 2+ <130 mg/dl >130 mg/dl >130 mg/dl (<130 mg/dl;
risk factors (10—year risk, consider drug options)
10%-20%)

Moderate risk: 2+ risk <130 mg/dl >130mg/dl >160 mg/dl
factors (10-year risk,

10-20%)

Lower risk:0-1 risk factor <160 mg/dl >160 mg/dl >190 mg/dl (160-189 mg/dl:
LDL-lowering drug
optional)

ment goals for the patients with no known coronary disease, the 10-year risk for
developing CHD should be carried out using modified Framingham risk scoring
(Table 10.3).

The two major modalities of LDL-lowering therapy are therapeutic lifestyle
changes (TLC) and drug therapy. Essential features of TLC are reduced intake of
saturated fats (<7% of total calories) and cholesterol (<200 mg per day); therapeu-
tic options for enhancing LDL lowering such as plant stanols/sterols (2 g/day) and
increased viscous (soluble) fiber (10-25 d/day), weight reduction, and increased
physical activity. If dietary therapy does not achieve the target LDL level, drug ther-
apy should be started.

The current armamentarium of lipid-lowering drugs includes inhibitors of
hydroxyl-3-methyl-glutaryl-CoA reductase (statins), fibrates, bile acid sequestrates
(anion exchange resins), niacin (nicotinic acid), and selective cholesterol absorption
inhibitors (ezetimibe). Statins have been shown not only to reduce hyperlipidemia
but also to reduce cardiovascular events, mortality, the need for coronary artery
bypass grafting, and various forms of coronary angioplasty. High-dose statins also
seem to halt progression or induce regression of coronary atherosclerosis. There-
fore, they are recommended as the first choice.

Selective cholesterol absorption inhibitors can be used in combination with
statins in patients not reaching treatment goals. Bile acid sequestrates also decrease
total and LDL cholesterol but tend to increase triglycerides. Fibrates and nicotinic
acid are used primarily for triglyceride lowering and increasing HDL cholesterol,
while fish oils (omega-3-fatty acids) are used for triglyceride lowering. In some
patients, goals cannot be reached even on maximal lipid-lowering therapy, but they
will still benefit from treatment to the extent to which cholesterol has been lowered.
Increased attention to other risk factors can reduce total risk (Table 10.4).
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Table 10.4 Drugs affecting lipoprotein metabolism

Drug class Lipid effects

Side effects

Contraindications

Statins (HMG LDL-| 18-55%;

CoA HDL-% 5-15%;
reductase TGL-] 7-30%
inhibitors)

Bile acid LDL-| 15-30%;
seques- HDL-1 3-5%;
trants TGL-no change or

increase
Nicotinic acid LDL-|, 5-25%;
HDL-% 15-35%;
TGL-| 20-50%

Myopathy; increased
liver enzymes

Gastrointestinal distress;
constipation; decreased
absorption of other
drugs

Flushing; hyperglycemia;
hyperuricemia; upper
GI distress;
hepatotoxicity

Absolute: active or
chronic liver disease;
relative: concomitant
use of certain drugs

Absolute:
dysbetalipoproteinemia,
TG > 400 mg/dl;
relative: TG >
200 mg/dl

Absolute: chronic liver
disease (sever gout);
relative: diabetes;
hyperuricemia; peptic

ulcer disease

Absolute: severe renal
disease, severe hepatic
disease

Fibric acids LDL-| 5-20% (may
be increased in
patients with high

TGL); HDL-1
10-20%;

TGL- | 20-50%

Dyspepsia; gallstones;
myopathy;
unexplained non-CHD
deaths in WHO study

Elevated Triglycerides

A recent meta-analysis of prospective studies indicated that elevated triglycerides
are an independent risk factor for CHD.?® ATP III proposed the following classifi-
cation of serum triglycerides:

Normal triglycerides: <150 mg/dl
Borderline-high triglycerides: 150-199 mg/dl
High triglycerides: 200—499 mg/dl

Very high triglycerides: >500 mg/dl

In patients with high triglycerides (>200mg/dl), non-HDL cholesterol [total
cholesterol minus HDL cholesterol] becomes a secondary target of therapy with the
goal non-HDL cholesterol 30 mg/dl higher than that for LDL cholesterol. The pri-
mary aim of therapy for all persons with elevated triglycerides is to achieve the target
goal for LDL cholesterol. When triglycerides are borderline high (150-199 mg/dl),
emphasis should also be placed on weight reduction and increased physical activi-
ties. For high triglycerides (200-499 mg/dl), non-HDL cholesterol becomes a sec-
ondary target therapy. There are two approaches to drug therapy. First, the non-HDL
cholesterol goal can be achieved by intensifying therapy with an LDL-lowering drug
and second, nicotinic acid or fibrate can be added. In rare cases in which triglyc-
erides are very high (=500 mg/dl), the initial aim of therapy is to prevent acute
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pancreatitis through triglyceride lowering. This approach includes weight reduc-
tion, low-fat diet, physical activity, and drug therapy. Only after triglyceride levels
have been lowered to <500 mg/dl should attention turn to LDL lowering to reduce
risk for CHD.

Low HDL

Low HDL is a strong independent predictor of CHD. Low HDL is defined as a level
<40 mg/dl. There are no specific goals for raising HDL. Although clinical trials
suggest that raising HDL will reduce risk, the evidence is insufficient to specify a
goal for therapy. Treatment for isolated low HDL with fibrates and nicotinic acid
should be reserved for persons with CHD and CHD risk equivalents.

Diabetes

The National Cholesterol Education Program report from the United States and
guidelines from Europe consider type 2 diabetes to be a CHD equivalent, thereby
elevating the patient to the highest risk category.?’

Maintaining tight control of blood sugar in either type 1 or type 2 diabetes has
a clear benefit on microvascular complications.?® In relation to macrovascular dis-
ease the picture is less clear. In type 1 diabetes, the effects of long-term optimized
metabolic control on the risk of developing CVD have been demonstrated.?® This
could be an effect mediated through the effect of microvascular complications. In
type 2 diabetes, the evidence from studies strongly indicates an effect of glucose
control on risks of CVD. Recommended treatment targets for patients with type 2
diabetes are HgbA1C <6.5 if feasible, fasting/preprandial <110 mg/dl, and post-
prandial <135 mg/dl.

Conclusion

One of the major objectives of a CVD detection program should be to identify those
apparently healthy individuals who have asymptomatic arterial disease in order to
slow the progression of atherosclerotic disease, to induce regression, and in particu-
lar to reduce risk of clinical manifestations. For coronary artery disease, the conse-
quences of coronary atherosclerosis can be objectively assessed noninvasively, using
a variety of techniques such as bicycle or treadmill exercise, ECG testing, stress
echocardiography, or radionuclide scintigraphy. These techniques are routinely used
in diagnostic work-up programs.
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Chapter 11
The ““Ischemic Cascade”

Asimul Ansari and Jyothy Puthumana

Introduction

The ischemic cascade refers to a predictable sequence of events that occurs in the
myocardium after the onset of ischemia.! Myocardial perfusion is determined by
coronary blood flow and myocardial oxygen consumption. Any imbalance in this
supply and demand relationship may result in myocardial ischemia. The mechani-
cal, electrographic, and clinical events that follow the development of ischemia were
formally described in 1985 by Hauser et al.?> and were later termed the “ischemic
cascade.” Classically the observable changes occur sequentially (Fig. 11.1) start-
ing with perfusion abnormalities leading to abnormalities in wall function, then
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ischemic electrocardiogram (ECG) changes, and finally angina.* Echocardiography
has the ability to detect these pathophysiologic changes in the myocardium at the
most initial stages and therefore is more sensitive than history, physical examination,
and ECG for identification of myocardial ischemia.’

Echocardiography for the diagnosis of suspected acute ischemia is most help-
ful in subjects with a high clinical suspicion but non-diagnostic electrocardiograms,
as it is the only technique available that allows real-time assessment of myocar-
dial function. Additionally, through stress modalities, it offers assessment and risk
stratification in patients who present to the ED with chest pain.

It has been well documented that ischemia from coronary stenosis (supply)
can occur without clinically recognizable signs such as electrocardiograph (ECG)
changes or symptoms such as angina.®” It is also known that earlier recognition and
treatment of ischemia improves outcomes.?° Recent data suggest that the ischemic
cascade is also observed with demand ischemia.'® Interestingly, there is also evi-
dence that the temporal sequence of events may overlap. Recognition of the con-
cept of the ischemic cascade allows clinicians to focus on the preceding underlying
pathophysiologic factors rather than the clinically recognizable end result.?

Coronary Anatomy and Myocardial Perfusion

While the angiogram is still considered by most physicians to be the ”gold standard”
for defining coronary anatomy, careful investigations have revealed many inherent
deficiencies.!!!? According to Topol, investigators began questioning the accuracy
and reproducibility of coronary angiography as early as the 1960s.!? Initial studies
established that visual interpretation exhibited clinically significant intra-observer
and inter-observer variability, with differences in the estimation of stenosis severity
approaching 50%.'3~15 Noninvasive stress tests, such as echocardiography, are often
performed not only to detect coronary stenosis but also to determine whether inter-
mediate coronary lesions previously identified by angiography are physiologically
important.

The coronary circulation is functionally composed of the epicardial coronary
arteries (>500 pwm) and the microvasculature: prearterioles (500-100 pwm) and the
arterioles (<100 pm).'¢ These smaller vessels effectively divide the coronary cir-
culation into vascular micro-domains which have separate auto-regulatory ability
to ensure oxygenation can meet the physiologic demand.'” The coronary arteries,
located epicardially, provide unrestricted blood flow unless limited by stenoses.
Conversely, the prearterioles, located subepicardially, have the ability to dilate
or constrict based on changes in central aortic pressure. The arterioles, located
subendocardially, auto-regulate on the basis of metabolic factors released by the
myocardium in response to increased oxygen consumption.'0-11-13

Under normal conditions, myocardial blood flow is determined by both the epi-
cardial coronary vessels and the subendocardial microvasculature and functions to
maintain the cardiac cellular metabolism. The heart is entirely dependent on this
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blood flow and cannot tolerate an oxygen deficit.'"” The large epicardial coronary
arteries provide almost no resistance to blood flow under normal conditions. How-
ever, as a stenotic lesion develops in these vessels, a drop in perfusion pressure
occurs across the stenosis. This causes auto-regulatory signals to stimulate the
microvasculature to dilate to compensate for the reduced distal arterial perfusion
pressure, maintaining the normal amount of blood flow. Consequently, when most
patients with coronary arterial obstructions are resting, they have no ischemia and
therefore no angina.?® In animal models, there is no impairment of baseline blood
flow until about 90% of the cross-sectional area of the artery (or 80-90% of the true
angiographic diameter) is obstructed.”!~>* Additionally, with the collateral circula-
tion from the other epicardial vessels, at baseline there may not be any decrease in
blood flow irrespective of the percent stenosis in a single artery.

In comparison, under stress conditions when there is increased myocardial
metabolic demand, blood flow can increase approximately fourfold from the nor-
mal level in order to meet oxygen requirements, when a flow-limiting stenosis is
not present.”* This amount of hyperemia represents the vasodilator reserve of the
coronary arterial system and is again mediated by dilation of the microvasculature
and a corresponding decrease in resistance. In the stenotic blood vessel, however,
the capacity of the microcirculation to dilate further is limited, and the oxygen
requirement of the myocardium may exceed coronary blood supply, resulting in
ischemia.?® It has been assumed that during maximal hyperemia, the microvascu-
lature is maximally dilated and the decrease in hyperemic flow is due to resistance
offered by the epicardial coronary stenosis.>> In human models, flow during hyper-
emia in the patients with stenoses of less than 40-50% of the luminal diameter (60%
of the cross-sectional area) was not significantly different from flow in the controls.
Among the patients with stenoses of 40% or more, flow during hyperemia and coro-
nary vasodilator reserve progressively decreased as the degree of stenosis increased.
For stenoses equal to 80% (90% of the cross-sectional area), flow during hyperemic
conditions is not increased above baseline; there is absence of coronary vasodilator
reserve.?’

It has become increasingly evident that true blood flow limitation, and therefore
the potential to develop ischemia, cannot truly be fully assessed without interpre-
tation of the physiologic impact of the lesion. Multiple methods have been derived
in an attempt to quantify physiologic blood flow limitation whether epicardial coro-
nary, microvascular, or both. The initial conceptualization of this process, the coro-
nary flow reserve (CFR), was submitted in 1974 by Gould et al. and is defined as
the maximal hyperemic blood flow to resting blood flow ratio.”! Different inva-
sive methods have been introduced for the assessment of CFR, including Doppler
wire, coronary pressure wire/fractional flow reserve (FFR), and estimated pressure
gradient velocity (dpyso).?6>2” However, these methods require interventional car-
diologists to manage the measurements in a catheterization lab. Therefore, nonin-
vasive modalities have been developed and include radionuclide cardiac imaging,
magnetic resonance imaging (MRI) perfusion imaging, and most recently myocar-
dial contrast echocardiography (MCE). Previous evaluation of suspected ischemia
by echocardiography was limited to 2D echo. While 2D echo has been shown to
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have effectiveness in the risk stratification of patients with suspected ischemic syn-
dromes, it has been described as having slightly lower sensitivity (88%) compared to
nuclear imaging (92%).2%:2° At present, echocardiography may be able to diagnose
perfusion impairment which is significantly abnormal.

It is critical to understand and assess the physiologic burden of coronary stenoses
rather than rely on the degree of anatomic obstruction. As discussed above, patients
with physiologically significant stenoses, and therefore ischemia, are at increased
risk for clinical events, while those with even angiographically severe lesions, yet
no physiologic consequence, are at much lower risk.*"

Ischemic Cascade Perfusion Abnormalities

One of the most significant advances in echocardiography has been the develop-
ment of micro bubble contrast agents, which allow noninvasive perfusion assess-
ment of the myocardium up to the level of the microvasculature.’! MCE has the
ability to demonstrate both myocardial blood volume and velocity on a regional
basis.?> The commercially available contrast agents are composed of a thin shell
of lipids containing an inert gas and are of smaller diameter than red blood cells.
Imaging can then be performed with bolus of contrast or continuous infusion, using
either destructive or non-destructive protocols.*
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Fig. 11.2 Myocardial contrast perfusion echo demonstrating apical subendocardial hypoperfu-
sion/ischemia
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In the evaluation of chest pain patients with non-diagnostic ECG changes seen in
the emergency department, MCE was able to classify intermediate modified throm-
bolysis in myocardial infarction (TIMI) score patients into low and high risk for
acute coronary syndrome (ACS) prior to availability of serum cardiac enzymes.>*
Currently contrast agents are not FDA approved specifically for perfusion imaging;
however, improvement of visualization of the endocardial border and thus facilitat-
ing recognition of wall motion abnormalities increases the sensitivity of this testing
methodology.®

The additive data on perfusion have shown increased accuracy in detection and
regionalization of ischemia compared to dobutamine stress echocardiography (DSE)
primarily at intermediate (84 vs. 20%) stages but also for both single vessel (81
vs. 53%) and multi-vessel CAD (95 vs. 76%).*> MCE also had a higher nega-
tive predictive value compared to DSE*® and offers better spatial resolution and
therefore visualization of subendocardial ischemia compared to nuclear imaging
(Fig. 11.2).%6

Finally, direct visualization of the epicardial coronary arterial blood flow with
Doppler echo has been proven to be technically feasible’’; however, the practicality
of this application in the acute setting has not been demonstrated.

Diastolic Dysfunction

Abnormalities in diastolic function are classically one of the earliest observable
signs of myocardial ischemia and are independent and persist longer than changes
in systolic function. Doppler echocardiography has emerged as the principal clinical
tool for the assessment of ventricular diastolic function, and its sensitivity to detect
ischemia, whether from epicardial stenosis or microvascular disease, has been val-
idated in many clinical studies.*®~*° Doppler flow indices have been used to evalu-
ate different parameters of diastolic function, including left ventricular (LV) filling
pressure, compliance, and relaxation.*!*> In comparison to filling and compliance,
ventricular relaxation is an active process. Diastolic function may rarely be visually
observed, but can be measured quantitatively by M-mode, pulse Doppler of mitral
inflow, and more recently by Doppler tissue imaging (DTI).

Impairment of relaxation is usually the first indication of diastolic dysfunction
and can occur abruptly. Within seconds of the development of ischemia, reduction
in E-wave velocity and an increase in A-wave velocity occur and can be noted on
mitral inflow (Fig. 11.3).# Subendocardial fibers in the left ventricle are oriented
along the long axis of the LV and are most susceptible to the early manifesta-
tions of ischemia. Hence detection of shortening (systole) and lengthening (diastole)
abnormalities would be a sensitive indicator of early ischemia. Doppler tissue imag-
ing (DTI) using pulsed Doppler technique selectively detects low-range Doppler
shifts in tissue signals and detects regional myocardial velocities. Using this tool,
longitudinal abnormalities of decreased systolic excursion (S’) or reduced velocities
during early (E’) and late diastole (A”) with or without a reversal of the E’ to A’ ratio
can be used to detect ischemia (Fig. 11.4).
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Using this tool in dobutamine stress echo, investigators have been able to increase
the sensitivity of detecting functionally significant coronary lesions as identified by
a decrease in peak systolic excursion, decrease in early diastolic relaxation veloci-
ties, and reversal of E/ to A’ ratios.*® DTI imaging appears to be less dependent on
preload when compared to mitral inflow parameters and is useful for the evaluation
of regional myocardial function; however, tethering from surrounding normal seg-
ments may limit its accuracy. Tissue velocity curves can be obtained off-line using
color-coded 2D DTTI images and can improve the reproducibility and accuracy of
these measurements.

Strain

The sequence of contraction and thickening abnormalities in response to ischemia
that can be evaluated by echocardiography has been well documented.*® Ischemia
reduces early systolic thinning and delays the onset of systolic thickening, resulting
in the phenomenon of post-systolic thickening (PST). Even the trained eye can-
not visualize or time mechanical events shorter than 90 ms. Post-systolic thickening
lasts for about 50—60 ms and therefore cannot be discerned by the naked eye.

In order to overcome the limitations of DTI related to angle of interrogation,
cardiac motion, and rotation, strain (S) and strain rate (Sr) imaging have been devel-
oped to measure regional deformation in systole and diastole. Strain is defined as
change in length normalized to the original length (Fig. 11.5), and the rate at which
this occurs is called the strain rate. Ischemia-related changes in peak S and Sr have
been shown to be detectable earlier than either DTI abnormalities or wall motion
abnormalities, and these measures are thus important tools early in the evaluation of
the ischemic cascade. Sr has been shown to be independent of preload and afterload
and is therefore a highly accurate measure of regional function. Normal S and Sr
values for longitudinal and radial strain have been defined by Kowalski et al. Peak
radial strain in normal subjects is higher than longitudinal strain (50-70 vs. 20—
30%) (Fig. 11.6).** S and Sr curves thus obtained can then be timed with cardiac
cycle. Several studies have shown that a reduction in the peak systolic S and Sr with
significant increase in PST is a sensitive marker of ischemia.*®

Fig. 11.5 Calculation of 4 - y
strain (¢). Lo = original
length. AL = change in Lo

length’?

E—L_Lo =Sl
Lo Lo

In the setting of balloon occlusion during PCI, segments at risk (without ade-
quate collaterals) have an acute >50% reduction in peak S and Sr with immediate
occurrence of PST that is not noted in the non-ischemic segments (Fig. 11.7).¥
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Fig. 11.6 Normal longitudinal and circumferential strain by 2D strain method

Non-Doppler 2D strain is a newer and easier modality of obtaining S and Sr
measurements by tracking speckles (natural acoustic markers) frame to frame in the
ultrasonic images in two dimensions. Since it is not based on tissue Doppler, the
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Fig. 11.7 Abnormal longitudinal strain depicting apical ischemia

measurements are angle independent. Non-Doppler 2D strain is simple to perform
and requires acquisition of only a single cardiac cycle (figure) and has been validated
against tissue Doppler-derived S and Sr.

Wall Motion Abnormalities

In 1929, Tenet and Wiggers published their observations that ligation of a coro-
nary artery results in almost instantaneous loss of regional contractility.*® Tran-
sient myocardial dysfunction is the most easily recognized and specific marker of
ischemia. Echocardiography is the only technique available that allows real-time
assessment of stress-induced reduction in systolic wall thickening. The location
of regional wall motion abnormalities correlates well with the distribution of the
artery involved.*” When echocardiography is performed soon after presentation
to the emergency department (ED) or during a chest pain episode, wall motion
abnormalities are detected in 90-95% of transmural infarctions and in 80-90%
of subendocardial infarctions. Additionally, the specificity of echocardiography is
approximately 80-90%.%8 An absence of wall motion abnormalities has excellent
negative predictive value.*’

In patients with coronary artery disease (CAD), those with negative stress echo
had very low need of further cardiac evaluation (visits in ED 3%, readmissions
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2%)>° and clinical events (negative predictive value of stress echocardiography was
99% after 13 + 12.2 months follow—up).5 ! Tn addition to wall motion abnormalities,
failure to decrease cavity size or an increase in end-diastolic dimension has been
used to detect physiologically significant single or multi-vessel stenoses in CAD
patients.

Conclusion

The ischemic cascade predicts the sequence of myocardial dysfunction after the
onset of ischemia. Echo can accurately and quickly evaluate each component of the
ischemic cascade resulting in earlier diagnosis of both acute coronary syndromes
and CAD. The use of echocardiography for the suspected acute ischemia in the set-
ting of chest pain has received a class I ACC/AHA recommendation.> In cases of
CAD, ischemia may be identified with stress echocardiography while still clinically
silent. Progressive advancements in echo technology such as MCE and strain imag-
ing will continue to improve identification, risk stratification, and outcomes in these
patients.
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Chapter 12
How to Perform Stress Echocardiography

Bette Kim and Farooq A. Chaudhry

There are different modalities of stress echocardiography which can be used in the
evaluation of patients with coronary artery disease. For patients who are able to
exercise, treadmill and supine bicycle stress echocardiograms are preferred tech-
niques. For patients unable to exercise, pharmacologic stress testing using dobu-
tamine, dipyridamole, or adenosine is an alternative method to provoke ischemia.
These various stress modalities will be discussed in detail (Table 12.1).

Table 12.1 Methods to induce Stress

Exercise Pharmacological
Treadmill Dobutamine
Supine bicycle Dipyridamole
Isometric Adenosine

The basic principle of stress echocardiography is the identification of new wall
motion abnormalities that occur in the presence of ischemia. This involves the com-
parison of baseline echocardiographic images obtained under resting conditions
with those obtained immediately post-exercise in the case of treadmill or peak exer-
cise in the case of bicycle protocol. Parasternal long and short axis as well as apical
two, three, and four chamber views are acquired at baseline and post-stress test-
ing. The left ventricle is divided into 16 segments as per the recommendation of
the American Society of Echocardiography. All images are digitized in a contin-
uous loop format utilizing a quad-screen format to facilitate the detection of new
segmental wall motion abnormalities. The digitizer allows for the capture of a com-
plete cardiac cycle that is then continuously played on a cine loop format for ease of
analysis. The best post-exercise image is selected and compared with the baseline
image by side to side comparison in the quad-screen image format' (Fig. 12.1).

B. Kim (=)
Division of Cardiology, St. Luke’s-Roosevelt Hospital Center, New York, NY, USA
e-mail: bekim @chpnet.org

E. Herzog, F.A. Chaudhry (eds.), Echocardiography in Acute Coronary Syndrome, 161
DOI 10.1007/978-1-84882-027-2_12, © Springer-Verlag London Limited 2009



162 B. Kim and FA. Chaudhry

Fig. 12.1 Rest and Post-exercise shuffled echocardiographic images displayed in the quad-screen
format

Treadmill Versus Bicycle Exercise Protocol

The most commonly used method for provoking ischemia in patients able to exer-
cise is treadmill testing. The sensitivity of exercise testing is strongly dependent
upon attaining adequate heart rate and cardiovascular workload. The use of tread-
mill or bicycle methods of exercise requires the patient to achieve a target heart rate
of 85% of the age-predicted maximum heart rate or attain a workload of at least
6 METS in order to achieve satisfactory sensitivity. In patients who can achieve
these workloads, exercise testing is the method of choice to provoke myocardial
ischemia. Studies have shown that treadmill exercise testing results in higher heart
rates compared with bicycle exercise. However, systolic blood pressure increases
are more pronounced with bicycle exercise compared to treadmill exercise. Despite
these differences, these two tests are probably comparable as the double products
are similar." The advantage of supine bicycle stress testing include imaging at peak
stress as well as the easy identification of Doppler abnormalities which occur with
peak exercise such as left ventricular outflow tract obstruction, mitral regurgitation,
or tricuspid regurgitation.
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The most common treadmill protocol used is the Bruce protocol, although other
protocols such as the modified Bruce or Naughton can be used depending upon
the level of fitness of the patient. According to standard stress testing protocol,
the patient has continuously ECG monitoring with exercise, and blood pressure is
checked every 3 min. With treadmill exercise, the post-exercise images are obtained
ideally within less than 1 min.

The exercise test should be terminated if any of the following occur:

Severe symptoms such as chest pain or dyspnea
Severe ST depressions

Hemodynamically significant arrhythmia

Severe hypertensive response (BP > 220/120 mmHg)
Hypotension (a decrease of >20 mmHg)

NS

Pharmacologic Stress Echocardiogram: Dobutamine

For those patients who cannot exercise, dobutamine, dipyridamole or adenosine
stress echocardiograms can alternatively be performed. By far, dobutamine is the
most common pharmacologic agent used to provoke ischemia in stress echocardio-
grams. Dobutamine is a synthetic catecholamine that binds to beta 1 and beta 2
receptors. The affinity of dobutamine for beta 1 cardiac muscle receptors results in
positive inotropic and chronotropic effects. Therefore, dobutamine induces myocar-
dial ischemia in patients with flow-limiting coronary stenosis by increasing left
ventricular contractility, heart rate, wall stress, and therefore myocardial oxygen
demand. Dobutamine has a short half-life and is rapidly metabolized once the infu-
sion is discontinued. Any adverse side effects or arrhythmias can usually be quickly
terminated by discontinuation of the drip or by intravenous beta blockers.?
Dobutamine protocol:

1. The patient is asked not to eat for 4—6 h prior to the dobutamine stress echocar-
diogram.

2. Baseline heart rate, blood pressure, and electrocardiogram are obtained. Periph-
eral intravenous access is obtained. Baseline echocardiographic images are
obtained in the standard views as described earlier.

3. Dobutamine infusion is started at 5 mcg/kg/min if the patient has underlying wall
motion abnormalities to assess for viability; otherwise, the infusion is begun at
10 mcg/kg/min and increased in a stepwise manner by 10 mcg/kg/min every
3 min to a maximum infusion rate of 50 mcg/kg/min. If the patient’s heart rate
response to dobutamine is suboptimal, atropine can be given in 0.25 mg incre-
ments to a maximum dose of 2 mg beginning at the 30—40 mcg/kg/min dose of
dobutamine. In those patients who do not take beta blockers, handgrip exercise
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as well as leg exercises beginning at the 30—40 mcg/kg/min stage of dobutamine
has been shown to decrease the time to achieve target heart rate and decrease the
need for atropine.’

Blood pressure and EKG obtained with each stage of dobutamine.

. Standard echocardiographic images are obtained at rest, low-dose dobutamine,
peak dose dobutamine, and in recovery. These images along with baseline images
are digitized and displayed in a quad-screen format (Fig. 12.2).

Fig. 12.2 Shuffled Dobutamine echocardiographic images in the quad-screen format with the
resting image in the upper left, low-dose image displayed in the upper right, peak stress image in
the lower left, and the recovery image in the lower right

01NN Bk LN

Indications for dobutamine infusion termination:

. Reaching 85% of age-predicted maximum heart rate

. Development of new wall motion abnormalities

. Maximum dobutamine dose

. Severe symptoms

. Ventricular tachycardia or supraventricular tachycardia

. Severe ST depressions

. Severe hypertension (BP > 220/120 mmHg)

. Hypotension (a decrease of 20 mmHg from the previous level of infusion should

be used as a guide, but terminating the infusion should be at the discretion of the
physician monitoring the test)
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Adenosine and Dipyridamole Stress Echocardiography

Both adenosine and dipyridamole are potent vasodilators. Adenosine increases
intracellular cyclic adenosine monophosphate (cyclic AMP) and cyclic guanosine
monophosphate (cyclic GMP) which results in smooth muscle relaxation. Dipyri-
damole works by blocking the uptake of adenosine by endothelial cells which thus
leads to an increase in the concentration of adenosine within the myocardial and
arterial walls. In myocardial regions perfused by normal coronary arteries, blood
flow increases in both endocardial and epicardial layers reflecting normal coronary
flow reserve. With a critical coronary stenosis, flow may increase in the epicardium
but fall in the subendocardium distal to the flow-limiting stenosis.*

Adenosine and dipyridamole stress echocardiography are not preferred pharma-
cologic stress echo modalities. Dobutamine stress echocardiography has far greater
sensitivity to detect coronary artery disease and is better tolerated compared with
adenosine and dipyridamole protocols. The sensitivity of dobutamine stress echocar-
diography is 76% (95% CI, 59-93%) compared with adenosine (40%; CI, 21—
59%; p < 0.001) and dipyridamole (56%; CI, 37-75%; p = 0.019).> However,
using adenosine and dipyridamole in conjunction with myocardial contrast perfu-
sion echocardiography is a promising technique to detect significant coronary artery
disease.

Adenosine and dipyridamole stress echocardiography protocol consists of the
standard two-dimensional parasternal long and short axis as well as apical two,
three, and four chamber views acquired at baseline and post-stress testing. The
patient is monitored with continuous electrocardiographic monitoring during the
infusion. Vital signs are monitored every 2 min throughout the protocol and into
recovery. Adenosine is infused at 140 mcg/kg/min and some centers have used a
level as high as 200 mcg/kg/min for 6 min. Dipyridamole is infused at 0.56 mg/kg to
as high as 0.84 mg/kg at some centers over 4—6 min. Wall motion is recorded during
the last 3 min of the adenosine infusion and between 2 and 5 min after completion
of the dipyridamole infusion.

Contraindications for adenosine or dipyridamole stress echocardiography include
the following:

. Severe asthma with active wheezing

. Systolic BP of less than 90 mmHg

. Second or third degree heart block

. Use of dipyridamole or aminophylline medications within the last 24 h
. Ingestion of caffeinated foods within 12 h of the test

. Unstable angina or acute coronary syndrome

NN AW

Adenosine and dipyridamole infusions can cause a modest increase in heart rate
and a modest decrease in blood pressure. Minor side effects of adenosine and dipyri-
damole infusions include flushing, chest pain, dyspnea, dizziness, and nausea. A
small incidence of transient AV block has been described. The infusion of adeno-
sine or dipyridamole should be terminated in the setting of severe hypotension,
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symptomatic, persistent second or third degree heart block, wheezing, or severe
chest pain. Aminophylline can be used to reverse symptoms related to the dipyri-
damole infusion. Because of the very short half-life of adenosine, aminophylline is
rarely required to treat symptoms.*

Conclusion

There are several different stress echocardiographic protocols which can be used
in the diagnosis of coronary artery disease. For those patients able to exercise,
treadmill or bicycle stress echocardiograms are the preferred modalities. Symptoms
obtained with exercise as well as ECG changes, blood pressure response, and work-
load achieved are all important clinical and prognostic parameters which should
be incorporated with the cardiac imaging results. Pharmacologic stress should be
reserved for those patients who cannot attain an adequate workload. Dobutamine
stress echocardiography is the preferred pharmacologic stress echocardiographic
modality compared with adenosine or dipyridamole. Dobutamine echocardiography
is more sensitive than adenosine or dipyridamole to detect coronary artery disease
and is better tolerated. However, adenosine and dipyridamole may play a greater
role in stress echocardiography when myocardial contrast perfusion echocardiogra-
phy becomes clinically available.
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Chapter 13
Principles of Interpretation of Stress
Echocardiography

Kameswari Maganti and Vera H. Rigolin

Stress echocardiography was introduced in the early 1980s and has matured into a
robust, versatile, widely available, reliable, and cost-effective technique utilized for
noninvasive imaging of the heart. In combination with a variety of stressors, stress
echocardiography provides a means for the detection of ischemia by assessment of
regional wall motion abnormalities. In addition to its utility in detection and accurate
risk stratification of patients with suspected and established coronary artery disease,
it has a role in assessment of severity of valvular heart disease by providing valu-
able physiological hemodynamic data and also has a proven role in the assessment
of myocardial viability in patients with dyssynergic segments as well as with left
ventricular dysfunction.

This chapter will provide an overview of the interpretation of stress echocardio-

graphy.

Pathophysiology

With dynamic exercise or inotropic stress, the normal response is an increase in
heart rate, endocardial excursion, systolic wall thickening, and ejection fraction with
a decrease in systolic dimensions and volumes. An abnormal response typically is
noted as new or worsening wall motion abnormalities, increase in the left ventricular
cavity size, or a decrease in ejection fraction. Regional wall motion abnormalities
usually precede ST segment changes and chest pain, but follow diastolic dysfunc-
tion and regional perfusion abnormalities. This ischemic cascade is delineated in
Fig. 13.1.
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Ischemic Cascade
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Fig. 13.1 The ischemic cascade is demonstrated. Note the sequence of events as myocardial blood
flow diminishes. The first abnormality noted is in myocardial perfusion. Diastolic dysfunction and
myocardial deformation then follow. Abnormal wall motion then occurs, which is visually noted
in an abnormal stress echo. The final abnormalities to occur are ECG changes followed by chest
pain

Methodology of Stress Echocardiography

The interpretation of stress echo begins with the knowledge of what type of stress
test is being performed and the clinical response of the patient to the stressor.

Stress echocardiography may be performed using dynamic exercise (treadmill or
bicycle) or pharmacologic stress in patients who are unable to exercise or when via-
bility information is desired. Rarely, pacing stress using either a transvenous pacer
or a transesophageal atrial pacer is used as an alternative to exercise.! In patients
capable of exercising, dynamic exercise is preferred to pharmacologic stress as it
provides information pertaining to exercise capacity which allows better prognostic
discrimination. The selection of pharmacologic stress is mostly determined by local
expertise.

With treadmill exercise stress echocardiography, the Bruce protocol is the most
commonly used exercise protocol in the United States. With treadmill exercise, it is
critical that post-exercise images are obtained within 1 min after cessation of the test.
Unfortunately, resolution of wall motion abnormalities can occur quickly following
the cessation of exercise, which reduces the sensitivity of the test. This may be
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obviated by the use of upright images which may be performed immediately at peak
exercise in some patients.”> Upright or supine bicycle stress echocardiography is
attractive as it has the advantage of imaging the heart at peak exercise. The bicycle
protocol is similar to the one for treadmill exercise in that exercise intensity can
be increased every 3 min. The differences, however, are that image acquisition can
be made at each stage of exercise and can be performed while the patient is still
exercising. Performing the stress echo in this fashion permits adequate assessment
at ischemic thresholds and a concurrent increase in the sensitivity for detection of
coronary artery disease.’

Pharmacologic stress agents include dobutamine which is most widely used in
the United States and vasodilator agents such as adenosine and dipyridamole which
are less commonly used. Dobutamine, a sympathomimetic agent, has a unique
method of action. At low doses, there is an increase in myocardial perfusion prefer-
entially by recruitment of viable myocardium which thereby results in an increase
in myocardial contractility. At high dose, however, there is an increase in myocar-
dial oxygen demand and consumption due to increases in inotropic state, heart rate,
and blood pressure.* If there is a flow-limiting stenosis, a demand/supply mismatch
ensues, resulting in a new wall motion abnormality. Dobutamine is used as an infu-
sion starting at 5 or 10 mcg/kg/min and is incrementally increased every 3—5 min till
a maximal dose of 50 mcg/kg/min. Atropine is often used in conjunction with dobu-
tamine for heart rate augmentation. Atropine may be given in incremental doses
beginning at 0.25 mg and up to a total of 2.0 mg.

Vasodilator agents such as adenosine and dipyridamole are less commonly used
for pharmacologic stress testing in the United States. These induce ischemia by
induction of coronary steal which occurs in the setting of severe or extensive coro-
nary artery disease.

Image Acquisition/Stress Echo Protocols

A baseline exam with 2D, M mode, and, if indicated, Doppler assessment is per-
formed using transthoracic harmonic imaging with two parasternal (long and short
axis views) and two to three apical baseline views (four, two, and three chamber
views). Transesophageal stress imaging is reserved for the rare patients with poor
image quality® as the use of contrast for endocardial border delineation had in gen-
eral obviated its need.

The peak exercise stress images are acquired immediately after the cessation of
exercise. It is preferable that the images are acquired within 1 min after cessation
of exercise and that they are acquired at or above 85% of the maximal predicted
heart rate for age. In the dobutamine studies, the images are acquired at baseline, at
each stage of the dobutamine infusion, and in recovery. Rest and stress images are
arranged side by side for comparison and digital archiving. This allows for compar-
ison of regional function as well as assessment of timing of contraction.
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The rapid advances in image acquisition, image processing and digital display,
and the development of harmonic and contrast imaging have certainly spurred the
widespread use of stress echocardiography.®-® However, the interpretation stress
echo is greatly dependent on image quality and rapid acquisition of post-exercise
images. Continued problems with image quality in certain subsets of patients and
technical expertise needed for image interpretation continue to be its biggest disad-
vantages. The use of an echo contrast agent should be considered in patients with
poor image quality to assure the best diagnostic accuracy.

Image Analysis

Interpretation of stress echocardiography is one of the most challenging aspects of
echocardiography, and the standard approach is qualitative. The need for appro-
priate training and experience’~!'! as well as problems faced with reproducibility
especially when many centers are involved'? continues to be the biggest shortcom-
ings of this modality. The reproducibility of the subjective interpretation of stress
echocardiograms at a single, high-volume center with experienced readers is very
good.>'* As the accuracy of stress echocardiography is based on evaluation of
myocardial thickening and endocardial motion, it is essential that all the wall seg-
ments be adequately visualized.

The interpretation of stress echo is based on the subjective analysis of regional
wall motion, left ventricular shape, and volume and ejection fraction at rest and
after stress. The baseline images should be carefully inspected for any baseline
wall motion abnormalities that may suggest prior myocardial infarction or hiber-
nating myocardium. Baseline wall motion abnormalities may also be present for
reasons other than coronary artery disease, such as a left bundle branch block, a
paced rhythm, or a nonischemic cardiomyopathy. The other major advantage of
stress echo compared to other imaging modalities is its ability to evaluate the other
cardiac structures such as the valves and the pericardium. Close inspection of the
entire heart often provides clues to the etiology of the patient’s symptoms. In addi-
tion, previously unknown structural abnormalities can be detected that preclude safe
exercise testing, such as severe aortic stenosis, hypertrophic cardiomyopathy, and
large pericardial effusions. Fig. 13.2 shows an example of a patient who presented
for a stress echo with previously unknown aortic stenosis.

The normal response to both pharmacological stress and exercise is an increase
in myocardial excursion and a decrease in left ventricular end-systolic volume. The
latter is noted visually as a decrease in left ventricular cavity size. Attention should
also be paid to the right ventricular size and function. Fig. 13.3 shows an example
of a normal stress echo. Regional wall motion analysis of the left ventricle should
be performed in a systematic fashion with assessment of endocardial excursion in
each segment.

The 2005 American Society of Echocardiography (ASE) Chamber Quantifica-
tion Guidelines suggest that either a 16- or a 17-segment model of the left ventricle
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Fig. 13.2 Parasternal long axis view of a patient who presented for a dobutamine stress echo for
the evaluation of chest pain. He was found to have severe aortic stenosis, which was previously
unknown (shown by arrow)

may be used for the assessment of regional wall motion (Fig. 13.4). The 17-segment
model includes an “apical cap,” a segment beyond the level that the LV cavity is
seen. The 17-segment model is recommended if myocardial perfusion is evaluated
or if echocardiography is compared with another imaging modality.!> Regional wall
motion is assessed by evaluating the basal, mid, and apical segments of each wall
in a systematic fashion. The left ventricle can also be analyzed according to coro-
nary artery distribution (Fig. 13.5). However, due to variability in coronary anatomy,
accurate identification of the culprit coronary artery is not always possible, partic-
ularly when differentiating ischemia between the right coronary artery and the left
circumflex.

Evaluation of left ventricular function is performed by calculation of wall motion
score index, which is a unitless number that is directly proportional to the regional
wall function. Each of the 16—17 myocardial segments is assigned a score in the
following fashion: normal or hyperkinesis = 1, hypokinesis = 2, akinesis (negligi-
ble thickening) = 3, dyskinesis (paradoxical systolic motion) = 4, and aneurysmal
(diastolic deformation) = 5. Wall motion score index can be derived as a sum of all
scores divided by the number of segments visualized.'> The rest and stress images
are then compared.

Hypokinesis is defined as a decrease in endocardial thickening, but with some
preservation. Hypokinesis has been arbitrarily defined as less than 5 mm of endo-
cardial excursion. Akinesis is defined as complete absence of endocardial thickening
and excursion. Dyskinesis is defined as systolic thinning and outward motion of the
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Fig. 13.3 Rest and stress images of a patient with a normal stress echo. Frames are at end sys-
tole. Panel A shows the parasternal views. Panel B shows the apical views. Note the increase in
endocardial thickening and the decrease in left ventricular cavity size post-exercise. Also note the
preservation of the triangular shape of the left ventricle after exercise
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Fig. 13.4 Segmental model of the left ventricle recommended for regional wall motion analysis
by the American Society of Echocardiography. Reproduced with permission!”
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Fig. 13.5 Segmental model of the left ventricle divided into the three major coronary artery
territories. Reproduced with permission'”

endocardium during systole.'® An aneurysm is defined as a regional area of akinesis
or dyskinesis and scar that has abnormal geometry in both systole and diastole.!”
The detection of regional wall motion abnormalities can often be challenging due to
tethering of abnormal segments by adjacent normal regions. Close attention to endo-
cardial thickening rather than motion alone can help obviate this problem and avoid
false-negative readings. False-positive wall motion abnormalities can be a result of
early relaxation, which is often a normal variant. Early relaxation occurs in a seg-
ment with normal early systolic excursion but early relaxation compared to other
adjacent segments. Noting the normal early systolic contraction can help interpret
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this finding correctly. Translational motion of the heart from extra cardiac struc-
tures, such as the diaphragm or the liver, can also result in false-positive readings.
The clue to the absence of ischemia in such cases is the presence of normal systolic
thickening.

A normal response is augmentation of contractile function in all segments along
with a decrease in left ventricular chamber size. The detection of ischemia is also
aided by evaluating myocardial shape. When viewing the left ventricular chamber
from the apical views, a triangular shape of the left ventricular cavity is appreciated.
This is well appreciated in Fig. 13.3B. With exercise or pharmacologic stimulation,
the size of the left ventricular cavity should decrease, but the triangular shape should
be maintained. Fig. 13.6A and B provides an example of a patient with severe left
circumflex stenosis. Note the increase in cavity size and loss of the triangular shape
in the apical images post-exercise.

Lack of hyperkinesis of the myocardium and failure of left ventricular end-
systolic volume to decline is always an abnormal finding. An increase in end-
systolic volume post-exercise is often associated with multi-vessel coronary disease.
Fig. 13.7 provides an example of a patient with two-vessel coronary artery disease
with significant stenosis noted in the left anterior descending as well as the right
coronary arteries. Although such findings often represent coronary ischemia, there
are other factors that can result in similar findings. These include a severely hyper-
tensive response to exercise, the presence of a nonischemic cardiomyopathy, beta
blocker therapy, left bundle branch block, submaximal exercise, or a delay in acquir-
ing the post-exercise images.'® Therefore, the interpretation of the results needs to
include a comprehensive knowledge of all aspects of the patient and the circum-
stances of the test itself. Fig. 13.8 demonstrates a false-positive stress echo of a
patient with a hypertensive response to exercise and an increase in cavity size post-
exercise.

An increase in left ventricular volumes can be seen as a normal response in
patients undergoing supine exercise bike testing. Elevation of the legs during exer-
cise increases venous return, So an increase in ventricular volumes at peak exercise
may be a normal finding. However, cavity size should rapidly decrease once exercise
is stopped.'®

Determination of ischemia involves identification of a new or worsening wall
motion abnormality. The different myocardial responses to stress are elucidated in
Table 13.1. Ischemia is defined as a normal segment worsening wall motion post-
stress. A resting wall motion abnormality that remains unchanged post-exercise sug-
gests the presence of a myocardial infarction.

To better serve the referring physician, in addition to interpretation of test as
normal or abnormal, the site, extent, and severity of abnormality should be described
as well as the ischemic threshold. The report must also include the baseline and
stress assessment of global and regional systolic function, segmental wall motion,
protocol used, the exercise time or dose of pharmacologic agent used, the maximum
heart rate achieved, whether the level of stress was adequate, the blood pressure
response, the reason for test termination, any cardiac symptoms during the test, and
electrocardiographic changes or significant arrhythmias.!!
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Fig. 13.6 Rest (panel A) and post-exercise (panel B) stress echo images of a patient with a severe
stenosis of the left circumflex artery. Note the decrease in wall thickening of the anterolateral and
inferolateral walls (arrows). In addition, there is an increase in cavity size and loss of the triangular
shape of the left ventricle in the apical views post-exercise
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Fig. 13.7 Pre and post-exercise end-systolic frames of the apical images of a patient who presented
for a stress echo for evaluation of chest pain and shortness of breath. Note the cavity dilatation post-
exercise. In addition, there is new hypokinesis of the apical anterior wall (double arrow), the apical
septum (large arrow), and failure of the inferior wall to augment its contraction (single, small
arrow). The findings are suggestive of severe disease in the mid left anterior descending artery and
the proximal right coronary artery

Table 13.1 Interpretation of response to stress echocardiography

Response Baseline/rest Low dose Peak stress
Normal Normal Normal, hyperkinetic =~ Hyperkinetic
Ischemic Normal Normal, hypokinetic/  Hypokinetic/Akinetic
akinetic
Ischemic Hypokinetic Hypokinetic/Akinetic ~ Hypokinetic/akinetic
compared to baseline
Ischemic: Viability+ Resting WMA  Improvement Hypokinetic/akinetic
compared to
baseline ¢
Nonischemic: Viability+ Resting WMA  Improvement Continued improvement
Infarction Resting WMA  No change No change

Given the various limitations that are inherent to the current stress testing
methodologies, techniques proposed to improve accuracy of stress echocardiog-
raphy have included peak exercise imaging,'**'* 3D imaging,'® myocardial con-
trast perfusion imaging,'?-? combined stress modalities,”! and methods to quantify
regional wall motion, including acoustic quantification and color kinesis, which
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Fig. 13.8 Side by side rest and exercise images of a patient with a severe hypertensive response
to exercise. Note the cavity dilatation post-exercise. Coronary angiography later showed normal
coronary arteries

involve tracking the blood and myocardial tissue interface.?> Tissue Doppler and
strain rate imaging have provided quantifiable and reproducible assessment of
regional myocardial contractile function. The advantage of higher temporal reso-
lution makes these procedures attractive for interpretation of subtle abnormalities
that are undetected by the naked eye.>> Whether the newer methods add anything
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additional to the current interpretation by an experienced interpreter needs to be fur-
ther defined, and future studies are needed to document improvement over existing
methods.

Accuracy of Stress Echocardiography for the Detection
of Coronary Artery Disease

Diagnostic Utility in Coronary Artery Disease

Stenosis severity as well as plaque morphology seems to determine the results of
dobutamine and dipyridamole stress testing, whereas the results of exercise stress
echocardiography, although separately influenced by plaque morphology, are pre-
dominantly influenced by stenosis severity. With simple lesion morphologies, dobu-
tamine and particularly dipyridamole with a lower ischemic potential may not
reach ischemic threshold, while exercise may achieve it due to the higher inher-
ent ischemic potential. On the other side in patients with a complex lesion of similar
severity, the ischemic threshold may be reached by all three tests due to the lower
ischemic threshold of the lesion. Integrated evaluation of angiographic variables has
shown that the coronary arteriographic cutoff of luminal diameter stenosis at which
wall thickening abnormalities occur is 54% for exercise, 58% for dobutamine, and
60% for dipyridamole.?*>

The primary factors that alter the sensitivity and specificity of stress echo
are listed in Table 13.2. Other factors that reduce the sensitivity include distal
atherosclerotic lesions, concurrent antianginal medications, the presence of collater-
als, and, in the case of exercise, too much time taken to acquire post-exercise images
(Fig. 13.9).

The diagnostic accuracy of stress echo is greatly affected by the presence of
concentric remodeling of the left ventricle. In a study by Smart et al., patients with
increased wall thickness and small chamber size showed a disproportionate increase

Table 13.2 Factors that impact the accuracy of interpretation of stress echocardiograms

False-positive studies False-negative studies
Hypertensive response to stress Submaximal stress
Microvascular disease, e.g., diabetes, syndrome X, left Poor image quality
ventricular hypertrophy, etc.
Cardiomyopathies Concentric remodeling
Paradoxical septal motion, e.g., post-cardiac surgery, Hyperdynamic state accompanying
LBBB, etc. significant Ar or MR
Coronary spasm L circumflex disease
Localized basal inferior wall motion abnormalities Mild coronary stenoses

Overinterpretation Single vessel disease
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Fig. 13.9 Side by side rest and post-exercise images of a patient with poor image quality. Post-
exercise image acquisition was delayed due to difficulty in acquiring the images. The study was
read as normal. Coronary angiography later showed severe left main stenosis
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Fig. 13.10 This graph demonstrates the effect of concentric remodeling on the sensitivity and
specificity of dobutamine stress echocardiography. Note the marked decrease in sensitivity in the
patients with concentric remodeling. WT = wall thickness, LVD = left ventricular minor axis
dimension. Reproduced with permission®®

in false-negative dobutamine stress echo studies (Fig. 13.10). The authors postulate
that a blunted increase in systolic wall stress with dobutamine may account for this
finding.?®

Studies comparing the accuracy of nuclear perfusion imaging and stress echocar-
diography have shown that the tests have similar sensitivities for the detection of
coronary artery disease (CAD) in the same patient population, but stress echocar-
diography has higher specificity.>~? Myocardial perfusion imaging detects a rela-
tive reduction in myocardial blood volume that occurs earlier than wall thickening
abnormality in the ischemic cascade. Despite this, there was no significant differ-
ence between the two techniques in the sensitivity for location of CAD and in the
prediction of multi-vessel CAD.*°
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In a pooled analysis of 18 studies in 1304 patients who underwent exercise or
pharmacologic stress echocardiography in conjunction with thallium or technetium-
labeled radioisotope imaging, sensitivity and specificity were 80 and 86% for
echocardiography and 84 and 77% for myocardial perfusion imaging, respec-
tively.'!-2” The lack of significant difference in sensitivity between myocardial per-
fusion imaging and stress echocardiography may be explained by two major fac-
tors: Myocardial perfusion imaging requires a difference of at least 35% decrease
in myocardial blood volume before a relative perfusion defect is appreciated, with
a poor spatial resolution about 12 mm. Conversely, echocardiographic wall thick-
ening abnormalities are assessed independently in each vascular territory with a far
greater spatial resolution of about 2 mm.3' The factors that impact the accuracy of
stress echocardiography are outlined in Table 13.2.32~37

Diagnostic Utility in Symptomatic Women

ECG stress testing remains the oldest and most used modality to diagnose coro-
nary artery disease in both men and women. However, ECG stress testing has
been reported to have diminished accuracy in women due to more frequent rest-
ing ST-T abnormalities, diminished voltage, and the effect of estrogen on the ST
segments.®=>3 The addition of echocardiographic imaging to ECG stress testing
has been shown in numerous studies to improve the diagnostic accuracy over ECG
stress testing alone.>*>> When the data are combined from various studies on nearly
1000 women, stress echo was found to have a sensitivity of 81% (89% for multi-
vessel disease), a specificity of 86%, and an overall accuracy of 849%.34:36-67

Dobutamine echo reliably detects significant obstructive disease in women who
are unable to exercise. The studies evaluating the utility of DSE for the detection
of CAD in women have demonstrated sensitivities ranging from 75 to 93% and
specificities of 79-92%, with an overall accuracy of 82-88%.% 3% 62 63.67.68 The
diagnostic accuracy of both exercise and dobutamine stress echo is gender neutral,
with similar accuracies for both men and women.

Dobutamine Echocardiography for the Assessment
of Myocardial Viability

Myocardial viability refers to dysfunctional myocardium that is potentially
reversible. The differentiation between dysfunctional yet viable versus nonviable
myocardium poses significant diagnostic challenges since both appear similar in the
resting state. Several techniques have been proposed to detect myocardial viability
in order to determine the best candidates for coronary revascularization. Such tech-
niques include dobutamine stress echocardiography, thallium rest-redistribution,
positron emission tomography (PET), and magnetic resonance imaging.
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The interpretation of wall motion in dobutamine stress echo is challenging due
to the frequent presence of markedly dysfunctional myocardium at rest. Viability
is defined as a dysfunctional segment at rest that improves contractile function by
at least one grade in response to dobutamine. Ischemia is defined as deteriora-
tion in contractile function. An improvement in contractility (viability) followed
by ischemia is called the biphasic response. This is appreciated in Fig. 13.11.
This response is the most specific for the improvement in wall motion follow-
ing revascularization.®” The various types of responses to dobutamine are listed in
Table 13.1.

Fig. 13.11 Quad-screen image of the parasternal long axis view of a patient undergoing a dobu-
tamine viability study. The left upper panel is the resting image. The right upper panel is dur-
ing low-dose dobutamine administration. Note the improvement in wall motion and the decrease
in cavity size. The left lower panel is during peak dobutamine administration. Now there is an
increase in cavity size due to hypokinesis of the anteroseptum. The improvement in contractile
function followed by deterioration (viability + ischemia) is referred to as the biphasic response.
The right lower panel was taken during recovery

A review of data from 402 patients in 15 studies revealed that the sensitivities and
specificities for dobutamine predicting regional wall motion after revascularization
range from 74 to 95%.70-%3

Compared to the other techniques, dobutamine echo is less sensitive but more
specific for the detection of viability.®*85 The difference in accuracy may be
explained by the mechanistic differences between dobutamine echo and the other
techniques. For example, dobutamine echo measures viability using contractile
reserve whereas thallium measures cell membrane activity. Blood flow and flow
reserve may be reduced so that contractile function is lost while transmembrane
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Fig. 13.12 Pre (panel A) and post (panel B)-stress images in a patient with severe AS. The stress
test was done since the patient claimed to be asymptomatic. Note the increase in cavity size. The
patient also had a decrease in blood pressure during exercise that led to the termination of exercise
at 5 min on a Bruce protocol. The patient was subsequently referred for valve replacement surgery
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Fig. 13.13 Panel A demonstrates parasternal long axis view of a patient with mitral stenosis.
Panels B and C demonstrate mitral valve gradients at rest and peak exercise. Note the increase in
the mean transmitral gradient from 10.2 to 14.6 mmHg. Panels D and E show the spectral Doppler
of tricuspid regurgitation pre and peak exercise. The right ventricular systolic pressure increased
from 49 to 74 mmHg

pump activity remains.8!-32 A critical mass of viable cells is needed for contrac-
tile reserve (>50% in a given segment) in order for wall motion to improve fol-
lowing revascularization.®* Thallium and PET are thus able to detect a small mass
of viable cells that may be insufficient to result in improved function following
revascularization.
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Fig. 13.14 Panel A shows the parasternal long axis view of a patient with mitral valve prolapse
and a flail P2 segment. Panels B and C show the apical four-chamber view demonstrating the
increase in the severity of mitral regurgitation pre and post-exercise. Panels D and E show the
spectral Doppler of tricuspid regurgitation pre and post-exercise. The right ventricular systolic
pressure increased from 44 to 82 mmHg post-exercise, assuming a right atrial pressure of 10 mmHg

The Use of Stress Echo for the Assessment of Valvular
Heart Disease

Stress echocardiography can be extremely useful for the assessment of valvular
heart disease, particularly in situations where symptoms may be present and valve
lesion severity is borderline. Specific clinical scenarios where stress echo has been
found to be useful include mitral stenosis, mitral regurgitation, aortic stenosis,
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Fig. 13.15 These series of figures are from a patient with Tetralogy of Fallot and pulmonic
stenosis. At rest, right ventricular function is normal. The right atrial-right ventricular pressure
gradient was 67 mmHg. After exercise, there is an increase in the size of the right atrium and the
right ventricle. The right atrial-right ventricular pressure gradient increases to 108 mmHg

prosthetic valve dysfunction, and congenital heart disease. The interpretation of
stress echo for non-coronary artery disease relies heavily on the interpretation of
Doppler findings. In addition, however, the assessment of the left and right ventricles
to stress also provides a clue to the hemodynamic significance of the valve lesion.
Figures 13.12, 13.13, 13.14, and 13.15 demonstrate the utility of stress echo in
patients with various valvular lesions.

Summary

Stress echocardiography has been well validated as a sensitive and specific test for
the diagnosis, assessment, and prognosis of coronary artery disease. Over the past
decade, numerous studies have documented its role in a wide variety of patient pop-
ulations. The interpretation of stress echo imaging is dependent on image qual-
ity, rapid image acquisition, and expertise of the interpreter. The future of this
technique will be determined by the development of more precise quantification
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methods and other technical developments to improve image quality, interpretation,
and reproducibility.
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Chapter 14
Pathway for the Management of Patients
Based on Stress Echo Results

Sripal Bangalore and Farooq A. Chaudhry

Introduction

The objective of an ideal stress testing modality is to effectively risk stratify patients
with known or suspected coronary artery disease (CAD) for future cardiovascu-
lar events. This is crucial as treatment options and the benefits of treatment vary
with the risk category of patients. Surgical literature suggests that the morbidity and
mortality benefits of surgical revascularization for CAD is highest in the interme-
diate to high-risk subgroups, whereas there is a trend toward increased mortality in
the low-risk cohort compared to medical therapy alone.' In the recently concluded
Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation
(COURAGE) trial of 2287 patients with stable CAD, an initial revascularization
strategy using percutaneous coronary intervention (PCI) did not reduce the risk of
death, myocardial infarction, or other major cardiovascular events when added to
optimal medical therapy,” thus creating an intense debate among physicians, media,
and the public on the utility of PCI in patients with abnormal stress test and CAD.
Before we throw out PCI, it is better to critically analyze these results. Though this
was a well-conducted study, the risk profile of the patients in this trial suggests that
this was a relatively low-risk cohort — the mean ejection fraction at the beginning of
the study was normal (60.8%). The cardiac death rate (%/year) in the PCI group and
the medical group was only 0.43 and 0.48%/year, respectively, implying a low-risk
cohort. Clearly, there is a need to better risk stratify patients so as to tailor manage-
ment strategies to better suit the risk groups.

Moreover, identifying patients at high risk for ischemic events versus high risk
for sudden cardiac death is also important in deciding on the appropriate treatment
modality. Proper risk stratification is critical for the management of patients with
known or suspected coronary artery disease. Informed choices regarding revascular-
ization procedures or medical therapy can only be made after accurately identifying
the patients who may benefit most with a given treatment strategy. In a meta-analysis
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of randomized trials of coronary artery bypass surgery versus medical management,
Yusuf et al.! examined the value of a strategy of early bypass surgery versus initial
medical therapy with delayed surgery for advanced symptoms and showed a ben-
eficial effect on survival for early bypass surgery over a 10-year follow-up. This
beneficial effect was more pronounced in the subgroup of patients at intermediate
risk or high risk of cardiac death. However, in low-risk patients, a non-significant
trend toward greater mortality with bypass surgery was evident. Other large-scale
studies have shown similar mortality benefits of early surgical revascularization in
patients with intermediate or high risk of cardiac death.’* In low-risk patient groups
the rate of ischemic events and cardiac death has been low with aggressive medical
therapy. Pitt et al.’ showed that aggressive lipid lowering significantly reduces the
ischemic event rate and delays the time for the first ischemic event. Large trials>~’
which evaluated the long-term survival and prevention of nonfatal MI were unable
to prove any beneficial effect for an initial invasive strategy over medical therapy for
these selected patient groups. In the Coronary Angioplasty Versus Medical Therapy
for Angina (RITA-2) trial a significant excess in mortality and nonfatal MI was seen
in the group on an initial coronary angioplasty strategy compared with conventional
medical therapy.® Thus in the low-risk groups, initial medical therapy and delayed
revascularization would be more beneficial than an early angioplasty strategy.

Stress echocardiography is routinely used for the diagnosis, risk stratifica-
tion, and prognosis of patients with known or suspected coronary artery disease
(CAD).%-1° Traditionally, stress echocardiography results are interpreted as binary
(normal or abnormal). Previous studies have shown that risk stratification and prog-
nosis using such an approach indicate that a normal study has a benign prognosis
(low risk) and an abnormal study has a high risk for future cardiac events (myocar-
dial infarction or cardiac death).!~'> The drawback of such a “binary” approach
is oversimplification of patients who fall in the “gray” zone (intermediate group)
to either the low-risk group resulting in false reassurance or the high-risk group
resulting in subjecting patients to unnecessary invasive procedures. Among stress
echocardiography variables, left ventricular ejection fraction and peak wall motion
score index have shown to be independent and significant predictors of cardiovas-
cular morbidity and mortality.®10-13

Prognostic Value of Peak Wall Motion Score Index

Conventionally, stress echocardiography studies are interpreted based on wall
motion abnormalities of the left ventricle. For this purpose, the left ventricle is
divided into 16 segments (Fig. 14.1) based on the recommendation by the American
Society of Echocardiography and a score is assigned to each segment at baseline,
with each stage of stress and during the recovery phase.!* Each segment is scored
as follows: 1 = normal; 2 = mild to moderate hypokinesis (reduced wall thickening
and excursion); 3 = severe hypokinesis (marked reduced wall thickening and excur-
sion); 4 = akinesis (no wall thickening and excursion); 5 = dyskinesis (paradoxical
wall motion away from the center of the left ventricle during systole).!> The peak
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Fig. 14.1 A 16-segment model for scoring the left ventricular wall motion abnormalities

wall motion score index following stress is derived from the cumulative sum score
of 16 left ventricular wall segments divided by the number of visualized segments.
Abnormal stress echocardiography study is defined as those with either infarction
or ischemia (peak WMSI >1.0).

Prior studies have shown the importance of peak wall motion score index as a
predictor of cardiovascular events.%10-13:16-18 peak wall motion score index incor-
porates both extent and severity of CAD and hence is a very powerful predictor
of cardiac events. Arruda et al.'® in an analysis of 5798 patients with known or
suspected CAD undergoing exercise echocardiography showed that exercise WMSI
was a significant predictor of cardiovascular events (MI or cardiac death) for both
men (RR = 1.53; 95% CI = 1.32-1.77; p = 0.0001) and women (RR = 1.49;
95% CI = 1.14-1.94; p = 0.003) even after controlling for baseline clinical, exer-
cise, and echocardiographic variables. In an analysis of 1323 patients with known
or suspected CAD undergoing dobutamine echocardiography, we have shown that
peak WMSI was a significant univariate and multivariate (RR = 1.92; 95% CI =
1.07-3.33; p = 0.03) predictor of cardiovascular events (MI or cardiac death).'”
Prior attempts at risk stratification using peak wall motion score index have inter-
preted the outcome as binary (normal or abnormal). Very few studies have risk strat-
ified patients into low-, intermediate-, and high-risk subgroups.'%?* We have shown
that stress echocardiography is an effective technique for diagnosis, risk stratifica-
tion, and prognosis of patients and that the peak WMSI was able to risk stratify
patients not just into a normal or abnormal group but into low (peak WMSI = 1.0;
hard event rate <1%/year), intermediate (peak WMSI = 1.0-1.7; hard event rate
1-4%]/year), and high-risk (peak WMSI >1.7; hard event rate >4%/year) groups
for future cardiovascular events (Fig. 14.2).1
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Fig. 14.2 Cardiac event rate
per year as a function of wall
motion score index (WMSI).
The number of patients
within each WMSI category
is shown below each column.
Statistical significance
increases as a function of the
WMSI result'
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Prognostic Value of Resting Ejection Fraction

Previous studies have shown the importance of resting ejection fraction as a predic-
tor of cardiovascular events.!?11-29:21 Ejection fraction is a measure of the phys-
iology/functional status of the heart and has been shown to be better than the
anatomically determined coronary artery stenosis for prediction of future events.??
In an analysis of 1500 patients undergoing stress echocardiography, we have shown
that an EF < 45% further risk stratified the results of stress echocardiography
based on WMSI. An EF < 45% and peak WMSI of 1.1-1.7 (6.2%/year) or >1.7
(5.6%/year) were associated with high cardiac event rates, whereas an EF > 45%
demonstrated an intermediate cardiac event rate, even in patients with a peak WMSI
of 1.1-1.7 (2.0%/year) or >1.7 (2.3%/year) (Fig. 14.3).19 In an analysis of 2705
patients referred for stress echocardiography, we showed that for every 1% decrease
in resting ejection fraction, the risk of cardiovascular events (MI or cardiac death)
increased by 4%.%

p<0.05

p<0.05 (%)

Fig. 14.3 Cardiac event rate
per year as a function of wall
motion score index and
ejection fraction (EF). The
number of patients within
each category is indicated . ,
below each column. Shaded ) <

columns = EF > 45%:; solid 1053 22 166 36 32 191

columns = EF < 45%"° 1.0 1.1-1.7 >1.7

Cardiac Event Rate (%/yr)
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Prognostic Value of Resting Ejection Fraction and Peak WMSI

The risk of cardiovascular events thus increases with decreasing ejection fraction
and increasing peak WMSI. This risk has been shown independently for ejection
fraction and peak WMSI. However, the combination of EF and WMSI can further
effectively risk stratify patients referred for stress echocardiography (Fig. 14.4).
Using a combination of resting EF and peak WMSI, patients can be risk strati-
fied into low (event rate <1%/year), intermediate (event rate 1-4%/year), or high-
risk (event rate >4%/year) groups for cardiovascular events (Fig. 14.4).>* We have
shown that using a ratio of peak WMSI to resting ejection fraction (stress func-
tion index — SFI), patients can be risk stratified into low (SFI < 1.9), intermedi-
ate (SFI = 1.9-3.1), and high-risk (SFI > 3.1) groups with an event rate of <1,
1-4, and >4%/year, respectively. Risk stratification based on stress function index
(global ¥? = 106.05; p <0.0001) provided incremental value beyond that provided
by risk stratification by peak WMSI (global x? = 79.23; p <0.0001) or risk stratifi-
cation by EF alone (global ¥? = 87.12; p <0.0001) (Fig. 14.5).2* For each 0.10 U
increase in stress function index the risk of cardiac event increases by 10%.>* Hence

High Risk

Fig. 14.4 Risk stratification
based on resting ejection ! . - - ,
fraction and peak wall motion

score index (adapted from 1.0 15 20 25 3.0
Bangalore et 31,24) Peak Wall Motion Score Index

8883833888

Ejection Fraction

P <0.0001
P <0.0001

87.12 - =
79.23 1
LVEF

PWMSI/EF

g B

Global Chi (2)
o 888 8

Peak WMSI

Fig. 14.5 Incremental prognostic value of risk stratification based on a combination of peak WMSI
and EF when compared to either alone (adapted from Bangalore et al.>*)
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Fig. 14.6 Schematic for risk stratification of patients undergoing stress echocardiography

an effective risk stratification strategy should not only include data from the peak
WMSI but also take into consideration the resting ejection fraction.

Pathway for Management

Based on the data presented above, any effective risk stratification of patients under-
going stress echocardiography should thus be based both on peak WMSI (which
includes both extent and severity of ischemia/infarction) and on left ventricular ejec-
tion fraction (resting). Figure 14.6 represents a schematic for the risk stratification of
patients with known or suspected CAD referred for stress echocardiography. These
data for risk stratification are based on an analysis of 3259 patients (59 &£ 13 years;
48% males) followed for up to 4 years in our laboratory.

The first step in the risk stratification process is evaluation of ejection fraction.
Patients with EF < 30% are a high-risk group with a cardiac death (CD) rate of
>4%/year regardless of the peak WMSI. Such patients should be aggressively man-
aged. These patients may also benefit from viability assessment (Chapter 22) and
consideration for revascularization as deemed necessary. They should also be con-
sidered for early device therapy (ICD/CRT) and for cardiac transplant evaluation.

In patients with EF > 30%, peak WMSI can further risk stratify the patient
subgroup into low (peak WMSI = 1.0; CD < 1%/year), low-intermediate (peak
WMSI = 1.1-1.7; CD 1-2.5%l/year), and high-intermediate-risk (peak WMSI >1.7;
CD 2.5-4.0%lyear) groups. Patients in the low-risk category will benefit from
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aggressive risk factor modification. Those in the low-intermediate-risk group may
benefit from aggressive medical management and consideration of revasculariza-
tion for symptom relief only. Patients in the high-intermediate-risk group may ben-
efit from aggressive medical management and revascularization therapy. Such a risk
stratification approach would potentially avoid unnecessary revascularization pro-
cedures for low-risk individuals and at the same time give a framework for the man-
agement of intermediate and high-risk subgroups.
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Chapter 15
Echocardiography in Identifying Subclinical
Disease

Merle Myerson and Ajay Shah

Introduction

There are two possible approaches to preventing manifest cardiovascular disease
(CVD). One involves prompt treatment of the earliest possible symptoms such as
angina. The other is an attempt to detect disease in asymptomatic, apparently healthy
individuals, known as screening.

With screening, a major concern is the appropriate selection of asymptomatic
persons who should be placed on drugs, perhaps for a lifetime to prevent conditions
that they might never develop in the first place. Ultrasound imaging holds great
promise to identify patients in whom lifestyle, drug, and invasive intervention for
primary prevention is appropriate.

This chapter will review the role of assessing preclinical atherosclerosis and the
particular role ultrasound plays in this assessment. Two methods will be discussed,
carotid intimal-medial thickness and brachial artery flow-mediated dilation.

Emerging Role of Assessment of Preclinical Atherosclerosis

How Risk Has Traditionally Been Assessed

At present the most widely used method to estimate absolute risk for major CVD
events are algorithms that combine the major risk factors. Most commonly used is
the Framingham risk score' or in Europe, the Systemic Coronary Risk Evaluation
(SCORE).2

While risk-assessment algorithms have been very useful they are not without
their limitations. For example, the Framingham score is not able to accurately pre-
dict events beyond 10 years and is not useful for younger persons.
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Considerations for Testing Asymptomatic Persons

Screening tests yield surrogate markers for atherosclerosis. As such, when testing
asymptomatic persons for presence of subclinical atherosclerosis there are several
considerations:

1. Does the test provide additive information to conventional risk factors?
2. Is the use of the test associated with improved outcomes?
3. Is there evidence that the test is cost-effective in asymptomatic persons?

An NIH Task Force (NIH) was convened in 2004 to examine the role of sub-
clinical disease testing. They concluded that these tests are most likely to benefit
persons at “intermediate risk” based on the Framingham risk score—a 10-year risk
for coronary artery disease of 6-20%."

Advantages of Ultrasound Imaging for Testing

Ultrasound imaging provides reliable documentation of the presence of atheroscle-
rotic plaques. Compared with other methods of evaluating preclinical disease, ultra-
sound is relatively inexpensive, non-invasive, and does not require radiation. The
test can be completed within 30 min with no discomfort to the patient.

Change can be assessed after short intervals, ideal to see response to intervention.
Both cIMT and FMD focus only on the intended target and therefore do not have
the problem of incidental findings.

Indications for Ultrasound Assessment of Preclinical
Atherosclerosis

At present there are no single, comprehensive guidelines for assessment of preclin-
ical atherosclerosis.

The National Cholesterol Education Program Adult Treatment Panel III (NCEP
ATP III) issued in 2001 states that there are “a large body of data indicates that
persons with advanced subclinical coronary atherosclerosis are at greater risk for
major coronary events than are persons with less severe atherosclerosis.”

The report suggests that cIMT could be used as an adjunct in CHD risk assess-
ment. An elevated reading (greater than the 75th percentile for age and sex) could
elevate a person with multiple risk factors to a higher risk category. “If carried out
under proper conditions, carotid IMT could be used to identify persons at higher
risk than that revealed by the major risk factors alone”.*

The European guidelines on cardiovascular disease prevention in clinical prac-
tice states that “One of the major objectives of a CVD detection program should
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be to identify those apparently healthy individuals who have asymptomatic arterial
disease ...”. They mention several methods including carotid ultrasound.’

The Screening for Heart Attack Prevention and Education (SHAPE) Task Force
issued a report in 2006. The task force realized the limitations of existing risk scores
such as Framingham, especially in the intermediate-risk group. They proposed an
algorithm that included either coronary artery calcium or cIMT. All asymptomatic
men 45-75 years old and women 55-75 years old who do not have very-low-risk
characteristics or have known cardiovascular disease would undergo screening.

Individuals who test negative (coronary artery calcium score = 0 or cIMT < 50th
percentile without carotid plaque) would be classified as either lower risk (no con-
ventional risk factors) or moderate risk (with established risk factors) and treated
according to NCEP ATP III guidelines.

Those who test positive (coronary artery calcium score >1, cIMT > 50th per-
centile, or presence of carotid plaque) would be stratified:

e Moderately high risk: coronary calcium score >0 and <100, cIMT < 1 mm and
>50th but <75th percentile without discernible carotid plaque

e High risk: coronary calcium score 100-399 and cIMT > I mm or >75th per-
centile or a carotid plaque causing <50% stenosis

e Very high risk: coronary calcium score >400 or carotid plaque causing >50%
stenosis.’

Alternative Methods to Identify Subclinical Atherosclerosis:
Coronary Calcium

In addition to ultrasound methods, computed tomography scanning can determine
presence of calcium in coronary arteries. The measurement, expressed as a calcium
score, is associated with presence of atherosclerosis and has been found to predict
risk for CAD events independent of traditional risk factors.” ="

Not all calcium deposits in the coronary arteries represent a significant (flow-
limiting) blockage and not all blocked arteries contain calcium. The earliest form of
coronary artery disease, soft plaque, cannot be detected by cardiac CT.

In a study by Rozanski et al., 1,153 patients with no known coronary artery
disease undergoing both exercise myocardial perfusion scintigraphy and CT coro-
nary calcium screening within 6 months were followed for 32 months. Among the
1,089 patients with non-ischemic myocardial perfusion testing, the annualized car-
diac event rate was <1% in all calcium score groups including those with calcium
scores over 1,000 (N = 112) and between 400 and 999 (N = 212).'°

The test is not covered by Medicare or by the majority of private insurers and
costs approximately $400 in most centers. There is radiation involved, equivalent
to that from 7-10 chest x-rays (one view) or about 10-20% of that involved in
a standard diagnostic cardiac catheterization. There is no requirement for contrast
material.
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Although progression of coronary calcium can be detected, serial measurements
of coronary calcium are of unclear benefit and involve cost and radiation exposure
and are not recommended at this time.'!

The CT scan of the heart will also include images of other structures, in partic-
ular portions of the lungs, mediastinum, aorta, and bone. Pathology in all of these
structures can potentially be identified and is the responsibility of the physician
requesting and interpreting the scan.

The 2007 ACCF/AHA expert consensus document on coronary artery calcium
scoring concluded that “it may be reasonable to consider use of coronary artery
calcium measurement in asymptomatic patients with intermediate risk based on
available evidence that demonstrates incremental risk prediction information in this
selected patient group.” The committee felt that available data could not answer the
question which method of assessing subclinical atherosclerosis was superior.!!

Carotid Intimal-Medial Thickness

Background

The benefits of measuring carotid artery intimal-medial thickness (cIMT) have been
known for some time with initial studies coming from the late 1980s. Carotid
imaging has traditionally been used in the setting of symptomatic cerebrovascular
disease or asymptomatic carotid bruit to identify significant obstructive disease.
Subsequently, large observational studies have shown that cIMT correlates with lev-
els of CVD risk factors and is an independent marker for risk.

In a study of 13,870 black and white middle-aged adults in the Atherosclerosis
Risk in Communities (ARIC) study, the mean carotid far wall IMT was consistently
greater in participants with prevalent clinical cardiovascular disease.'? In the Rotter-
dam study, 7,983 adults 55 years or older had baseline cIMT and were followed for
a mean of 2.7 years. Stroke risk increased gradually with increasing IMT. The odds
ratio per standard deviation increase (0.163 mm) was 1.41 (95% CI, 1.25-1.82). For
MI, an OR of 1.43 (95% CI, 1.16-1.78) was found.!> A meta-analysis designed to
examine the association of cIMT and its ability to predict future cardiovascular end
points found that it is a strong predictor with the relative risk per IMT difference
slightly higher for stroke than myocardial infarction.'#

Methodology

cIMT is measured with B-mode images using transducers in the frequencies
between 7.5 and 10 MHz. Another approach is to use two-dimensionally guided
M-mode images that provide comparable spatial resolution but better temporal reso-
lution. Both methods should have electrocardiographic gating to determine the min-
imum end-diastolic diameter (Figs. 15.1, 15.2, 15.3, 15.4, 15.5, 15.6, and 15.7).
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Fig. 15.1 Irregular heterogenous plaque in carotid artery with calcification causing acoustic
shadowing

Fig. 15.2 Smooth long heterogenous plaque
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Fig. 15.4 Abnormal Carotid intimal medial thickness
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Fig. 15.6 Normal Carotid intimal medial thickness
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Fig. 15.7 TIrregular heterogeous plaque in the bulb with ann ulcer

The preferred site for measurement is the far wall rather than the near wall
as acoustic reflection of the echo-dense intima into the lumen and/or to high
gain setting in near-wall measurements may lead to overestimation of IMT. The
reproducibility of the common carotid artery is superior to that of the internal
carotid artery or the carotid bulb as the common carotid is tubular and can be
aligned perpendicular to the transducer beam. Patients do not have to be in a fasted
state.!”

There is no defined “upper limit of normal” for cIMT; however, age-based nomo-
grams and 75th percentiles can determine risk level. The SHAPE Task Force has
suggested a treatment algorithm based on percentile and presence or absence of
plaque.®

Serial measurements and measurements before and after interventions are prac-
tical with cIMT. Most studies have an interval of 1-2 years but change may be seen
after 6 months. Because the study focuses on the carotid artery, there are no inci-
dental findings. Reproducibility studies have shown that intrareader differences in
the common carotid are in the range of 0.04 mm.">

Carotid IMT can differentiate between soft, fibrocalcific, and calcific plaque.
Echographic evaluation of carotid plaques has been shown to be very close to the



15 Echocardiography in Identifying Subclinical Disease 209

histological findings and to be better than angiographic imaging.'® Inclusion of the
echographic characteristics of carotid plaques improves the risk stratification for
stroke.!”

In comparison to carotid IMT, relatively fewer studies have evaluated the rela-
tionship between coronary and carotid artery and disease as reflected by plaque
morphology. The majority of studies performed have focused on acute coronary
syndromes or high-risk patients.

In 125 patients with acute coronary syndromes, carotid plaques were assessed.
Plaques were identified as a distinct area with an IMT 50% thicker than the neigh-
boring site. Plaques were divided into soft (low echoic or isoechoic structures with-
out any high echoic region indicating calcification) or hard (high echoic areas of
atherosclerotic calcification). The frequency of soft plaques and carotid calcifica-
tion was higher in the group that had multiple plaques on cardiac angiography.!®

Rossi and colleagues examined 64 patients with recent acute MI and gender-
matched controls. Carotid ultrasound was performed and plaques were divided into
two different types according to the echographic characteristics: stable or unstable.
Atherosclerotic plaque was defined as stable when characterized by homogeneous
aspect (moderate or high echogenicity). Plaque was considered unstable because of
low echogenicity or a herterogeneous aspect due to the coexistence, within the same
plaque, of areas with markedly different echogenicity. In MI patients, 19% of the
total number of plaques were unstable vs. 8% in the controls (p = 0.005)."

A total of 144 patients undergoing angiography had carotid ultrasound. Posi-
tive predictive values for coronary artery disease were 45, 48, and 75% in patients
with increased IMT, fibrous plaque, and calcific plaque, respectively. Compared to
the normal group, risk for CAD increased by 4.3-fold with the existence of fibrous
plaque (p = 0.02) and by 9.9-fold with the existence of calcific plaque (p < 0.001).
The presence of calcific plaque is a better predictor for CAD than that of fibrous
plaque and increased IMT.?

Brachial Artery Flow-Mediated Dilation

Background

Many studies have demonstrated the importance of endothelial cell function in both
healthy and disease states. An important function of endothelium is to release factors
that control vascular tone. Endothelial dysfunction is characterized by an imbal-
ance between endothelium-dependent vasodilator and vasoconstrictor activity and
impaired anti-inflammatory and anticoagulant functions. A compromised vasodi-
lation due to endothelial dysfunction is often associated with diseases such as
atherosclerosis, hypertension, and congestive heart failure.?!-?2

The method most commonly used to assess endothelial function is ultrasound
measurement of flow-mediated brachial artery dilation.
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Cut-Points for FMD

While definitive cut-points defining level of risk have not been established, research
has suggested FMD values that correlate to risk. In a study of 205 consecutive
outpatients with chest pain syndromes followed for 24 months, those who devel-
oped cardiovascular events had lower FMD than those without, 3.5 & 2.1 vs. 5.0
=+ 3.0%. Patients were also divided into three groups based on FMD, >6, 36, and
<3%. Patients with lower FMD (<6%) had more combined events than those with
FMD > 6%.%

Time frame in which to expect changes in FMD

Change in FMD can be seen within several weeks; studies have used varying
time periods of 8 weeks,2* and 4 months.?’

Methodology

Subjects should be fasted overnight, refrain from smoking, ingesting alcohol or caf-
feine on the day of testing and to hold any vasoactive medications for 12 h before the
imaging studies. Vascular ultrasound scans should be performed with subjects posi-
tioned supine or erect with arm resting with the temperature of the room maintained
between 20 and 25°C (Figs. 15.8, 15.9, 15.10, and 15.11).

The genesis of FMD
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Fig. 15.8 Genesis of brachial artery flow-mediated dilation
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Fig. 15.9 Imaging method of brachial artery flow-mediated dilation

The patient is attached to a three-lead ECG, which is demonstrated on the ultra-
sound monitor. A gray scale (B-scan) of the right brachial artery is obtained in
the cross-sectional plane between 5 and 10 cm above the elbow using the VIVID 7
compound imaging vascular transducer. The region of interest is marked with indeli-
ble ink. Baseline images are obtained and digitized online.

Baseline — 3.8 mm 1 Min—=4.2 mm 2 Min—4.8 mm

Baseline — 3.8 mm 1 Min—=4.2 mm 2Min-4.2 mm

Fig. 15.10 (top) Normal flow mediated dilatation of brachial artery (cross section); (bottom) Nor-
mal flow mediated dilatation of brachial artery (longitudinal)
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Baseline — 4.4 mm 1 Min—=4.4 mm 2 Min—=4.5 mm

Baseline — 3.9 mm 1 Min=3.9 mm 2Min—=3.9mm

Fig. 15.11 (top) Abnormal flow mediated dilatation of brachial artery (cross section); (bottom)
Abnormal flow mediated dilatation of brachial artery (longitudinal)

The brachial artery is occluded for 5 min using a standard adult pressure cuff
(size 24-32 cm). Post-occlusion images are obtained. After 15 min of rest the above
imaging procedure is repeated with the transducer oriented longitudinally to the
length of the brachial artery.

The approach is based on the hypothesis that if the images are acquired at a high
frame rate, the coordinates of the arterial wall in an image are in close proximity to
the coordinates of the vessel wall in the previous frame. That is, the coordinates of
an arterial lumen wall boundary in any given frame can be “propagated” to the next
consecutive frame in a search for the arterial boundary. This process, if repeated in
sequence from one frame to the next, can be used to detect boundaries in a series of
acquired images.

The above analysis will provide data on the change in area and diameter as a
function of flow-mediated dilation. The “area” vs. “diameter” changes will be com-
pared to evaluate the performance of cross-sectional imaging relative to longitudinal
imaging.

To minimize intra-individual variation, the same technicians should perform all
studies.

In our laboratory, intraobserver and interobserver variability was acceptable.
Using analyses on fixed images (i.e., when same images were analyzed) the intraob-
server and interobserver percentage coefficient variation using cross-sectional
area was 0.2 + 0.2 and 0.4 £ 0.6, respectively. For longitudinal plane imaging
the intraobserver and interobserver percentage coefficient of variation was much
greater, i.e., 1.4 £ 0.6 and 1.9 £ 0.6, respectively. Given that the largest variation
occurs during selection of images and this variation is greater in longitudinal plane
imaging than cross-sectional imaging, it can be, therefore, hypothesized that the
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above difference in intraobserver and interobserver variability between the two tech-
niques would be much greater.

When to Use FMD or ¢cIMT

As mentioned earlier, there are no established guidelines on testing asymptomatic
persons for subclinical atherosclerosis and what treatment paradigms correspond to
values derived from testing.

There is a consensus that these tests are most helpful and appropriate in persons
deemed to be at intermediate risk by traditional risk factors. Testing may then help
to place a person at higher or lower risk and help guide intensity of pharmacologic,
lifestyle, and interventional therapy.

No study to date has compared cIMT and FMD in their prediction for CVD
events. Carotid IMT has been more extensively studied, both in epidemiologic and
clinical studies and is currently more widely used. cIMT gives thickness of the
carotid intima but also provides information on plaque characteristics.

Summary

As advances have been made in treating acute coronary syndromes, we have also
made remarkable advances in preventing those at risk from developing manifest
disease. Assessing preclinical atherosclerosis in asymptomatic persons has helped
us to better risk stratify our patients and identify in whom lifestyle, drug, or invasive
intervention is appropriate.

Ultrasound imaging, in particular cIMT and FMD, has been shown to accurately
and specifically assist in the prediction of cardiovascular risk. Given the relative low
cost and that it is non-invasive and does not require contrast material or radiation,
ultrasound is a valuable component of risk assessment.

Case Studies

Case #1: Use of Carotid Intimal-Medial Thickness to Risk Stratify
a Patient

A 66-year-old Asian woman presented to her primary provider for an annual phys-
ical examination. She has no known cardiovascular disease and denies any chest
pain or pressure, dyspnea, dyspnea on exertion. Her primary provider refers her to
the Cardiovascular Disease Prevention Program for evaluation.

Past Medical History

She is postmenopausal, never on hormone replacement therapy. Hypertension was
diagnosed 2 years ago and is well controlled on medication. She has not had a recent
fasting lipid panel. Childbirth, normal, twice.
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Social History

She is a retired librarian and lives with her husband. She does not smoke and has
four to five glasses of wine a week. She does no regular exercise but is “active”
in her daily life. She follows no regular diet but “tries” to eat well. She was never
instructed on a heart-healthy diet. Her family history is notable for a brother who
underwent elective PCI with a stent at age 48 years.

Medications
Angiotensin receptor blocker, Fosamax 5mg daily, multivitamin, calcium +
vitamin D.

Examination

BP 140/78, HR 72 and regular. Height 62 in., weight 145 lbs, waist circumference
36in., BMI 26.5. HEENT: no JVD, normal carotid upstroke, no bruit heard over
carotid arteries. Chest: clear, no crackles or wheezes. CV: S1, S2, no S3 or S4, no
murmurs heard. Abdomen: no organomegaly. Extremities: warm, no edema, good
pulses.

Pertinent Test Results

Lab values: total cholesterol 257 mg/dL, LDL cholesterol 154 mg/dL, HDL choles-
terol 65 mg/dL, triglycerides 190 mg/dL, serum creatinine 0.7 mg/dL, AST 20 U/L,
ALT 22 U/L, TSH normal, fasting glucose 90 mg/dL.

EKG: NSR, mild LVH.

Indication for Carotid IMT

This patient has several risk factors for cardiovascular disease: age, hypertension,
dyslipidemia, sedentary lifestyle, and she is overweight. She also has a brother with
premature coronary artery disease. Her Framingham risk score is 11% (estimated
10-year risk of MI/CHD death), in the intermediate range.

According to NCEP guidelines, her LDL cholesterol should be less than 130 mg/dL.
The question would be whether she should be treated more aggressively? In this
patient, the results of a non-invasive test to detect presence and extent of subclinical
atherosclerosis would be very helpful.

Carotid IMT

The patient underwent ultrasound assessment of her carotid intimal-medial thick-
ness. The results showed far-wall left side thickness 1.20 mm and right side thick-
ness 1.15 mm, both greater than the 75th percentile for age and presence of plaque
but less than 50% stenosis.

Assessment and Plan

This is a 66-year-old woman with multiple risk factors for coronary artery disease.
Her Framingham risk score places her at intermediate risk; however, the results of
cIMT suggest that she is at higher risk. Based on this assessment, a clinician could
reasonably choose to be more aggressive with management of her risk factors.

1. Dyslipidemia: Although her NCEP goal for LDL is <130 mg/dL, the carotid
IMT shows that she has significant atherosclerosis. A goal based on this could be
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considered similar to a patient with known cardiovascular disease, <100 mg/dL.
Her HDL is at goal; her triglycerides are elevated and would be expected to come
down with treatment of her LDL and lifestyle changes. Would start a low dose
of a statin.

2. Hypertension: She is being treated although her systolic reading is high. Lifestyle
changes may bring her to goal but would also consider increasing her medication
to bring systolic readings under 130 mmHg.

3. Lifestyle modification: Her BMI of 26.5 indicates that she is overweight. She will
benefit from nutritional counseling, for a heart-healthy diet and weight loss, and
initiation of an exercise program.

4. Indication for stress testing? She is not complaining of angina or possible angi-
nal equivalents. Her exercise program will consist of walking and she will start
slowly and build up. At this time there is no indication for stress testing.

Case #2: Use of Brachial Artery Flow-Mediated Dilation to Guide
Risk Factor Management

A 61-year-old white man was referred to the Cardiovascular Disease Prevention
Program for evaluation. He is reluctant to be on lipid-lowering medication and wants
to know if the dose can be reduced or discontinued. He has no known cardiovascular
disease but has hypertension and dyslipidemia, both treated. He denies chest pain,
pressure, dyspnea, and dyspnea on exertion.

Past Medical History
Hypertension and dyslipidemia.

Social History

Does not drink or smoke. He swims ', mile once a week and tries to walk 30 min
several times a week. He does not follow any specific diet. He is a music teacher
and lives with his wife; children are grown and healthy. Family history is non-
contributory.

Medications
Enalapril 2.5 mg daily, aspirin 81 mg daily, Atorvastatin 20 mg daily, MVL.

Examination

Weight 186 1bs; height 5 ft 5'% in.; BMI 31; blood pressure 135/75; heart rate 66,
regular. HEENT: no JVD, normal carotid upstroke, no bruit heard over carotid arter-
ies. Chest: clear, no crackles or wheezes. CVL: S1, S2, no S3 or S4, no murmurs.
Abdomen: no organomegaly. Extremities: warm, no edema, good pulses.

Pertinent Test Results

Lab tests (on Lipitor 20 mg daily): total cholesterol 148 mg/dL, LDL cholesterol
76 mg/dL, HDL cholesterol 56 mg/dL, triglycerides 80 mg/dL, AST 20 U/L, ALT
25 U/L, serum creatinine 0.9 mg/dL.
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EKG: NSR.

Indication for FMD

This patient has several risk factors for coronary heart disease including age, hyper-
tension, dyslipidemia, and being overweight. His Framingham risk score is 12 rep-
resenting a 10% risk of MI/CHD death over the next 10 years, an intermediate-
risk category. He is taking Atorvastatin 20 mg daily with an LDL of 76 mg/dL. He
would like to reduce or stop taking lipid-lowering medication. Brachial artery flow-
mediated dilation can help risk stratify this patient.

Brachial Artery FMD

The patient underwent measurement of his brachial artery flow-mediated dilation.
The result was 3%. While there is no universally accepted scoring system, research
has shown that lower values, in particular values less than 6%, indicated greater risk
for coronary events.

Assessment and Plan

This is a 61-year-old patient with several risk factors for coronary heart disease
and an intermediate Framingham risk score. He would like to lower his dose or
stop taking lipid-lowering medication. His FMD indicates that he has endothelial
dysfunction, a risk for cardiovascular disease. Based on this it would be reasonable
to keep his LDL cholesterol lower than the NCEP guidelines (<130 mg/dL); in this
case <100 mg/dL. A statin drug would be recommended as one of the non-LDL
lowering benefits is improvement in endothelial function. In addition to lifestyle
modifications including diet, weight loss, and increased exercise, the clinician may
want to consider increasing the statin dose and repeating the FMD to see if there is
improvement.
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Chapter 16
Diagnosis of Acute Coronary Syndrome

Gurusher Singh Panjrath and Eyal Herzog

Acute coronary syndrome, a spectrum extending from unstable angina to acute
myocardial infarction, is a key manifestation of coronary artery disease. With coro-
nary artery disease being the leading cause of death in the United States, it is essen-
tial to understand the basic pathophysiology and spectrum of presentation prior to
making an effort to identify it.

In this chapter we review the various presentations of ACS and the clinical as
well as the biochemical tools available to aid diagnosis and management of these
patients. Our recommendations are based on previously published pathways to guide
management appropriately.

Initial assessment of patients with suspected ACS should include two key goals.
First, accurate and timely identification of the patient having an acute coronary syn-
drome, entertain a different diagnosis and institute appropriate management. Second
goal is to address outcomes and prognosis within the hospital and post-hospital stay.
This goal in particular plays an important role with advances in reperfusion strate-
gies and decreased mortality from the primary event. Those at higher risk may need
more aggressive management strategies and follow-up.

Pathophysiology

The proportion of unstable angina (UA) and non-ST-elevation myocardial infarction
(NSTEMI) as compared to ST-elevation myocardial infarction (STEMI) has been
increasing over the last couple of years. As a result this has brought greater atten-
tion toward risk stratification. Various modalities including biomarkers and echocar-
diographic assessment of left ventricular function are the mainstay in accurately
identifying high-risk patients. While the basic principle of ACS is an imbalance or
mismatch between myocardial oxygen supply and demand, the specific mechanism
by which this imbalance occurs varies in NSTEMI and STEMI. With advent of

G.S. Panjrath (=)
The Johns Hopkins Hospital, Division of Cardiology, Baltimore, MD, USA
e-mail: gpanjral @jhmi.edu

E. Herzog, F.A. Chaudhry (eds.), Echocardiography in Acute Coronary Syndrome, 219
DOI 10.1007/978-1-84882-027-2_16, © Springer-Verlag London Limited 2009



220 G.S. Panjrath and E. Herzog

intravascular ultrasound and angiographic methods comes a better understanding of
fundamental differences in the pathophysiology of NSTEMI and STEMI.

NSTEMI results from several plausible mechanisms, of which a disrupted plaque
and resulting thromboemboli are the most discussed.! A thrombus forms at the site
of an atherosclerotic plaque, thus causing an incomplete vessel occlusion or a tran-
sient total occlusion. Disruption of the fibrous cap, which overlies the lipid core and
cellular debris, leads to exposure of the lipid core to the arterial lumen. This forms
the basis of platelet aggregation and activation at the disrupted endothelial surface.
Fibrinogen, by binding to glycoprotein IIb/IIla receptors, forms a bridge between
the activated platelets and thus results in a platelet—fibrin hemostatic plug. This
plug can further propagate into either an occlusive or a non-occlusive thrombus.
NSTEMI is associated with subtotal occlusion and preserved forward flow. How-
ever, microemboli, which are clumps of activated platelets or constituents from the
disrupted lipid core, can get disseminated further downstream resulting in myocar-
dial injury. The ensuing necrosis results in release of biomarkers which aid in
diagnosis. Other mechanisms which contribute to NSTEMI are transient obstruction
secondary to vasospasm or emboli from outside the coronary vasculature (myxoma,
atrial fibrillation, vegetations, paradoxical emboli, etc.), vasculitis resulting from
inflammation of vessel wall thus causing intimal thickening and arterial narrowing,
and conditions causing increase in myocardial oxygen demand (anemia) resulting
in mismatch in the setting of advanced atherosclerosis of the coronary vessels.

In contrast to NSTEMI, pathophysiology of STEMI involves the progression
of a stable plaque to an ulcerated or disrupted prothrombotic plaque. This erosion
facilitates the process of thrombus formation at the site of the erosion. The process
involves interaction between vascular endothelium, platelets, and circulating coag-
ulation factors. Occlusion is frequently total with obstruction of forward flow and
resultant myocardial necrosis.

Diagnosis and Risk Assessment

Early diagnosis and identification of patient at risk is fundamental in management
of patients with chest pain. While diagnosis is paramount, initiating appropriate
therapy at the earliest is the key. Additionally, initial assessment should aid in
identification of patients at risk of future events or at high risk of death or poor
outcomes.

History and Physical Examination

In brief, patients presenting with chest pain should be considered candidates for
serial electrocardiogram or placed on continuous monitoring. A careful history
addressing all potential risk factors and a thorough physical exam should be part
of the initial assessment. History and physical exam should consider other serious
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life-threatening causes of chest pain. Having a high index of suspicion will allow the
operator to evaluate for other differential diagnosis during the study. While taking
history, in addition to traditional risk factors and characteristics of pain, special
attention should be paid to chest pain equivalents such as dyspnea, jaw/neck pain,
or discomfort in the epigastrium and upper extremity. Key components of history
that strongly support likelihood of ischemia due to coronary artery disease include
characteristics of anginal symptoms, prior history of CAD, sex, age, and number of
risk factors present.”~® However, some of the traditional risk factors such as hyper-
tension, hypercholesterolemia, and cigarette smoking are only weak predictors of
acute ischemia in patients with symptoms.”-® Therefore, absence of risk factors in
patients with characteristic symptoms should not be used to guide the decision to ini-
tiate management of ACS. However, presence of traditional risk factors does relate
to poor outcomes in patients with confirmed ACS. Diabetes, history of extracar-
diac vascular disease, and renal dysfunction in particular are associated with poor
outcomes including higher mortality and risk of acute heart failure.”~!'Renal dys-
function is associated with, in addition to higher rates of heart failure, increased
bleeding risks and arrhythmias.!!+!?

Physical exam should be aimed to assess the hemodynamic status of the patient
and findings which may support a diagnosis of ischemia or other non-ischemic diag-
nosis. Exam should also look for comorbid conditions which may be the precipitat-
ing cause of ischemia and conditions which may interfere with management and
therapeutic strategy (gastrointestinal bleeding, uncontrolled hypertension, malig-
nancy, or pulmonary disease).'? Special attention should be paid to physical findings
which may increase the likelihood of the patient having an ischemic event. This will
be of additional importance for patients with non-diagnostic electrocardiograms.
Physical findings which may suggest an acute coronary event and a high short-term
risk of death include pulmonary edema, new or worsening mitral regurgitation, S3
gallop, hypotension, or bradycardia/tachycardia.

Electrocardiogram

An initial electrocardiogram should be obtained on all patients within 10 min of
presentation with chest pain.!3~!> While abnormal electrocardiogram provides pow-
erful information for diagnosis and risk stratification,'® an initial normal electrocar-
diogram does not exclude acute coronary syndrome.'” Normal electrocardiogram
should not allow the reader to be misled into excluding ACS. A significant number
of such patients may result in having a true ischemic event.!”~!° Valuable prognos-
tic information is obtained based on pattern and magnitude of electrocardiographic
changes. 19~17-20 Subsequently, serial ECGs should be performed at 5- to 10-min
intervals or patients should be considered for continuous 12-lead ST-segment mon-
itoring. Close observation and monitoring is suggested for patients with ongoing
symptoms and strong clinical suspicion with an initial non-diagnostic ECG.
Recommendations are made on basis of evolving or dynamic changes of the ST
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segment during ischemia. Risk of long-term complications are lower in patients with
non-diagnostic electrocardiogram compared to patients with dynamic electrocardio-
graphic changes.?*>> While ST-segment elevation is related to a high risk of early
death, ST-segment depression and its magnitude is associated with poor outcomes
at 6 months.??

Cardiac Biomarkers

Serum biomarkers are an important component of initial management of a patient
with chest pain. Not only do the biomarkers help in conforming diagnosis, the level
of biomarker release also helps in estimation of infarct size and provides useful
prognostic information and identifies patients at high risk for poor outcomes. The
extent of biomarker elevation or release depicts myocardial necrosis and damage.
The kinetics of release of biomarkers serves as a surrogate marker or assessment of
successful reperfusion.?*

Advances in biomarkers include point of care assays and improved sensitivity
and precision. In clinical practice, panel of biomarkers are utilized to overcome
sensitivity- and specificity-related concerns of individual markers and provide sub-
stantial information.

Current biomarkers of choice are troponin (I and T) and CK-MB. Cardiac tro-
ponin I (cTnl) is very specific for myocardial injury. Levels of ¢cTnl are detectable
after 4-6 h after initial event and usually peak at 12—18 h. However, they may remain
detectable until 1-2 weeks after an ischemic event. Unfortunately, unstable angina
cannot be excluded based on negative biomarker assays. In those patients echocar-
diography plays a key role at peak stress or symptom. Interpretation of elevated
troponin I levels requires caution in patients with sepsis, congestive heart failure,
pulmonary embolism, arrhythmias, myocarditis, renal failure, trauma, and cere-
brovascular accidents to name a few in the absence of chest pain or supportive ECG
findings.?® The list of conditions where an elevation of troponin level can be seen
is exhaustive. Nevertheless, any elevation in troponin I in those patients portends
a poor long-term prognosis.”® ST-elevation myocardial infarction patients with an
elevated level of troponin T within 6 h of chest pain onset have higher mortality.?’
As mentioned earlier, troponin elevation provides prognostic information beyond
that provided by patient characteristics and admission electrocardiogram. In addi-
tion a strong relationship exists between the level of troponin elevation and risk of
death, 28-30

CK-MB is among the three creatine kinase isoenzymes. Even though CK-MB
constitutes 15% of the cardiac creatine kinase, cardiac tissue is the most abundant
source of CK-MB. CK-MB levels are useful in estimating the size and extent of
infarct. In addition, due to near normalization of its level within 2-3 days after
an acute coronary syndrome, CK-MB is useful in detection of reinfarction. As with
troponin, elevation of CK-MB can be associated with non-ACS conditions including
exercise, trauma, muscular dystrophies, muscle inflammation, and breakdown.3!-32
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B-type natriuretic peptide has been predominantly used in heart failure, but it has
found its use in ACS as well. Elevation of BNP and N-terminal (NT)-pro BNP has a
strong association with mortality in ACS and portends poor prognosis.*3 Currently,
the role of BNP in ACS is limited to being an adjunct marker to those discussed
above. A biphasic peak has been observed in levels of NT-pro BNP in association
with anterior myocardial infarction. In that case, the second peak has a better corre-
lation with poor outcome.

Myoglobin, found both in cardiac and in skeletal muscles, can be found as early
as 1-4h after an acute event. Due to its rapid rise and fall, myoglobin allows for
early detection of myocardial injury (sensitivity 95%). However, its use is limited
as it is not cardiac specific. High concentrations are found in skeletal muscles and it
depends on renal function for clearance. The rapid release of myoglobin, however,
makes it an attractive biomarker for early diagnosis of reperfusion after STEMI.
This approach may be useful in early exclusion of ACS when combined with clinical
characteristics of the patients and electrocardiographic presentation.’*3

Finally, an alternate proposed methodology has been to measure changes in
serum levels of biomarkers over shorter time periods. **~*! Rationale behind this
approach is to be able to detect high-risk patients with positive delta values to
undergo aggressive anti-ischemic therapy. Low-risk patients with negative delta
values may be considered for early stress testing. The sensitivity for identifying
myocardial ischemia with this approach ranges around 93% with a specificity of
94%'38,41

Many more biomarkers are under investigation for potential use in acute coro-
nary syndrome.*>*} They are not discussed in this chapter as none have matched
the sensitivity and specificity and clinical applicability of the markers in current use.
It is important though to interpret cautiously absence of any detectable biomarkers
within first 6 h of onset of chest pain.** Serial testing should be performed at base-
line, at 6-9, and at 12-24 h to detect or exclude myocardial injury. At our center we
perform biomarker testing at 6- to 9-h intervals as mentioned in the PAIN algorithm
(Chapter 2).

Echocardiography

As will be discussed in subsequent chapters, echocardiography plays an important
role in diagnosis and management of acute coronary syndrome. Role of echocardio-
graphy is maximal in patients with high clinical suspicion but non-diagnostic ECG.
Stress echocardiography may play a significant role in triage of patients from emer-
gency room. Pitfalls include false-negative patients getting discharged or missed
subendocardial infarctions.

Role of echocardiography in acute coronary syndrome is two-fold. It aids in diag-
nosis of acute coronary syndrome by detection of regional or global ventricular wall
motion abnormalities and ejection fraction. It is useful in assessment of hemody-
namic instability. Its role in evaluating other potential life-threatening diagnosis
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presenting as chest pain (e.g., aortic dissection) is well established. In addition,
echocardiography plays a key role in identification of complications of acute coro-
nary syndrome such as left ventricular aneurysm, papillary muscle rupture, ventric-
ular wall rupture, pseudoaneurysm, and mitral regurgitation.

Conclusion

Application of a multipronged approach is fundamental in evaluating patients with
chest pain. An approach inclusive of biomarkers and echocardiography, in addition
to a good history and physical examination, aids in defining the patients who truly
have an acute coronary syndrome or who are at risk of poor outcomes. An evidence-
based algorithm may be developed at institutions to aid multidisciplinary teams in
identification and management approaches in patients with suspicion of ACS.*-46
Other goal of assessment is to identify patients who are at low risk and can be safely
discharged home. The impact on health-care resources with this approach may be
immense. However, caution should be exercised with this approach due to potential
false negatives in the early stage after presentation to the hospital. Hospitals should
institute chest pain pathway involving a multidisciplinary approach to assess and
manage these patients. A rational use of echocardiography in this schema would
be to assess for wall motion abnormalities in patients with equivocal history and
negative biomarkers. Those with no wall motion abnormalities may be considered
for discharge while others may be considered for early stress testing and discharge.
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Chapter 17

Comprehensive Evaluation of Cardiac
Hemodynamics - “Echocardiography-Guided
Cardiac Catheterization”

Itzhak Kronzon

While most echocardiographers are familiar with the use of Doppler echocardiog-
raphy in the evaluation of transvalvular gradients, valvular regurgitation, and evalu-
ation of certain clinically important values such as pulmonary artery pressure, they
rarely use the echocardiographic examination for a comprehensive detailed evalu-
ation of intracardiac pressures and flows as it is done during cardiac catheteriza-
tion. In this chapter, the practical aspects of such an examination will be described
with the demonstration of a comprehensive hemodynamic evaluation in a patient.
The information in this chapter is based on known and accepted hemodynamic and
Doppler echocardiographic information and common practice. More data and refer-
ences can be found in larger, detailed texts.!

The simplified Bernoulli equation is the basis for the calculation of all intracar-
diac pressures.”

AP = 4V?

where AP = pressure gradient in mmHg and V = velocity in m/s.

Evaluation of Right Atrial Pressure

This may be the first stage in the hemodynamic evaluation. It is performed with the
transducer in the subxiphoid position. At this point, one can evaluate the inferior
vena cava as it travels through the liver into the right atrium. During its course, the
inferior vena cava will be perpendicular to the interrogating beam and therefore its
size and the changes of its diameter during the respiratory cycle can be recorded
by M-mode echocardiography. The normal diameter of the inferior vena cava in the
adult is 1.5-2.5 cm measured just proximal to its entrance into the right atrium. Nor-
mally, with inspiration, there is a decrease of 50% or more in the diameter of the
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Table 17.1 Evaluation of right atrial pressure

IVC (cm) A with resp (%) RA pressure (mmHg)
<15 Collapse 0-5

NI (1.5-2.5) >50 5-10

NI <50 11-15

>2.5 <50 16-20

>2.5 No change >20

inferior vena cava. Failure to collapse with respiration and a dilated inferior vena
cava are markers of elevated right atrial pressures. Table 17.1 correlates inferior
vena cava characteristics (diameter and respiratory changes) and right atrial pres-
sure.®> Figure 17.1 shows a two-dimensional image and M-mode echocardiogram
of a patient with a markedly elevated right atrial pressure (more than 20 mmHg).
The inferior vena cava is markedly dilated near its entrance into the right atrium
(2.8 cm). The M-mode recorded at low paper speed demonstrates the lack of respi-
ratory variation.

Markedly elevated RA pressure
(> 20 mm Hg)

14 Mor 01

Note: 1. Dilated IVC
2. Lack of respiratory variation

Fig. 17.1 Assessment of right atrial pressure. Note markedly dilated inferior vena cava (IVC) and
lack of respiratory variations in diameter (M-mode)
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Evaluation of Right Ventricular Systolic Pressure

Figure 17.2 shows the right heart pressures with the right atrial pressure, right ven-
tricular pressure, and pulmonary artery pressure superimposed on each other. Dur-
ing diastole there is only a very small gradient across the tricuspid valve and during
systole there is only a small gradient across the pulmonic valve. Those gradients are
so small that their measurement is beyond the sensitivity of cardiac catheterization,
which usually reports no gradients across the normal pulmonic or tricuspid valve.
Figure 17.2 also shows that during systole, with the tricuspid valve closed, there
is a pressure gradient between the right ventricle and the right atrium. About 90%
of normal adults have some degree (usually trace or mild) of tricuspid regurgita-
tion. The velocity of the tricuspid regurgitant jet (as measured by continuous wave
Doppler) is related to the pressure gradient between the right ventricle and right
atrium. Using the simplified Bernoulli equation, the tricuspid regurgitation gradient
can be calculated. The right ventricular systolic pressure (RVSP) is the tricuspid
regurgitant (TR) gradient plus the right atrial pressure (RAP).

RVSP = TR gradient + RAP

i Tricuspid Regurg.

Fig. 17.2 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 is marked by the arrow and is responsible for the tricuspid regurgitation velocity seen
in the upper left corner. Other abbreviations: PA = pulmonary artery pressure, PVC = pulmonic
valve closure, RA = right atrial pressure, TVC = tricuspid valve closure
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In patients who have ventricular septal defects with a left to right shunt, the ven-
tricular septal defect jet velocity is related to the pressure gradient between the left
ventricle and the right ventricle. If there is no aortic stenosis, the systolic pressure
in the left ventricle equals the systolic blood pressure measured by a blood pressure
cuff (or by other invasive or noninvasive methods). Thus, the right ventricular sys-
tolic pressure (RVSP) equals systolic blood pressure (SBP) minus the systolic VSD
(SVSD) gradient.

RVSP = SBP — SVSD gradient

The lower the blood pressure and the higher the right ventricular systolic pres-
sure, the smaller the gradient. Ventricular septal defects that are associated with
lower blood pressure and with high right ventricular systolic pressure (as may be
the case in ventricular septal defect during acute myocardial infarction) will have a
lower VSD systolic flow velocity and lower systolic VSD gradient.

Evaluation of Right Ventricular Diastolic Pressure

In the absence of tricuspid stenosis, there is only a small gradient between the right
atrial diastolic pressure and the right ventricular diastolic pressure. This gradient
can be ignored, and therefore, it can be said that right ventricular diastolic pressure
(RVDP) equals right atrial pressure (RAP).

RVDP = RAP

VSD IN MLL

Fig. 17.3 Assessment of RV e
systolic pressure in a patient il 3m/sec
with ventricular septal defect
(VSD) after myocardial LY to RV g nt 4x3x3=36mmHg
infarction (MI). Note that BESI000S

VSD flow persists during

both systole (horizontal line) / systolic pressure =

and diastole (horizontal 'stolic BP - VSD gradient=64mmHg
arrow). See text for details = =

o
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In the presence of ventricular septal defects with left to right shunts, the left
ventricular diastolic pressure is usually higher than the right ventricular diastolic
pressure. Therefore, there is flow between the left ventricle and right ventricle that
continues throughout diastole. When compared to the velocity of the jet across the
ventricular septal defect during systole, the diastolic jet velocity is significantly
smaller (Fig. 17.3). However, if the left ventricular diastolic pressure is known, then
the right ventricular diastolic pressure (RVDP) can be calculated as the left ventric-
ular diastolic pressure (LVDP) minus the diastolic ventricular septal defect (DVSD)
gradient.

RVDP = LVDP — DVSD gradient

Evaluation of Pulmonary Artery Systolic Pressure

In the absence of pulmonic stenosis, the pressure gradient between the right ventricle
and the pulmonary artery can be ignored and it can be assumed that the pulmonary
artery systolic pressure equals the right ventricular systolic pressure. Therefore, the
pulmonary artery systolic pressure (PASP) equals the tricuspid regurgitation gradi-
ent plus the right atrial pressure (RAP).

PASP = TV gradient + RAP

In the presence of pulmonic stenosis, the flow velocity across the stenotic pul-
monic valve can be evaluated and the pulmonic stenosis gradient can be calculated.
In these patients, the pulmonary artery systolic pressure (PASP) equals the right
ventricular systolic pressure (RVSP) minus the pulmonic stenosis gradient.

PASP = RVSP — PS gradient

Evaluation of Pulmonary Artery Diastolic Pressure

The majority of patients have some degree (trace to mild) of pulmonic regurgita-
tion. The velocity of the pulmonic regurgitation is defined by the diastolic pressure
gradient between the pulmonary artery and the right ventricle. Thus, the pulmonary
artery diastolic pressure (PADP) equals the pulmonary regurgitation gradient plus
the right ventricular diastolic pressure (RVDP).

PADP = PR gradient + RVDP

Since the right atrial pressure (in the absence of tricuspid stenosis) is approxi-
mately equal to the right ventricular diastolic pressure, pulmonary artery diastolic
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pressure (PADP) equals the pulmonic regurgitation gradient plus right atrial pres-
sure (RAP).

PADP = PR gradient + RAP

The ability to measure the pulmonic regurgitation velocity may be helpful in the
evaluation of the pulmonary artery pressure in patients who do not have tricuspid
regurgitation. Figure 17.4 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 velocity of the pulmonic regurgitant flow is 2.5
m/s at end diastole, which indicates an end-diastolic gradient of 25 mmHg across
the pulmonic valve. The diastolic pulmonary artery pressure is therefore at least
25 mmHg, a markedly elevated value.

Fig. 17.4 Assessment of
pulmonary artery diastolic
pressure in a patient with
pulmonary hypertension

CW of Pulmonic Valve Flow

between the PA and RV.

Evaluation of Pulmonary Artery Pressure in the Absence of
Tricuspid or Pulmonic Regurgitation

Rough, indirect estimation of PA pressure can be obtained by M-mode echocardio-
graphy. Characteristic M-mode pattern of the pulmonic valve in patients with severe
pulmonary HTN (>70 mmHg) includes absence of “a” deflection during atrial con-
traction (in spite of normal sinus rhythm), “flying W” appearance of the systolic
opening, and lack of backward motion of the diastolic closure line (Fig. 17.5).

Better estimation 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.* Mean PA pressure is inversely related to the acceleration time. The
equation used is
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Pulmonic valve M-mode

Normal Severe pulmonary HTN

Markers of severe pulmonary hypertension

1. Lack of diastolic (D) posterior motion of the valve closure line
2. Absence of atrial kick (a)
3. “Flying W” apearance in systole (S)

Fig. 17.5 M-mode echocardiography in severe pulmonary hypertension

PAMP = 79 — (0.45 x AcT)

where PAMP is mean PA pressure in mmHg and AcT is acceleration time in mil-
liseconds.

Normal AcT is >120ms. Values less than 90 ms are associated with PA mean
pressure of 40 mmHg or more.

Evaluation of Left Ventricular Systolic Pressure

In patients without valve disease, there is only a minimal gradient between the left
ventricle and the aorta during systole. This small gradient can be ignored, and
thus left ventricular systolic pressure (LVSP) equals the systolic blood pressure
(SBP).

LVSP = SBP

In patients with aortic valve (or subvalvular or supravalvular) stenosis, 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 sys-
tolic pressure gradient across the aortic valve (or other subvalvular or supravalvular
sites).
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LVSP = SBP + aortic stenosis gradient

The maximal gradient measured by the Doppler examination is the maximum
instantaneous gradient across the aortic valve. This gradient is usually higher than
the peak-to-peak gradient (between peak aortic systolic pressure and peak left ven-
tricular systolic pressure) that is frequently measured and reported during cardiac
catheterization. In most cases of severe aortic stenosis, the peak-to-peak gradient
is approximately 70% of the maximum instantaneous gradient. The mean gradient
across the aortic valve can also be calculated (both by Doppler echo and by pressure
measurement during invasive procedures) (Fig. 17.6). When Doppler is used for
the evaluation of left ventricular pressure, the value for measurement should be the
peak-to-peak gradient (peak left ventricular systolic to peak systolic blood pressure
obtained by cuff). Therefore

LVSP = SBP + 70% aortic stenosis gradient

Aortic Valve Gradient

1. Peak - to - Peak Gradient (PP)
2. Gradient (MIG)
3. Mean Gradient

Fig. 17.6 Diagram of left-sided pressure in aortic stenosis (see text for details)

Evaluation of Left Ventricular Diastolic Pressure

In the absence of mitral stenosis, the gradient between the left atrium and the left
ventricle during diastole is small and can be ignored. Therefore, in these patients,
the left atrial pressure is very close to the left ventricular diastolic pressure. The left
atrial pressure can be estimated and this will give a good idea about left ventricular
diastolic pressure as well.
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In patients who have aortic regurgitation, the regurgitant jet velocity is a func-
tion of the diastolic gradient between the aorta and the left ventricle. If the aortic
diastolic pressure is known, then the left ventricular diastolic pressure equals the
aortic diastolic pressure minus the aortic regurgitation gradient. In most patients,
the aortic pressure equals the cuff pressure in the arm. Therefore, the left ventricular
end-diastolic pressure (LVEDP) equals the diastolic blood pressure (DBP) minus
the aortic (AR) gradient at end diastole.

LVEDP = DBP — AR gradient (end diastolic)
In patients with VSD and left to right shunt, the LVEDP can be calculated if the
RA pressure (RAP) (and therefore RV diastolic pressure) is known. In these patients
LVEDP = RAP + VSD end-diastolic gradient

Figure 17.7 is a continuous wave tracing taken from a patient with aortic valve
disease. The aortic stenosis and aortic regurgitation jets are readily identified. The

CW of Aortic Valve Flow
The BP is 150 / 80 mmHg

AT ﬁ

;vjlli/se;

“
LS LTS

LV (sys)= Sys. BP (150) + 70%Ao gradient (45) = 195
LV (dias) = Dias. BP (80) - Ao dias. Gradient (64) =
16

The estimated LV pressure is 195/mmHg

Fig. 17.7 Continuous wave Doppler (CW) in the calculation of left ventricular (LV) pressures in
a patient with aortic stenosis and insufficiency (see text). Other abbreviations: Ao = aorta, BP =
blood pressure, Dias = diastolic, Sys = systolic
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peak aortic stenosis velocity is 4 m/s and the aortic regurgitation jet end-diastolic
velocity is also 4 m/s. This patient had a blood pressure of 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 peak instantaneous aortic gra-
dient is 64, the peak-to-peak gradient is 70% of 64, which is 45 mmHg. The left
ventricular systolic pressure is therefore 150 + 45 = 195 mmHg. The left ventricu-
lar diastolic pressure equals the diastolic 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.

Evaluation of Left Atrial Pressure

The evaluation of left atrial pressure and its clinical importance has been discussed
in prior chapters in this book. Noninvasively the left atrial pressure can be estimated
from the transmitral and pulmonary venous flow measured by pulsed Doppler.
When these flow patterns are normal, the pressure in the left atrium is normal
(6-12 mmHg). When there is a decreased relaxation flow pattern across the mitral
valve (low E, high A) the left atrial pressure is normal or minimally elevated (8—
14 mmHg). With pseudonormalization of transmitral flow, the left atrial pressure is
high, usually 15-22 mmHg. Finally, with a restrictive pattern (high E, low A, and a
rapid transmitral flow deceleration of 160 ms or less), the left atrial pressure is usu-
ally 23 mmHg or more. Another simple method of calculation of left atrial pressure
(LAP) uses the transmitral flow E-wave velocity and the tissue Doppler (E’). The
higher the left atrial pressure, the higher the E and lower the E'.

An E/FE' ratio of <9 is associated with normal LAP. An E/E’ ratio of more than
14 is associated with elevated LAP (>14 mmHg).

The equation reported by Nagueh et al.’ describes the relation between LAP and
E/E

LAP = 1.24[(E/E) + 1.9]
A simpler equation is used at our laboratory:
LAP = E/E' + 4mmHg

As was noted before, the estimation of left atrial pressure in the absence of mitral
stenosis can give a good idea about the left ventricular diastolic pressure.

In patients with mitral regurgitation, the left atrial pressure during ventricular sys-
tole (LAS) equals the systolic blood pressure (SBP) (which in the absence of aortic
stenosis equals the left ventricular systolic pressure) minus the mitral regurgitation

(MR) gradient.

LAS = SBP — MR gradient
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In patients with mitral stenosis (MS), the left atrial pressure during ventricular
diastole (LAD) equals the left ventricular end-diastolic pressure (LVDP) plus the
mean transmitral gradient.

LAD = LVDP + transmitral gradient

Calculation of Cardiac Output

A calculation of the cardiac output can be performed using the left heart (systemic
blood flow) or the right heart (pulmonary blood flow). In the absence of shunts, the
pulmonary blood flow is equal to the systemic blood flow. The calculation of the
systemic blood flow (SBF) is best done at the left ventricular outflow tract (LVOT).
The diameter of the LVOT can be measured and the cross-sectional area (CSA)
calculated. The multiplication of the LVOT cross-sectional area by the velocity time
integral (VTI) at that site will provide the value of the stroke volume (SV). Stroke
volume times heart rate (HR) equals cardiac output (CO) (Fig. 17.8).

Calculation of Systemic Blood Flow

D=2cm
VTI=24 cm
HR =80

1x1x3.14x24x80

Fig. 17.8 Calculation of systemic blood flow (SBF). Other abbreviations: D = diameter, HR =
heart rate, LVOT = left ventricular outflow tract, VT = velocity time integral
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SV = CSAL\/OT X VTIL\/OT

CO =SV x HR

Similarly, calculation of pulmonary blood flow can be done at the right ventricu-
lar outflow tract just proximal to the pulmonic valve.

Calculation of Shunt Flow
The evaluation of shunt flow in patients with an atrial septal defect or ventricular

septal defect with a left to right shunt can be performed by the calculation of pul-
monary blood flow (PBF) minus systemic blood flow (SBF).

Shunt flow = PBF — SBF

Another approach is the evaluation of the atrial septal defect or ventricular septal
defect orifice area (DOA) and multiplying it by the shunt velocity time integral
(VTI) and by the heart rate (HR).

Calculation of ASD L-to-R Shunt

ASD diameter = 1.2 cm

e [

Shunt Flow = ASD Area x VTI of shunt x HR
=(.6 x 0.6 x 3.14 x 80 x 100 = 9L/min.

Fig. 17.9 Calculation of atrial septal defect (ASD) left to right (L-to-R) shunt flow. The images
were obtained by transesophageal echocardiography. The ASD is marked by an arrowhead
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Shunt flow = DOA x VTIue X HR

Figure 17.9 is an example of the calculation of atrial septal defect flow with a left
to right shunt. The shunt flow equals the orifice area multiplied by the velocity time
integral of the shunt and multiplied by the heart rate. In this case, the atrial septal
diameter was 1.2 cm; therefore, the radius was 0.6 cm. With a VTl of 80 cm and
HR of 100/min, the shunt flow is

3.14 x 0.6 x 0.6 x 80 x 100 = 9000 cc/min = 9L/min

Estimation of Pulmonary Vascular Resistance (PVR)

This important hemodynamic parameter is the ratio between the pressure gradient
and the blood flow across the pulmonary vascular tree. Invasively, PVR can be cal-
culated using the equation

PVR = (PAMP — LAMP)/PBF

where PVR is measured in Wood’s units, PAMP = pulmonary artery mean pressure
in mmHg, LAMP = left atrial mean pressure in mmHg, and PBF = pulmonary
blood flow in L/min. Example: with normal PAMP (15 mmHg), normal LAMP
(6§ mmHg), and normal PBF (5 L/min) the calculated PVR is approximately 2 units.

The PVR is directly related to the PA pressure (and therefore to the maximal TR
jet velocity); on the other hand, the PVR is inversely related to the stroke volume
in the RVOT (which can be measured noninvasively by pulsed Doppler, using the
velocity time integral (VTI) at the right ventricular outflow tract, just proximal to
the pulmonic valve).

PVR can therefore be calculated by Doppler using the following equation:®

PVR = 10(TR jet V — VTIgyor) + 0.16)
where PVR is expressed in Wood’s units, TR jet V = tricuspid regurgitation jet

velocity in m/s, and VTIryor = velocity time integral at the right ventricular outflow
tract in cm (Fig. 17.10)

Clinical Case

Comprehensive Hemodynamic Evaluation

The echocardiographic examination can provide many hemodynamic details. Some-
times the hemodynamic information is not less comprehensive than which is



242 1. Kronzon

Pulmonary Vascular Resistance

After-Dr C. Otto

4.9m/sec

Non invasive method

PVR=10 [(Peak TR Velocity/ VT rvor)) + 0.16]

PVR=Wood’s units
TR Velocity = m/sec Normal =2 Wood’s units
VTI rvor = cm

Fig. 17.10 Noninvasive calculation of pulmonary vascular resistance (PVR). Other abbreviations:
VTlIryor = Velocity time integral at the right ventricular outflow tract

available from invasive examinations (cardiac catheterization). In the next few para-
graphs, we will evaluate noninvasively a 53—year-old male and acute shortness of
breath. The blood pressure was 100/65 mmHg, heart rate 70/min and regular, and
there was no jugular venous distention. There was an apical diastolic rumble (mitral
stenosis) and a basal systolic ejection murmur radiating to the carotids (aortic steno-
sis). In the reporting of this patient’s hemodynamics we used the form that is used in
our cardiac catheterization laboratory. Figure 17.11 shows the hemodynamic infor-
mation that was available at this stage. With a blood pressure of 100/65 mmHg, we
assume that the aortic pressure is the same.

The first stage of our evaluation was subxiphoid echocardiography for the evalu-
ation of the inferior vena cava. As can be seen in Fig. 17.12 A, the inferior vena
cava has a normal size (1.6cm) and there was more than 50% respiratory col-
lapse. Therefore, the inferior vena cava and the right atrial pressure (and also the
superior vena cava) are normal (5-10 mmHg) and for the sake of simplicity we
picked the value of 6 mmHg. At this point, what is known is presented in the dia-
gram on the right (Fig. 17.12B). The patient also had mild tricuspid regurgitation
(Fig. 17.13 A). The jet velocity of the tricuspid regurgitation was 3.2 m/s and there-
fore the tricuspid regurgitation gradient (between the right ventricle and the right
atrium) was 40 mmHg. With a right atrial pressure of 6 mmHg, the right ventric-
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Fig. 17.11 Patient history Case 1 (|K)
and physical findings JVD =
jugular venous distension)

arnic Study

e with Dyspnea

BP 100/65
HR 70, regular
No JVD

Apical diastolic
rumble

100/65

Basal systolic
ejection murmur

ular systolic pressure equals the right atrial diastolic pressure (6 mmHg) plus the
tricuspid regurgitation gradient (40 mmHg) or 46 mmHg. In the absence of tricus-
pid stenosis, the right ventricular diastolic pressure equals the right atrial pressure
and therefore the pressure in the right ventricle is 46/6 mmHg. The diagram on the
right represents these new findings (Fig. 17.13B). Now we can calculate the pul-

Nive 1. 6 e

>50% Respiratory Variation

Fig. 17.12 (A) M-mode echo in the evaluation of RA pressure. Normal diameter and more than
50% respiratory collapse are suggestive of normal (5—-10 mmHg) right atrial (RA) pressure. (B)
The hemodynamic diagram now shows normal RA pressure (6 mmHg)
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I DAY Piracco sl
KVAPTCSSUNES

RV systolic = RA pressure (6) + TR gradient (40) =
46 mm Hg

100/65

A B
In the absence of TS, RV diastolic pressure =
RA pressure

Fig. 17.13 (A) Calculation of right ventricular (RV) pressures. (B) The hemodynamic diagram
now shows the RV pressures

Syst. = RV systolic (46)
Dias. = PR gradient (20) + RA pressure (6) = 26mmHg

"1 100/65

Fig. 17.14 (A) Calculation of pulmonary artery (PA) pressures. (B) The hemodynamic diagram
now shows the PA pressures



17 Comprehensive Evaluation of Cardiac Hemodynamics 245

monary artery pressure. In the absence of pulmonic stenosis, the right ventricular
systolic pressure (46 mmHg) practically equals pulmonary arterial systolic pres-
sure. This patient also has pulmonic regurgitation (Fig. 17.14 A). At end dias-
tole, the velocity of the pulmonic regurgitation jet is 2.2 m/s, which indicated a
pulmonic regurgitant gradient of 20 mmHg. The pulmonary artery diastolic pres-
sure is therefore the pulmonary regurgitation gradient (20 mmHg) plus right atrial
pressure (6 mmHg), or 26 mmHg. The diagram on the right represents the infor-
mation known so far (Fig. 17.14B). The patient also has mild aortic regurgitation
(Fig. 17.15 A). The end-diastolic velocity of the aortic regurgitation jet is 3.7 m/s
and therefore the aortic end-diastolic gradient is 55 mmHg. Therefore, the left ven-
tricular end-diastolic pressure equals the aortic diastolic pressure (65 mmHg) minus
the aortic regurgitation gradient (55 mmHg) or 10 mmHg. The diagram on the right
again shows what is available so far (Fig. 17.15B). In addition, this patient has aor-
tic stenosis (Fig. 17.16A). The peak instantaneous aortic flow velocity is 4.8 m/s,
which is the equivalent of a transaortic peak instantaneous gradient of 92 mmHg.
Since the peak-to-peak gradient is only 70% of the peak instantaneous gradient, the
peak-to-peak gradient is 64 mmHg. The left ventricular systolic pressure is there-
fore the aortic systolic pressure (100 mmHg) plus 70% of the aortic valve gradi-
ent (64 mmHg), or 164 mmHg. The diagram on the right shows what we know so
far (Fig. 17.16B). Finally, this patient also has mitral stenosis (Fig. 17.17 A). The

LVEDP = aortic diastolic pressure (65) —
AR gradient (55) = 10mmHg

6 100/65
46/26

Fig. 17.15 (A) Calculation of LV end-diastolic pressure (LVEDP). (B) The hemodynamic diagram
now includes LVEDP (AR = aortic regurgitation)
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LV systolic pressure = aortic systolic pressure
(100) + 70% of AV gradient (64) = 16dmmHg

Fig. 17.16 (A) Calculation of LV systolic pressure. (B) The hemodynamic diagram now includes
LV systolic pressure (AV = aortic valve)

LA pressure = LV diastolic (10) +
MV mean gradient (13) =23

6 100/65

Fig. 17.17 (A) Calculation of left atrial (LA) pressure. (B) The hemodynamic diagram now
includes all intracardiac pressures (MV = mitral valve)
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mean mitral gradient was calculated to be 13 mmHg. The left atrial pressure, there-
fore, equals the left ventricular diastolic pressure (10 mmHg) plus the mitral valve
mean gradient (13 mmHg), or 23 mmHg. The diagram on the right indicates all the
pressures (Fig. 17.17B). Thus, without the use of catheters, punctures, or blood we
obtained all the pressures in the cardiac chambers, the great arteries, and the veins.
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Chapter 18

Echocardiography During Angina Pectoris
and Acute Myocardial Infarction

in the Emergency Room

Emad Aziz and Eyal Herzog

Background

The evaluation of patients presenting to the emergency department (ED) with chest
pain can be very challenging for the clinician. The early identification of patients
with coronary artery disease from those who have other causes of chest pain is crit-
ical to delivering appropriate medical care. It is estimated that 8 million patients
present annually to the emergency department with chest pain' and that only a
small subset of then will ultimately be diagnosed as having acute coronary syn-
drome (ACS).

Current guidelines stress the importance of identifying patients who have
increased likelihood of acute myocardial infarction (AMI) and thus likely to benefit
from early prompt diagnosis and delivery of evidence-based medical therapies.>~*
Failure to identify and provide early treatment to these high-risk patients will have
important negative implications on their outcomes.

Surprisingly, Lee et al. reported that despite the low threshold for unnecessary
admission of patients with chest pain, 8% of patients with AMI are erroneously sent
home, 75% had less typical symptoms and were less likely to have electrocardio-
graphic evidence of ischemia.’

ECG interpretation in the ED is central in the assessment of patients with possible
cardiac ischemia; however, discrepancies have been reported on triage and treatment
decisions have been debated.’~*

In addition, a recent report from the Emergency Department Quality in Myocar-
dial Infarction (EDQMI) study reported that one in eight AMI patients had high-risk
ECG findings that were not identified and that, among these patients, the delivery
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of evidence-based therapies in the ED, including aspirin, B-blockers, and acute
reperfusion, was markedly lower. There was also a trend toward higher in-hospital
mortality rates in patients with missed high-risk ECG findings.'°

Thus, a diagnostic dilemma exists for a subset of patients which accounts for 20—
45% who present to the ED with typical or atypical chest pain and nondiagnostic
electrocardiogram; subsequently, a significant proportion of these patients might
show signs of myocardial injury.!!

Acute coronary syndrome spans a broad classification, including ST-
elevation myocardial infarction (STEMI), non-ST-elevation myocardial infarction
(NSTEMI), and unstable angina. Traditional ways for diagnosing ACS on the basis
of ECG and initial troponin levels can only be designated in a small percentage of
these patients. Cardiac enzymes are extremely sensitive to myocardial infarction;
however, these assays do not detect unstable angina.'?> Furthermore, it might take
4-12h after presentation before cardiac enzymes are definitive.

Acute ischemia results in a cascade of biochemical physiologic changes in the
myocardial tissues.'? These biochemical changes are followed by abnormalities in
diastolic and then systolic function, which produce regional wall motion abnor-
malities (RWMAs) that can be visualized echocardiographically within seconds
of coronary artery occlusion.'* In many cases these changes precede any ECG
changes or even the development of symptoms.'> The RWMAs reflect a localized
decrease in the amplitude and rate of myocardial excursion, as well as a blunted
degree of myocardial thickening. Transthoracic echocardiography (TTE) has the
advantages of being readily accessible, portable, noninvasive, and fast; it may
detect significant findings that are misdiagnosed or not detected on initial clinical
evaluation.

Hence, in 2003, a task force of the American College of Cardiology (ACC),
the American Heart Association (AHA), and the American Society of Echocardio-
graphy (ASE) gave a class I recommendation to the use of echocardiography for
evaluation of patients with chest pain in the following settings:'6

1. For diagnosis of underlying cardiac disease in patients with chest pain and clini-
cal evidence of valvular, pericardial, or myocardial disease.

2. For evaluation of chest pain in patients with suspected acute myocardial
ischemia, when baseline ECG and other laboratory markers are nondiagnos-
tic and when the study can be obtained during pain or within minutes after its
abatement.

3. For evaluation of chest pain in patients with suspected aortic dissection.

4. For evaluation of patients with chest pain and hemodynamic instability unre-
sponsive to simple therapeutic measures.

The task force recommended against the routine use of echocardiography for
diagnosis of chest pain in patients with electrocardiographic changes diagnostic of
myocardial ischemia or infarction.
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Role of Echocardiography in the Emergency Department

Several studies have examined the feasibility and efficacy of echocardiography in
emergency department (ED) patients with chest pain. Most of these studies were
performed on patients with chest pain hoping to identify those with AMI. Early use
of echocardiography can be essential in providing crucial information about wall
motion abnormalities and also diagnose other non-ischemic causes of chest pain like
pulmonary embolism, hypertrophic cardiomyopathy, pericarditis, and aortic dissec-
tion. It can provide incremental prognostic information to identify patients at risk of
early clinical, historical, and electrocardiographic variables. The event rates within
48 h of ED admission are different for patients with and without left ventricular sys-
tolic dysfunction (LVSD); a significantly greater event rate exists for patients with
LVSD as a group and for those with even mild-to-moderate wall motion abnormali-
ties, compared with patients without LVSD.!”

In a prospective study involving 466 visits to a large urban ED by patients with
acute chest pain, Sabia et al.'® examined echocardiographic predicators of serious
predischarge complications in patients with chest pain. Regional wall motion was
assessed using a wall motion index on the basis of a 16-segment model. The com-
posite complications end point included significant recurrent myocardial ischemia,
heart failure, or arrhythmia. In a univariate analysis, the following variables predi-
cated complications: left ventricular function (OR, 2.9; 95% CI, 1.6-5.1), right ven-
tricular function (OR, 2.7;95% CI, 1.2-6.2), left ventricular end-diastolic dimension
(OR, 1.6/cm; 95% CI, 1.1-2.3), left ventricular end-systolic function (OR, 1.4/cm;
95% CI, 1.1-1.9), and wall motion index (OR, 3.0; 95% CI, 1.8-4.8). Left ventric-
ular ejection fraction,'” end-systolic volume,'® WMSI,?’ and the presence of even
mild MR?! are all early predictors of adverse outcome.

Thus, one strategy for screening chest pain patients for RWMAs with echocar-
diography would be as follows:

1. If an adequate echocardiogram can be obtained and there are no RWMAs, it is
relatively safe to discharge the patient from the emergency department.

2. Patients with RWMAs should be admitted for further observation and treatment.
Those patients with a suspicious chest pain syndrome in whom an adequate
echocardiogram cannot be obtained would also warrant observation.

This scheme could provide a screening mechanism to reduce the number of
admissions that use ECG and clinical criteria alone and would also identify acute
mechanical complications of a myocardial infarction.”> However, using RWMA
to screen for ischemia rather than waiting for cardiac enzymes is not perfect;
there are limitations to screening with echocardiography. It is reasonable only if
a high-quality echocardiogram can be obtained and an experienced echocardiog-
rapher available to interpret the echocardiogram 24 h a day. Furthermore, even if
the echocardiographic procedure is technically feasible, some patients with a small
myocardial infarction who spontaneously reperfused, but may still have an unstable
lesion, could potentially be discharged under this protocol. Despite these limitations,
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the 2003 ACC/AHA/ASE task force gave a class I recommendation to the use
of echocardiography for evaluation of chest pain in patients with suspected acute
myocardial ischemia, when baseline ECG and other laboratory markers are nondi-
agnostic and when the study can be obtained during pain or within minutes after its
abatement.

Different Modalities of Echocardiography that is Feasible
in the Emergency Department

Echocardiography must be performed by a trained operator and interpreted by physi-
cians experienced in wall motion analysis. Adequate images are obtainable in about
90% of cases. Its utility in the evaluation of chest pain appears high with sensitiv-
ity of 93% and specificity of 71% as seen in 16 published studies including more
than 1300 patients. Wall motion may be normal in patients with small infarctions;
however, these patients have a low risk of complications. Previous MI can make
it difficult to identify new wall motion abnormalities. The severity of ischemia, its
duration, and the extent of the ischemic zone may affect the persistence of wall
motion abnormalities in patients with unstable angina; performing echocardiography
during the symptomatic episode or within 1 h will make findings more reliable."!

Clinical Applications

As mentioned above the main function for echocardiography in the ED is early
detection of wall motion abnormalities and risk stratification for patients with pos-
sible myocardial ischemia. In our PAIN pathway for management of patients admit-
ted with ACS, echocardiography plays an important role in recognizing patients
with advanced risk from patients with intermediate and low risk.?

Early Detection of Acute Myocardial Infarction Complications
in the Emergency Department

Echocardiography is the mainstay of diagnosis of mechanical complications of
myocardial infarction (MI),>* and patients with unexplained hemodynamic dete-
rioration should be immediately evaluated.

The following are some of the most common complications diagnosed:

1. Right ventricular infarction: Recognition of right ventricular (RV) infarction is
important, as it requires specific hemodynamic management. This syndrome
occurs in more than 30% of patients with inferior MI but is rare in ante-
rior infarction. Many right coronary artery occlusions do not result in sig-
nificant RV infarction due to the lower RV oxygen demand, higher oxygen
extraction ration, greater systolic/diastolic flow ratio, and collateral supply.
Right ventricular infarction may be diagnosed clinically and from right-sided
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ECG leads, but echocardiography provides better assessment of the extent and
severity.?

2. Ventricular septal rupture: The diagnosis can usually be made by TTE; expe-
rience is essential as the most useful views depend on the location of defect.
Subcostal views are particularly useful in the critically ill, supine patient with
inferior infarction. Small defects may not be visible but color Doppler is very
sensitive. A large left—right shunt is characterized by hypercontractility of non-
infarcted LV segments with a low LV stroke volume, high pulmonary artery flow
velocities, and pulmonary hypertension. Posterior septal ruptures in particular
tend to be complex and often associated with right ventricular infarction, which
has an adverse prognosis.

3. Papillary muscle rupture: Papillary muscle rupture is the most serious mecha-
nism of MR in acute infarction. It usually involves the posteromedial muscle,
which is perfused from the posterior descending artery, whereas the anterolateral
muscle has blood supply from both diagonal and circumflex arteries. Rupture of
a papillary muscle head causes severe MR; rupture of the entire trunk is gen-
erally fatal. Transthoracic echocardiography can be suboptimal and the views of
the papillary muscles are often limited, the MR jet is eccentric, and color Doppler
is influenced by the low LV/LA gradient in acute severe MR.

4. Aneurysm formation and left ventricular thrombus: True aneurysms complicate
transmural infarction and are caused by dilatation of an area of scar. An aneurysm
is defined as deformation of both the diastolic and systolic LV contours with
dyskinesis in systole. TTE is a sensitive tool for the diagnosis; aneurysm forma-
tion is a poor prognostic sign and is associated with congestive cardiac failure,
arrhythmias, and thrombus formation. Left ventricular thrombi form in regions
of stasis; they most commonly occur in the apex but may also be seen in lateral
and inferior aneurysms.

5. Pericarditis: Echocardiography is a sensitive technique for the diagnosis of peri-
cardial effusion; however, the absence of fluid does not exclude pericarditis. In
patients who are anticoagulated, intrapericardial thrombus may be recognized.
Echocardiography can identify a site for percutaneous drainage if required and
be used to monitor the procedure.

6. Cardiac rupture: Many LV ruptures cause sudden death. However, rupture may
be subacute, allowing time for intervention. Direct visualization of the rupture is
often difficult as it may be only a “slit” in the myocardium and the location of
pericardial fluid may not correlate with the area of rupture.

Clinical Cases

Case 1

A 41-year-old male with a history of hypertension presented to the ED with severe
substernal chest pain, sharp, radiating to the left arm, that started while climbing
upstairs and lifting his bags of grocery. The pain lasted 30 min until his wife called
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emergency medical services (EMS). On EMS arrival, they found the patient to be
diaphoretic, still complaining of severe chest pain. He was given oxygen via nasal
cannula and two sublingual nitroglycerin and the pain subsided. On initial triage in
the ED, he again reported severe chest pain. He was found to have severe hyperten-
sion and tachycardia. His initial ECG showed 2 mm ST-segment elevation in leads
V1-V2. He was given sublingual nitroglycerin, aspirin, metoprolol, and heparin drip
was started. The emergency “cardiac myocardial infarction” team was activated.
Cardiology fellow rushed to assess the patient, while the cardiac catheterization lab-
oratory was getting ready to accept the patient. The fellow performed emergent 2D
echo while the patient was still having severe chest pain. Echocardiography showed
normal LV systolic and diastolic function, mild LVH, no wall motion abnormalities,
and no Doppler evidence of any valvular disease. On further evaluation, the patient
stated that the pain was actually reproducible by pressing the chest. The care of the
patient was then changed and he was further risk stratified using an exercise stress
echocardiography, which revealed no evidence of ischemia (Figs. 18.1, 18.2, 18.3,
and 18.4).

Fig. 18.1 Parasternal long axis (diastolic frame) showing normal wall motion

Case 2

A 77-year-old female with a history of mild early dementia, hypertension, dyslipi-
demia, non-insulin-dependent diabetes mellitus, and smoking presented to the ED
with epigastric discomfort for 3 days. The pain was not associated with food. She
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Fig. 18.3 Parasternal short axis (diastolic frame) showing normal wall motion
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Fig. 18.5 Apical four (systolic frame) showing apical akinesis
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Fig. 18.6 Apical four (diastolic frame) showing apical akinesis

also reported some vague back pain. Vital signs on presentation were unremark-
able; however, initial ECG showed normal sinus rhythm with normal axis, but with
T-wave inversions in the anterior leads (V2-V4). Initial troponin was negative, and
the cardiology team was consulted to evaluate the patient. Bedside echocardiogra-
phy was performed by the cardiology fellow which showed anterio and antero-septal
hypokinesis with apical akinesis (Figs. 18.5 and 18.6). The patient was rushed to
the cardiac catheterization laboratory and was found to have critical left anterior
descending artery (LAD) lesion. An urgent PCI was performed using drug-eluted
stent (DES) to the proximal LAD.
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Chapter 19
Handheld and Miniature Echocardiography
in Acute Coronary Syndrome

Sandeep Joshi and Eyal Herzog

In the United States millions of patients present to the emergency department (ED)
annually with signs and symptoms suggestive of acute coronary syndrome (ACS).
The electrocardiogram (ECG) is often the first diagnostic tool used by physicians in
the triage of patients with chest pain and is an invaluable tool that can guide clinical
management decisions including potential reperfusion therapy. Albeit quite useful,
the ECG has certain limitations, such as the presence of a paced rhythm, an underly-
ing left bundle branch block, or nonspecific ST-segment changes, which may result
in the ECG becoming an indeterminate factor. In this instance, physicians are faced
with a daunting challenge and often have to rely on other diagnostic modalities such
as a standardized transthoracic two-dimensional echocardiogram (SE) for assessing
possible wall motion abnormalities (WMA). It can aid in risk stratification, guide
therapy, increase the sensitivity and predictive values of chest pain algorithms, and
expedite chest pain triage especially in the setting of a nondiagnostic ECG, indeter-
minate serum cardiac markers, and/or vague signs and symptoms. Regional WMA
occurs within seconds following acute coronary occlusion and thus rapid assess-
ment is an integral aspect of the treatment as viable myocardium deteriorates every
second until coronary reperfusion is restored and as a result, SE is often the first test
ordered when clinicians are facing the possibility of ACS.

SE has proven to be more accurate in assessing WMA, valvular disease, effu-
sions, and overall left ventricular (LV) function than any existing imaging technique.
SE has surpassed virtually every other diagnostic modality for the sole purpose of
regional or global WMA detection in the presence of ACS. Its inherent noninva-
siveness, portability, and rapid interpretation of myocardial disease pathology has
made it a vital asset in providing crucial information about cardiac morphology,
physiology, and pathophysiology. However, due to constraints in size and maneu-
verability of conventional echocardiographic machines (Fig. 19.1), newer smaller
(Fig. 19.2) and handheld echocardiographic (HHE) devices (Fig. 19.3) have been
developed. These miniature devices are lightweight and portable and are simpler to
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Fig. 19.1 Standard transthoracic echocardiographic machine

use in a unit setting, ED, and for bedside rounds. These newer generation devices
can reduce the overall volume of SE performed, thereby reducing the financial bur-
den incurred from costly diagnostic testing. These “ultrasound stethoscopes” have
emerged as useful tools in an overwhelmed global healthcare phenomenon. Many
newer generation devices are equipped with color Doppler capabilities and may be
used to assess valvular disease as well. They can be used to assess for left ventricular
hypertrophy, the presence of an abdominal aneurysm, LV function, and pericardial
effusion analysis. Moreover, their effectiveness has been proven during cardiology
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Fig. 19.2 Portable
echocardiographic machine

Fig. 19.3 Miniature
handheld echocardiographic
machine

rounds, inpatient and outpatient settings, and ED settings. Also contributing is the
fact that over the past decades the decline of the physician’s auscultatory and exam-
ination skills, experience, presumably due to limited exposure in training and more
reliance on sophisticated imaging techniques, has become the cornerstone of prac-
ticed medicine. Faced against an overwhelmed healthcare system and limited reim-
bursements and managed care, physicians have less time availability and increased
time pressure constraints imposed resulting in an increased reliance on rapid and
accurate diagnostic testing for immediate patient turnover and triage.

The first HHE devices were introduced in the late 1970s; however, due to poor
image quality, poor reimbursement, and technical limitations, overall production
declined. Several newer generation HHE devices with superior image quality and
reduced costs have evolved and are increasingly used in the outpatient setting, chest
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pain centers, the ED, and in the critical care setting. Although encouraging, the data
on the efficacy of these HHE devices when compared to SE remain ambiguous.
One critical argument is that in the setting of ACS a clinician experienced in per-
forming and interpreting echocardiography should be present for rapid and accurate
study interpretation. In addition, many of these HHE devices simply are not capable
of providing reliable assessment of valvular disease, chamber quantitation, or dias-
tolic heart failure information as spectral Doppler and harmonic imaging, which
is required when evaluating valvular function or mechanical complications follow-
ing ACS, is missing or limited. Albeit, literature has shown encouraging results
for these devices. For example, Vourvourvi et al."»> examined the use of the HHE
device in the outpatient setting and discovered that it was quite reliable in exclud-
ing cardiac disease. In fact among 78% of the patients referred for SE, the findings
from the HHE device obviated the need for a SE, which was initially ordered by the
referring cardiologist. Furthermore, the positive and negative predictive values for
the detection of cardiac disease with the HHE device were 100 and 96%, respec-
tively. Among 17% of these patients, an unsuspected major cardiac abnormality,
which was not suspected of being present, was discovered. The study concluded
that although the devices had certain inherent limitations such as poor harmonic
imaging and limited spectral Doppler, the overall benefits outweighed the limi-
tations. An interesting point that was made in this analysis involved the training
requirements for interpreting these studies. As set forth by the American Society
of Echocardiography (ASE), advanced training (level II) requires the clinician to
have interpreted and performed a certain number of SE studies. Many cardiologists
have sufficient training for level II ASE certification. This is due to heavy empha-
sis on imaging during cardiology training. The echocardiographic signs of ACS
require a highly experienced and trained interpreter. The difficulties arise when a
clinician or noncardiologist with minimal experience interprets the study. Is it fea-
sible or ethical to have an inexperienced or improperly trained interpreter at the
controls when diagnosing ACS? Although data have shown that training individuals
for the purpose of using these devices remains successful, careful thought has to
be placed in this setting. The time required for this rigorous training as set by the
ASE simply is not feasible for many intensivists and ED physicians. In addition,
it is not possible for a unit setting or ED to have a trained cardiologist available
for rapid echocardiographic interpretation present on a 24-h basis. Thus, the use
of these HHE devices is often relegated to a “limited” or “focused” exam, often a
screener for the more accurate SE. HHE devices can provide sufficient information
regarding the presence of WMA; however, they cannot differentiate WMA from a
prior myocardial infarction (MI) or ongoing ischemia. Similarly, Tsutui et al.> exam-
ined the role of these miniature devices among 44 patients who underwent bedside
echocardiography with both a HHE device and a SE. The HHE examination was
performed by an interpreter with level II training as set forth by the ASE utiliz-
ing two-dimensional imaging, color Doppler, and simple caliper measurements as
opposed to the SE, which was performed by an interpreter with level III training.
Their data showed that there were significant differences in cardiac chamber dimen-
sions and LV ejection fraction between the two types of echocardiographic studies.
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There was concordance between the two modalities in detecting segmental WMA,
mitral valve regurgitation, and aortic regurgitation. A major limitation of the HHE
device was a lack of thorough examination of pulmonary hypertension, prosthetic
valves, and valvular stenosis due to its inherent lack of ability to measure these
hemodynamic parameters. A recurring limitation faced daily is the fact that in con-
trast to this study whereby an experienced cardiologist with adequate training in
echocardiography interpreted the study, many clinicians with limited training and
experience are interpreting these studies. This can have detrimental consequences if
a WMA is overlooked or a post-MI complication is missed. Conversely, if a WMA
is absent yet interpreted as if present so by a nonexperienced clinician, then this too
can lead to significant ramifications, often leading to unnecessary and invasive pro-
cedures. Atar et al.* examined the role of these HHE devices among patients with
chest pain and an otherwise normal or nondiagnostic ECG. Seventy patients who
presented to the ED for chest pain with a nondiagnostic ECG underwent a limited
echocardiographic study focusing on WMA and LV function, via a portable HHE
device, interpreted by an experienced cardiologist. Patients were followed for 30
days following the initial study. The HHE device was shown to have 100% sensi-
tivity and 93% specificity for the detection of ACS. Also, the positive and negative
predictive values were 71 and 100%, respectively. At 30-day follow-up, one patient
with an ischemic cardiomyopathy returned to the ED and eventually suffered from a
subendocardial MI. Furthermore, three additional patients with normal echocardio-
graphic studies returned to the ED the next day with the same chest pain and were
subsequently discharged home that same day. Longer duration of analysis was not
analyzed. The authors concluded that HHE devices are useful in the fact that they
provide important incremental information regarding chest pain, expedite chest pain
triage, reduce unnecessary hospitalizations and associated costs, and also improve
the sensitivity of chest pain algorithms. Moreover, the low cost when compared with
SE makes these smaller devices an attractive alternative for the diagnosis of ACS.
Perhaps these devices could complement the physical exam and real-time imaging
techniques. Weston et al.> examined the hypothesis that among patients with signs
suggestive of ACS in the presence of a nondiagnostic ECG and normal biochemical
markers that HHE devices documented normal LV function is not associated with
a poor 30-day outcome in terms of ischemia or ischemic events. LV function was
analyzed in 150 patients presenting to the ED with chest pain with an ambiguous
ECG and serum biomarkers using an HHE device. The incidences for the end points
of death or myocardial ischemia and/or infarction were calculated. The investigators
underwent a 4-h training course in an effort to learn how to perform and interpret
a limited echocardiogram, in particular, for determining the presence or absence of
a WMA or pericardial effusion. The miniature HHE device was capable of deter-
mining two-dimensional echo images and color Doppler, yet there were no spectral
Doppler capabilities. The results showed that among patients with normal studies,
2/78 went to develop an acute MI, thereby the incidence of acute MI was 2.5%,
whereas the incidence of acute MI among patients with abnormal studies was 20%,
6/30 patients. The incidence of acute MI and/or myocardial ischemia in the normal
HHE group was 7.6% (6/78) vs. 14.6% (6/30) among those with abnormal studies.
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The negative predictive value of these devices was 91%. The investigators concluded
that there may be a role for the HHE device when the clinician is faced with a non-
diagnostic ECG and serum biochemical markers for the detection of myocardial
ischemia and/or ACS. They also suggested that in the ED, the use of a HHE device
may serve to complement the results of the ECG for the triage of chest pain patients.
Similarly, Sabia et al.° examined the role of two-dimensional echocardiography in
the detection of acute MI in the ED setting. A low incidence of acute MI in patients
who had a normal echocardiogram, with no WMA associated, was reported. A total
of 2/82 patients with a normal echocardiogram subsequently suffered a subendocar-
dial infarction, similar to the results reported by Weston et al. The highlights of the
study clearly delineate the value of the HHE device and its potential ability to effec-
tively rule out ACS in those patients with a normal or nondiagnostic ECG and its
ability to determine the 30-day outcome in patients with normal HHE results. The
integration of information from the ECG and HHE can provide the clinician with
incremental information by both directly visualizing the LV function and assessing
the electrical system. It should be emphasized though that the information yielded
by the HHE device may be limited, such as the inability to differentiate if the WMA
is caused by acute/ongoing vs. prior ischemia. Another major problem lies in the
sensitivity of the HHE device, which correlates with the size of the ischemic zone.
This area must be large enough to progress to a WMA in order for the HHE device
to detect it. In other words, a non-ST-segment or nontransmural MI may not be
detected as perfusion to the affected zone is preserved. In fact data suggest that
>20% of the myocardium must be affected in order for LV function to be adversely
affected. Moreover, myocardial ischemia can result in a very subtle WMA, less than
an acute MI, leading to falsely negative studies. Thus, many patients that actually
subsequently suffer from an acute coronary event are missed with an HHE device.
The literature above also highlights the fact that individuals with minimal training in
echocardiography can be trained to adequately detect major WMA. This has been
examined by Alexander et al.” whereby medical students and cardiology fellows
were trained via a 3-h course for the examination of LV function via a miniature
HHE device. The results were encouraging in that the training was sufficient for
WMA detection.

A limitation of any echocardiographic study that may arise is when the clinician
is faced with a nondiagnostic study such as those experienced with an obese patient,
poor echocardiographic windows, an underlying left bundle branch block, and rapid
atrial fibrillation. This makes the diagnosis of WMA quite difficult and in these
situations an experienced interpreter or preferably a SE is warranted.®

Another dilemma that is ever present today is the increasing utilization of con-
trast agents made of perfluorocarbon for endocardial border definition. Prior to this
many WMA were underdiagnosed and missed. The use of these agents has revolu-
tionized SE. These agents rely on tissue harmonic imaging for adequate endocardial
definition. Many of these smaller HHE devices simply lack harmonic imaging capa-
bility and those that have this capacity are often underutilized as many inexperienced
clinicians are unfamiliar with the safety and bioeffects and hence the proper usage
and application of myocardial tissue contrast. This represents a significant problem
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that the nonexperienced clinician faces. The use of these agents does carry inherent
risks and adverse effects such as respiratory depression and/or myocardial infarc-
tion,? and its mandated that patients be monitored following the dose. This takes
vital time away from the possibility of looming reperfusion therapy. The patient
must also be aware of the potential adverse risks and benefits regarding myocar-
dial contrast agent, which also takes time away from viable myocardial reperfusion.
Finally, the healthcare provider has to be proficient with the concept of contrast
imaging including the nature of the agent, mechanism of action, and the physical
properties of tissue harmonics. Hence, a course in ultrasound physics is mandated
to be able to identify the true nature and effects of these contrast agents. Many ED
physicians and intensivists simply do not have the time to take this course of action,
often rendering them and more importantly the patient helpless.

The true value of the HHE device lies not in its ability to detect WMA in those
patients with a markedly abnormal ECG and elevated cardiac enzymes but in those
patients with a low likelihood of ACS in the setting of chest pain and a nondiagnostic
ECG and serum cardiac markers. This ability to rule out ACS in this patient cohort
along with its small size, portability, low cost, and immediate availability make it a
suitable tool in the ED setting.!? This is in stark contrast to other imaging modalities
such as magnetic resonance imaging, computed tomography (CT), myocardial per-
fusion studies, stress echocardiography or cardiac CT, or CT angiography, which all
require extensive training and certainly are not portable and are not readily available
on a 24-h basis and involve substantial cost. Also as the risk of ACS is quite low in
those presenting with chest pain with a nondiagnostic ECG and indeterminate car-
diac markers, HHE devices may provide additional information about cardiac func-
tion, such as pericardial disease and/or effusions.!!*!> Based on the studies above
the clear absence of a WMA from an adequate echocardiographic study can support
grounds for patient discharge from the ED setting, reducing unnecessary costs and
hospitalizations.

In conclusion, miniature HHE devices are being increasingly used effectively in
the ED setting throughout the world. Although promising, they do have significant
limitations. Operator and interpreter experience, poor image quality, a nondiagnos-
tic study, and false-negative studies in the setting of a nontransmural MI can lead to
fatal consequences. Therefore, its ideal use is to serve as a “screener” or first-line
test to rule out ACS in a patient with a low likelihood of ACS in the setting of a non-
diagnostic ECG and indeterminate serum cardiac markers. Among those higher risk
patients or those patients with clear evidence of acute myocardial disease, nothing
can replace or surpass a SE, the designated gold standard. At this juncture, more tri-
als are needed to follow patients for extended periods of time to detect the presence
of WMA with a normal study as determined by the HHE device. Perhaps training
requirements as set by the ASE should be implemented for those set on perform-
ing and interpreting these studies from the HHE devices. This training should also
include a course in ultrasound physics as the increasing use of contrast agents to
enhance endocardial border definition mandates training. Also, the performance of
echocardiographic studies is simply not just observing for the detection of WMA.
The clinician should be familiar with valvular anomalies, pericardial disease, and
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right ventricular disease and the use of tissue Doppler. Finally, it is safe to assume
that there simply is not a diagnostic test that will ever replace the patient history and
physical examination and clinical judgment of a physician. There ceases to exist a
diagnostic test with a 100% sensitivity and specificity. Until then, these tests can
complement the history and physical examination. Perhaps the role of the HHE
device will evolve further in the years to come; however, significant strides must be
met in both the training requirements and experience of the healthcare provider in
order for this to surpass SE for the detection of ACS.
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Chapter 20
Acute Complications of Myocardial Infarction

Gregory Janis, Sheila Khianey, Sandeep Joshi, and Eyal Herzog

Introduction

Acute myocardial infarction (AMI) affects 1.7 million people in the United States.
Acute complications of AMI may occur within seconds to minutes after the acute
event or up to a few days after it. Echocardiography is the gold standard imaging
modality to identify these complications.

In this chapter we will discuss the following complications:

— Left ventricular free wall rupture

— Ventricular septal rupture

— Pericardial effusion and tamponade
— Right ventricular infarction

— Acute mitral regurgitation

Left Ventricular Free Wall Rupture

Introduction

Left ventricular free wall rupture (LVFWR), in comparison to rupture of the ventric-
ular septum, is almost entirely a fatal complication of myocardial infarction (MI).
Despite great progress in the reduction of both mortality and morbidity from acute
myocardial infarction, death related to LVFWR has been alarmingly high. This is
primarily due to the rapid extravasation of blood into the pericardial space with
resultant instantaneous acute pericardial tamponade. Because these events occur
so quickly, patients usually deteriorate before any therapeutic intervention. There
are less common cases of subacute rupture. In such instances, patients may have
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a longer therapeutic window and the acute rupture may be temporarily contained
by pericardial adhesions or by thrombosis at the rupture site. It is in these patients
that immediate cardiovascular surgery and repair can be undertaken with the help of
emergent echocardiography as a diagnostic tool.! Approximately 50% of the time
myocardial rupture occurs within the first 5 days after MI and within 2 weeks in
over 90% of cases.>* Regardless, acute or subacute myocardial rupture is a serious
and predominantly fatal complication of acute MI.#

Incidence and Risk Factors

LVFWR is a relatively common finding in patients who die as a consequence of
acute MI. In such patients, many large studies have found a 14-26% incidence
of cardiac rupture.’ The incidence is much lower when all patients with acute MI
are considered. According to the National Registry of Myocardial Infarction which
reviewed data from 350,755 patients, the incidence of cardiac rupture was less than
1%.° This is consistent with a 0.85% incidence of tamponade in a review of over
100,000 patients treated with thrombolytic therapy.’

Studies have also suggested a higher mortality from free wall rupture with throm-
bolytics as cardiac rupture was responsible for 7.3% of all deaths and 12.1% with
thrombolytic agents. Thrombolytic therapy has also been shown to accelerate the
occurrence of cardiac rupture, often within the first 24 h of drug administration.
Of note the Thrombolysis in Myocardial Infarction (TIMI) 9 study which analyzed
3759 patients found no association between cardiac rupture and the use of adjunc-
tive thrombin inhibitors, including heparin and hirudin.®

In contrast to outcomes with thrombolytic agents, the incidence of cardiac rup-
ture may be lower in patients treated with percutaneous coronary intervention. This
was suggested in an observational study of 1375 patients who received a throm-
bolytic agent or underwent primary angioplasty; the incidence of rupture was 3.3
and 1.8%, respectively, with the two therapies.’ Also, angioplasty was a signifi-
cant independent protective factor in a multivariate analysis with an odds ratio
of 0.46.

Aside from the effects of thrombolytic therapy, studies such as the Multicenter
Investigation of Limitation of Infarct Size (MILIS) highlight other risk factors for
myocardial rupture. The study found that myocardial rupture was 9.2 times more
likely to occur in patients who had no prior history of angina or MI, ST-segment
elevation or Q-wave development on the initial ECG, and peak MB creatine kinase
above 150 TU/L.

To summarize, both the absence of collateral blood flow, demonstrated by the
lack of prior ischemic symptoms, and the greater infarct territory correlate with a
higher risk of myocardial rupture. This hypothesis has been confirmed in other stud-
ies which have found that myocardial rupture is usually associated with patients with
first-time infarcts, with large transmural infarcts (usually anterior or lateral), and is
rarely seen in a hypertrophied ventricle or in an area of extensive collateral circula-
tion.!” Patients also frequently have persistent ST-segment elevation and persistent
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or recurrent chest pain with evidence of infarct expansion or extension. Other risk
factors for rupture include anterior location of the infarction, age >70 years, and
female sex.3:? On the other hand, beta blockers, which are routinely administered to
patients with an acute MI, reduce the rate of death from free wall rupture compared
to placebo.!!

Pathophysiology

Myocardial rupture more frequently involves the left ventricle than the right ven-
tricle and rarely involves the atria.® The infarct commonly affects the anterior
and lateral walls of the left ventricle near the junction of the infarct and normal
myocardium. In the setting of acute MI, rupture and injury can also involve the inter-
ventricular septum, interatrial septum, chordae, papillary muscles, or valves but we
will focus on LVFWR in this chapter.

Ventricular free wall rupture is defined as an acute, traumatic perforation of the
ventricles which may include pericardial rupture.* Similar to ventricular septal rup-
ture, during an acute infarction, the pathogenic process of the rupture changes over
time. With unsuccessful or no reperfusion, coagulation necrosis develops within
the first 3-5 days.!? As the necrosis progresses, neutrophils infiltrate the myocardial
space and release lytic enzymes which disintegrate the necrotic myocardium leading
to perforation. Thus, the rupture is a result of transmural infarction and the actual
perforation can range in size from millimeters to centimeters depending on infarct
size.!?

As mentioned, about half of the cases of myocardial rupture occur within the
first 5 days post-MI and within 2 weeks in over 90% of cases.>> As a result different
pathological patterns can be appreciated depending in part upon the time of the event
post-ML? Early phase rupture is defined as within 72h post-MI and late rupture is
greater than 4 days. A study of 1450 patients with acute MI analyzed the 27 (1.9%)
patients that developed free wall myocardial rupture.'® Early rupture was described
anatomically by an abrupt slit-like tear in the infarcted territory, with a preference
for anterior infarction sites. Of note, the incidence of early free wall rupture was
independent of successful reperfusion. Late rupture, which rarely occurs in patients
with successful reperfusion, was characterized by the presence of infarct expansion,
with no preferential infarction site.

Effect of Reperfusion

Myocardial rupture after M1 is less common in patients with successful reperfusion.
This was demonstrated in a retrospective review assessing the perfusion status of the
infarct-related coronary artery in 57 patients who had an initially nonfatal rupture
and 28 patients with a postmortem diagnosis of myocardial rupture.'* Rupture typ-
ically occurred in an area that had been infarcted without successful reperfusion.
Inadequate reperfusion was shown in all 28 patients with a postmortem diagnosis
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of rupture. A total of 35 of the 57 patients with initially nonfatal rupture underwent
coronary angiography where complete or insufficient reperfusion was documented
in 30 of the 35 patients (89%).

A number of studies have shown that thrombolytic therapy early after MI
improves survival and decreases the risk of cardiac rupture.'>~!” For instance, the
TIMI investigators examined the hearts of 61 patients with fatal MI (death post-MI
from 5h to 42 days, median of 3 days).' In this subgroup, myocardial rupture of
both the left ventricular free wall and the septum was a relatively common compli-
cation. The frequency of myocardial rupture, however, was lower in the 23 patients
who received thrombolytic therapy than in the 38 patients who did not (22 versus
46%). Percutaneous coronary intervention (PCI) may also reduce the risk of cardiac
rupture if successful reperfusion is achieved.

Despite these findings, other studies suggest that in patients older than 75 years of
age, thrombolytic therapy may be associated with a significant increase in LVFWR.
The magnitude of this effect was illustrated in a review of 706 patients 75 years of
age with a first STEMI who were treated with primary PCI, thrombolytic therapy, or
no reperfusion.'® The patients who received thrombolytic therapy had a significantly
greater likelihood of free wall rupture (17.1 versus 7.9 and 4.9% in those with no
reperfusion and primary PCI, respectively). LVFWR accounted for 54% of deaths
after thrombolytic therapy.

The potential benefits and risks of late reperfusion on free wall rupture have also
been studied. The initial concern that late administration of thrombolytic therapy
might increase the risk of cardiac rupture'>'® was disproved by the Late Assess-
ment of Thrombolytic Efficacy (LATE) trial.!” This study evaluated 5711 patients
randomly assigned to receive alteplase or placebo, 6-24 h after the onset of symp-
toms. Results showed that late thrombolysis did not increase the risk of cardiac
rupture but did, as said earlier, accelerate the time of onset of rupture events usually
within 24 h of treatment.

In contrast, late primary PCI may be associated with reductions in LVFWR.
These benefits are suggested in a retrospective review of 2209 patients with acute
MI treated with primary PCI with early reperfusion (within 12h of presentation),
late reperfusion (>12h), or failed reperfusion.!® The incidence of free wall rupture
in those in the early and late reperfusion groups was significantly lower than for
those with failed reperfusion (0.7 and 0.9 versus 3.8%). Of note, late primary PCI
(after 24 h) of a totally occluded artery has not been shown to improve hard clinical
outcomes, however.

Clinical Presentation

The clinical course of myocardial rupture is variable and challenging to diagnose
as patients may rapidly decompensate. Their clinical course parallels that of any
patient suffering from pericardial tamponade. Thus rupture can present as sudden
death in an undetected or silent MI or as incomplete/subacute rupture in those with
known ML
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Complete rupture of the left ventricular free wall usually leads to hemoperi-
cardium and death from cardiac tamponade. Patients may complain of transient
chest pain or dyspnea. The presence of rupture is first suggested by the develop-
ment of sudden profound right heart failure and shock, often progressing rapidly
to pulseless electrical activity (electromechanical dissociation) and death. In one
report, pulseless electrical activity in a patient with a first MI and without overt
heart failure had a 95% predictive accuracy for the diagnosis of left ventricular free
wall rupture.?’ In contrast, the predictive accuracy of rupture was low at 17% in
those with heart failure. Emergent transthoracic echocardiography will confirm the
diagnosis and emergent pericardiocentesis can further confirm the diagnosis and
transiently relieve the tamponade.”

Incomplete/subacute rupture of the left ventricular free wall can occur when
organized thrombus and the pericardium seal the ventricular perforation. This con-
dition can progress to frank rupture with cardiac tamponade and hemodynamic
compromise, to the formation of a false aneurysm walled off by pericardial tis-
sue and communicating with the left ventricle through the perforation. Clinically an
apical murmur may be appreciated with pseudoaneurysm. Left ventricular divertic-
ulum may also form.?:3 Patients may present with persistent or recurrent chest pain,
particularly pericardial pain, nausea, restlessness and agitation, abrupt, transient
hypotension, and/or electrocardiographic features of localized or regional pericardi-
tis.>> The diagnosis of incomplete/subacute rupture is confirmed by transthoracic
echocardiography.?’

Echocardiographic Features

Echocardiography is the test of choice for the definitive diagnosis of LVFWR.
Emergent transthoracic echocardiography when performed in the appropriate clin-
ical settings invariably reveals a diffuse or localized pericardial effusion, intraperi-
cardial echoes, and a discrete segmental wall motion abnormality (Figs. 20.1 and
20.2). Imaging may or may not reveal signs of cardiac tamponade, i.e., diastolic
right ventricular collapse. On occasion the rupture site can be elucidated by color
flow Doppler techniques, thus evaluating turbulence and flow velocities (Fig. 20.3).
Echocardiography is considered to have a diagnostic sensitivity of 100% and a
specificity of 93%.2! As a guideline, although thrombolytics and glycoprotein
[Ib/IIa inhibitor therapy may cause hemopericardium, LVFWR should always be
considered the leading diagnosis in a patient with AMI who is hypotensive and has
pericardial effusion. Occasionally when TTE is non-diagnostic, TEE can be used to
visualize the free wall rupture (Fig. 20.4).

Treatment

As mentioned, the mortality for acute and subacute free wall rupture is high due
to the rapid clinical deterioration. Survival depends primarily upon the prompt
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Fig. 20.1 Transthoracic parasternal long-axis view demonstrating a posterior free wall rupture

recognition of myocardial rupture and provision of immediate therapy. Patients dis-
playing suggestive symptoms, signs, and ECG changes require emergent bedside
echocardiogram and echocardiographically guided pericardiocentesis if fluid is
visualized. Immediate surgical intervention is indicated if the pericardiocentesis
identifies the fluid as blood. Medical therapy aimed at hemodynamic stabiliza-
tion should also be instituted. In addition to pericardiocentesis this includes flu-
ids, inotropic support, vasopressors, and even intra-aortic balloon pump counter-
pulsation and percutaneous cardiopulmonary bypass when available and indicated.?
Prompt surgical repair is also indicated for left ventricular false aneurysms because
rupture of the pseudoaneurysm frequently occurs.

With rapid recognition and initiation of both medical and surgical therapy, the
potential for survival particularly with subacute rupture can improve dramatically.
In one study, 25 of 33 patients (76%) with subacute ventricular rupture survived the
surgical procedure and 16 (48%) were long-term survivors.?!

Conclusion

Acute or subacute LVFWR is a serious and predominantly fatal complication of
acute ML* Despite great advances in mortality reduction from acute MI over the
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Fig. 20.2 Transthoracic parasternal long-axis view demonstrating a close-up view of a posterior
free wall rupture

years, death related to ventricular free wall rupture has not changed. This is mostly
due to the devastatingly rapid clinical deterioration of patients before the diagno-
sis, both clinical and echocardiographic, may be made.?? However, in subacute
ruptures the therapeutic window may be wide enough for proper diagnosis and
life-saving surgical intervention. Regardless, once rupture is suspected, emergent
bedside echocardiography should be performed immediately, followed by pericar-
diocentesis and repair of the rupture site as quickly as possible.

Free Wall Rupture Case Presentation

A 62-year-old man presented to a local emergency room at an outside hospital for
new-onset severe substernal chest pain radiating to his jaw with associated dyspnea
and diaphoresis. Emergent EKG revealed 4 mm ST elevations in the anterior precor-
dial leads with 2 mm ST depressions in the inferior leads. He was hemodynamically
stable with normal ambient air oxygen saturation. A diagnosis of acute anterior wall
myocardial infarction (AMI) was made; however, when cardiac catheterization was
recommended to him, he refused. He was competent, agreed to medical therapy,
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Fig. 20.3 Transthoracic
parasternal long-axis view
using color flow Doppler
demonstrating turbulent flow
through a posterior free wall
rupture

and thus thrombolytic treatment was initiated. Unfortunately, he continued to have
angina without resolution of his ST-segment elevations. After further discussion
of the risks of inadequate reperfusion, he agreed to undergo cardiac catheteriza-
tion and was transferred to a tertiary care center for percutaneous revascularization.
He was started on glycoprotein IIb/IIla inhibitor therapy and clopidogrel. His car-
diac catheterization revealed a subtotally occluded proximal left anterior descend-
ing (LAD) coronary artery, and he underwent successful revascularization with stent
placement in the LAD establishing TIMI III flow. The rest of the epicardial coro-
nary arteries were patent angiographically. The patient was admitted to the cardiac
intensive care unit and his hospital course over the next 24 h was uneventful for
arrhythmias or hemodynamic compromise.

On day two of his hospitalization, his blood pressure acutely fell to 64/40. His
heart rate on telemetry revealed sinus tachycardia at 120 bpm. He had complained
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Fig. 20.4 Transesophageal echocardiography demonstrating color flow through posterior wall
rupture post-myocardial infarction

of nausea and chest pain and then became progressively obtunded and diaphoretic.
Dopamine was started. Further electrocardiography revealed sinus tachycardia, low-
voltage QRS complexes with diffuse ST-segment elevations, and no electrical alter-
nans. Auscultation revealed no audible rub or S3 gallop, no new murmurs, and
clear breath sounds bilaterally. He had marked jugular venous distention and was
intubated for respiratory distress. Emergent echocardiography revealed a large peri-
cardial effusion and manifestations of cardiac tamponade but no signs of mitral
regurgitation, ventricular septal defect, or free wall rupture. Intravenous fluids and
dopamine were administered at the maximum rate and an emergent pericardio-
centesis was performed draining 250 cc of bloody fluid. A diagnosis of free wall
rupture and cardiac tamponade was made. Unfortunately before the patient was
transferred for emergent surgical repair he decompensated into pulseless electrical
alternans arrest. Cardiopulmonary resuscitation was attempted with placement of an
intra-aortic balloon pump; however, the patient did not regain a pulse or blood
pressure. He was pronounced dead after a 30-min failed resuscitation. Subsequent
pathology examination confirmed myocardial wall rupture as the cause of tampon-
ade and death.
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Ventricular Septal Rupture

Introduction

One of the deadliest complications of acute myocardial infarction involves rupture
of the interventricular septum. The need for rapid diagnosis, aggressive medical
therapy, and prompt surgical intervention is essential to increase the possibility of
survival. As medical therapy has advanced, the incidence and timing of ventricular
septal rupture has been up for debate.

In the era before reperfusion therapy, rupture of the interventricular septum is
thought to have caused complications in 1-2% of patients with acute myocardial
infarction and accounts for approximately 5% of deaths in this setting.* It typically
occurs in 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
include hypertension, advanced age, female sex, and the absence of a history of
myocardial infarction or angina.® Prognosis for ventricular septal rupture in the
pre-reperfusion era was very poor, with an in-hospital mortality of about 45% in
those treated surgically and about 90% in those treated medically.* With the advent
of thrombolysis and percutaneous intervention, theories have changed.

The following will review the pathologic and clinical features of interventricular
septal rupture, explain how echocardiography is the diagnostic test of choice, and
present the most recent updates from the reperfusion era.

Pathophysiology

Ventricular rupture is defined as an acute, traumatic perforation of the ventricles
which may also include pericardial rupture, laceration, or rupture of the interven-
tricular septum, interatrial septum, chordae, papillary muscles, or valves.?® In the
setting of an acute myocardial infarction, one or several of these types of rupture
may occur. During an acute infarction, the pathogenic process of the rupture changes
over time. Without reperfusion, coagulation necrosis develops within the first 3-5
days. The septum becomes necrotic and is infiltrated by neutrophils which release
lytic enzymes, thereby disintegrating the necrotic myocardium.>> A transmural sep-
tal infarction underlies rupture of the interventricular septum, with the tear ranging
in size from millimeters to centimeters.”*

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 blood supply. The anterior two-thirds is 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 comes from the right coronary or
the left circumflex artery depending on the dominance of the circulation.?” Studies
have conflicted in determining which artery is predominantly responsible for septal
rupture, but anterior myocardial infarction is most frequent followed by inferior
infarction.
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Edwards et al. performed a study on 53 autopsied hearts with interventricular
septal rupture complicating acute myocardial infarction and classified them into two
types: simple and complex.?® A simple rupture is defined as a direct, through and
through opening connecting the ventricular chambers. The left and right ventricular
openings are at about the same horizontal level of the septum. A complex rupture is
defined as an interventricular communication that ascribes an undulating or serpig-
inous course. The tract may extend into regions remote from the site of the primary
infarction. Commonly, the openings into the two ventricular chambers are at differ-
ent planes of the ventricular septum.?

The anatomical location of the septal rupture tends to predict whether it is sim-
ple or complex. As one travels from the apex to the base, interventricular septal
ruptures tend to trend from simple to complex.?® Septal ruptures complicating an
anterior myocardial infarction are generally apical and simple. Conversely, septal
ruptures in patients with inferior myocardial infarctions tend to involve the basal,
inferoposterior septum and are often complex.?> Edwards et al. proposed that a triad
of inferior wall infarction, complete atrioventricular block, and a ventricular septal
rupture can predict a complex type of rupture.?

Clinical Presentation

The classic risk factors associated with ventricular septal rupture include the absence
of a history of angina or infarction.?* It is also thought that most cases occur with
a total occlusion of the infarct-related artery.”” Many hypothesize that the absence
of significant pre-existing coronary disease causes less collaterals to develop. In the
setting of an abrupt cessation of flow in the infarct-related artery, no collateral flow
exists to support the infarcted zone, thereby making the septum prone to rupture.
Autopsy series and clinical angiographic series have differed. Overall, it appears
that more than 50% of these patients have at least two vessel disease, and most
cases occur with a total occlusion of the infarct-related artery.?

Whether in the pre- or post-reperfusion era, it is generally agreed that the clin-
ical presentation and examination of a patient with a ventricular septal rupture has
remained constant. Symptoms of rupture include shortness of breath, chest pain, and
signs of low cardiac output and shock.? In 1934, Sager proposed a set of clinical
criteria for suspecting a ruptured septum.*” The sudden onset of a systolic murmur,
often accompanied by a thrill, in a patient with rapid hemodynamic decompensation
is highly suggestive of a ruptured interventricular septum.*® The rupture produces a
harsh, loud holosystolic murmur along the left sternal border, radiating toward the
base, apex, and right parasternal area, with a palpable thrill present in half of the
patients.?

In the setting of cardiogenic shock, the thrill and murmur may be difficult to
appreciate because turbulent flow across the defect is reduced. Pulmonary hyperten-
sion may cause the pulmonic component of the second heart sound to be accentu-
ated. Right and left ventricular S3 gallops are often heard. Tricuspid regurgitation
may be present and biventricular failure generally occurs within hours to days.?’
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Differentiating between a ventricular septal rupture and acute mitral regurgita-
tion may be difficult.”> Compared to acute mitral regurgitation, septal rupture has
a loud murmur, a thrill, and right ventricular failure. Importantly it is less often
characterized by severe pulmonary edema. Once cardiogenic shock has developed,
it may be difficult to distinguish these two entities. To complicate things further,
severe mitral regurgitation may be present in 20% of patients with interventricular
septal rupture.?

Echocardiographic Features

When a patient develops clinical findings suggestive of a possible ventricular septal
rupture, the initial step is to perform an immediate bedside transthoracic echocardio-
gram. Bedside echocardiography has been demonstrated to be highly sensitive and
specific in the diagnosis of ventricular septal defect.! The advantages of echocar-
diography include its portability, its ability to be performed at the bedside, its non-
invasive nature, and its ability to provide real-time imaging of intracardiac struc-
tures.>! Basic transthoracic two-dimensional imaging can visualize the defect in
40-70% of patients. Adding contrast increases the sensitivity to 86% while color
flow Doppler imaging elevates it to 95%. When transthoracic echocardiogram is
suboptimal, transesophageal echocardiogram is highly accurate and has a reported
sensitivity and specificity of 100%.!

Both the size and the location of the defect can be estimated by a careful echocar-
diographic examination. All acoustic windows should be used with careful apical-
to-basal and anterior-to-posterior sweeps.”’ The parasternal short-axis, the apical
four-chamber, and the subcostal long-axis views can all be used to visualize the sep-
tal defect (Fig. 20.5). The highest yield will be in apical views, but frequently “off-
axis” angulation to interrogate available scan planes will be necessary (Fig. 20.6).3!
In addition to visualizing the septal defect, two-dimensional echocardiography can
assess and diagnose the presence of right ventricular hypokinesis and septal dys-
function.?’

Doppler color flow mapping allows imaging of blood flow signals superimposed
on “real-time” two-dimensional echocardiographic images.’?> Two-dimensional
echo alone has limitations in detecting small, multiple, or serpiginous tears in the
septum because of artifactual dropouts and lateral resolution limitations. A ven-
tricular septal rupture is diagnosed when turbulent blood flow signals are observed
moving from the left into the right ventricle through an area of discontinuity in the
ventricular septum. This turbulent systolic blood flow across the ventricular sep-
tal rupture will result in a striking display of mosaic-colored signals and aliasing
within the right ventricular cavity. This aliasing represents flow signal acceleration
and convergence (Fig. 20.7).%

Continuous-wave Doppler across the defect can be performed to determine the
right ventricular systolic pressure. The operator can align the cursor as parallel to the
direction of the ventricular septal rupture jet as possible, and the maximum velocity
in systole can be obtained. The pressure gradient between left and right ventricles
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Fig. 20.5 Transthoracic parasternal short-axis view demonstrating a ventricular septal defect

can be calculated using the simplified Bernoulli equation (4 V?), and this value is
subtracted from systemic cuff blood pressure (Fig. 20.8).3?

Often transthoracic echocardiogram is suboptimal for identifying ventricular sep-
tal defects. Transesophageal echocardiography has been used in critically ill patients
who may be technically difficult to image because of suboptimal patient position-
ing and increased pulmonary interference of ultrasound transmission by mechanical
ventilation.”” When TTE is suboptimal, transesophageal echocardiogram is highly
accurate with a reported sensitivity and specificity of 100%.3! TEE will improve
delineation of the site of the defect, the morphology, and the presence of multiple
defects. It is especially helpful with smaller defects. With echocardiography there
should be no need for invasive measures to be taken to diagnose ventricular septal
rupture.

Treatment

After the diagnosis is made, medical therapy may consist of mechanical support
with an intra-aortic balloon pump, afterload reduction, diuretics, and inotropic
agents.”> Prompt surgical intervention is essential as most patients have a rapid dete-
rioration and die. It was previously believed that shortly after an acute myocardial
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Fig. 20.6 Transthoracic apical four-chamber view demonstrating a ventricular septal defect

infarction, the myocardium was too fragile for safe repair of the rupture. In the past,
a waiting period of 3—-6 weeks was standard before surgical intervention to allow the
margins of the infarcted muscle to develop a firm scar to facilitate surgical repair.*?
It is now believed that immediate surgical intervention is the only option as medi-
cally managed patients generally die. This will be outlined below.

Update in the Reperfusion Era

While many of the clinical characteristics and complications of acute myocardial
infarction have remained the same, over the last few decades treatment strategies
have advanced. Previous studies that investigated ventricular septal rupture were
done in the pre-reperfusion era and contained small numbers of patients. Two pivotal
studies that contained large numbers of patients are the Global Utilization of Strep-
tokinase and TPA for Occluded Coronary Arteries (GUSTO-I) and the Should we
emergently revascularize Occluded Coronaries for cardiogenic shock? (SHOCK)
trials. These trials, which were performed in the thrombolysis and percutaneous
intervention era, have changed the way we think about acute myocardial infarction.
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Fig. 20.7 Transthoracic parasternal short-axis view demonstrating Doppler color flow through a
ventricular septal defect

The following will review these studies as they pertain to interventricular septal
rupture.

GUSTO-I enrolled 41,021 patients who presented within 6 h after the onset of
symptoms, with chest pain for greater than 20 min and evidence of an ST-elevation
myocardial infarction. Patients were randomized to receive streptokinase with sub-
cutaneous heparin, streptokinase with intravenous heparin, accelerated alteplase
with intravenous heparin, or the combination of alteplase and streptokinase with
intravenous heparin.* A total of 84 patients were identified as having confirmed
ventricular septal defects.>* This represented 0.2% of the total GUSTO-I popula-
tion. Echocardiography diagnosed the defect in most circumstances. The median
time from MI symptom onset to septal rupture diagnosis was 1day and 94% of
cases were diagnosed within 1 week.?*

Patients were more likely to be older, hypertensive, and female.>* They most
commonly had no history of smoking, an anterior infarction, an increased heart rate,
and a worse Killip class at admission. Sixty percent of these patients underwent
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Fig. 20.8 Continuous-wave Doppler showing a pressure gradient through a ventricular septal
defect

angiography and they were more likely to have TIMI grade O or 1 flow at first
angiography. They underwent angiography a median of 21 h after the onset of their
index infarction versus 95h in those patients without septal ruptures. Fifty-seven
percent had total occlusion of the infarct-related artery which was more commonly
the left anterior descending artery (64 versus 28% for the right coronary artery). Evi-
dence of two- or three-vessel coronary disease was present in 50% and the median
ejection fraction was lower in patients with ventricular septal defects (40 versus
51% in those without septal defects).?*

In-hospital course, as well as 30-day and 1-year outcomes, varied greatly in
those with interventricular septal defects versus those without. Ventricular septal
defect patients were much more likely to have in-hospital procedures such as pace-
makers, swan-ganz catheters, ventilators, and bypass surgery. Sixty-seven percent
developed cardiogenic shock versus 5.9% of those without VSDs. A total of 34 of
the 84 patients underwent surgical repair. At 30 days, patients who underwent sur-
gical repair had 47% mortality versus 94% of those who were treated medically. At
1 year, 53% of the surgical patients died versus 97% of those medically managed.
Those patients with VSDs who died at 30 days were more likely to be female and
have an inferior infarction compared to those who survived. All patients with Killip
class III or IV symptoms died at 30 days versus 27% of those VSD patients who
were Killip class I or I1.2* Clearly, surgery was the best option, although prognosis
was still poor.
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GUSTO-I had a much lower incidence and an accelerated time to diagnosis inter-
ventricular septal rupture than had been previously reported. About 0.2% of the
population had this complication versus anywhere between 1 and 5% in the pre-
thrombolytic era. Early reperfusion therapy may prevent the extensive myocardial
necrosis that is associated with ventricular rupture.’* Previously it had been reported
that VSDs occur within 3-5 days of the index infarction. GUSTO-I patients had a
mean time of 1 day from infarction to development of VSD. Many have postulated
that this acceleration of rupture may be due to thrombolysis causing hemorrhage
during the “lytic state”, so that if a ventricular septal rupture occurs, its time course
may be accelerated.’*

Other differences with the previously reported data exist. Advanced age, anterior
infarct location, female sex, and no current smoking were found to be the most
potent predictors of VSD in GUSTO-1.2* Previously hypertension and no history of
myocardial infarction or angina had been predictors.

Mortality continues to be very high despite advances in medical and surgi-
cal techniques (50% in surgical patients and 94% in medically treated patients).
As Edwards et al. reported, it appeared that patients with inferior infarcts had a
worse outcome than those with anterior infarcts.?* This supports the results of their
necroscopy study that reported inferior infarcts to be more complex and have right
ventricular involvement versus anterior infarcts which are more likely to be sim-
ple.? GUSTO-I patients treated medically had a very poor prognosis (30-day mor-
tality of 94%) which is similar to previous reports.

The Should we emergently revascularize Occluded Coronaries in cardiogenic
shock? (SHOCK) study® was a prospective, multicenter registry and randomized
trial of cardiogenic shock complicating acute myocardial infarction. The study pri-
marily looked at patients with left ventricular pump failure but patients with ventric-
ular septal rupture were followed prospectively as part of the SHOCK Trial Registry.
This study was performed in the interventional era. It assessed the effect of surgi-
cal repair on outcomes of ventricular septal rupture and the profile and outcomes of
patients with cardiogenic shock complicating acute myocardial infarction that both
did and did not have septal rupture.3¢

There were 1190 patients with suspected cardiogenic shock complicating acute
myocardial infarction that was prospectively registered.?” Criteria for entry included
(1) hypotension, (2) clinical evidence of end-organ hypoperfusion, and (3) confirma-
tory hemodynamic or radiographic features. Only patients with cardiogenic shock
due to predominant left ventricular failure with electrocardiographic evidence of
recent total coronary occlusion were eligible for the original study.?” Etiologies of
cardiogenic shock due to anything other than pure left ventricular pump failure were
placed in the SHOCK Trial Registry. This included patients with ventricular septal
rupture.

Of the 1190 patients, 884 patients had predominant left ventricular failure and
55 were due to ventricular septal rupture. Rupture occurred within a median of
16 h after infarction which is again shorter than previously reported.’® Patients
tended to be older, more often female, and less often had previous infarction, dia-
betes, or smoking history. They more often underwent invasive procedures including
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right heart catheterization, intra-aortic balloon pumping, and coronary artery bypass
surgery. Interestingly, left ventricular ejection fraction was higher for the ventricu-
lar septal rupture group versus those with left ventricular failure without VSR (40
versus 30%). Forty-six percent of the patients with VSR involved the right coronary
artery and 42% involved the left anterior descending artery. The majority had single-
or double-vessel disease (26 and 43%, respectively). All culprit vessels had >90%
stenosis and almost all had TIMI grade 0 or 1 flow.*¢

The overall in-hospital survival rate was only 13% for patients with ventricu-
lar septal rupture compared to 39% for patients with predominant left ventricular
failure. Although patients with rupture had less severe coronary disease, their in-
hospital mortality was higher (87 versus 61%). Surgery was performed in 31 patients
with rupture (21 had concomitant bypass surgery) and only 6 (19%) survived. Of the
24 patients managed medically, only 1 survived.3¢

This study again had a much shorter time to rupture (16 h) than the 1 week that
had been previously reported. It showed that women and the elderly with less mul-
tivessel coronary artery disease are most susceptible to ventricular septal rupture
when compared to patients whose shock was due to predominant pump failure. The
study highlights the dismal outcomes of those with ventricular septal defects and
cardiogenic shock complicating acute myocardial infarction. Medial therapy car-
ried a close to 100% mortality. Surgical therapy results were poor as well, but it was
still considered the primary therapy.3®

Conclusion

Interventricular septal rupture is a rare complication of acute myocardial infarc-
tion. It appears to be more unusual in the reperfusion era. Nevertheless, its prompt
diagnosis can be made by echocardiography in the appropriate clinical setting. This
diagnostic tool can be used at the bedside to accelerate surgical intervention and
thereby decrease the mortality rates of this deadly complication.

Ventricular Septal Rupture Case Presentation

A 79-year-old male presented to the emergency room with severe chest pain for
5 days. He has a past medical history significant for coronary artery disease, hyper-
tension, hypercholesterolemia, and diabetes. He is status post two myocardial infarc-
tion in 1994 and again in 1998. He formerly smoked two packs of cigarettes a
day for 25 years and denies alcohol or drug use. He presented with complaints of
intermittent, left-sided chest tightness for 5 days. The patient originally felt this
chest pressure on exertion with associated shortness of breath. During the 3 days
before presentation, his symptoms progressed in character and intensity until they
were persistent at rest. The pain was very similar to his previous myocardial infarc-
tions. The patient was supposed to be on a host of cardiac medications but he admit-
ted to being noncompliant with all of them.
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Upon arrival to the emergency room his physical exam proved to be markedly
abnormal. His blood pressure was 91/52 mmHg, despite having a history of hyper-
tension. His heart rate measured 102bpm and respiratory rate was 24 rpm. The
patient was afebrile and his oxygen saturation was 98% on 41 of oxygen via nasal
cannula. He was in obvious distress with markedly elevated jugular venous pres-
sure. Rales were present half way up both lung fields and his lower extremities
were extremely edematous. His heart sounds were rapid in rate. Both S1 and S2
were audible, and a 3/6 holosystolic ejection murmur was heard at the apex which
extended into his axilla.

An electrocardiogram was done within 10min of his arrival to the emergency
room. It showed normal sinus rhythm at 100 bpm with 3 mm ST elevations in leads
IL, III, aVF, Q waves in leads II, III, aVF, and 2 mm ST depressions in leads I and
aVL. The myocardial infarction team was activated and the patient was immedi-
ately transferred to the cardiac catheterization lab for emergent revascularization.
His laboratory values showed a blood urea nitrogen of 36 mg/dl and a creatinine of
1.3 mg/dl. Glucose was 213 mg/dl. White blood cell count was 18 cells/pl. Troponin
was 17 ng/ml. Creatine phosphokinase was 446 units/l, MB isozyme was 26.6 ng/ml,
and MB index was 6.0. The leading diagnosis at the time was acute inferior ST-
elevation myocardial infarction.

After obtaining informed consent the patient underwent coronary catheteriza-
tion. He was found to have a right dominant system. His left main artery showed
no angiographic stenosis. His left anterior descending artery showed a focal 90%
proximal stenosis. His left circumflex artery showed an 80% proximal stenosis.
His right coronary artery showed a hazy appearing total occlusion in mid-segment,
no distal collaterals were present. The patient was in Killip class III decom-
pensated congestive heart failure with an acute ST-elevation myocardial infarc-
tion. An intra-aortic balloon pump was placed and the right coronary artery was
successfully stented. The patient was sent to the cardiac care unit for further
monitoring.

Upon arrival he continued to be hemodynamically unstable with worsening con-
gestive heart failure symptoms. His blood pressure fell to 80/50 mmHg and he was
in severe respiratory distress with an oxygen saturation of 85% on 100% oxygen.
At that time the patient was intubated and an emergent transthoracic echocardiog-
raphy was performed due to his progressive hemodynamic decompensation despite
adequate revascularization of the infarct-related artery.

The inferior wall was akinetic. The posterior wall was severely hypokinetic. The
base and mid-septum were akinetic. Visually estimated left ventricular ejection frac-
tion was 40%. There was a very large ventricular septal defect with left-to-right
shunt. The left atrium was normal size. The right ventricle was dilated. The right
ventricle was severely hypokinetic. The Doppler (spectral/color) study showed mild
to moderate tricuspid regurgitation.

Due to his severe hemodynamic instability and presence of a large ventricular
septal defect, detected by the bedside transthoracic echocardiogram, an emergent
cardiothoracic surgery consult was called. Based on these results the patient was
immediately taken to the operating room where he had triple coronary bypass graft
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surgery and a ventricular septal defect repair. The patient tolerated the procedure
well. He was extubated on postoperative day number three. Ten days after his admis-
sion he was discharged to a rehabilitation center and has been following up in clinic
without complications.

Pericardial Effusion and Tamponade

Introduction

Pericardial heart disease comprises a wide array of pathology that can eventually
lead to the catastrophic complication of pericardial tamponade. Of all the diseases
that affect the pericardium, tamponade can be the most acutely life threatening,
thereby requiring prompt diagnosis and treatment. Echocardiography has proven to
be the modality of choice to easily and accurately aid in the diagnosis of tampon-
ade. In contrast to heart failure, coronary artery disease, valvular disease, and other
topics in cardiology, there are scant data from randomized trials to guide physicians
in the management of pericardial diseases.?® There are no AHA/ACC guidelines on
the topic, but the European Society of Cardiology published guidelines in 2004.%°
The following will review the pathophysiology, clinical manifestations, echocardio-
graphic diagnostic criteria, and treatment of pericardial tamponade.

Pathophysiology

An understanding of the physiology of the normal pericardium is necessary in order
to comprehend the pathophysiology of tamponade. The pericardium is not essen-
tial for life, as no adverse consequences follow surgical removal or its congenital
absence.*’ The pericardium is a predominantly avascular, fibrous sac that surrounds
the heart. It is composed of the visceral and parietal pericardium. The visceral layer
is a single layer of mesothelial cells that is adherent to the epicardium of the heart.
The parietal pericardium is a fibrous structure that is less than 2mm thick and
is composed primarily of collagen and to a lesser degree elastin. The pericardial
space separates the two layers and creates a potential space that normally contains
15-35ml of serous fluid that is distributed mostly over the atrial-ventricular and
interventricular grooves.?8

The pericardium encases the heart and attaches to the sternum, the diaphragm,
and the anterior mediastinum. It is invested around the great vessels and the vena
cava, thereby serving to anchor the heart in the central thorax.?® It limits distention
of the four cardiac chambers and facilitates coupling of the ventricles and atria so
that changes in volume and pressure on one side of the heart influence volume and
pressure on the other side.*!

The pericardium serves several other important functions. It is well innervated,
giving rise to severe pain caused by pericarditis, as well as triggering vagally
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mediated reflexes.® It prevents torsion and displacement of the heart and minimizes
friction with surrounding structures. It can also serve as an anatomical barrier to the
spread of infection from contiguous structures.*’ The pericardium is also thought to
secrete prostaglandins that modulate cardiac reflexes and coronary tone.*?

The etiology of cardiac tamponade mirrors the various conditions that cause
pericarditis. Idiopathic pericarditis and any infection, neoplasm, inflammatory or
autoimmune process (including post-radiation and drug induced) can cause peri-
cardial effusion.** Uremia, tuberculosis, SLE, Lyme disease, HIV, and lymphoma
are just a few examples. Non-inflammatory diseases such as hypothyroidism and
amyloidosis can cause effusions. Bleeding into the pericardial space after blunt and
penetrating trauma as well as after a post-MI rupture of the ventricular free wall can
cause disastrous tamponade. Retrograde bleeding related to an aortic dissection is
also an important cause of tamponade.*3

Pericardial effusions are reported to be associated with heart failure in 14%,
valvular disease in 21%, and myocardial infarction in 15%.** Of all conditions,
bacterial (including mycobacterial), fungal, and HIV-associated infections all have
a high incidence of progression to tamponade.*?

Post-cardiac surgery effusions are very common. However, large effusions or
effusions leading to pericardial tamponade in this situation are rare.*’ Kuvin et al.
did a retrospective study on over 4500 postoperative patients and only 48 were found
to have moderate or large effusions on echo; and only 36 met the diagnostic criteria
for tamponade. The use of preoperative anticoagulation, female sex, and valvular
surgery were associated with a higher prevalence of tamponade.*

Cardiac tamponade occurs when fluid accumulation in the intrapericardial space
is sufficient to raise the pressure surrounding the heart to the point where cardiac
filling is affected.3® The primary abnormality is compression of all cardiac cham-
bers as a result of increasing intrapericardial pressure.*® The key concept is that once
the total intrapericardial volume has caused the pericardium to reach the noncom-
pliant region of its pressure—volume relation, cardiac tamponade develops rapidly.?
Clinical significance depends on how fast and how much fluid fills the pericardial
space.

With slow accumulation, the parietal pericardium compliance increases. The
more fluid in the pericardial space, the more intrapericardial pressure increases.
In response, the central venous pressure increases via venoconstriction and fluid
retention to maintain a gradient that allows cardiac filling. There comes a point
where pericardial compliance can increase no more, and the intrapericardial pres-
sure equalizes.*’ As the chambers become progressively smaller and myocardial
diastolic compliance is reduced, cardiac inflow is limited, ultimately equalizing
mean diastolic pericardial and chamber pressures.*®

Since the right heart has lower pressures, it is most vulnerable to compression by
a pericardial effusion. As a result, abnormal right heart filling is the earliest sign of
a hemodynamically significant effusion. Because the total intrapericardial volume
is fixed by the pressurized effusion, inspiratory increase in right ventricular filling
crowds the left ventricle and impairs its filling. Therefore, in tamponade left heart
filling takes place mainly during expiration when there is less right heart filling.*8
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When the effusion reaches its critical point, the cardiac output drops and blood pres-
sure is maintained only through an increase in heart rate, contractility, and periph-
eral arteriolar vasoconstriction. When fluid accumulates slowly, the pericardium
can increase compliance sufficiently before overt hemodynamic compromise can
occur.*’ Inflammatory causes of pericardial effusion result in slow accumulation of
fluid. Two liters or more may accumulate before life-threatening tamponade can
occur.*®

When pericardial fluid accumulates rapidly, the pericardium may not have suf-
ficient time to stretch. With rapid filling of the pericardial space, intrapericardial
pressure increases quickly, and cardiac filling is impaired often leading to a dramatic
drop in cardiac output. Intrapericardial hemorrhage from wounds or cardiac rupture
occurs in the context of a relatively stiff pericardium which quickly overwhelms
the capacity of the pericardium to stretch before most compensatory mechanisms
can be activated.*® Life-threatening, acute cardiac tamponade can result leading
to cardiogenic shock and death. Recognizing the clinical presentation can be dif-
ficult but is paramount in preventing the disastrous consequences of this clinical
entity.

Clinical Presentation

Cardiac tamponade is potentially a fatal form of cardiogenic shock, which must be
recognized early and treated immediately. Symptoms are generally nonspecific, so
suspicion must be high. Effusions by themselves do not cause symptoms unless tam-
ponade is present.** Tachypnea and dyspnea on exertion are the typical symptoms
as well as a vague chest discomfort or fullness. Patients can report nausea or abdom-
inal pain from hepatic or visceral congestion or dysphagia from compression of the
esophagus.*’ Very nonspecific symptoms can occur as well, such as lethargy, fever,
cough, weakness, fatigue, anorexia, and palpitations. It is important to note that it
can be impossible to obtain a history as the patient may be unconscious or obtunded.
Therefore, tamponade must be suspected in many contexts, such as hypotension in
patients with wounds of the chest or after cardiac surgery.*

Physical examination can be very nonspecific in chronic effusions but can also
be very helpful when suspecting tamponade. Patients usually appear uncomfortable,
with signs reflecting various degrees of reduced cardiac output and shock. These
include tachypnea, diaphoresis, cool extremities, peripheral cyanosis, and depressed
sensorium.*® Tachycardia, defined as a heart rate greater than 90 bpm, is the rule. In
rare cases such as hypothyroidism and uremia, the patient can be bradycardic. Heart
sounds may be muffled due to the insulating effects of the pericardial fluid and to
reduced cardiac output.*®

Hypotension and elevated jugular venous distention are almost always seen.
Rapid tamponade may produce exaggerated jugular pulsations without the finding of
distention, due to insufficient time for the blood volume to increase.*® The X descent
seen during ventricular systole is typically the dominant jugular venous wave with a



20 Acute Complications of MI 291

blunted or no Y descent. In 1935, Claude Schaeffer Beck*® described the Beck triad
consisting of decreasing arterial blood pressure, increasing jugular venous pressure,
and a small, quiet heart. This triad was seen in surgical patients with acute tampon-
ade due to intrapericardial hemorrhage. These findings are frequently but not always
seen in tamponade caused by other conditions.

The examiner must check for pulsus paradoxus if tamponade is suspected.
Described by Adolf Kussmaul in 1873, this finding is demonstrated by a fall of
the radial pulse on inspiration in patients with tamponade.*® Negative intrapleural
pressures that occur during inspiration cause increased venous return and filling of
the right heart, which results in bowing of the interventricular septum to the left,
decreasing filling of the left heart, thereby decreasing cardiac output and periph-
eral blood pressure. Whether done with a sphygmomanometer or by palpating the
peripheral pulse, pulsus paradoxus is considered positive when there is a greater
than 10 mmHg drop in blood pressure throughout the respiratory cycle.*’” One study
looked at 65 patients with known pericardial effusions and found that the likelihood
ratio for tamponade was 5.9 with a pulsus paradoxus greater than 12 mmHg and 3.3
for a measurement greater than 10 mmHg.>® Care must be taken as other conditions
can cause pulsus paradoxus such as pulmonary embolism, obstructive lung disease,
or various forms of severe hypotension.*®

Findings on an electrocardiogram include reduced voltage and electrical alter-
nans of the QRS complex. Reduced voltage is a very nonspecific finding that can
be found in many other conditions. Electrical alternans is virtually specific but rel-
atively insensitive for cardiac tamponade. It is caused by anterior—posterior move-
ment of the heart with each heart beat. If pericarditis is present, diffuse ST elevation
with PR segment depression can be present.*3

Chest radiograph will not change until a pericardial effusion is at least mod-
erate in size. With larger pericardial effusions, the anteroposterior cardiac silhou-
ette assumes a rounded, flask-like appearance. In the lateral views, a linear lucency
between the chest wall and the anterior surface of the heart may be seen. Lung fields
are typically free of congestion.*?

Echocardiographic Diagnosis

When cardiac tamponade is suspected a two-dimensional Doppler echocardiogra-
phy should be performed without delay. Although tamponade is a clinical diagnosis,
echocardiography enhances the ability to accurately make the diagnosis. Echocar-
diography visualizes pericardial fluid as an echo-free space surrounding the heart.
Acute hemorrhagic effusions may have an element of thrombus involved which
appears as an echo-dense mass.>! Small pericardial effusions are usually only seen
posteriorly. Those that are large enough to produce cardiac tamponade are almost
always circumferential (seen both anteriorly and posteriorly).*® Occasionally effu-
sions can be loculated or localized which most commonly happens after cardiac
surgery.
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There are several echocardiographic features described in patients with hemo-
dynamic compromise and frank cardiac tamponade. The technician must use all
views to visualize the effusion. On M-mode echocardiography, pericardial effusion
appears as an echo-free space both anterior and posterior to the heart. The size of
the space is directly proportional to the amount of fluid. Care must be taken because
an anterior echo-free space may be due to mediastinal fat, fibrosis, thymus, or other
tissues.’? Therefore, an effusion must be seen both anterior and posterior to the heart
(Fig. 20.9).

Most often two-dimensional echo is used to screen and quantify pericardial effu-
sion. Effusions tend to be most prominent in the more depended (i.e., posterior in a
supine patient) area and appears maximal in the posterior atrioventricular groove.
Using additional views such as the parasternal short-axis, apical, and subcostal
views, the circumferential extent of an effusion can be determined.>? In the paraster-
nal long-axis view pericardial fluid reflects at the posterior atrioventricular groove,
while pleural fluid continues under the left atrium, posterior to the descending aorta
(Figs. 20.10 and 20.11).%°

Once a pericardial effusion is visualized, it must be graded as small, moderate,
large, or very large. The European Society of Cardiology published guidelines in
2004 (ESU) that proposes the following grading scale. A small effusion is defined
as an echo-free space in diastole of <10 mm. Moderate is 10—20 mm, large is >
20 mm, and very large is > 20 mm with compression of the heart.*

Fig. 20.9 M-mode echocardiography demonstrating a pericardial effusion
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Fig. 20.10 Apical four-chamber view showing a large pericardial effusion

One of the earliest signs of cardiac tamponade is evidence of a swinging heart
that can be detected on either two-dimensional or M-mode echo. Evidence of a
swinging heart is simply a marker of a large effusion and is an indirect indicator of
elevated intrapericardial pressure. The movement of the heart within the pericardial
sac is the mechanism of electrical alternans seen on electrocardiography with large
pericardial effusions (Fig. 20.12).5?

More specific signs of hemodynamic compromise exist that are directly related
to actual elevation of intrapericardial pressures. Diastolic right ventricular outflow
collapse and exaggerated right atrial collapse during atrial systole are important
indicators of tamponade. M-mode echocardiography shows a characteristic poste-
rior motion of the anterior right ventricular wall in diastole.>?

In patients with tamponade, intracavitary cardiac pressure may transiently
fall below intrapericardial pressure in early diastole leading to hydrodynamic
compression of these more distensible structures. The right ventricular outflow tract
is the most compressible structure of the right ventricle and tends to collapse with
significantly elevated intrapericardial pressure. Immediately after closure of the pul-
monic valve in early diastole, the right ventricular outflow tract will paradoxically
collapse inward. This is often best appreciated in the parasternal long- and short-
axis views and occasionally in the apical four-chamber view.”> When seen, this is
indicative of a hemodynamically significant effusion.
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Fig. 20.11 Apical two-chamber view showing a large pericardial effusion surrounding the entire
heart

Along with right ventricular compression, exaggerated right atrial collapse is
seen and indicates impeded right atrial filling. It can typically be viewed from the
subcostal or apical four-chamber view. The right atrium normally contracts during
atrial systole, so the degree of right atrial collapse must be quantified with respect
to either the magnitude of collapse or the duration for which it remains collapsed.
Right atrial collapse occurs immediately after normal atrial systole. In pericardial
tamponade the right atrial wall will remain collapsed throughout atrial diastole and
buckle inward.?? Right atrial collapse is more sensitive for tamponade, but right ven-
tricular collapse lasting more than one-third of diastole is more specific for cardiac
tamponade.

Doppler echocardiography also plays a crucial role when evaluating the signifi-
cance of a pericardial effusion. Doppler evaluation of the mitral or tricuspid valve
inflow or aortic or pulmonary outflow can be used to demonstrate exaggerated
phasic variation in flow during respiration. With inspiration, the right ventricular
early diastolic filling velocity is augmented, while left ventricular diastolic filling
diminishes. Normally peak velocity of mitral inflow varies by 15% or more with
respiration and tricuspid inflow by 25% or more.’> These findings correlate with
the pathophysiology of cardiac tamponade described earlier. For the tricuspid valve
there is augmented inflow during inspiration with diminished flow during expiration.
The opposite is true for the mitral valve.
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Fig. 20.12 Subcostal view showing a large pericardial effusion causing the heart to swing within
the pericardial sac

Variation in peak velocity and time velocity integral of aortic and pulmonary flow
is typically less than 10%. With hemodynamically significant pericardial effusions
all of these thresholds are exaggerated with respiration. There is augmented pul-
monary flow with inspiration and a reciprocal decrease in left ventricular outflow at
the same time in the respiratory cycle. This represents physiologic evidence of exag-
gerated intraventricular interdependence. These findings are the echocardiographic
correlates of pulsus paradoxus described previously.>?

Investigation of the inferior vena cava can be helpful as well. Distention of the
inferior vena cavae with a less than 50% inspiratory reduction is a result of elevated
venous pressure seen in tamponade. Also, because of limited cardiac volume seen
in tamponade, Doppler can be used to demonstrate that venous flow predominantly
occurs in systole and not in diastole as it normally does.

Overall, echocardiography demonstrates the presence and size of a pericardial
effusion and can reflect its hemodynamic consequence. All of the parameters
described above must be evaluated to determine the significance of a pericardial
effusion. Right atrial and right ventricular collapse indicates cardiac compression,
while enhanced respiratory variation of ventricular filling is a manifestation of
ventricular interdependence. When combined with clinical evidence of pericar-
dial tamponade, immediate echocardiography can lead to prompt diagnosis and
treatment.



296 G. Janis et al.
Treatment

The treatment of cardiac tamponade involves drainage of the pericardial effusion.
Echocardiography-guided needle pericardiocentesis can be performed in the cardiac
catheterization lab or even at the bedside in emergent situations.>® In the paraxiphoid
approach the needle is aimed toward the left shoulder, and in the apical approach,
the needle is aimed internally. The needle is inserted at a 15° angle to bypass the
costal margin.*® Two-dimensional echo-guided pericardiocentesis carries about a
1.2% complication rate.>?

Removal of small amounts of pericardial fluid can produce considerable symp-
tomatic and hemodynamic improvement. Removal of all the pericardial fluid nor-
malized pericardial, atrial, ventricular diastolic and arterial pressures and cardiac
output. A drainage catheter can be advanced over a guide wire into the pericardial
space and remain there for several days.*? Patients should then be followed with
the use of Doppler echocardiography to ensure that the pericardial space has been
adequately drained to avoid recurrence. When drainage is less than 50 ml/day, the
catheter may be withdrawn.*® Malignant pericardial effusions generally recur. If the
effusion recurs, sclerosing agents can be inserted into the pericardial space through
the catheter to prevent further accumulation.*

If pericardial tissue is required for diagnosis, if the pericarditis is purulent, or if
the effusion recurs, surgical drainage may be the preferred treatment.’® Surgery is
also the treatment of choice for traumatic hemopericardium.*® Surgical drainage is
usually performed through a limited subxiphoid incision. This approach allows for
direct visualization and biopsy of the pericardium. Creation of a pericardial window
creates a communication with the pleural space and eliminates future episodes of
cardiac tamponade.*?

Medical management of cardiac tamponade is usually ineffective and should only
be used as a bridge to pericardiocentesis. Fluid resuscitation may be of transient
benefit if the patient is hypovolemic. The use of inotropic agents is also largely
ineffective as there is already an intense endogenous adrenergic stimulation.’® The
initiation of mechanical ventilation in a patient with cardiac tamponade may pro-
duce further drop in blood pressure because positive intrathoracic pressure will fur-
ther impair cardiac filling and cardiac output.>* Uremic tamponade often responds
to intense dialysis, but if this is ineffective, drainage is required.*® When signs of
shock are evident and tamponade is diagnosed, pericardiocentesis is a life-saving
procedure.

Conclusion

Pericardial tamponade is a life-threatening entity that must be in the forefront
of every physicians mind as it must be treated immediately. The clinical fea-
tures of hypotension, elevated jugular venous pressure, muffled heart sounds, and
pulsus paradoxus should immediately cue the physician to order an emergent
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two-dimensional echocardiography. When a pericardial effusion is present and right
atrial and ventricular collapse is seen, emergent pericardiocentesis should be per-
formed. In this setting, echocardiography can help diagnosis and aid in treatment,
thereby leading to life-saving maneuvers.

Right Ventricular Infarction

Introduction

Right ventricular infarction had been described over 60 years ago, but for decades
it was not considered to be important because it showed no hemodynamic conse-
quence in animal models.>> Over time, it has become important to diagnose as it
defines a specific clinical entity that is associated with considerable immediate mor-
bidity and mortality.’® Right ventricular infarction complicates up to half of inferior
left ventricular infarctions.” Prompt recognition of this mechanical complication
of acute myocardial infarction is crucial as its initial management differs from that
of other types of infarction. The following will review the pathophysiology, clinical
features, diagnosis, and treatment of right ventricular infarction.

Pathophysiology

The right side of the heart varies considerably from the left side. It is a low pres-
sure system that has one-sixth of the muscle mass of the left ventricle and performs
one-fourth of the stroke work. Despite this, both ventricles have the same cardiac
output.® This is due to the fact that the pulmonary vascular resistance is one-tenth
that of the peripheral systemic resistance.’’ These factors are important in the hemo-
dynamic consequences of right ventricular infarction.

Coronary blood flow to the right ventricle is unique in that it occurs in both
systole and diastole.’> The right coronary artery supplies the lateral wall through
the acute marginal branches in the majority of patients, as well as the posterior
wall and posterior interventricular septum through the posterior descending artery in
right dominant systems. Typically, right ventricular infarction occurs when there is
occlusion of the right coronary artery proximal to the acute marginal branches. It can
also occur with an occlusion of the left circumflex in those who have a left dominant
system. Although quite rare, occlusion of the left anterior descending artery may
result in infarction of the anterior right ventricle.>

The incidence of right ventricular infarction in association with left ventricular
infarction ranges from 14 to 84%, depending on the study performed. Incidence of
isolated right ventricular infarction accounts for less than 3% of all cases of infarc-
tion.>> When isolated to the right ventricle, the occlusion is usually in the acute
marginal vessels or of a non-dominant right coronary artery.’® Many right coronary
artery occlusions do not result in right ventricular necrosis.® Up to half of inferior
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myocardial infarctions involve the right ventricle. This may be due to the lesser
right ventricular myocardial oxygen demand as a result of its smaller muscle mass
or from its improved oxygen delivery from the biphasic nature of the coronary blood
flow during both systole and diastole. A rich left-to-right collateral system is also
thought to play a part.>

The hemodynamic consequences of right ventricular infarction are interesting.
Acute underperfusion of the right ventricular free wall and adjacent interventricular
septum leads to a stunned and noncompliant right ventricle. Loss of right ventricu-
lar contractility results in a serious deficit in left ventricular preload with a resultant
drop in cardiac output, thereby causing systemic hypotension.”® Augmented atrial
contractility is necessary to overcome the increased myocardial stiffness associated
with right ventricular infarction.®® Factors that impair filling of the noncompliant
right ventricle and cause decreased preload are likely to have profound adverse
effects on hemodynamics in patients with large right ventricular infarctions. These
factors include intravascular volume depletion due to the use of diuretics and nitrates
or any diminution in atrial function caused by concomitant atrial infarction or the
loss of atrioventricular synchrony.>

To complicate matters, 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. Left ventricular
compliance is further aggravated by increased intrapericardial pressure as a result
of right ventricular dilatation. As a consequence, even if the patient shows signs
of increased right-sided pressure, the left ventricular filling and systolic function
may be below normal.*® If significant left ventricular dysfunction complicates right
ventricular infarction, the results can be disastrous.

Clinical Presentation

Given that management of right ventricular infarction is quite different from left
ventricular infarction, recognizing its clinical presentation is important. When a
patient presents with an inferior myocardial infarction the triad of hypotension,
clear lung fields, and elevated jugular venous pressure is virtually pathognomonic
for right ventricular infarction.” This triad is very specific, but has a sensitivity
of less than 25%.%' Auscultation may reveal a right-sided S3 and S4.5% Tricuspid
regurgitation may also be noted if the right ventricle is sufficiently dilated.

Pulsus paradoxus (decreased systolic blood pressure with inspiration) and Kuss-
maul’s sign (elevated jugular venous distention with inspiration) have also been
reported in RV infarction.®” The presence of Kussmaul’s sign and elevated jugular
venous distention in the presence of an acute inferior myocardial infarction indicate
a hemodynamically significant right ventricular infarction with a sensitivity of 88%
and a specificity of 100%.°! Careful examination of neck veins in the setting of an
inferior myocardial infarction should alert the physician to the drastic consequences
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that the use of nitrates and morphine can have. These agents should be avoided as
they reduce preload and can promote or exacerbate hypotension.

The electrocardiogram is crucial for the diagnosis of right ventricular infarction.
The most frequent finding is any degree of ST elevation in leads II, III, and aVF with
or without Q waves. Occlusion sufficiently proximal in the right coronary artery to
cause right ventricular free wall injury also frequently compromises the blood sup-
ply to the sinoatrial node, atrium, and atrioventricular node, producing such effects
as sinus bradycardia, atrial infarction, atrial fibrillation, and AV block.”® Involve-
ment of the right ventricular free wall may be suspected with the presence of ST
depression in precordial leads V2 and V3 when compared to V1. Confirmation of
RV ischemia can be quickly obtained when right-sided leads V4R through V6R
show ST-segment elevations greater than 1 mm.>® A 1-mm ST elevation in V4R is
70% sensitive and 100% specific for right ventricular infarction.>

ST-segment elevation in V4R has been shown to be a strong independent pre-
dictor of major complications and in-hospital mortality.’® A prospective study of
200 consecutive patients with ST elevation in V4R strongly identified a group of
patients prone to cardiogenic shock, ventricular fibrillation, and third-degree heart
block. The patients with ST elevation in lead V4R had a higher in-hospital mortal-
ity rate (31 versus 6%) and a higher incidence of major in-hospital complications
(64 versus 28%) compared to patients without these electrocardiographic changes.®
This ST elevation can be rather transient in nature. One study showed that 48% of
patients had resolution of these changes within 10h of symptom onset. For this
reason, prompt recognition of the diagnostic electrocardiographic changes is imper-
ative. Right bundle branch block and complete atrioventricular block are the most
common conduction disturbances seen although atrial fibrillation and sinus brady-
cardia can be seen as well.%

Echocardiographic Features

Electrocardiographic signs of right ventricular infarction are both sensitive and
specific for the presence of right ventricular infarction, but they do not provide infor-
mation as to the extent of myocardial involvement. Two-dimensional echocardio-
graphy is a quick and easy way to quantify the amount of dysfunction. The subcostal
view provides an excellent view of the right ventricular wall. When this view is
inadequate, apical and parasternal views can be used (Figs. 20.13 and 20.14). The
right ventricular wall is divided into three segments: the apical, middle, and basal
segments.®* From M-mode recordings in the parasternal long-axis view, right ven-
tricular end-diastolic diameter can be measured and it can be assessed accord-
ing to body surface area (normal end-diastolic diameter is greater than or equal
to 20 mm/m?).%> M-mode studies demonstrate right ventricular dilatation and an
increased ratio of right ventricular to left ventricular end-diastolic dimensions in
patients with right ventricular infarction.



300 G. Janis et al.

Fig. 20.13 Transthoracic parasternal long-axis view demonstrating a dilated right ventricular
outflow tract

The echocardiographic signs of right ventricular infarction include right ventricu-
lar dilatation, decreased right ventricular function, segmental wall motion abnormal-
ities, and paradoxical septal wall motion. Decreased descent of the right ventricular
base is commonly used to describe decreased function.! In many instances, the wall
motion abnormality of the inferior wall of the left ventricle may be relatively small
and overall left ventricular systolic function may appear preserved.’> Right ven-
tricular failure with high right atrial pressures results in bowing of the interatrial
septum into the left atrium and dilatation of the inferior vena cava with lack of
inspiratory collapse.' The elevation of right heart pressure may result in substantial
amounts of right-to-left shunting through a patent foramen ovale.’?> The presence
of interatrial septal bowing, indicating a concomitant right atrial infarction, is an
important prognostic marker and is predictive of more hypotension, atrioventricular
blocks and higher mortality in right ventricular infarction (Figs. 20.15 and
20.16).%

Some other important features that can be seen on two-dimensional echo are the
presence of tricuspid regurgitation, tricuspid papillary muscle rupture, and a dilated
inferior vena cava. The pressure half-time of the pulmonary regurgitant jet reflects
the compliance of the right ventricular chamber.! In one study, a short pressure
half-time of the pulmonary regurgitant jet of less than 150 ms was a predictor of
in-hospital events.?® Increased right ventricular and right atrial pressures can cause
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Fig. 20.14 Transthoracic apical four-chamber view demonstrating a dilated and severely hypoki-
netic right ventricle

right-to-left flow across a patent foramen ovale. Doppler echocardiography can also
determine premature opening of the pulmonic valve, indicating a noncompliant right
ventricle.”®

Treatment

The treatment strategy of right ventricular infarction includes early maintenance of
right ventricular preload, reduction of right ventricular afterload, inotropic support
of the dysfunctional right ventricle, and early reperfusion.>> When the right ventricle
is ischemic, use of drugs such as nitrates and diuretics will reduce preload and may
reduce cardiac output and cause severe hypotension. Volume loading alone with
normal saline will often increase filling of the right ventricle and in turn increase
filling of the underfilled left ventricle and increase cardiac output.’® This treatment
strategy is different from therapy for pump failure that accompanies left ventricular
infarct where nitrates and diuresis are often critical. When bilateral pump failure is
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Fig. 20.15 Transthoracic apical four-chamber view demonstrating a dilated right atrium and a
hypokinetic right ventricle

present, use of afterload reducing agents like sodium nitroprusside or an intra-aortic
balloon pump is often necessary to unload the left ventricle and the right ventricle.>

Fluid administration can further elevate right-sided filling pressures without
improvement in cardiac output. In some cases, volume loading will cause further
dilatation of the right ventricle, which in turn further compromises left ventricular
output through pericardial restraining effects.’ Inotropic support with dobutamine
should be initiated if the cardiac output fails to improve with up to 11 of fluid
administration.>®

Often inferior myocardial infarction can result in bradyarrhythmias and atrioven-
tricular dyssynchrony. When stroke volume is impaired cardiac output depends on
heart rate and bradycardia can be deleterious. The development of high-degree atri-
oventricular block has been reported in as many as 48% of patients with right
ventricular infarction.®’ Atrioventricular dyssynchrony causes loss of right atrial
contribution to preload and can lead to further hemodynamic compromise. Sev-
eral investigators have shown that atrioventricular sequential pacing in patients with
complete heart block leads to significant increase in cardiac output and reversal
of shock when ventricular pacing alone has no benefit.®® Prompt cardioversion for
atrial fibrillation should be considered in order to restore atrioventricular synchrony
at the earliest signs of hemodynamic compromise.>
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Fig. 20.16 Transthoracic parasternal short-axis view demonstrating a dilated right ventricle with
pressure and volume overload on the left ventricle with septal flattening

Reperfusion should be considered in the initial management of right ventricular
infarction. Some studies suggest that right ventricular function improves only after
successful reperfusion, while others report improvement even in the absence of a
patent infarct-related vessel.>® In the second Thrombolysis in Myocardial Infarction
trial, there was a reduction in the incidence of right ventricular infarction among
patients with inferior myocardial infarctions who had patent infarct-related arteries
as compared with the rate in those whose arteries remained occluded.®® Moreyra
et al. showed rapid hemodynamic improvement when primary angioplasty has been
used to treat RV infarction.”® In a study of 53 patients, Bowers et al. showed that
mortality in those with incomplete reperfusion was 58% at 1 month versus 2% in
those who were completely revascularized.”!

The Should we emergently revascularize Occluded Coronaries in cardiogenic
shock? (SHOCK) study’? was a prospective, multicenter registry and randomized
trial of cardiogenic shock complicating acute myocardial infarction. The study pri-
marily looked at patients with left ventricular pump failure but patients with right
ventricular infarction were followed prospectively as part of the SHOCK Trial Reg-
istry.”® Of the 933 patients with cardiogenic shock entered into the registry, 49 had
predominantly right ventricular failure and 884 had predominantly left ventricular
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failure. They were followed prospectively. A total of 31 of the 49 patients underwent
coronary angiography. The investigators were surprised to find that the in-hospital
mortality for those with right ventricular failure was similar to those with left ven-
tricular failure complicating acute myocardial infarction (53 versus 61%). The rates
of recurrent ischemia and reinfarction were very similar as well.”?

Those patients with predominant right ventricular failure who underwent revas-
cularization with either percutaneous angioplasty or coronary artery bypass grafting
had much better outcomes. Mortality was 42% for those revascularized versus 65%
for those not revascularized. These numbers were similar for those with predominant
left ventricular failure (40 and 73%). The conclusion was made that right ventric-
ular failure complicating acute myocardial infarction carries a very high mortality
risk similar to that for left ventricular failure. Revascularization helps improve these
numbers and should be considered immediately.”®

Conclusion

Long-term prognostic data for those suffering from right ventricular infarction are
conflicting. It is generally thought that when patients survive to discharge, progno-
sis is favorable but large-scale studies are needed to confirm this theory.”> Zehender
et al. showed that when inferior myocardial infarction is complicated by right ven-
tricular infarction, in-hospital mortality may be as high as 31% as compared to
6% in those without RV involvement, but no long-term data were given.> Some
have shown that right ventricular dysfunction after acute myocardial infarction is an
independent risk factor for higher long-term mortality, while others have shown no
difference.

Even without long-term prognostic data, prompt diagnosis of right ventricular
infarction, by electrocardiographic and echocardiographic means, must be made to
direct the appropriate therapy and prevent the potential disastrous consequences of
this complication of acute myocardial infarction.

Right Ventricular Infarction Case Presentation

A 53-year-old woman presented to the emergency room with complaints of left-
sided chest pain for 2h. Her past medical history was significant only for hyper-
lipidemia for which she was recently started on medication. She formerly smoked
one pack of cigarettes a day for 20 years but quit 5 years ago. She admitted to
drinking occasional alcohol but denied drug use. She presented with complaints of
a constant left-sided chest tightness that began while watching television 2 h ear-
lier. The patient felt this chest pressure at rest with associated shortness of breath
and diaphoresis. During the 3 days before presentation, she noticed these symptoms
while she walked up the stairs but they were not as severe. In the emergency room
she was nauseous and vomited twice.
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Upon arrival to the emergency room her blood pressure was 125/75 mmHg and
her heart rate measured 110 bpm with a respiratory rate of 20 rpm. The patient was
afebrile and her oxygen saturation was 98% on 41 of oxygen via nasal cannula. She
was in obvious distress with diaphoresis and bilious vomiting. Her jugular venous
pressure was markedly elevated to 15 mmHg. Her lungs were completely clear to
auscultation and her heart sounds were rapid in rate. Both S1 and S2 were audible,
and a 2/6 holosystolic ejection murmur was heard at the left sternal border in the
fifth intercostal space.

An electrocardiogram was done within 10 min of her arrival to the emergency
room. It showed normal sinus rhythm at 110 bpm with 3 mm ST elevations in leads
IL, III, aVF and 2 mm ST depressions in leads I and aVL. The myocardial infarction
team was activated and the patient was prepared for immediate cardiac catheteriza-
tion. The leading diagnosis was acute inferior myocardial infarction.

She was given aspirin, heparin, and sublingual nitroglycerin for her chest pres-
sure and her blood pressure fell to 70/50 mmHg. At that time she became obtunded.
She was immediately intubated for airway protection and placed on dopamine. All
laboratory values were normal including a troponin of 0.0 ng/ml and a creatine phos-
phokinase level of 78 units/l. While waiting for the cath lab team to arrive an emer-
gent bedside echocardiogram was performed by the cardiology fellow due to her
hemodynamic instability.

The left atrium was normal. The left ventricular chamber size was normal. No
left ventricular wall motion abnormalities were noted. Visually estimated left ven-
tricular ejection fraction was 55%. The right atrium was dilated. The right ventricle
was severely dilated. The right ventricle was severely hypokinetic. The Doppler
(spectral/color) study showed mild to moderate tricuspid regurgitation. There was
evidence of bowing of the interatrial septum. She was also noted to have a patent
foramen ovale with right-to-left shunting of blood.

At that time a right-sided electrocardiogram was performed which showed Q
waves in leads RV3 through RV5 with 2 mm ST elevations in RV3 through RVS5. The
patient was diagnosed with an isolated right ventricular infarction. The dopamine
was discontinued and she was given two consecutive 11 boluses of normal saline
and started on a dobutamine infusion. Her blood pressure increased to 110/80 mmHg
and cardiac catheterization was performed.

Catheterization revealed a proximal total occlusion of her right coronary artery,
proximal to the acute marginal coronary arteries. Her system was left dominant. The
left main coronary artery showed no stenosis. The left anterior descending artery
and left circumflex artery also showed no angiographic disease. There was presence
of grade 3 collaterals filling the distal right coronary artery, coming from the left
anterior descending artery. Her right coronary artery was successfully opened with
adrug-eluting stent. The patient tolerated the procedure well and she was transferred
to the cardiac care unit for further monitoring.

After receiving sublingual nitroglycerin, the patient became obtunded and
required intubation. The stat bedside echo revealed a severely hypokinetic right
ventricle, thereby diagnosing right ventricular infarction in the setting of an infe-
rior wall myocardial infarction. The left ventricular function was normal, likely due
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to adequate collaterals supplying the right coronary artery and because her system
was left dominant. This echo changed management drastically. Instead of withhold-
ing intravenous fluids, as one would do with left ventricular failure, the patient was
judiciously given fluids and put on the appropriate inotropes. She became hemo-
dynamically stable and underwent successful percutaneous intervention without
difficulty.

In the cardiac care unit intravenous fluids were discontinued. The dobutamine
was tapered off as she became hemodynamically stable. She was successfully extu-
bated about 3 h later. Follow-up echocardiogram showed normalization of her right
ventricular function. She was discharged home after day three of her hospitalization
and has returned to her normal daily activities without consequence.

Acute Mitral Regurgitation

Introduction

Acute mitral regurgitation (MR) is one of the major fatal mechanical complica-
tions of acute myocardial infarction (MI). The three main causes of MR in the set-
ting of acute MI include ischemic papillary muscle dysfunction, papillary muscle or
chordal rupture, and left ventricular dilatation or true aneurysm.”* In the setting of
an inferior MI, a high index of suspicion for this complication should be entertained.
It usually occurs 2—7 days post-infarct and is associated with both ST-elevation and
non-ST-elevation infarcts.”® In such predisposed patients, the various risk factors for
any post-myocardial infarction rupture include delayed hospitalization (over 24 h),
undue in-hospital physical activity, and post-infarction angina. These complications
are all clinically significant as if undiagnosed and untreated they invariably result in
cardiogenic shock and an estimated 5% patient mortality.

Pathophysiology

The mitral valve is located retrosternally at the fourth costal space, consisting of an
anterior and posterior leaflet. In addition to both leaflets the mitral valve apparatus
consists of chordae tendinae, papillary muscles, ventricular wall, and annulus con-
nected to the atria. Each leaflet is supported by chordae tendinae that are attached
to both anterolateral and posteromedial papillary muscles which become taut with
each ventricular contraction ensuring valvular competence.

Any portion of the mitral apparatus can become anatomically disrupted and result
in a portion of the mitral valve becoming flail and dysfunctional. The degree of
resultant regurgitation is directly related to the extent of anatomic disruption. Most
of the time in the setting of acute MI, the rupture of an entire papillary muscle or
muscle head typically results in acute severe mitral regurgitation.”> Depending on
whether the infarct expansion includes one of the heads or both the rupture may



20 Acute Complications of MI 307

be termed complete or partial. In most patients, the anterolateral papillary muscle
receives dual blood supply from the left anterior descending and circumflex coro-
nary arteries and is less likely to be involved by the ischemic process than is the
posteromedial papillary muscle which is supplied solely by the posterior descend-
ing artery. Because of its single-vessel blood supply the posteromedial papillary
muscle is 6—12 times more vulnerable to vascular compromise and rupture than the
anterolateral papillary muscle. Often, the infarct expansion is relatively small with
poor collaterals, and up to 50% of patients have single-vessel disease, with many of
them being a consequence of a first-time MI.7%77 Several studies support that acute
MR is not only a common complication post-acute MI but that the degree of MR is
predictive of patient survival. In the “Should we emergently revascularize Occluded
Coronaries in cardiogenic shock?” (SHOCK) trial of early revascularization in car-
diogenic shock after acute MI, 169 patients had echocardiograms.”®”® Those with
noted moderate or severe MR (39%) had a significantly lower 1-year survival than
patients with mild or no MR (31 versus 58%). Larger studies calculate the mortality
of patients with moderately severe to severe MR during an acute MI to be 24% at
30 days and 52% at 1 year.”> Mild MR in the setting of acute MI, however, is not
associated with clinically adverse events as it is likely reversible and secondary to
the acute ischemic insult.

Of note select patients with moderate to severe MR, but without papillary muscle
rupture, are hemodynamically stable. In this setting patients respond well to medical
therapy and revascularization with or without eventual surgical intervention (mitral
valve repair or replacement or coronary artery bypass grafting).3® Thus papillary
muscle rupture is a poor prognostic factor.

Clinical Presentation

The clinical signs of papillary muscle rupture or severe dysfunction are consistent
with those of cardiogenic shock and are invariably seen in all mechanical compli-
cations of acute MI. The most common and alarming signs include hemodynamic
collapse and a new systolic murmur. Patients will present with acute onset, hypoten-
sion, pulmonary edema, a hyperactive precordium, and many times a new systolic
murmur but usually no thrill.

One must be careful in clinically assessing the murmur of acute MR as it can vary
significantly from the murmur of classic chronic MR in terms of timing in systole,
harshness, and radiation. The reason for this is the different etiologies and hemo-
dynamics behind acute or chronic mitral regurgitation. The murmur of acute MR
may be a mid-, late-, or holosystolic murmur that may or may not have widespread
radiation. The intensity of the murmur of acute MR does not always correlate with
the severity of the murmur. As many as 50% of patients with severe MR sec-
ondary to papillary muscle rupture have early equalization of left ventricular and
left atrial pressures resulting in silent MR or a relatively soft, short, and nonspecific

murmur. &
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Echocardiographic Features

Despite the advent of higher resolution cardiac imaging modalities such as
computed tomography and magnetic resonance imaging, emergent transthoracic
echocardiography has remained the imaging modality of choice to identify acute
mitral regurgitation in the setting of acute myocardial infarction. Transthoracic
echocardiography is extremely helpful in evaluating the presence and severity of
acute mitral regurgitation and can assess papillary muscle rupture with a diagnostic
sensitivity of 65-85%. Due to the close proximity of the ultrasound transducer to
the mitral apparatus, transesophageal echocardiography is often used to better elu-
cidate the cause of MR and improves the diagnostic yield to between 95 and 100%
(Figs. 20.17 and 20.18).31-83

Color flow imaging and continuous-wave Doppler ultrasound are crucial in
assessing the various etiologies of acute mitral regurgitation. Color Doppler imaging
is performed in several tomographic planes in order to construct a three-dimensional
impression of the extent, shape, and direction of the regurgitant jet. An eccentric
jet suggests pathologic regurgitation and provides clues about the mechanism of
regurgitation. Abnormalities of the posterior leaflet tend to result in an anteriorly
directed jet, while anterior leaflet or papillary muscle dysfunction tends to result in
posteriorly directed jet. Both the anterior and posterior leaflets of the mitral valve
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Fig. 20.17 Transesophageal echocardiogram demonstrating a flail posterior mitral valve leaflet
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Fig. 20.18 Transesophageal echocardiogram demonstrating a bilateral flail mitral valve leaflet

are attached to both papillary muscle heads. Thus, the direction and eccentricity of
the mitral regurgitant jet on echocardiography helps to locate the leaflet involved,
but not necessarily the coexisting papillary muscle pathology (Figs. 20.19 and
20.20).3

Often from a transthoracic window, the actual ruptured papillary muscle head
cannot be directly visualized. However, detection of an eccentric mitral regurgita-
tion jet with a relatively normal-sized left atrium is indirect evidence that a mechan-
ical disruption has occurred. Partial rupture of a papillary muscle, defined as rupture
of one of several “heads” or as partial disconnection of the base of the papillary
muscle, is seen more often than complete rupture as these patients are more likely
to survive long enough to undergo diagnostic evaluation. Classically, in this situ-
ation transthoracic echocardiography shows a thin, attenuated, excessively mobile
papillary muscle.! If one head has ruptured, about 60—70% of the time a mass may
be seen attached to the flail segment of the leaflet prolapsing into the left atrium
in systole and the left ventricle in diastole.?* Left ventricular function is usually
hyperdynamic as a result of ventricular contraction against the low-impedance left
atrium.” Again, if the entire papillary muscle is disconnected from the underlying
left ventricular wall, few patients survive due to acute severe mitral regurgitation.

Dilatation of the left ventricle or mitral annulus may also result in significant
mitral regurgitation usually as a central, symmetric jet. Thus in addition to anatomic
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Fig. 20.19 Transesophageal echocardiogram demonstrating severe mitral regurgitation repre-
sented by a posteriorly directed color flow Doppler jet due to a flail mitral valve leaflet

Fig. 20.20 Transthoracic echocardiogram demonstrating severe mitral regurgitation due to a flail
mitral valve




20 Acute Complications of MI 311

disruption of the mitral valve apparatus, mitral regurgitation can be the result of
functional disturbances in mitral valve coaptation. Ischemic mitral regurgitation
may be due to regional left ventricular dysfunction with abnormal contraction of
the papillary muscle or underlying ventricular wall. In patients with a myocardial
infarction, myocardial scarring results in mitral regurgitation at rest. In patients
with normal resting myocardial function but inducible ischemia with stress, mitral
regurgitation may be intermittent. Ischemic mitral regurgitation is characterized by
restricted leaflet motion, with tethering of valve closure and interfering with normal
valvular coaptation and giving an appearance of “tenting” of the mitral valve in sys-
tole.! Depending on the degree of displacement and which leaflet is involved, the
mitral regurgitant jet is often central and symmetric or eccentric and ranges from
mild to severe. In some cases it is difficult to determine if mitral regurgitation is the
cause or consequence of ventricular dilatation and systolic dysfunction.

As mentioned, although transthoracic echocardiography may suffice to estab-
lish the diagnosis, transesophageal echocardiography is often necessary to con-
firm the precise anatomic defect. It is often necessary to fully exclude ventric-
ular septal defect (VSD), especially in patients who may have had pre-existing
mitral regurgitation. This distinction is important as both complications have sim-
ilar clinical presentations and separate emergent surgical treatments. On occasion,
one may image a patient with papillary muscle necrosis but without frank rupture.
In these instances, one may note an abnormal shape of the papillary muscle. Three-
dimensional echocardiography has shown tremendous promise for localization of
the specific area of anatomic description.”?

There are several pitfalls in echocardiography that can lead to over or underesti-
mating MR. We would like to discuss some key confounding variables that should
be considered to ensure the correct assessment of acute MR. It is important to adjust
Doppler gains appropriately to avoid inappropriately low Nyquist limits. Incorrect
settings of both these parameters can artifactually overstate the mitral regurgitant
jet size. Of note, the jet size varies throughout systole and thus it is inaccurate to
calculate MR in any one still frame. In general, the severity of mitral regurgitation
is directly proportional to the area of the regurgitation jet in the left atrium. The
assessment of severity can be further assessed by indexing the regurgitant jet area
to left atrial size. Additionally, the width of the regurgitant jet at its origin, the vena
contracta, can be measured from the color Doppler image and has been correlated
with regurgitation severity as well.’% It is important to note that color flow Doppler
imaging of an eccentric layer along the left atrial wall will underestimate the regur-
gitation volume by approximately 40% when compared with an identical regurgitant
volume that is centrally located.”® However, Colombo et al. demonstrated that the
sensitivity of assessing acute eccentric mitral regurgitation in the setting of acute
myocardial infarction with TTE and TEE can improve by using color Doppler and
calculating the angle of the proximal MR jet and the plane of the mitral annulus
with an angle of < 47° on TEE and < 45° on TTE. The calculated sensitivity and
specificity was 88% for flail mitral leaflet.?

An additional parameter called spectral density is directly proportional to
the severity of the regurgitation.”® In the presence of a flail leaflet, the mitral
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regurgitation spectral signal may have an atypical appearance. Depending on where
the interrogation beam intersects the jet it can alter the density and velocity of the
signal, resulting in a less than holosystolic jet. Also flail portions of the mitral appa-
ratus that oscillate in the regurgitation flow stream can result in bright structures
embedded in the regurgitant jet termed “tiger stripe”. This atypical appearance of
the spectral signal results from the oscillating tissue densities in the regurgitant jet.
It is also associated with a “whistling” sound on the audible signal.”®

With acute MR an increase in left atrial pressure during late systole may be
present due to a steep pressure—volume relationship of the nondilated, noncompliant
left atrium. In this situation, the pressure gradient between the left ventricle and the
left atrium is high initially but then it equalizes in late systole as left atrial pressure
rises. The corresponding Doppler velocity curve indicates a high initial velocity with
a subsequent rapid fall in velocity in mid- to late systole. This pattern of Doppler
velocities is termed a v wave. Signal intensity of the mitral regurgitant signal in
comparison with antegrade flow is related to mitral regurgitation severity. In addi-
tion, significant regurgitation is associated with an increase in the antegrade velocity
due to increased transmitral volume flow. Pulmonary artery pressures also increase
in the setting of acute mitral regurgitation. Thus it is prudent to derive pulmonary
artery pressures from the tricuspid regurgitant jet velocity, estimated by right atrial
pressure.

Treatment

According to the 2004 American College of Cardiology/American Heart Associa-
tion guidelines on ST-elevation MI and on coronary artery bypass surgery (CABG),
treatment for any mechanical complication of acute MI including acute MR is emer-
gent surgical correction of the mitral valve and CABG when indicated. Prompt
diagnosis and initiation of medical therapy in the interval to emergent surgery are
all important for a favorable outcome. Prompt diagnosis and aggressive medical
therapy prior to surgery markedly improve patient outcomes. When consider-
ing hemodynamic compromise secondary to significant acute mitral regurgitation,
aggressive medical resuscitation involves improving forward flow by afterload
reduction and thus improving the regurgitant fraction. Afterload reduction is accom-
plished with the use of nitrates, sodium nitroprusside, diuretics, and intra-aortic bal-
loon pump counterpulsation.

The operative mortality for these patients is an estimated 20-25% and heavily
dependent on the timing of diagnosis and treatment. Despite such a high mortality,
survival in patients restricted to medical therapy alone is significantly lower. Thus,
emergent surgical intervention remains the treatment of choice for papillary muscle
rupture.®® Of note, mitral valve repair rather than replacement should be attempted
in centers experienced in performing this procedure’-% and patients must meet
the strict criteria for mitral valve repair which includes the preserved integrity of the
mitral apparatus (i.e., intact papillary muscles and chordae). Interestingly, long-term
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results in one small study of 22 patients revealed a perioperative mortality of 27%
and a 7-year survival for the survivors of surgery of 64% (the overall 7-year survival
was 47%).8° The only factor which improved both immediate and long-term survival
was the concomitant performance of coronary artery bypass grafting.

Conclusion

Acute mitral regurgitation is a serious and frequently fatal complication of acute
myocardial infarction. It is important to recognize symptoms of cardiogenic shock
in these patients and to have a high clinical suspicion for mechanical complications.
The diagnosis should then be quickly confirmed with emergent echocardiography.
This diagnostic tool can be used at the bedside to accelerate surgical intervention
and thereby improve patient outcomes and survival from this deadly complication.

Acute Mitral Regurgitation Case Presentation

A 68-year-old female with no significant past medical history presented to the hospi-
tal with a 2-day history of progressive substernal chest pressure, shortness of breath,
and diaphoresis. She had never experienced such symptoms before. She did not take
any regular medications other than a multivitamin and denied any past or present
substance use.

Upon arrival to the emergency room the patient appeared in acute distress and
was only able to respond in brief sentences. Her breathing was labored with a res-
piratory rate of 28 rpm and her ambient air oxygen saturation was 83% which nor-
malized only with supplemental oxygen. She was tachycardic with a heart rate of
116 bpm and was hypotensive with a blood pressure of 82/50. Her jugular venous
pressure was elevated to the angle of the jaw with a prominent v wave. Her initial
cardiorespiratory examination was remarkable for an S3 with bilateral crackles.

A bedside electrocardiogram showed normal sinus rthythm at 110 bpm with 2 mm
ST elevations in leads II, III, aVF, Q waves in leads II, III, aVF, and 2 mm ST depres-
sions in leads I and aVL. The myocardial infarction team was activated and the
patient was immediately transferred to the cardiac catheterization lab for emergent
revascularization. Her chest X-ray demonstrated pulmonary vascular redistribution.
The complete blood count, electrolytes, and liver function tests were within normal
limits. The cardiac enzymes including troponin I and creatine kinase were elevated
consistent with myocardial injury. The leading diagnosis at the time was acute infe-
rior ST-elevation myocardial infarction.

After obtaining informed consent the patient underwent cardiac catheterization.
The catheterization revealed a totally occluded mid-right coronary artery stenosis
with no distal collaterals. A right coronary artery stent was successfully placed with
resultant TIMI III flow. However, toward the end of the case, the patient decom-
pensated further. She grew increasingly obtunded, hypoxic, and her systolic blood
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pressure fell to the mid-70s. At this point she was emergently intubated, an intra-
aortic balloon pump was placed, and she was started on dopamine for pressure sup-
port. Due to her continued hemodynamic collapse despite revascularization, a stat
transthoracic echo (TTE) was performed emergently. The TTE revealed an eccen-
tric, anteriorly directed jet of severe mitral regurgitation with a presumed diagnosis
of a ruptured posteromedial papillary muscle attached to the flail posterior mitral
valve leaflet. The cardiothoracic surgery team was alerted of the patient’s clinical
status and she was taken to the OR. Intraoperative transesophageal echocardiogra-
phy (TEE) confirmed the TTE diagnosis of posteromedial papillary muscle rupture
with resultant acute and severe eccentric mitral regurgitation.

During cardiopulmonary bypass, one head of the posterior papillary muscle was
ruptured and attached via chordae to the flail posterior mitral leaflet. A mechanical
mitral valve was implanted without complication. The patient postoperatively did
well and was discharged from the hospital on the fifth postoperative day.
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Chapter 21
Chronic Complications of Acute Myocardial
Infarction

Sandeep Joshi, Gregory Janis, and Eyal Herzog

Acute myocardial infarction (AMI) affects 1.7 million individuals within the United
States annually and is an inevitable fatal in 25% of these patients and thus is one
of the leading causes of sudden cardiac death (SCD). Among those who survive
the immediate effects of an AMI, long-term complications can occur following the
event, which may manifest within the acute-phase period or weeks following the
infarction. These entities can be readily diagnosed via echocardiography, the gold
standard, for imaging cardiac structures. Acute complications have been discussed
in a previous chapter. This chapter will discuss the chronic complications of an AMI,
which include ventricular aneurysm, ventricular pseudoaneurysm, left ventricular
thrombus formation, and infarct expansion/cardiac remodeling.

Ventricular Aneurysm

Left ventricular aneurysm (LVA) is a common mechanical complication follow-
ing an AMI, occurring between 10 and 15% of patients. Prior to the era of cur-
rent management strategies such as thrombolytic therapy, percutaneous coronary
intervention, and the administration of afterload-reducing agents, the incidence was
approaching 40%."> An analysis of 350 patients has shown that the incidence of
LVA among 350 consecutive patients with ST segment AMI, treated with throm-
bolytic therapy, was significantly lower in those with a patent infarct-related artery
(7.2% vs. 18.8%).

It 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 walls
consist of thin, scarred, or fibrotic myocardium, completely devoid of muscle, a
resultant of a healed transmural AMI. The pathogmonic features include a wide
mouth that enables communication with the aneurysmal cavity. Often this is evident
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at 4-6 weeks following an AMI. The involved wall segment is either akinetic or
dyskinetic during systole and collapses inward when the ventricle is fully vented
during surgery. LVA of the apex and the anterior wall are approximately four times
more common than those of the inferior or the inferoposterior walls (Figs. 21.1 and
21.2).

Fig. 21.1 Apical four-chamber view (leff) and two-chamber (right) views obtained during stress
echocardiography depicting a large apical AMI with a large aneurysm (arrows). Notice the distinct
break in wall thickness and function (arrows)

Approximately 70-85% of LVAs are located in the anterior or apical walls due,
in most cases, to complete occlusion of the left anterior descending (LAD) coronary
artery and the absence of collateralization. However, 10-15% of cases involve the
inferior-basal walls due to right coronary artery occlusion. A rare finding is a lat-
eral LVA, which is the result of an occluded left circumflex coronary artery. Among
patients with multivessel disease, LVA is uncommon if there is extensive collateral-
ization or a nonoccluded left anterior descending artery.

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

The endocardial surface is smooth and nontrabeculated. The aneurysm is filled
with organized thrombus in more than 50% of cases, which has the tendency
to calcify over time.* Dense adhesions between the aneurysm and the overlying
pericardium are common phenomena. On a molecular level, initially, the ven-
tricular wall is characterized by myocardial muscle necrosis and a concomitant
intense inflammatory reaction, which eventually is replaced with scar tissue for-
mation, and a mature aneurysm consists mostly of hyalinized fibrous tissue. The
“border zone”, i.e., the layer between the aneurysm and the healthy myocardium,
is characterized by patchy fibrosis and abnormal alignment of the muscle
fibers.
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Fig. 21.2 ( Top) Apical
three-chamber view obtained
from transthoracic
echocardiogram revealing a
large left ventricular
aneurysm enhanced with
color flow Doppler (bottom)
establishing an area of
communication between the
normal left ventricle and the
aneurysmal portion

Diagnosis

A prior history of AMI is almost universally present in patients with an LVA that is
not associated with other etiologies such as hypertrophic cardiomyopathy or Cha-
gas disease. The physical examination may reveal one or more of the following
findings:

e Cardiac enlargement with a diffuse apical impulse located to the left of the mid-
clavicular line.

e An area of dyskinesis can occasionally be appreciated with palpation of the apex
or the left lateral chest wall, in the area of the anterior wall of the LV.

e A third and/or fourth heart sound (S3 or S4) is often heard, which heralds the
onset of coronary blood flow into a dilated and stiffened LV chamber.
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e A mitral regurgitation like systolic murmur may be appreciated due to the dis-
tortion of LV geometry that results in the absence of leaflet apposition, papillary
muscle dysfunction, and/or annular dilatation.

The electrocardiogram (ECG) usually reveals evidence of a large AMI and there
may be persistent ST segment elevation; however, this finding is usually the result
of a large area of scar and does not necessarily imply an aneurysm.

Although limited and rarely used today, chest radiography may aid in the diag-
nosis of an LVA; however, given the extreme limitations of chest radiography, the
diagnosis is definitively made via two-dimensional echocardiography. A simple def-
inition of an LVA on echocardiography imaging is the presence of a dyskinetic
wall motion abnormality with the feature of diastolic deformity.>® Transthoracic
echocardiography (TTE) is most often used and has globally emerged as the diag-
nostic tool of choice. The benefits of echocardiography over other imaging modal-
ities include its relatively noninvasiveness, simplicity, the ability to perform at the
bedside, and the ability to yield immediate results when interpreted by an experi-
enced physician.

Radionuclide ventriculography or contrast ventriculography at the time of
cardiac catheterization are alternatives; however, they are rarely used. Three-
dimensional echocardiography and cardiac magnetic resonance imaging (MRI) are
newer modalities that are increasingly used for diagnosis, measurement of left ven-
tricular volume, and for postoperative follow-up. These modalities are also useful
to distinguish between a true and pseudoaneurysm.” MRI can be useful to assess
myocardial viability particularly in patients with akinetic segments; however, data
are more limited on the use of cardiovascular MRI. Given the limitations of MRI
imaging, such as excluding patients with pacemakers, intracardiac defibrillators, or
prosthetic joints, echocardiography remains the test of choice for diagnosis.

Complications

There are a number of serious complications that can result from an LVA.

A. Heart Failure and Angina: During ventricular systole, the paradoxical bulging
of the aneurysmal segment results in “stealing” part of the LV stroke volume,
resulting in decreasing cardiac output and predisposing to LV volume overload.
As the LV dilates, the wall stiffens and LV end-diastolic pressure rises. As per
Laplace’s law, a consequential increase in wall tension and LV cavity enlarge-
ment occurs. This increase yields a greater degree of circumferential wall stress
and therefore increased oxygen demand. In the setting of underlying coronary
artery disease, the increase in oxygen demand may lead to relative or absolute
myocardial ischemia with subsequent angina. The end-result of long-standing
volume overload and prolonged ischemia is a globally dilated, failing left
ventricle.
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B. Ventricular Arrhythmias: Ventricular arrhythmias, a substrate for SCD, are com-
mon in patients with an LVA. Two principal mechanisms appear to be contribut-
ing the following:

1. Myocardial ischemia and increased myocardial stretch can lead to enhanced
cardiac automaticity.

2. The myocardium located at the border zone is made up of a mix of fibrotic
tissue, inflammatory cells, and damaged muscle fibers, which is a suitable
substrate for a reentrant tachycardia as it may develop when two or more
electrically heterogeneous pathways having different conduction velocities
and refractoriness are connected proximally and distally.

C. Systemic Embolization: As previously mentioned, a mural thrombus is identified
in autopsy or surgery in >50% of patients with LVA. Furthermore, two factors
play a pivotal role in clot formation in this setting. The first is stasis of flow in the
aneurysm cavity and the second is direct contact of blood with potentially pro-
coagulant fibrous tissue in an LVA rather than normal endocardium. A possible
fatal consequence of thrombus formation is systemic embolization.

D. Ventricular Rupture: LVAs may enlarge over time. However, unlike false
aneurysms, a true LVA rarely ruptures because of the dense fibrosis that com-
prises the walls.®-¥

Natural History

The natural history of patients with LVA continues to remain ambiguous. Very early
data suggest that among patients with pathologically proven LVA, the 3- and 5-year
survival rates were 27% and 12%.°

In contrast, the 5-year survival in the subset of patients with LVA from the Coro-
nary Artery Surgery Study (CASS) was much better at 71%.'° These differing views
are emblematic of differences in several major variables such as the size and mag-
nitude of the aneurysm, whether the aneurysmal segment is dyskinetic or akinetic,
the extent of coronary disease (single vs. multivessel), and the function of the nona-
neurysmal part of the LV. An important caveat that lies herein is that much of the
data presented are based on treatment strategies prior to the institution of current
medical therapies with the widespread use of primary percutaneous coronary inter-
vention or thrombolytic therapy. Therefore, the use of these as absolute markers
against which surgical results should be compared is limited.

Treatment

Medical Therapy

Mild-to-moderate size asymptomatic aneurysms can be safely treated medically
with an anticipated 5-year survival of up to 90%. Therapy is aimed at reduction
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of afterload of the LV enlargement via angiotensin-converting enzyme inhibitors,
nitrates, and anticoagulation in the setting of significant LV dysfunction or evidence
of thrombus within the aneurysm or LV. The optimal approach to the patient with a
large, asymptomatic LVA remains a clinical dilemma. Concomitant repair of the
aneurysm has been advocated when coronary artery bypass surgery (CABG) or
valve surgery is performed. In the absence of such indications for surgery, these
patients should otherwise be treated with the same regimen as those with a small
LVA; they should also be followed closely for progressive left ventricular dilation.
Similar to other settings of chronic volume overload, a progressive increase in LV
diameter and/or decrease in LV ejection fraction are a clear indication for surgery
even prior to the presence of advanced heart failure or other symptoms.

Indications for Surgical Repair

As per the 2004 American College of Cardiology/American Heart Association
(ACC/AHA) guidelines on ST elevation MI, aneurysmectomy, accompanied by
CABG, in patients with an LVA who have repetitive ventricular arrhythmias and/or
heart failure unresponsive to medical and catheter-based therapy!! is a Class Ia rec-
ommendation and is therefore reasonable. Surgical repair should be considered for
symptomatic patients with either akinetic or dyskinetic segments, as they represent
variants in the spectrum of the same disease. Surgical repair of an LVA is very
effective and results in a significant improvement in patient survival, symptoms,
and functional class compared to medical treatment.'?!3-!*Furthermore, a marked
decrease in surgical mortality has been achieved in the past 25 years, resulting in an
expansion of indications for surgery.

Endocardial mapping with subsequent endocardial resection and possible
cryoablation are performed in patients with malignant ventricular arrhythmias.
Nonguided endocardectomy also may be an effective approach. In a review of 106
patients with LVA and spontaneous or inducible ventricular tachycardia (VT) who
underwent this procedure, no patient had spontaneous VT at late follow-up and only
11% had inducible VT.'3

Ventricular Pseudoaneurysm

A left ventricular pseudoaneurysm (LVPA) or false aneurysm forms when cardiac
rupture is more or less contained by adherent pericardium or scar tissue. Unlike
a true aneurysm, an 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 tissue
with excellent tensile strength, the wall of an LVPA is comprised of thrombus,
varying portions of the epicardium, and parietal pericardium. It is the result of an
AMI with myocardial rupture and hemorrhage into the pericardial space, becoming
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progressively compressive. Cardiac tamponade occurs, thereby preventing further
hemorrhage into the pericardium. Over time, thrombus organizes, with overall poor
structural integrity, and is thus prone to inevitable rupture, a fatal and catastrophic
event.'%

Etiology

Majority of cases of an LVPA are products of an AMI, particularly of the inferior
wall, which was twice as common as the anterior wall. There are some cases that
are the complications from surgery, such as mitral valve replacement and aneurys-
mectomy itself. Trauma accounted for a small percentage as well.

The site of an LVPA varies with the underlying etiology. Data suggest that
LVPAs are primarily noted in the inferior or the posterolateral wall following an
AMI, which is consistent with inferior infarction, in the right ventricular outflow
tract after congenital heart surgery, in the posterior subannular region of the mitral
valve after mitral valve replacement, and in the subaortic region after aortic valve
replacement.'’

Clinical Presentation

It has been suggested that the most frequent symptoms associated with LVPA
include chest pain and dyspnea. However, often symptoms can be somewhat vague
and nonspecific. The other symptomatology includes that of tamponade, heart fail-
ure, syncope, arrhythmia, or systemic embolism. Cardiac murmurs are present in
about two-thirds of patients. The murmur is often indistinguishable from that of
mitral regurgitation. Almost all patients have some degree of underlying ECG
changes, which include ST segment elevation and nonspecific T wave changes. Evi-
dence of a mass on chest x-ray is seen in more than one-half of patients; however, as
previously mentioned, this is not specific or sensitive for the diagnosis of an LVPA.!”

Diagnosis

The most reliable method for diagnosis of an LVPA is via echocardiography. A
transthoracic echocardiogram (TTE) is a reasonable first step, but a definitive diag-
nosis is made in only a fraction of patients. Echocardiography can usually distin-
guish a pseudoaneurysm from a true aneurysm by the appearance of the connection
between the aneurysm and the ventricular cavity. Small discrete ruptures of the ven-
tricular wall are compatible with survival. Thus, as a result, 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. 21.3 and 21.4). In contrast,
true aneurysms are nearly as wide at the neck as they are at the apex.
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Fig. 21.3 Short-axis view of the left ventricle (lower cavity) during transesophogeal echocardio-
graphy. Large pseudoaneurysm (fop cavity) noted in a 65-year-old female 2 months following an
AMLI. Notice the narrow “bottleneck” opening (arrows)

Fig. 21.4  Short-axis view from transesophogeal echocardiogram depicting a large pseudoa-
neurysm. Notice the narrow “shelf-like” opening into the aneurysmal cavity
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Interestingly, the LVPA is comprised of aneurysmal cavity and organizing
hematoma; the true sized is often underrepresented on echocardiography since a
hematoma has a similar appearance to many soft tissue densities like surround-
ing structures. Therefore, it is not uncommon to notice a large pericardial mass
on computed tomography or on a chest x-ray. This makes it difficult to ascertain
the ratio of the size of the opening to the LV cavity to the actual aneurysmal size
since the blood-filled aspect can be visualized. Cardiovascular MRI is an alterna-
tive to angiography or echocardiography that may be useful in order to distinguish
a pseudoaneurysm from a true aneurysm. However given the extreme limitations of
MR, it is rarely used, as in the case with LVA which was discussed earlier in this
chapter.

Treatment

Untreated LVPA has a 30-45% risk of rupture and, with medical therapy, a mortal-
ity of almost 50%. Thus, surgery is the preferred therapeutic option. With current
techniques, the perioperative mortality is less than 10%, although the risk is greater
among patients with severe mitral regurgitation requiring concomitant mitral valve
replacement.'

Left Ventricular Thrombus

A mural LV thrombus is a frequent sequelae of an AMI and most commonly devel-
ops in the presence of a large infarction. Its formation is prone to originate in regions
of stasis. It is most commonly noted to occur in the apex of the left ventricle but may
also occur in the lateral and inferior aneurysms. Prior to conventional medical ther-
apy such as thrombolytics, the incidence was between 25 and 40%'° and has since
decreased substantially. The major risk of a thrombus is subsequent embolization,
which is highest during the first 2 weeks following an AMI with eventual reduction
of risk by 6-8 weeks. This is attributed to a relative endothelialization of the throm-
bus with reduction in its embolic potential. Echocardiography has high sensitivity
(95%) and high specificity (85%) for identification of a left ventricular thrombus
and has emerged as the diagnostic modality of choice. Certain echocardiographic
features are important for diagnosis. These include size, the character of the throm-
bus, i.e., whether it is a laminar type, which has the formation of a layer against
the akinetic wall, or whether it is pedunculated or protruding, an entity that is prone
to embolize. Fresh thrombi have a cystic appearance secondary to a combination
of thrombus maturity and display acoustic boundaries between fresh and organized
regions. These may also often have a distinct echolucency within the center. Further-
more, when using new generation high-frequency transducers, spontaneous contrast
is noted in the LV cavity, which is seen in the area of a wall motion abnormality.
This is most likely a product of stagnant blood in the region of aneursymal dila-
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Fig. 21.5 Apical four-chamber transthoracic view and two-chamber view (bottom) from a 74-
year-old patient 3 months following AMI. Notice the large protruding apical thrombus (arrow).
Color flow imaging may be used to demonstrate abnormal swirling patterns of blood

tion. Also, abnormal swirling patterns of blood may be observed via color flow
imaging at low velocities. In addition, the use of intravenous contrast agents that
are perfluorocarbon-based, passing into the LV cavity, completely opacifies the LV
apex and by doing so a filling defect can be noted which can confirm the presence
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of a thrombus. Characteristically, a thrombus has a nonhomogeneous echo density
with a margin distinct from the underlying wall, which is akinetic to dyskinetic
(Fig. 21.5). A thrombus is more likely to occur following an AMI in the LAD artery
distribution (up to 33%) vs. the right coronary or circumflex (<1%) coronary arter-
ies. False positives may occur. For instance, false chordae or false tendon spanning
the LV apex as well as coarse trabeculations associated with LV hypertrophy and
near-field artifacts (commonly present in low-frequency transducers) may mimic
the echocardiographic findings. High-frequency transducers can differentiate true
thrombus from these artifacts and color Doppler flow or intravenous contrast agents
may outline the contours of the thrombus, creating a filling defect and improving the
detection of the thrombus. TEE may not visualize the apex as well as transthoracic
echocardiography.'®-1?

Cardiac Remodeling After Myocardial Infarction

Observations in patients with AMI depict the frequency and significance of car-
diac remodeling in patients with LV dysfunction. The GISSI-3-Echo Substudy?’
examined the frequency with which remodeling occurs in this setting via serial
echocardiograms, which were performed in 614 patients with an average infarct
size that was relatively small (26%). Using the end-diastolic volume index (EDVI)
as a marker of remodeling, the following observations were noted:

e Between 24 and 48 h after symptom onset to hospital discharge, the EDVI dimin-
ished to 26%, and then subsequently increased modestly in 32%, and increased
more than 20% in 19%, representing severe early remodeling.

e Between hospital discharge and 6 months after infarction, the EDVI fell in 31%),
was stable in 25%, increased modestly in 28%, and increased more than 20% in
16%, indicative of severe late remodeling.

In-hospital LV enlargement was not predictive of subsequent remodeling, but late
remodeling, which most often occurred in the absence of in-hospital LV enlarge-
ment, was associated with a progressive deterioration of global LV function and
more extensive wall motion abnormalities. Determinants of infarct expansion and
LV remodeling include large infarct size, ST segment AMI, anterior location, lack
of patency of the infarct vessel, elevated intraventricular pressure, and the use of
thrombolysis. Data from the GISSI-3 trial suggest that serial ECG changes can pre-
dict postinfarction remodeling.?’ Lack of negative T wave resolution or the late
appearance of new negative T waves was associated with less recovery of wall
motion abnormalities, more pronounced LV enlargement, and progressive deterio-
ration of LV function; in contrast, normalization of negative T waves was related to
functional recovery of viable myocardium and was more useful than QRS changes.
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Use of Imaging Techniques

Both radionuclide imaging and echocardiography provide a simple assessment of
LV systolic function and chamber size. Although echocardiography is reliable in
clinical trials, repeat measurements of LV mass and volume or LVEF may vary con-
siderably and methods are poorly standardized between centers. Further limiting
its use is the inability to obtain good images in some patients, such as those who
are obese or have airway disease. Thus, one must be cautious in using standard
echocardiographic monitoring to guide management. Echocardiography using har-
monic imaging and contrast injection improves the accuracy and reproducibility of
standard echocardiography and therefore, echocardiography has emerged globally
as the diagnostic tool of choice, even further expanded with the advent of three-
dimensional echocardiography.

Cardiac MRI provides better accuracy and reliability than echocardiography.
However, it is both difficult to access and expensive, which limits routine use.

Use of LVEF to Guide Management

The LVEEF, regardless of how it is measured, is an important predictor of outcome.
For instance, the Val-HeFT?! trial identified LVEF as a powerful predictor of all-
cause mortality in patients with HFE. The mortality increased in a nonlinear fashion
as LVEF diminished, with the mortality rate increasing steeply in patients with an
LVEF <0.25. However, using LVEF to estimate survival in an individual patient is
of limited value. Another dilemma is that the LVEF is of limited utility in some
situations, as in the immediate postinfarction period where LV dysfunction may be
caused by large areas of hibernating or stunned myocardium. Despite these limita-
tions, information about the LVEF, generated from echocardiography, often results
in management decisions. Increases in LVEF have been linked to improved prog-
nosis. Although the degree of improvement is important, it must be considered in
the context of other responses that may affect mortality. An analysis of the com-
bined data from a Val-HeFT substudy®? showed that, although enalapril failed to
increase LVEF as much as hydralazine/isosorbide dinitrate, it was associated with
a greater reduction in mortality; these observation suggest that inhibition of the
renin—angiotensin system conferred additional survival benefit. The V-HeFT data
also found that serial measurements of LVEF provided additional prognostic infor-
mation, suggesting that there is some merit to monitoring LVEF or chamber size to
assess response to therapy and altering it accordingly. However, randomized clinical
trials have yet to prospectively test this hypothesis.
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Chapter 22
Echocardiographic-guided Pericardial Drainage
in Acute Coronary Syndrome

Mark V. Sherrid, Gregory S. Sherrid, and Seth Uretsky

When patients with acute chest pain present to the hospital, 2D echocardiography
is often one of the first tests performed. This is because of the unique ability of
echocardiography to visualize not only myocardial motion but also myocardial
thickening, valvular pathology and function, proximal aortic root, and the peri-
cardium. Moreover, since echocardiography can be performed at the bedside, such
evaluation can be done quickly on the very sickest patients.

Not infrequently, a patient thought initially to have an acute coronary syndrome
will be found to have a large pericardial effusion and normal left ventricular wall
motion. With this information, there is an abrupt shift, and new diagnostic and ther-
apeutic possibilities arise. In this chapter, we discuss how echocardiography cannot
only help diagnosis but also treat large pericardial effusions. On occasion in selected
patients, the decision will be made after consideration of risks and benefits to drain
the pericardial fluid and examine its contents for diagnostic purposes. Also, a pigtail
catheter may be left in the pericardial space to drain the fluid.

Echocardiographic-guided pericardial drainage has been introduced as a less
invasive technique than subxiphoid surgical window pericardiostomy.'~It is indi-
cated for drainage of symptomatic large pericardial effusions.

Technique

The patient is placed in a shallow right anterior decubitus position by placing a pil-
low or a wedge underneath the right shoulder. Two-dimensional echocardiography is
performed, specifically searching for the area of the chest wall where the pericardial
fluid is closest to the skin.!*> Our preferred location is at the apex of the left ventri-
cle. As pericardial fluid accumulates, the lung is pushed out of the way and the apex
becomes completely occupied by the pericardial effusion (Fig. 22.1). An excellent
ultrasound window offers assurance that one is not over the lung. This window often
extends as far as the left anterior axillary line in very large effusions. The pericardial
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Fig. 22.1 The technique of echocardiographic guided pericardial drainage. (A) Using the 2D
echocardiographic transducer the physician searches for the interspace location on the chest wall
with the closest access to the large pericardial effusion. Generally the fluid will be 2—3 cm from
the transducer. The transducer angle, cranio-caudad, and medial-lateral from the center of the chest
is noted. The interspace location is marked with a marker. The patient is prepped and draped.
(B) Local anesthesia and low dose sedation is administered. Using the same position and angle
noted above, the pericardial needle is gently advanced over the top of the rib into the pericardial
space. (C) A J wire is advanced though the needle and into the pericardial space. If fluoroscopy
is available the J wire is noted to course from the left side into the right without any intervening
boundaries. This is a good confirmer that the wire is in the pericardial space and not in the heart. A
sheath is placed over the wire, using standard Seldinger technique. Agitated saline may be injected
at this point. (D) The pigtail catheter is then advanced into the pericardial space and evacuation of
the fluid is begun

fluid is generally 2—3 cm below the skin in this location. Other sites of entry are pos-
sible, including the parasternal spaces and the traditional subxiphoid entry. The sub-
xiphoid route always requires a longer needle track with associated discomfort and
demands a more precise direction of needle angle. The parasternal spaces, while



22 Echocardiographic-guided Pericardial Drainage 335

completely accessible, require one to avoid the internal thoracic artery.® We have
generally required an effusion >1cm in AP direction; attempting to place the nee-
dle in a smaller effusion risks hitting the heart.

The ideal interspace is chosen and a mark is made there with an indelible marker
(Fig. 22.1A). With the transducer showing a “straight shot” into pericardial fluid,
one observes the transducer angle relative to the center of the chest: both medial-
lateral and cranio-caudad. Note also how far from the skin the fluid would be
expected, and also the distance to the heart. Next, the ultrasound gel is cleaned
off and the patient is prepped and draped.

The site of entry is just over the top of the rib. Local anesthesia is instilled,
including both the skin and the intercostal muscle. The patient is lightly sedated. A
0.5 cm incision is made with a #14 scalpel blade.

The pericardiocentesis needle is gently inserted through the incision with the
precise angle that had been indicated by the echo probe (Fig. 22.1B). The trocar is
left in place until the needle is almost at the depth where fluid might be expected. It is
then removed and gentle aspiration is applied using a 3 cc syringe. The pericardium
is usually entered with a small pop. Once pericardial fluid is found, it is important to
keep the needle still to avoid lacerating the heart. One advantage of the apical route
is that the coronary arteries are small at the apex and there is less danger of lacerating
a major coronary artery. Such a complication is possible from the parasternal entry.

Bloody fluid is often aspirated in patients who have malignant effusions or post-
surgical cases. However, on close inspection, the fluid is serosanguineous not frank
blood. Throughout the insertion of the needle and the sheath, a nurse observer
watches the electrocardiogram; the occurrence of ventricular tachycardia indicates
that the heart has been hit and the needle should be withdrawn.

A guide wire with a small J is placed through the needle into the pericardial
space (Fig. 22.1C). If the procedure has been done in the cardiac catheterization
laboratory, typically the wire is seen to pass from the left chest into the right chest on
fluoroscopy, as there are no intracardiac borders to confine it. This is a good marker
of entry into the pericardial space. The needle is removed and then, using standard
Seldinger technique, a sheath and introducer are inserted into the pericardial space
and the guide wire and introducer are removed, leaving just the sheath.

At this point, agitated saline may be injected into the sheath to confirm location
during echocardiography recording. This may also be done earlier when just the
needle is in place. It is not necessary to record the echocardiographic transit of the
needle and the sheath because the needle and the sheath are rarely clearly seen. A
pigtail catheter 6—8 F is inserted through the sheath and the sheath is withdrawn
(Fig. 22.1D).

Removal of the Fluid

The first aliquot should go for bacterial and fungal culture, Gram stain, AFB smear,
and AFB culture. The next aliquot should go for cells, protein and sugar, and LDH.
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The last aliquot, the largest, should be sent in its entirety to the cytology laboratory.
If tamponade had been present, after removal of 200 cc, the patient’s vital signs will
often improve. The catheter is then sewn to the chest wall with three restraining
sutures and taped thoroughly. The fluid is collected by gravity drainage or attach-
ment to a hemovac collector.

The catheter is left for at least 4 days until fluid drainage is <40 cc per shift.
This allows for apposition of the two layers of the pericardium with each other.
This apposition fosters fibrous adhesions to form between the two layers of the peri-
cardium and prevents new fluid accumulation. Adhesions are also the mechanism
whereby surgical window pericardiostomy works, as well. Surgical windows close
after several days. To avoid clotting of the catheter, 3 cc of heparinized saline should
be injected, using sterile technique, and left in the pericardial tube every 8 h.

There may be oozing of pericardial fluid around the catheter through the insertion
site. This is not of concern, and we have not seen infection. It is managed by sterile
dressing changes. If there is suspicion of malignancy, we generally wait until the
cytology returns. If cytology is positive, in many cases, after consultation with the
oncology service, we will inject intrapericardial bleomycin 30 units diluted in 50 cc
normal saline. This is done to foster adhesions between the visceral and the parietal
pericardium. However, others indicate that bleomycin is not necessary to prevent
recurrence.’

When the catheter is removed, the sutures are cut and the catheter is simply pulled
back, gentle pressure is placed on the entry site for a minute, and then a small dress-
ing is placed; chest X-ray is checked.

Echocardiographic guidance of pericardial drainage was pioneered at the Mayo
Clinic. A first report came from Callahan and coworkers' which demonstrated
the value of 2D echo-guided pericardiocentesis in 117 patients. This was fol-
lowed by the report of Kopecky and colleagues® which detailed pericardial catheter
drainage in 42 patients; of note, only 6 patients (14%) required subsequent surgi-
cal pericardiectomy. More recent review described 1127 patients from a 21-year
experience.’** The most common etiologies for the effusion were malignant 25%,
postoperative 28%, and cardiac perforation from invasive procedure 14%. Virtually
all of the patients had either tamponade clinically or echocardiographic tampon-
ade (84%). The recurrence rate was only 14% for the patients who had extended
drainage. The major complication rate was 1.2%. Echo-guided drainage has been
extended to the pediatric population.’

Others have detailed their experience with percutaneous echo-guided pericardial
drainage.”’~*? Comparison of surgical subxiphoid pericardiostomy and percutaneous
drainage has been described.?!-?? In these series, pericardial drainage has generally
acquitted itself well with little advantage shown by the surgical technique. Allen
and colleagues found higher complication rates with the percutaneous technique,
but pericardial drainage was not echocardiographically guided.?> A similar com-
parison was reported by McDonald and coworkers.?! This series was retrospective
and not randomized; moreover, echocardiographic guidance was not universal. Hos-
pital mortality and effusion recurrence was higher in the percutaneous group, but
this could be due to selection of patients.?? Regardless, if symptomatic pericardial



22 Echocardiographic-guided Pericardial Drainage 337

effusion recurs, a repeat drainage procedure can be performed or surgical pericar-
diostomy may be selected at this time.

Surgery requires anesthesia and intubation. In patients with hypotension or
hemodynamic instability, induction of anesthesia may be complicated by cardiac
arrest. Surgical subxiphoid pericadiostomy often requires prolonged hospitalization.
It is more painful. Risks of pneumonia and infection are increased. Also, in patients
with pericardial malignancy chemotherapy may be started sooner with the percuta-
neous technique.

Diagnostic Yield for Malignancy

In the study of McDonald and coworkers, in patients with previously known malig-
nancy, there was no difference in the frequency that malignancy was confirmed in
the percutaneous group vs. the open pericardiostomy group, 59% vs. 62%. The lack
of incremental yield occurred despite pathological examination of the pericardial
specimens. Of 52 patients with open drainage, only 4 (7%) had negative cytology
and positive pathology. A conclusion was that this makes “selection of the open
procedure for enhanced diagnostic purposes a questionable strategy”.”!

A high frequency of finding malignant cells in patients with malignant effusions
has also been reported by others.”'* In patients suspected of having malignant effu-
sions, Lindenberger and colleagues found malignant cells in 82% of cases and sus-
picious cells in 7%.° These investigators recommend percutaneous drainage for the
wider spectrum of large effusions, including late postoperative effusions (median
12 days post-op), uremia, inflammatory disease, idiopathic as well as malignant dis-
ease. Indeed, they would only exclude immediate postoperative hemorrhagic effu-
sions. In the late postoperative effusions valve surgery had been performed in 2/3;
the high frequency of late postoperative pericardial effusion was thought due to anti-
coagulation. The average INR in patients on anticoagulation was 2.28 at the time of
percutaneous drainage; ongoing anticoagulation is not a contraindication to percu-
taneous drainage. In contrast, systemic anticoagulation would generally be reversed
before open pericardiostomy.

The most feared complication of 2D echo-guided catheter drainage is chamber
perforation, which occurs infrequently, 16 patients (1.4%) in the largest experience
of 1127 patients. Of these, five (0.4%) had lacerations that required surgery and one
patient died postoperatively.®> This complication may be avoided by careful selec-
tion of patients: Avoid patients without a clear target — a >1 cm anterior effusion
under the needle. The >1 cm clearance should be maintained throughout the car-
diac cycle. Avoid patients with just posterior effusions. Monitor the ECG and if
ventricular arrhythmias occur, withdraw the needle. If perforation does occur and
the catheter is placed in the right ventricle, the best course of action is to insert
another catheter correctly into the pericardial space. Once its correct position is
assured, withdraw the first catheter. Generally the right ventricular puncture will
seal. If hemopericardium ensues at any time surgery should be done. Pneumothorax
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is also a possible complication of echo-guided pericardial drainage occurring in
1.1% of patients. Of these, five (0.4%) of the patients required chest tube for lung
re-expansion. This may be avoided by selecting an interspace that is directly over a
large, clearly visualized, pericardial effusion, with minimal distance for the needle
to traverse.
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Chapter 23

Risk Stratification Following Acute Myocardial
Infarction: Role of Dobutamine Stress
Echocardiography

Raaid Museitif, Mohamed Djelmami-Hani, and Kiran B. Sagar

Introduction

The role of dobutamine stress echocardiography (DSE) in risk stratification post-
acute myocardial infarction (AMI) has rapidly evolved. In the pre-stent era it helped
identify patients who were at higher risk of developing adverse events. These
patients were thought to benefit from more invasive therapy. In the post-stent era our
paradigm has shifted to an early invasive strategy for patients with non-ST-segment
elevation acute coronary myocardial infarction (NSTEMI). Since the majority of
NSTEMI patients undergo early angiography, the role for DSE has been dimin-
ished. However, when myocardial viability is of question, DSE still is an effective
tool.

Background

The treatment of acute myocardial infarction has changed significantly over the last
decade. Mortality has been significantly reduced with the widespread use of aspirin,
statins, beta-blockers, clopidogrel, IIb/Illa inhibitors, thrombolytics, and coronary
stents. Risk stratification is an integral part of managing patients with acute myocar-
dial infarction. Early risk stratification guides triage to clinical pathways of patient
care, optimizes use of hospital resources, and directs high-intensity pharmacologic
and technologic care to high-risk patients. In addition, risk stratification is extremely
important for patient and family counseling.

Bedside clinical criteria are excellent for identifying high-risk patients after an
acute myocardial infarction.!-23-#Patients presenting with cardiogenic shock and/or
heart failure have a significantly high morbidity and mortality. They need urgent
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primary coronary intervention without further testing to preserve large area of jeop-
ardized myocardium. This concept is the driving force behind primary interven-
tion and thrombolytic therapy in acute coronary syndromes. It is difficult to detect
patients who may be stratified as low to intermediate risk initially but may be at
risk of adverse events in the long term. Pre-discharge dobutamine stress echocar-
diography can assess preservation of viable myocardium and ischemia at a distance,
indicator of multivessel coronary artery disease.

In the pre-stent/pre-thrombolytic era, patients presenting with acute MI were
treated medically. Given the high rate of adverse outcomes, the need to identify
high-risk patients was evident. In 1979, Theroux et al. studied the role of submaxi-
mal exercise stress testing in post-MI patients.> A total of 210 consecutive post-AMI
patients underwent submaximal treadmill exercise stress testing prior to discharge.
Patients had to be free from chest pain for at least 4 days and without clinical signs
of congestive heart failure prior to stressing. They reported no procedural complica-
tions. They found that 63% of patients who reported chest pain during stress testing
went on to report angina within the following year compared with 36% of those
who reported no chest pain during testing. Mortality was 2.1% in patients without
ST-segment changes during exercise compared to 27% in those with ST-segment
depressions. They concluded that submaximal exercise stress testing could be per-
formed safely in post-MI patients and predicts mortality. This was a significant step
forward in post-MI risk stratification; however, the sensitivity was still too low.

Ambulatory electrocardiography (ECG) monitoring can also provide prognostic
information early after acute MI. Gill et al. took 406 patients with acute myocardial
infarction and performed submaximal exercise testing before discharge and 48-h
ambulatory ECG.® The primary outcome was death, nonfatal myocardial infarc-
tion, and hospital admission for unstable angina at 1-year follow-up. ECG monitor-
ing detected signs of ischemia in 23.4% of patients. Mortality was 11.6% among
patients with ischemia and 3.9% (p = 0.009) for those without. Patients with a pos-
itive stress test had a 3.9% mortality compared with 3.0% for those with a negative
test. Patients not tested had a 16.4% mortality (p < 0.001). Having signs of ischemia
on ambulatory ECG carried an odds ratio of 2.3 (95% CI 1.2—4.5) for death, nonfa-
tal myocardial infarction, or hospital readmission for unstable angina (p < 0.001).
Figure 23.1 below shows the cumulative risk of ischemia.

Quantitative exercise thallium-201 scintigraphy was studied by Gibson et al. and
was shown to predict future cardiac events when performed pre-discharge in post-
MI patients treated medically without thrombolytics.” They evaluated 140 patients
with acute myocardial infarction and compared them to both submaximal exer-
cise treadmill testing and coronary angiography. Patients were divided into high-
and low-risk categories. High-risk patients demonstrated TI-201 defects in more
than one vascular region, redistribution, increased lung uptake, ST-segment depres-
sion >1mm, angina, or angiographic evidence of multivessel disease. Low-risk
patients had single-region scintigraphic defects, no redistribution, no lung uptake, no
ST-segment depression, no angina, and no more than one vessel disease on angiog-
raphy. At 15 £ 12 months follow-up there were 50 cardiac events, 7 deaths, 9 recur-
rent myocardial infarctions, and 34 patients experienced Class III or IV angina.
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Scintigraphy identified 94% of the high-risk patients compared with 56% with exer-
cise testing (p < 0.001). Scintigraphy was also more sensitive than angiography (94
vs. 71%; p < 0.01). In addition, 12 out of 13 patients with single-vessel disease,
who had an event, demonstrated redistribution on scintigraphy. This study demon-
strated that submaximal exercise T1-201 scintigraphy can enhance our ability to risk
stratify patients post-myocardial infarction.

These findings are shown in Fig. 23.2. Given the enhanced sensitivity using
cardiac imaging with T1-201 scintigraphy, could echocardiography add prognostic
value to exercise stress testing? Ryan et al. prospectively studied 40 patients with
acute myocardial infarction.® Patients underwent exercise stress echocardiography
10-21 days post-infarct. They were followed for 6-10 months. Primary end points
included death, recurrent myocardial infarction, unstable angina, or coronary artery
bypass grafting. They found that the sensitivity and specificity of exercise stress test-
ing was 55 and 65%, respectively. However, when echo was added, the sensitivity
increased to 80% and specificity to 95%. This clearly showed that two-dimensional
echocardiography could significantly add to the prognostic value of exercise stress
testing in post-MI patients.

Dobutamine Stress Echo in Thrombolytic Era

Most of the above studies were performed in the pre-thrombolytic era. With the
introduction of thrombolytics, patients’ profiles changed. Lysis of the offending clot
left behind residual plaque with the potential to cause further injury to viable cardiac
muscle. This posed a new clinical problem: should these patients be sent for cardiac
catheterization or could they be treated medically? Was there a role for stress testing
to risk stratify patients post-thrombolytics?

Carlos et al. attempted to answer this question.’ They studied 214 patients with
acute myocardial infarction. Patients underwent dobutamine stress echocardiograms
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2-7 days post-infarction. Primary end point was the occurrence of a major cardiac
event (cardiac death, nonfatal MI, sustained ventricular tachycardia or fibrillation,
unstable angina, and congestive heart failure). Mean follow-up was 494 + 182 days
and occurred via chart review and telephone interviews. A total of 121 patients
received thrombolytics. Angiography was performed at the discretion of the attend-
ing physician who was blinded to the test results. Coronary angiography was per-
formed in 193 patients and 39% of the patients underwent revascularization prior
to discharge based on coronary anatomy. There were a total of 80 events. Death
occurred in 15 patients, nonfatal MI in 15, ventricular arrhythmia in 5, congestive
heart failure in 14, and unstable angina in 31. They found that significant predic-
tors of adverse outcomes were history of previous MI (p = 0.005), anterior infarct
(p = 0.006), multivessel coronary artery disease (p < 0.0001), nonviable infarct
zone (p = 0.0001), and ischemia/infarction at a distance (p < 0.0001). They also
demonstrated that nonviability and the extent of the infarcted area correlated to the
severity of cardiac events. Clinical, angiographic, and DSE variables were assessed
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via multivariate analysis. Ischemia/infarction at a distance and nonviability were the
only independent predictors of adverse outcomes (p < 0.0001), both of which were
obtained by DSE. This study provided the first evidence that DSE can be used to help
predict cardiac events in patients who received thrombolytic therapy (see Figs. 23.3,
23.4,23.5, and 23.6 for the result summary).
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Fig. 23.5 Incremental ROC analysis of algorithms for the prediction of all and hard events after
MI. DSE provided incremental value (see text for details). C, clinical; Alg, algorithm C/E, clinical
and resting echocardiography; C/E/LD, clinical, resting, and low-dose dobutamine echocardiogra-
phy; C/E/LD/PD, clinical, resting, low-dose dobutamine, and peak-dose dobutamine echocardiog-
raphy; C/E/A, clinical and resting echocardiography and angiography. *p < 0.05 vs. C Alg; §p <
0.05 vs. C/E Alg; gp < 0.05 vs. C/E/LD Alg; #p = NS vs. C/E Alg (from Carlos et al.”)

In a large study by Picano et al., 925 patients underwent dipyridamole stress
echocardiography (DSE) at a mean time of 10 days post-myocardial infarction and
followed for a mean of 14 days.'® Univariate analysis found that the most important
predictor of angina, death, or re-infarction was inducible wall motion abnormality
after dipyridamole administration (x> = 45.8). A Cox analysis found that the most
important predictors of death were age and wall motion score index during dipyri-
damole administration. Both motion score index and age were found to be indepen-
dent predictors of death. Mortality was 2% in patients with negative DSE, 4% in
patients with positive high-dose DSE, and 7% in patients with low-dose DSE. This
study proved the importance of DSE in stratifying patients post-myocardial infarc-
tion based on the absence or presence of wall motion abnormality and its severity.

Myocardial Contrast Echocardiography

The prognostic value of myocardial contrast echocardiography (MCE) as a tool
to assess myocardial viability in post-myocardial infarction patients treated with
thrombolysis was studied by Swinburn et al.!' They enrolled 99 post-AMI patients
and evaluated them with MCE. During a mean follow-up time of 46 £ 16 months,
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Fig. 23.6 Kaplan—Meier life table curves of all event-free survival (A) and hard event-free survival
(B) on the basis of dobutamine-responsive wall thickening (DRWT) at low dose, infarct size (Inf
size), and remote ischemia/infarction (Isch/Inf) (from Carlos et al.”)

the extent of residual myocardial viability was found to be an independent predictor
of cardiac death (p = 0.01) and cardiac death or MI (p = 0.002). They concluded
that the extent of residual myocardial viability as assessed by MCE is a powerful
and independent predictor of death and re-infarction in post-MI patients.

Dobutamine Stress Echo in Era of Primary Coronary Intervention

With the introduction and advancement of primary coronary intervention (PCI) and
angioplasty, strong evidence surged in favor of early invasive strategy using coro-
nary angiography with angioplasty and stenting in post-AMI patients.

A meta-analysis of seven large randomized trials with 8375 patients was recently
published in the Journal of the American College of Cardiology."> The authors
sought in this study to answer, again, the everlasting question of the role and effect of
early invasive therapy post-NSTEMI on mortality, re-infarction, and recurrent unsta-
ble angina. At a mean follow-up time of 2 years, the incidence of all-cause mortality
was significantly lower in the early invasive therapy group compared to the conser-
vative therapy group (4.9 vs. 6.5%, p = 0.001). During the same follow-up time,
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the incidence of nonfatal MI was also significantly lower in the early invasive group
(7.6 vs. 9.1%, p = 0.012). This study proved that early invasive therapy improves
long-term survival and reduces re-infarction rate and angina.

With this compelling evidence, the current practice and recommendation is to
intervene early in AMI patients with coronary angiography and revascularization.'?
This approach takes away the principal role of DSE as a stratifying test post-AMI,
since most, if not all, patients undergo early coronary angiography to determine
their anatomy and lesions and at the same time revascularize with angioplasty and
stenting of the culprit lesion.

Even though AMI patients can present with multiple coronary lesions on angiog-
raphy, the current recommendation is to intervene only on the culprit vessel/lesion
in early post-MI patients and stage the intervention on other lesions later on once the
patient is stable.'> The main and probably only role of DSE in post-AMI patients
in this era is, in our opinion, to assess the myocardial viability and help guide any
further revascularization (percutaneously or surgically).

Dobutamine Stress Echo in Myocyte Replacement Therapy

Since the results of myocardial salvage are less than ideal, there is great interest
in myocyte regeneration or replacement therapy. Early studies have documented
a modest improvement in left ventricle with circulating progenitor cells, bone
marrow-derived cells, and skeletal myoblasts. The mechanism of improvement is
under investigation. Whether it is the result of functioning cells, of paracrine effects,
or some other mechanisms is not clear. Assessment of functioning myocytes may
be done with low-dose dobutamine.

Summary and Conclusions

In the current era of early PCI and stenting, dobutamine stress echocardiography
plays no major role in the treatment of post-myocardial infarction patients. It can,
however, play a valuable role in assessing myocardial viability and directing further
revascularization efforts in patients with multiple coronary lesions other than the
stented culprit one(s).
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Chapter 24
Echo Assessment of Myocardial Viability

Sripal Bangalore and Farooq A. Chaudhry

Heart failure is a leading cause of morbidity and mortality with a 5-year mortality
rate as high as 50%, making it the leading cause of hospitalization in patients over
the age of 65 years.! The leading cause of heart failure is coronary artery dis-
ease/acute coronary syndromes. Numerous studies have shown that left ventricu-
lar (LV) systolic function is a strong predictor of future cardiovascular events and
LV dysfunction is a potentially reversible condition related to myocardial stunning,
hibernation, or a combination of the two mechanisms. Segments that lose function
as a result of an acute ischemic insult despite the restoration of normal perfusion
are known as stunned myocardium (transient postischemic dysfunction). Myocar-
dial stunning results from a mismatch between coronary flow and myocardial func-
tion and these segments are likely to recover function spontaneously over time. On
the other hand, hibernating myocardium is the term used to refer to segments ren-
dered dysfunctional secondary to chronic ischemia. Hibernating myocardium results
from a compensatory decrease in myocardial function as a consequence of chronic
ischemia. Both stunned and hibernating myocardium can potentially improve their
function and are collectively referred to as “viable myocardium”.?

In patients with ischemic cardiomyopathy, 40% of patients have improvement in
ejection fraction after revascularization.> This would mean that there is a substan-
tial subset of patients with ischemic cardiomyopathy undergoing revascularization
that has little clinical or prognostic benefit from revascularization. The perioperative
mortality rates from coronary artery bypass grafting in patients with ischemic car-
diomyopathy range from 5 to >30%.* Furthermore, revascularization of nonviable
myocardium has not proven to be beneficial for either mortality®> or improvement
in global LV function. In fact, in a meta-analysis of 24 viability studies, revascular-
ization of patients without viable myocardium was associated with a trend toward
higher annual mortality rate compared with medical management alone (7.7% vs.
6.2%, p = 0.23).°> On the contrary, revascularization of viable myocardium has been
shown to be associated with increased ejection fraction,* decreased congestive heart
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failure symptoms,* and improved survival® compared to those treated medically. On
the contrary, patients with viability who do not undergo revascularization are annual
mortality rates five times higher than those who were revascularized.’ The mortal-
ity benefit of revascularization of a viable myocardium increases with decreasing
LV function as well as increasing number of viable segments.? Identifying patients
with ischemic cardiomyopathy who have viable myocardium is thus important at
risk stratifying patients who might benefit from revascularization.

Given the risk of revascularization, there is need for accurate identification of via-
bility in these patients to tailor treatment. Currently, the methods used for predict-
ing myocardial viability include assessment of contractile reserve in dysfunctional
region using low-dose dobutamine stress echocardiography (DSE), assessment of
cell membrane integrity using single-photon emission tomography (SPECT) with
thallium-201 (stress—redistribution—reinjection, stress—reinjection—24-h imaging, or
rest—redistribution imaging), and assessment of myocyte metabolic activity using
F-18 fluorodeoxyglucose (FDG) positron emission tomography (PET) (Table 24.1).
Other techniques which are currently being developed include myocardial contrast
echocardiography (MCE) and contrast-enhanced magnetic resonance imaging; both
of which hold great promise.-’

Table 24.1 Imaging techniques to detect myocardial viability

Imaging Definition of viability Measure Disadvantage
technique
FDG-PET Myocardial segments Identifying myocyte = May overestimate viability;
with decreased metabolic activity. requires radiotracer and
perfusion but with Measures viability in  equipment; low-resolution
intact metabolic the endocardium, study; no information on
activity myocardium, and wall motion or ejection
epicardium fraction; long acquisition
time; and higher cost
WITI.SPECT  Myocardial segments  Identifying cell May overestimate viability;
with decreased membrane integrity. involves radio tracer; low
perfusion with Measures viability in  resolution; and higher cost
delayed uptake the endocardium,
myocardium, and
epicardium
DSE Wall motion Identifying inotropic ~ May underestimate viability;
abnormality at rest contractile reserve. subjective interpretation;
which improves with ~ Measures viability in  and limited by poor
low-dose the endocardium and  acoustic window
dobutamine infusion  inner myocardium
MRI Delayed enhancement Identifying stunned Cost and not portable

(5—20min) indicates myocardium
fibrosis or scar

DSE = dobutamine stress echocardiography; FDG-PET = fluorine-18 fluorodeoxyglucose
positron emission tomography; MRI = magnetic resonance imaging; 2°! TI-SPECT = thallium
single-photon emission tomography.
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Dobutamine Stress Echocardiography

Rationale

Dobutamine is a synthetic catecholamine with both positive inotropic and
chronotropic effects mediated predominantly through p;-adrenergic receptor stimu-
lation. The principle of dobutamine stress echocardiography is based on the detec-
tion of “inotropic contractile reserve” (CR) in dysfunctional but viable myocardial
segments with dobutamine. At low doses (4—8 pg/kg/min), dobutamine is a posi-
tive inotrope, but at doses >10 pg/kg/min it exhibits a positive chronotropic effect
in addition to the inotropic effect.® In order to assess myocardial viability, only
low doses of dobutamine which produce inotrophy predominantly with minimal
chronotropy are effective. This is because at higher doses, the increased heart rate
resulting from a chronotropic effect will increase myocardial demand with con-
sequent ischemia.’”'® Consequently, low-dose dobutamine is the standard protocol
used for the assessment of myocardial viability.

Protocol

There is wide variation in the protocol used to assess viability. The commonly used
protocol involves administering dobutamine intravenously beginning at a dose of
2.5—5.0 pg/kg/min and increasing by 5—10 pg/kg/min every 3—5 min up to a max-
imum of 50 pg/kg/min, or until a study endpoint is achieved. The endpoints for ter-
mination of the dobutamine infusion typically include development of new segmen-
tal wall motion abnormalities, attainment of 85% of age-predicted maximum heart
rate, or the development of significant adverse effects related to the dobutamine
infusion. Five standard echocardiographic views are obtained with each acquisi-
tion: parasternal long axis, parasternal short axis, apical four-chamber, apical three-
chamber, and apical two-chamber views. Echocardiographic images are acquired at
baseline, with each stage of stress and during the recovery phase. Cardiac rhythm is
monitored throughout the stress echocardiography protocol, and 12-lead electrocar-
diograms and blood pressure measurements are obtained at baseline, at each stage
of stress and during the recovery phase.

There are four characteristic responses of dysfunctional myocardial segments
with dobutamine infusion (Fig. 24.1):

(1) Monophasic (sustained) response: improvement at low dose that persists or fur-
ther improves at high dose. This indicates viable myocardium with no stenosis
of the coronary artery subtending the akinetic/hypokinetic myocardium;

(2) Biphasic response: augmentation of function at low dose followed by deterio-
ration at high dose. This indicates the presence of viable myocardium but the
coronary artery that supplies the myocardium has flow-limiting stenosis;
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Fig. 24.1 Response to dobutamine during stress echocardiography. Varying response of the
myocardium to different doses of dobutamine in segments with and without viability

(3) Ischemic response: worsening of function, without contractile reserve. This
indicates stress-induced ischemic myocardium due to flow-limiting stenosis
(ischemia);

(4) Nonphasic response: no change. This indicates scarred myocardium with no
viability.

A contractile response to dobutamine requires at least 50% viable myocytes in
a given segment and correlates inversely with the extent of interstitial fibrosis on
myocardial biopsy.!! Atropine may be given with dobutamine to enhance the diag-
nostic value of the technique.!? Other recent techniques to improve diagnostic yield
of dobutamine stress echocardiography include combining with myocardial contrast
echocardiography'® and strain rate imaging with tissue Doppler.'* Administration of
nitroglycerine as an adjunct to dobutamine may enhance accuracy for detection of
hibernating myocardium.'?

Prognostic Value

The identification of myocardial viability by low-dose dobutamine stress echocar-
diography is of prognostic significance in patients with ischemic cardiomyopathy.
In a study by Chaudhry et al.,'® the prognostic implications of myocardial con-
tractile reserve were evaluated in patients with coronary artery disease and left
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ventricular (LV) dysfunction (ejection fraction <40%). In patients undergoing med-
ical therapy alone, those with contractile reserve (identified by low-dose dobutamine
stress echocardiography) had a better initial survival compared to those without
contractile reserve, but this was not maintained beyond 3 years. In patients under-
going revascularization, those with contractile reserve had better survival com-
pared to those without contractile reserve (Fig. 24.2). By multivariate analysis,
the number of dysfunctional segments demonstrating contractile reserve was the
strongest predictor of survival. Thus, myocardial viability as determined by low-
dose dobutamine stress echocardiography is a significant predictor of survival in
patients with CAD and LV dysfunction undergoing either medical therapy or revas-
cularization, independent of symptoms, baseline LV function, or coronary anatomy
(Fig. 24.2).16

Several other studies have evaluated the usefulness of low-dose dobutamine
stress echocardiography in the prediction of improvement in regional contractile
function following revascularization. Cusick et al.!” evaluated the utility of dobu-
tamine stress echocardiography in patients with severe left ventricular dysfunction
and showed similar accuracy (Fig. 24.3). Pooled analysis of studies shows that low-
dose dobutamine stress echocardiography has a good sensitivity (81%) and speci-
ficity (80%) for the prediction of improvement of regional and global LV function
following revascularization.'® It thus has a good positive predictive value (77%) and
an excellent negative predictive value (85%) (Fig. 24.4).18

Prior studies evaluated the presence of viability in a binary fashion. However,
Afridi et al.' evaluated the prognostic value of varying responses to dobutamine
infusion (monophasic, biphasic, ischemic, and nonphasic responses). A biphasic
response had the highest predictive value (72%), followed by ischemia (35%),
whereas the lowest predictive value was observed in segments with either nonpha-
sic (13%) or monophasic response (15%) during dobutamine. Combining bipha-
sic and ischemic responses resulted in a sensitivity of 74% and specificity of 73%
(Fig. 24.5).!° Dobutamine-responsive wall motion was most often detected at doses
of 5 or 7.5 wg/kg/min, and worsening was usually seen at doses >20 pg/kg/min,
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Fig. 24.2 Myocardial viability and response to treatment. (Adapted from Chaudhry et al.'®) CR =
contractile reserve. In patients with left ventricular dysfunction and coronary artery disease, those
with contractile reserve who were revascularized had the best prognosis
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Fig. 24.3 Assessment of myocardial viability in patients with severe left ventricular dysfunction.
(Adapted from Cusick et al.'”) CR = contractile reserve; EF = ejection fraction. The predictive
accuracy of dobutamine stress echocardiography for functional recovery after revascularization
was maintained in patients with or without severe left ventricular dysfunction
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Fig. 24.4 Sensitivity and specificity of the different imaging techniques in predicting functional
recovery after revascularization (Bax*'). FDG = fluorine-18-fluorodeoxyglucose; LDDE = low-
dose dobutamine stress echocardiography; SPECT = single-photon emission computed tomog-
raphy; PET = positron emission tomography. Dobutamine stress echocardiography had the best
specificity

although it was seen in some patients as early as a 7.5 pg/kg/min dose. These data
underscore the complex nature of dobutamine responsiveness that must be consid-
ered when interpreting clinical viability studies that use dobutamine echocardiog-
raphy. Dobutamine should be started at a low dose with slow increments for opti-
mal results.Z’ However, test for viability should not be terminated after low doses of
dobutamine if it is safe to continue testing at higher doses, as the demonstration of
contractile reserve and inducible ischemia in the same segment (biphasic response)
is a fairly definitive proof that the segment will improve with revascularization,?%-3?
Other studies have evaluated the “amount” of viable myocardium as a prog-
nostic marker. In a study by Meluzin et al.,>! those with large amount of viable
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Fig. 24.5 Response to dobutamine predicts recovery of left ventricular function following revas-
cularization. (Adapted from Cornel et al.>?) Patients with biphasic response (which represents both
ischemia and viability) had the best recovery of function after revascularization, emphasizing the
need to continue dobutamine infusion till endpoint is reached for the assessment of viability
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Fig. 24.6 Importance of the amount of viable myocardium to predict improvement in ejection
fraction and cardiovascular outcomes. (Adapted from Meluzin et al.’!) The degree of improve-
ment in ejection fraction increased with increasing number of viable segments and correlated with
decrease in cardiac event rate

myocardium (> 6 segments) had a greater percentage increase in EF and lower
cardiac event rate during a mean follow-up of 20 months compared to patients with
modest amount of viable myocardium (2—5 segments) or no viable myocardium
(Fig. 24.6).2!

Comparison with Other Modalities

Compared with other techniques for the prediction of functional recovery after
revascularization, low-dose dobutamine stress echocardiography has comparable
sensitivity with very good specificity (Fig. 24.4).'% Bax et al.'®3! in a pooled anal-
ysis of studies showed that the highest sensitivity was observed for FDG-PET,
followed by the other nuclear imaging techniques, whereas the lowest sensitivity
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was observed for dobutamine stress echocardiography. However, the specificity was
highest for dobutamine stress echocardiography, followed by FDG-PET, nuclear
SPECT, whereas the lowest specificity was observed for 2°! T1 reinjection. Thus, the
highest NPV was observed for FDG-PET, followed by dobutamine stress echocar-
diography, followed by the other nuclear imaging techniques. Whereas, the highest
PPV for recovery of segmental wall motion abnormality was observed for dobu-
tamine stress echocardiography, followed by FDG-PET, 2°' Tl rest-redistribution,
and the lowest PPV was observed for 2°! T1 reinjection (Fig. 24.4).!8:31

Thallium Scintigraphy

Arnese et al.?? evaluated the predictive value of poststress reinjection thallium
SPECT imaging and dobutamine echocardiography in 38 patients with severe LV
dysfunction. Segments that had akinesis or severe hypokinesis were examined for
improvement in function 3 months after coronary artery bypass surgery, as assessed
by regional wall thickening on echocardiography. Thallium scintigraphy detected
three times the number of viable segments as did low-dose dobutamine echocar-
diography (103 vs. 33 segments), with a higher sensitivity for an improvement of
segmental function (89% for thallium SPECT and 74% for echocardiography). Low-
dose dobutamine echocardiography, however, had a higher specificity and positive
predictive value (95 and 85%, respectively) than did thallium reinjection imaging
(48% vs. 33%, respectively).

Pooled analysis from various studies has shown that dobutamine stress echocar-
diography has a higher specificity, yielding a 14% higher positive predictive value
compared to thallium SPECT.?* However, the sensitivity of thallium SPECT is
reported to be higher yielding a 9% higher negative predictive value than that for
dobutamine stress echocardiography.?? This seems to suggest that many myocardial
segments with baseline systolic dysfunction will manifest thallium uptake but lack
inotropic reserve during dobutamine administration resulting in “overestimation” of
viability by nuclear SPECT (Table 24.1).

F-18 Fluorodeoxyglucose Positron Emission Tomography

Pierard et al. evaluated 17 patients after thrombolytic therapy for acute myocardial
infarction by low-dose dobutamine echocardiography and PET imaging with FDG.
Repeated imaging 9 + 7 months later was performed to assess the ability of these
studies to predict recovery of regional function. PET and dobutamine echocardio-
graphy were concordant regarding the presence and absence of viability in 62 of
the 78 myocardial segments (79%). However, among the segments with discordant
results by the two modalities, 7 (16%) with viability on dobutamine stress had no
viability based on PET study, and among the segments considered without viability
on the dobutamine study, 9 (26%) had PET evidence of viability. At the follow-up
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examination, the regions with viability by both PET and dobutamine echocardiogra-
phy improved in function, and the regions with concordance regarding the absence
of viability by the two techniques had persistent dysfunction. However, all nine of
the discordant regions thought to be viable by PET but without contractile reserve
did not improve in function, and six had metabolic evidence of necrosis on the
follow-up study; among the seven regions predicted to be viable by echocardiogra-
phy but necrotic by PET, five had improved function and normal metabolism on the
follow-up study. Thus, although PET and dobutamine echocardiography provided
concordant findings in the majority of regions, these data indicate that PET might
overestimate the presence and extent of viability, and that dobutamine echocardio-
graphy had at least similar negative predictive value and better positive predictive
value than PET for functional recovery after thrombolytic therapy.

Reasons for Discordant Finding Between Various Modalities
to Assess Viability

Studies such as that described above indicate that a greater number of dysfunc-
tional myocardial segments have been identified as viable by PET/nuclear than by
echocardiography, indicating that some regions of viable myocardium are metaboli-
cally active and/or have intact cell membrane but lack inotropic reserve. The regions
with discordant findings between the two techniques tend to be those in which blood
flow is reduced at rest and those that are presumably hibernating.?’

Discrepancies between dobutamine echocardiography and SPECT or PET imag-
ing may reflect the underlying alternations in cellular metabolism, membrane
integrity, and myocyte function. Blood flow and flow reserve may be reduced to
such an extent that contractile reserve is lost but transmembrane pump activity is
preserved. This could be imaged directly with thallium or sestamibi or could be
assessed by investigating the metabolic processes necessary to generate the high-
energy processes to maintain membrane integrity.”’ In such cases, “viability” may
be detected by PET or SPECT and not by dobutamine stress echocardiography.

On the other hand, data of other investigators have shown that the magnitude of
regional perfusion tracer activity reflects the mass of viable tissue, which in turn
correlates with systolic function.??-?*25 The “overestimation” of viability with tech-
niques such as rest-redistribution thallium scintigraphy or PET imaging with FDG
may be a result of the detection of small regions of viability that are of inadequate
size to permit improvement in regional or global systolic function.?’ The distribution
of viable cells may also be important, especially with regard to the recovery of ven-
tricular function. A heterogeneous admixture of necrotic and viable cells may not
demonstrate improved contraction, in spite of the presence of adequate metabolic
function in at least some of the cells.2’ However, even without the return of cardiac
function, the presence and maintenance of viability may be crucial for long-term
prognosis, perhaps by the prevention of infarct expansion, ventricular remodeling,
and the development of heart failure.
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Future Advances

Nitroglycerine Dobutamine Stress Echocardiography

Ling et al."> compared nitroglycerine dobutamine stress echocardiography (NTG-
DE) with intracoronary myocardial contrast echocardiography (MCE) and rest—
redistribution thallium 201 single-photon emission computed tomography on the
recovery of myocardial function following revascularization in patients with chronic
ischemic LV dysfunction. Nitroglycerine (0.4 mg) was sprayed sublingually, fol-
lowed by echocardiography 5 min later, followed by dobutamine infusion and stan-
dard dobutamine stress echocardiography protocol. Nitroglycerin alone increased
regional thickening in 20% of viable akinetic segments. Among the various
techniques for detecting myocardial viability, NTG-DE had the best specificity
hypothesizing that nitroglycerin may be a useful adjunct to dobutamine stimulation.
Nitroglycerin has been shown to increase contractility of viable asynergic segments
by ventriculography,?® enhance radionuclide uptake,” and augment end-systolic
wall thickening by magnetic resonance.?” Some of the mechanisms which have been
postulated include direct vasodilation, recruitment of collateral circulation, or opti-
mization of loading.!-28:2

Enoximone Stress Echocardiography
Lu et al.?? evaluated the role of enoximone, a phosphodiesterase inhibitor, with pos-
itive inotropic action but less hemodynamic effects compared to dobutamine, for
the prediction of functional recovery following revascularization in patients with
chronic ischemic LV dysfunction. Compared with dobutamine, enoximone echocar-
diography had higher sensitivity (88% vs. 79%) and negative predictive value (90%
vs. 84%) with similar specificity (89% vs. 90%) and positive predictive value (87%
for both) for predicting functional recovery. In patients with viable segments sup-
plied by critically stenotic coronary arteries, even low-dose dobutamine can induce
ischemia, secondary to increase in heart rate and systolic blood pressure. It has been
shown that enoximone does not cause much increase in heart rate and blood pres-
sure and hence can detect viability in critically stenotic segments (where supply and
demand are delicately balanced) without inducing ischemia.?

Strain Rate Measurement
Hoffmann et al.' evaluated the utility of strain rate measurement for evaluation of
viability in patients with LV dysfunction undergoing dobutamine stress echocardio-
graphy. The peak systolic tissue Doppler velocity and the peak systolic myocardial
strain rate were determined at baseline and during low-dose dobutamine stress from
the apical views. The standard used for comparison was viability as determined
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by FDG-PET. Compared to low-dose dobutamine only, strain rate measurement
increased both the sensitivity (increased from 75 to 83%) and the specificity
(63—84%) for the detection of viability.'* Thus, strain rate imaging may provide
an important adjunct as a quantitative measure of viability especially in identifying
subtle improvements in inotropic contractile reserve.

Myocardial Contrast Echocardiography

Myocardial contrast echocardiography evaluates microvascular integrity. Senior
et al.’® evaluated the incremental value of myocardial contrast echocardiography
over dobutamine stress echocardiography at predicting the recovery of function fol-
lowing acute myocardial infarction. Addition of myocardial contrast echocardiog-
raphy to the standard dobutamine stress echocardiography protocol improved sensi-
tivity for the prediction of improvement in contractile function (sensitivity increased
from 59% to 79%) in dobutamine nonresponsive segments. Thus, myocardial con-
trast echocardiography may be an important adjunct to improve the sensitivity of
dobutamine stress echocardiography.>°

Conclusions

In patients with ischemic left ventricular dysfunction, wall motion abnormalities
may be reversible (viable); the presence of viability identifies regions of LV that
will improve with revascularization. Dobutamine stress echocardiography is a valu-
able technique for the assessment of myocardial viability with good sensitivity and
excellent specificity even in patients with severe left ventricular dysfunction. It thus
has a good positive predictive value and excellent negative predictive value for the
detection of viability. Although low-dose dobutamine is the standard protocol for
assessing myocardial viability, given the prognostic value of a biphasic response,
dobutamine infusion should be carried out to the endpoint whenever possible. The
likelihood of improvement of contractile function with revascularization depends
on the type of response to dobutamine (biphasic response has the best likelihood
for recovery) and the amount of viable myocardium present. Thus, dobutamine
stress echocardiography should be routinely considered in patients with ischemic
cardiomyopathy for risk stratification, prognosis, and treatment.
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Chapter 25
Pathway for the Management of Heart Failure
Complicating Acute Coronary Syndrome

David Wild, Eyal Herzog, Emad Aziz, and Marrick Kukin

Patients presenting to the emergency department, with acute heart failure (AHF),
pose a major health care problem.! Acute heart failure accounts for over 1,000,000
hospitalization in the United States with an in-hospital morality rate of 4.1%, and a
mean length of stay of 6.5 days. Whether due to inadequate in-hospital treatment,
refractory disease, noncompliance with diet or medications, or co-morbidities, there
is a hospital readmission rate of 20% within 30 days, and 50% during the next
6—12-month interval. Additionally, there is a 10% mortality rate at 30 days, which
increases to 20—-40% at 12 months.>

Heart failure can occur in the setting of ACS (acute coronary syndrome) and
acute MI (myocardial infarction). Other chapters in this book focus on the pri-
mary care of these conditions (i.e., angioplasty/revascularization) and treatment of
mechanical complications associated with acute MI and heart failure. In this chapter,
we will focus on the medical diagnosis and therapy of acute decompensated heart
failure — both in the setting of ACS and in chronic heart failure patients with acute
heart failure decompensation.

The American College of Cardiology and the American Heart Association have
recently published revised guidelines for the management of chronic heart fail-
ure in adults.> The European Society of Cardiology has also developed guidelines
for chronic heart failure.®> Both sets of guidelines focus on outpatient management
of chronic heart failure; treatment options for acutely decompensated heart failure
(ADHF) and new onset heart failure are not addressed. To address this deficiency,
we have developed a unified pathway for the management of patients presenting
with AHF to the emergency department. This pathway is simple, yet comprehensive
and covers the entire spectrum of patient care, from the time of ER presentation
through their admission and the discharge plan (Fig. 25.1)

This pathway is not describing new treatments for heart failure. Rather it is an
attempt to incorporate, in a user friendly format, the keys to initial diagnosis and
management of heart failure. This is followed by a comprehensive guideline to
therapy with a goal of shortening length of stay (LOS) without compromising on
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medical stabilization, optimal diuresis, and implementation of outpatient therapies
based on the proven results of clinical trials. While the use of aggressive loop diuret-
ics with daily weight monitoring is empirically derived from our clinical experience,
the usage and dosing of the other medications are derived from clinical trials® and
published ACLS guidelines.*

The ESCAPE trial® evaluated the use of the pulmonary artery catheter in patients
admitted with decompensated heart failure. The results demonstrated that outcomes
are not improved by invasive hemodynamic monitoring for the patients that would
generally be eligible for the pathway described herein. A careful history and phys-
ical exam combined with clinical judgment and incorporation of clinically proven
therapies are the guiding principles in the development of this pathway.

Diagnosis

The first step in the management of the patient with heart failure is a rapid but thor-
ough evaluation of the patient in the emergency department. This includes a 12-lead
EKG within 10 min, vital signs, H&P, Labs, and Chest X-ray. The primary goal is to
exclude an acute coronary syndrome which would lead to different, more aggressive
therapy. In addition, one can obtain a BNP level to exclude noncardiovascular causes
of dyspnea® when the diagnosis of heart failure may be in doubt (Fig. 25.2).

Refer to Acute Coronary
Syndrome Pathway

1. Initial assessment: 12 lead EKG within 10 mins.; Vital signs, H&P
2. Exclude Acute Coronary Syndrome

3. BNP (B-Type Natriuretic Peptide)
4. Labs. : Basic Metabolic Panel, CBC, Mg, CPK, CPK-MB, Troponin
5. Chest X-ray ( PA/ Lateral if possible)

BNP <100 pg/ml
heart failure unlikely
R/O other causes of
dyspnea

GOALS PATHWAY

Fig. 25.2 Initial evaluation of patients presenting to the emergency department with suspected
acute heart failure (AHF)
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The development of assays for the natriuretic peptides (NPs), brain NP (BNP),
and N-terminal pro-BNP (NT-proBNP) has become increasingly important for the
evaluation of dyspneic patients, and depending on the results of clinical trials it may
prove useful to guide treatment of congestive heart failure.

New Onset HF vs. Acute Exacerbation of Chronic HF

The next diagnostic step would be to differentiate between new onset heart failure
and acute exacerbations of chronic heart failure. This early recognition emphasizes
that new onset heart failure is an urgent situation, which may require cardiothoracic
surgery involvement for reversible causes. If the heart failure is felt to be new onset,
the patient should have an urgent echocardiogram. If the heart failure is felt to be an
exacerbation of chronic heart failure, it is necessary to determine the etiology of the
decompensation by considering causes with the reminder acronym, HANDIP:

H - Hypertension

A — Arrhythmias: atrial fibrillation, atrial flutter, heart block

N — Noncompliance with care (i.e., diet, fluid excess) or medications

D - Drugs: negative inotropes (i.e., calcium channel blockers), nonsteroidals
(NSAIDs), alcohol, illicit drug use

I — Ischemic myocardium

P — Pericardial disease

In addition, noncardiovascular causes of heart failure should be considered using
the acronym, TRAPS as a guide:

T — Thyroid or trauma

R — Renal failure

A — Anemia

P — Pulmonary disease, pulmonary emboli
S — Sepsis, infection

The Role of Echo in Acute HF

Patients with new onset heart failure must have an echocardiogram to rule out emer-
gent reversible causes. The primary emergent etiologies to exclude are valvular dis-
eases, such as a flail mitral leaflet and critical aortic stenosis. In addition, in acute
coronary syndrome patients who exhibit hemodynamic collapse, an echocardio-
gram is needed to evaluate for ischemic MR, papillary muscle rupture, ventricular
septal defect, or free wall rupture. These complications are all generally surgical
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New Onset
Heart Failure

Acute Exacerbation of

Chronic Heart Failure

Determine Etiology

— 1 1. Urgent Echocardiogram 5
2. Admil to CCU or Telemetry

Consider Cardiovascular Eliologies:

Hh jon [ H i Cardi hy
Arrhythmia / A_Fib / Flutter / Heart Block

Non - compliance with care o medications Cardiac Imaging:
Drugs: negative inotropes, NSAIDs o i W
Ischemic Myocardium (ochocardiogram, nuclear)

il disease or perlom if not done within 3-8 months

Clinical Assessment of Hemodynamic and Volume Status - Obtain weight, Assess JVP, rales, ascites, hepato-jugular reflux, pedal edema

GOALS PATHWAY

Fig. 25.3 Differential diagnosis between new onset heart failure and acute exacerbation of chronic
heart failure with timing of imaging and consideration of precipitating pathophysiology

indications. Nonemergent etiologies such as myocarditis and peripartum cardiomy-
opathy can also be confirmed by echocardiogram under the appropriate clinical cir-
cumstances (Fig. 25.3).

The Role of Cardiac Catheterization in New Onset Heart Failure

For newly diagnosed heart failure, is routine cardiac catheterization indicated? In the
absence of angina, diagnostic electrocardiogram of ischemia, or multiple coronary
risk factors, the answer is not clear. Certainly, when there is an index of suspicion, all
reversible causes of heart failure, such as ischemia, must be considered. However,
in a young patient with no coronary risk factors, the risks of cardiac catheterization
must be carefully weighed against the low probability of finding coronary artery
disease. When in doubt, we would err on the side of performing a cardiac catheter-
ization. However, in the absence of anginal symptoms or multiple risk factors, the
majority of these procedures document clean coronaries. A second procedure often
debated is endomyocardial biopsy.? This is not recommended in the practice guide-
lines (level of evidence = C).
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Bedside Assessment

Cardiac imaging is utilized to determine whether LV function is decreased or pre-
served as this distinction effects therapy. Once the etiology has been established
the next phase of management is rapid clinical assessment of hemodynamics based
on perfusion and congestion.”® This assessment is based on bedside examination:
whether the clinical symptoms indicate the adequacy of filling pressure/perfusion
(warm or cold) and the volume status of the patient based on history and physical
exam (wet or dry) (Fig. 25.4). The sizing of the four quadrants (warm-wet, warm-
dry, cold-wet, cold-dry) is not equal, reflecting the actual proportionate distribution
of these patient admissions into the hospital based on their clinical presentation.®
Thus, the group of warm-wet patients is visually the largest part of the pathway
emphasizing their relative frequency compared to all HF admissions (Fig. 25.4).

PERFUSION
[=I=1"=) | WA FE T

’ PERFUSION
oL
—
|

-

WET

CONGESTION

DRY

CONGESTION

| PATHWAY ‘

GOALS

Fig. 25.4 Depiction of perfusion and congestion concept with consideration of disproportionate
group size of each quadrant

Therapy

The determination of volume status will have implications in the pharmacologic
management of the patient. Most patients admitted with symptomatic heart failure
will have warm-wet physiology and the key in their management will be aggressive
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Does patient take
diuratics at heme 7

Admit to step
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Otain daily wakght at 6 Am

1

Start initial dose of
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m OPTIMAL DOSING OF HEART FAILURE MEDICATIONS: AT A

Fig. 25.5 The “loop” concept of aggressive usage of loop diuretics to rapidly and safely diurese
patients, shorten length of stay (LOS) and transition to oral therapy upon successful completion of
diuresis

loop diuretic management (Fig. 25.5). This recognition and early aggressive treat-
ment are the keys to decreasing the length of in-hospital stay. Three major decisions
regarding pharmacological treatment need to be addressed based on the hemody-
namic assessment: What regimen of diuretic should be used? If the patient is on
chronic therapy with beta blockers, should it be discontinued or reduced? Does the
patient require inotropes? In Fig. 25.5, the algorithm shows the optimal method of
deciding appropriate diuretic doses. If the patient has been taking oral diuretics as an
outpatient, that total daily dose should be given intravenously as a bolus infusion. If
the patient has not been taking diuretics, the patient should be given an intravenous
loop diuretic (i.e., furosemide 40 mg).

Once an optimal volume state is achieved then the patient can be changed to oral
therapy and begun on a chronic heart failure regimen. If the patient does not ini-
tially achieve a euvolemic state, then the patient should be admitted to a monitored
setting and have the diuretic dose doubled and given twice daily. If this still does
not work, the dose of diuretic can be increased and consideration given to adding
other diuretics, such as metolazone. If there is difficulty in achieving a euvolemic
state or if the patient develops symptomatic hypotension or a significant increase in
serum creatinine, which together can signify a low-flow state, the patient should be
started on appropriate inotropic therapy (Fig. 25.6). Guidelines of management of
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Start inotropes / vasodilator therapy.
Admit to CCU

A
Norepinephine |
0.5-30 meg/min

Systolic BP
Dopamine ’ . 70-100 mmHg
F 5-15 meg/kg/min signs/symploms
m of shock
Systolic BP
Dobutamine 70-100 mmHg
220 megikg/min o No signs/symptoms

of shock

Systolic BP
> 100 mmHg

PATIWAY

Fig. 25.6 Management of hemodynamically unstable heart failure patients adapted from ACLS
guidelines

hemodynamically unstable patients are based on the ACLS Guidelines, incorporat-
ing vasodilators and inotropic infusions.* In these circumstances it is appropriate to
activate the heart failure team (if there is one present at the institution).

Beta Blockers

The next question is what to do if the patient is chronically being treated with beta
blockers. The use of beta blockers in chronic heart failure has been well established
in multiple randomized trials.”~'' However, the majority of heart failure patients we
encounter in the hospital are in decompensated heart failure. It is in these patients
where there is ambiguity as to the role of beta blockers. There are no clear guidelines
as to whether to stop or reduce the dose of the beta blocker.

There are two major questions yet to be answered regarding beta blockers and
acutely decompensated heart failure: (1) In patients currently taking beta blockers
should the beta blocker be held completely or have the dose reduced when these
patients are admitted with fluid overloaded states? (2) In these patients who are
admitted with acute exacerbations of heart failure who have not been on chronic
beta blocker therapy, when is it safe to start a beta blocker?
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The theoretical concern with continuing beta blockers in decompensated heart
failure is that administration of a beta blocker may exacerbate the fluid overload state
due to its negative inotropic effects. However, there is no data to suggest that this is
true. On the other hand it may be desirable to continue beta blockers because doing
so may help avoid the long process of having to uptitrate the medications and may
decrease the delay of ultimately reaching target doses. In addition there is data sug-
gesting that patients with systolic dysfunction have poorer outcomes after stopping
beta blocker therapy.'?:!3 Recently, two studies have examined the safety of con-
tinuing beta blocker therapy in patients admitted with acutely decompensated heart
failure.'*!> These studies examined two large data bases of heart failure patients
admitted with fluid overload, the OPTIME-CHF and ESCAPE databases. However,
these studies have shown that continuing beta blockers during the hospitalization
is not associated with an increase in adverse outcomes, and even suggest that there
may be improved outcomes in patients in whom the beta blockers are continued.
These studies were observational and nonrandomized and therefore cannot be used
as definitive evidence.

In view of these recent developments and lack of randomized studies examin-
ing beta blocker therapy in this group of patients, we recommend the following: In
patients who are “Warm and Wet” upon hospitalization with no evidence of poor per-
fusion or low-flow state, such as pre-renal azotemia, and not requiring intubation or
bipap for respiratory distress, the beta blocker should be continued at the same dose
as outpatient. However, if there is difficulty after 24—48 h in achieving a euvolemic
state, then the dose should be reduced to 50% or stopped entirely. In the very small
population of “cold and wet” patients requiring inotropic therapy for low-flow state,
the beta blocker should be discontinued altogether until there is significant improve-
ment in the fluid status. Thought should be given to the choice of inotropic ther-
apy because of differential effects of the various inotropes depending on which beta
blocker the patient was on chronically. Data suggest that patients on carvedilol do not
respond as well to dobutamine as to milrinone, a phosphodiesterase inhibitor.'6~'8

In patients admitted with decompensated heart failure who are not already taking
beta blockers, there is controversy regarding the appropriate time to initiate ther-
apy. HFSA guidelines recommend that beta blockers should not be initiated during
a hospitalization for an exacerbation of heart failure. 19 However, in the IMPACT-HF
trial published in 2004, they conclude that predischarge initiation of beta blockers
improves the probability of use of beta blockers at subsequent visits without increas-
ing side effects or length of stay.’” We recommend starting therapy with an approved
beta blocker at the lowest dose once patients are felt to be euvolemic. Outpatient
uptitration as tolerated to target doses as established in mortality trials should follow.

Oral Medications
Once patients are stabilized and are felt to be euvolemic, attention should be

given to placing the patient on an optimal medical regimen (Fig. 25.7).2! Although
representative, not all medications in some categories are included in the chart due
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[ ACE Inhibitors | [ Initial Dose | [ Target Dose |

Captopril ( Capoten ) 6.25 mg 50 mg (TID)
Lisinopril ( Prinivil, Zestril ) 25-5mg 20 mg (Daily)
Enalapril { Vasotec ) 2.5mg 10 mg (BID)
Fosinopril { Monopril ) 5-10mg 20 mg (Daily)

Ramipril ( Altace ) 1.25-2.5mg 10 mg (Daily)

[ Diuretics | [ PO Target Dose ( freg/day )|
Furosemide ( Lasix ) 40 - 240 mg (BID)

Bumetanide ( Bumex ) 0.5- 4 mg (BID)

Torsemide ( Demadex ) 5 - 100 mg (Daily-BID)

Metolazone ( Zaroxolyn ) 2.5 - 5 mg 30 min prior to dosing

Lanoxin ( Digoxin ) 0.125 - 0.25 mg (Daily) - Consider age/ Cr.

[ Beta Blockers | [Initial Dose | [ Target Dose ( freq/ day ) ]
Carvedilol ( Coreg ) 3.125 mg (BID) 625-25mg/ >85kg 50 mg (BID)
Metoprolol succinate ( Toprol) 12,5 - 25 mg (Daily) 200 mg (Daily)

[Aldosterone Antagonists | [Initial Dose | [ Target Dose ( freq/ day ) |
{ Avoid with K> 5 &for Cr>2.5)

Spironolactone ( Aldactone ) 125-25mg 25 - 50 mg (Daily)
Eplerenone ( Inspra ) 25 mg (Daily) 25 - 50 mg (Daily)
[ARBs | [Initial Dose | | Target Dose ( freq/ day ) |
Losartan( Cozaar ) 25mg 25 -100 mg (Daily)
Valsartan ( Diovan ) 40 mg 40 -160 mg (BID) Max daily dose 320
Candesartan ( Atacand ) 4-8 mg 8 - 32 mg (Daily)
Consider for African Americans: Hydralazine/ ISDN 37.5/ 20 - 75/40mg (TID)

Fig. 25.7 Initiation and target dosages of oral heart failure medications

to space constraints. Early ambulation of these patients during their hospital stay and
exercise regiments are encouraged. In addition, for appropriate patients, a heart fail-
ure and or an EPS (electrophysiology) consult should be considered because current
therapy for heart failure now encompasses electrical devices and close collaboration
with electrophysiologists. Incorporated into the pathway is the timing and consider-
ation of biventricular pacemakers (BIVPM) in patients with wide QRS complexes
and the consideration of implantable defibrillators (ICD) based on MADIT-2,22
SCD-HEFT,” and COMPANION?* criteria (Fig. 25.5).

This acute heart failure pathway flows as the patient progresses toward the
warm/dry group which is a segue to outpatient management of heart failure. The
AHA/ACC? and European guidelines® detail the major trials and dosing of the
appropriate heart failure medications. The key point in this algorithm is that upon
discharge, all HF patients should be on, at a minimum, starting doses of ACEI and
B-blockers, unless contraindicated. Angiotensin receptor blockers (ARBs) should be
used instead of ACEI when ACEI cannot be given, (i.e., ACEIl-induced cough). In
certain instances it may be appropriate to combine an ACEI and ARB.? Data from
RALES?® and EPHESUS? would support the addition of aldosterone antagonists
with the precaution of monitoring potassium and creatinine levels on therapy.”®

With the recent publication of the results of A-HeFT,* consideration should be
given to the addition of hydralazine/isosorbide dinitrate in African Americans. Most
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US physicians use digoxin for patients with NYHA class III/IV heart failure with an
age/creatinine nomogram. Dosages of oral diuretics should be adjusted to maintain
the euvolemic state achieved during the hospitalization, along with adherence to a
2 g sodium diet and daily weight monitoring. A motivated patient with a home scale
can be taught to self adjust diuretics based on his/her morning weight.
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Chapter 26

Echocardiography for the Management of End
Stage Ischemic Heart Disease and as a Tool for
Resynchronization Therapy

Ajay S. Shah, Farooq A. Chaudhry, Rawa Sarji, and Bilal Ayub

Abbreviation CRT, cardiac resynchronization therapy; EF, ejection fraction;
HF, heart failure; ICD, implantable cardioverter-defibrillator; LV, left ventri-
cle/ventricular; LVEDP, left ventricular end-diastolic pressure; LVOT, left ventric-
ular outflow tract; TDI, tissue Doppler imaging; SF, systolic fraction of pulmonary
venous forward flow; VAD, ventricular assist device; Vp, flow propagation slope of
early diastolic left ventricular filling

Introduction

This chapter will discuss: (1) the clinical uses of echocardiography in HF after
acute coronary syndrome and its prognostic value; (2) the use of echocardiogra-
phy to guide treatment in HF patients; and (3) promising future techniques for
echocardiographic-based imaging in HF. In addition, we will highlight some of the
limitations of echocardiography.

According to the recently released American College of Cardiology/American
Heart Association (ACC/AHA) guidelines for the diagnosis and management of
heart failure (HF), “Echocardiography is the single most useful diagnostic test in the
evaluation of patients with HF. . .,” because of its ability to accurately and nonin-
vasively provide measures of ventricular function, assess causes of structural heart
disease! define the hemodynamic and morphologic changes in heart failure (HF),
and guide therapy. An estimated five million people have HF, and their ranks are
increased by an estimated 550,000 each year.> Heart failure hospital stays have
increased 150% over the last 20 years.? The lifetime risk of developing HF has been
estimated at 20% for the U.S. population. And, although ischemic heart disease is
the most common cause of HF, up to 11% of the population without evidence for
coronary artery disease will also develop HF.?
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Heart failure is classically described as left ventricular (LV) dysfunction leading
to congestion and reduced systemic perfusion, most often manifesting symptomat-
ically as dyspnea and fatigue. After an insult to the myocardium like acute coro-
nary syndrome, the LV progressively dilates or hypertrophies, a process followed
by spherical remodeling. These morphologic changes cause further stress on the
myocardium by increasing wall tension and cause or exacerbate mitral regurgitation,
which, in turn, results in further dilatation and contractile dysfunction in a vicious
cycle.! Such remodeling is often the final common pathway for many although not
all etiologies of HF.

Because this morphologic process begins before the onset of symptoms, the
recent HF guidelines place special emphasis on detecting subclinical LV systolic
and diastolic dysfunction.!* Several studies have emphasized that standard phys-
ical examination maneuvers are suboptimal in detecting either systolic or dias-
tolic LV dysfunction, especially in the preclinical phase. Similarly, physical exam-
ination is limited in its ability to accurately characterize the volume and cardiac
output status in patients with LV dysfunction.’® As a rapid and accurate modal-
ity, echocardiography can improve the noninvasive detection and definition of the
hemodynamic and morphologic changes in HF. Echocardiography might also be
equivalent to catheter-based techniques in guiding therapy and improving outcomes,
without the risks and cost of invasive measures.” The 2D-derived measurements
of volume and chamber dimensions of both right and left ventricle are quick and
easily measurable online and have immense prognostic implication. They are lim-
ited by image quality, overestimated due to foreshortening, and require geomet-
ric assumptions. They may not correlate with clinical status. They have consid-
erable inter and intraobserver variability. The Doppler-derived hemodynamics are
quick and easy to measure online; however, it may be limited particularly in crit-
ical patients due to inability to obtain a parallel alignment of Doppler beam. The
signals of pulmonary and tricuspid valve flow may be difficult to obtain. The stroke
volume may be overestimated with associated valvular pathology like aortic regur-
gitation. Similarly, Doppler-derived diastolic parameters are heart rate and load
dependent.

The real-time 3D for EF and volume measurement eliminates foreshortening,
geometric assumptions not required and simultaneous assessment of all wall seg-
ments can be done with a multiplane probe. They are limited by image qual-
ity, expense of software and probe, incremental value over 2D not well estab-
lished, technical expertise and training required and it is not widely available.
Tissue Doppler, strain, and strain rate have been shown to have prognostic
value, most parameters load independent, widely available (tissue velocity), and
less dependent on image quality. However it is also angle dependent, requires
off-line analysis and has low signal/noise ratio. The tissue tracking or veloc-
ity vector imaging is not angle dependent and able to assess torsional mechan-
ics. However it requires extra expense of software, incremental value over TDI
not well established, speckles move in and out of plane (requires mathemat-
ical assumptions to compensate), requires off-line analysis, and is not widely
available.
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Clinical Measurements and Prognosis

Used for many years to provide structural correlates to the clinical picture of HF,
echocardiography can also measure multiple clinically important parameters of car-
diac function, including hemodynamic status and LV ejection fraction (EF), vol-
umes, and mass.

Hemodynamics

Intracardiac pressure measurements have traditionally required invasive methods.
This limitation, which also precludes serial measurements outside of the inten-
sive care context, can often be circumvented with the use of echocardiographic
techniques. In selected patients, echocardiography might be a noninvasive surro-
gate (Fig. 26.1). Stroke volume and cardiac output can be estimated from the
velocity—time integral obtained by pulse wave Doppler recordings in the left ven-
tricular outflow tract (LVOT), multiplied by the LVOT area. Figure 26.1 illustrates
the echocardiographic estimates of right atrial pressure, right ventricular systolic
pressure/pulmonary artery systolic pressure, and pulmonary artery mean and dias-
tolic pressures.” °All of these measurements require adequate imaging windows
and parallel alignment of the Doppler cursor with blood flow to avoid underestima-
tion of Doppler jet velocity and calculated pressure. Stroke volume as measured in
the LVOT is overestimated in the presence of significant aortic insufficiency. Small
errors in the measurement of LVOT diameter lead to large errors in the calculation
of LVOT area. Pulmonary artery pressure estimates require the presence of tricuspid
valve regurgitation for systolic pressure and pulmonic valve regurgitation for mean
and diastolic pressures as well as an accurate estimate of right atrial pressure.'?

A variety of echocardiographic techniques can determine abnormal diastolic
function, increased left atrial pressure, and left ventricular end-diastolic pressure
(LVEDP). These measurements have demonstrated considerable prognostic value
in symptomatic and asymptomatic patients with either preserved or abnormal LV
systolic function.!! The adverse prognosis associated with systolic dysfunction is
well described, but isolated diastolic HF also carries a poor prognosis, including
future development of systolic HF.!?

Diastolic function can be characterized according to severity. Mild diastolic dys-
function — abnormal LV relaxation — can be detected via a decrease in early dias-
tolic flow velocity (E-wave) and a greater reliance on atrial contraction (A-wave)
to fill the LV (E/A <1). Moderate diastolic dysfunction — “pseudo normalization” —
reflects increasing left atrial pressure at the onset of diastole and an increase in early
diastolic flow velocity to a level near that of normal filling (E/A 1-1.5). Severe dias-
tolic dysfunction — restrictive filling — occurs when left atrial pressure is further
elevated such that early diastolic flow is extremely rapid and left atrial and LV pres-
sures equalize quickly during early diastole (E/A >2, DT <115-150ms). Reduc-
tion in preload with the Valsalva maneuver can unmask diastolic dysfunction by
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A. IVC ~ RAP

B. TRV ~ RVSP

D. E/E'~ PCWP

Fig. 26.1 Illustration of “Echo Right Heart Catheterization”. (A) Inferior vena caval (IVC) size
and degree of collapse yield a range of right atrial pressure (RAP): <1.5 cm with full collapse =
RAP 0-5mmHg; 1.5-2.5cm with >50% collapse = RAP 6-10 mmHg; 1.5-2.5cm with <50%
collapse = RAP 11—15 mmHg; >2.5 cm with >50% collapse = RAP 16—20 mmHg; and >2.5cm
with <50% collapse = RAP >20 mmHg. (B) The tricuspid regurgitant velocity (TR Vel) is used
to estimate the systolic right ventricle-right atrium gradient (and the pulmonary artery systolic
pressure, in the absence of pulmonic stenosis). (C) The maximal pulmonic valve regurgitant veloc-
ity is used to estimate the mean pulmonary artery pressure (PAPm). The end-diastolic pulmonic
regurgitant velocity is used to estimate diastolic pulmonary artery pressure (PAPd). (D) The early
mitral inflow (E-wave)/early diastolic mitral valve annular motion (E’-wave) ratio <8 or >15 is
calculated to assess PCWP <15 mmHg or >15 mmHg, respectively. E/E’ = ratio of early diastolic
mitral inflow velocity to early diastolic velocity of the mitral valve annulus; IVC = inferior vena
cava; PCWP = pulmonary capillary wedge pressure; PR Vel. = pulmonic valve regurgitant veloc-
ity; RVSP = right ventricular systolic pressure (Source: Kirkpatrick J. Echocardiography in Heart
Failure. Journal of the American College of Cardiology. 2007;50(5): 381-396)

changing a pseudo normalized pattern to an abnormal relaxation pattern or a restric-
tive pattern to a pseudo normalized one.'>!* Persistence of a restrictive filling pat-
tern during the Valsalva maneuver or on follow-up echocardiogram after HF therapy
portends a particularly grim prognosis, as shown by Pinamonti et al.'> and others.
These traditional techniques, however, are dependent on heart rate and loading con-
ditions and lack validity in patients with preserved EF.

Additional parameters such as (1) an abnormal ratio of the systolic and dias-
tolic velocities of pulmonary venous inflow (S/D <1); (2) a systolic fraction of
pulmonary venous forward flow (SF) of <40%; and (3) an early LV filling flow
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propagation slope (Vp) of <45cm/s are less dependent on loading conditions and
heart rate and have been shown to be robust predictors of high LV filling pres-
sures and cardiovascular mortality.'®!7 These measures are limited by inability to
adequately image the pulmonary veins in some patients and by the limited repro-
ducibility of Vp. A ratio of peak early mitral inflow velocity (E) to peak early dias-
tolic myocardial velocity (E’) of = 8 predicts an LVEDP of <15 mmHg, whereas a
ratio of >15 predicts an elevated LVEDP (= 15 mmHg) (Fig. 26.1D).'* The ratio of
peak early mitral inflow velocity to slope of the propagation velocity (E/Vp) of =
1.5 predicts an LVEDP >15mmHg and has been shown to have prognostic value
in post-myocardial infarction patients.'® Increased left atrial volumes (>32 ml/m?),
which are usually larger in diastolic compared with systolic HF, have been shown to
predict morbidity."” Among multiple diastolic parameters in patients with a broad
range of EF and degrees of mitral regurgitation, Rossi et al.>’ have demonstrated
that a >30-ms difference between pulmonary vein atrial flow reversal and mitral
A-wave durations was the most sensitive predictor of elevated LVEDP >18 mmHg.
Interestingly, E/E’ has proven superior to brain natriuretic peptide (BNP) levels in
diagnosing volume overload, even in patients with preserved systolic function.?!-22
Tables 26.1 and 26.2 list patient population,”® Doppler modality, cutoff values,
and outcome measures used in a variety of prognostic studies of diastolic function
and filling pressures.'13:16:19:24-42 Fjoure 26.2A and B depicts strategies for using
Doppler techniques to noninvasively estimate filling pressures and characterize the
severity of diastolic dysfunction in patients with reduced EF. The strategies reflect
the fact that synthesis of multiple parameters is often required to give an assessment
of filling dynamics, particularly when poor acoustic windows might limit the ability
to make every measurement.

The Myocardial Performance Index

The myocardial performance index (better known as the Tei index) is a simple
Doppler parameter that provides global assessment of systolic and diastolic func-
tion. The Tei index consists of the ratio of the isovolumic contraction + isovolumic
relaxation times/the ejection time — all parameters that can be obtained from Doppler
interrogation. The Tei index is independent of heart rate and blood pressure, applies
to left and right ventricular systolic and diastolic dysfunction, does not rely on geo-
metric assumptions, and is highly reproducible, although normal values vary with
age.*>* It has been correlated with invasively measured changes in LV dP/dt.*
The prognostic value of the Tei index was initially tested in patients with infiltrative
cardiomyopathy and pulmonary hypertension.*® It has subsequently been validated
in patients with dilated cardiomyopathy, with a value of >0.77 proving superior to
EF in predicting cardiac death and disease severity.*’ The Tei index also proved
beneficial in predicting the development of HF in a cohort of elderly men without
baseline LV dysfunction*® and in predicting the lack of clinical response to medical
treatment in a study including both patients with systolic HF and HF with preserved
systolic function.** Because adequate Doppler images can often be acquired when
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Prediction of Filling Pressures in

A Preserved and Reduced EF

Tissue Doppler and Flow Propogation
E/E’< 8 E/E’ > 9-14 E/E’ > 15
E/Vp<1.4 N E/Vp 1.5-1.9 \ E/Vp>2

NL LA size 1 LA size
PV AR dur-Adur <30 PV AR dur-Adur >30
Valsalva A E/A <0.5 Valsalva A E/A >0.5

pE > 15 E/E’ > 15
E/Vp>2 E/Vp>2
Prediction of Filling Pressures and Risk Stratification of
B Diastolic Dysfunction and Reduced EF
Mitral Inflow and PV Flow
E/A <1 E/A>1 E/A >2
EDT > 200 EDT <200 EDT <150
IVRT <70
A\ 4 A 4 ‘

S/D >1 S/D<1 S/D < 0.5

SF > 60% SF < 40% SF < 40%

Abnormal Relaxation Pseudonormal Restrictive
Normal Filling Pressure || {Filling Pressure || 1 1Filling Pressure

Fig. 26.2 Diastolic filling parameters and the prediction of normal vs. elevated filling pressure.
(A) Prediction of normal vs. elevated filling pressure. In patients with preserved and reduced left
ventricular ejection fraction (LVEF), normal filling pressures are predicted by normal mitral inflow
E-wave to tissue Doppler E’-wave ratio (E/E’) and mitral inflow E-wave to flow propagation ratio
(E/Vp) values or intermediate values with normal left atrium (LA) size, normal pulmonary vein
atrial reversal duration minus mitral inflow A-wave duration (AR dur-A dur), and a minimal
change in the E/A wave ratio with Valsalva. Elevated filling pressures are predicted by elevated
E/E’ and E/Vp values or intermediate values with elevated LA size, prolonged AR dur—A dur, a
substantial change in the E to A valve with Valsalva, or a prolonged pulmonary vein D-wave decel-
eration time (DDT). (B) Degree of diastolic dysfunction. In patients with reduced LVEF, mitral
inflow E/A, mitral inflow E-wave deceleration time (EDT), and isovolumic relaxation time (IVRT)
parameters, confirmed by pulmonary vein S to D ratio (S/D), systolic fraction of pulmonary venous
forward flow (SF), and DDT can further define filling dynamics by stratifying diastolic func-
tion into “‘abnormal relaxation” (normal filling pressures), “pseudonormal” (elevated filling pres-
sures), and “restrictive” (very high filling pressures) categories. Valsalva AE/A = change in mitral
inflow E to A-wave ratio with Valsalva maneuver. (Modified from Nagueh and Zoghbi'*®) (Source:
Kirkpatrick J. Echocardiography in Heart Failure. Journal of the American College of Cardiology.
2007;50(5): 381-396)
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two-dimensional (2D) image quality is suboptimal, the Tei index might be particu-
larly useful when other measures of left and right ventricular function are obscured
or indeterminate.

EF and Dimensions

Traditionally, EF measurements have been visually estimated with important limita-
tions of subjectivity and dependence on highly trained expert interpretation for accu-
racy. Although symptoms guide the majority of HF management decisions, precise
and reproducible EF measurements play an increasingly important role in guiding
important interventions. Consequently, quantified, objective measurements of LV
systolic function should become standard practice in echocardiography. Although
fractional shortening measured from M-mode tracings can quantify LV function, it
is valid only in a symmetrically contracting heart without regional variability and
is therefore inappropriate for the remodeled ventricles of many HF patients. The
new guidelines from the American Society of Echocardiography (ASE) advocate
the biplane method of discs for EF quantification and discourage the use of M-mode
measurements that rely on geometric assumptions to convert linear measurements
to three-dimensional (3D) volumes.”® An alternative method for volume calcula-
tion, useful when the endocardium is not well defined, is the area—length method.
This method assumes a bullet-shaped ventricle and involves planimetry of the mid-
ventricle short-axis area and the annulus-to-apex length in systole and diastole. With
either 2D method, the new ASE guidelines define an abnormal EF as <55%, with
the cutoffs for moderately abnormal and severely abnormal at 44 and 30%, respec-
tively. The reference ranges for LV dimensions are best indexed to body surface
area, with reference ranges 2.4—3.2 cm/m? and cutoff values of 3.5 and 3.8 cm/m?
for moderate and severe dilation, respectively.’”

Image quality in patients with poor acoustic windows has traditionally played a
major role in limiting the accuracy of quantification of LV volumes and EF. Tis-
sue harmonic imaging with and without echocardiographic contrast for LV cav-
ity opacification has improved the accuracy and reproducibility of EF measure-
ments.>!32 This method has enabled the accurate assessment of LV function in
nearly all patients, irrespective of body habitus, chest wall deformities, or pulmonary
diseases >3~ (Fig. 26.3). Two-dimensional echocardiography, even when employ-
ing these methods, lacks accuracy compared with the gold standards of magnetic
resonance imaging (MRI) or radionuclide ventriculography for quantification of EF
and volumes.*® The reasons for the consistent underestimation of LV volumes and
EF involve reliance on geometric assumptions, combined with foreshortening of
the LV from transducer positioning errors. This underestimation might be overcome
with the use of 3D echocardiography.’’

Although EF and LV dimensions do not correlate with HF symptoms, exercise
capacity, or myocardial oxygen consumption,®®> they do provide crucial prognos-
tic information.®® Morbidity and mortality are closely linked to both EF and LV
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Unenhanced Contrast-enhanced

Fig. 26.3 Contrast opacification of the left ventricular cavity. (A) Apical four-chamber view
with poor endocardial definition. (B) The same view with improved endocardial definition after
echocardiographic contrast administration

volumes in HF patients in multicenter trials.®!-%> Although influenced by a myriad
of demographic and clinical factors, post-myocardial infarction prognosis is most
powerfully predicted by EF and LV size. Early studies of acute myocardial infarction
survivors using cineangiography and radionuclide ventriculography demonstrated
EF <40% and increased LV volumes to be predictors of subsequent cardiovascular
mortality and sudden death.®3-% More recent studies using echocardiography have
also found EF and LV volumes to be powerful prognosticators for major adverse
cardiac events.®”-% The ability of echocardiography to assess global dysfunction
and regional wall motion has aided in the assessment of the size of myocardial
infarctions (Fig. 26.4). This measurement predicts cardiogenic shock (if >40% of
the myocardium is involved), development of chronic HF, and mortality, despite the
fact that myocardial stunning and hibernation complicate the prediction of eventual
infarct size.5%-70

LV Mass

Although LV mass has received less attention in clinical cardiology than EF, it is an
important prognostic marker in HF in patients with and without coronary artery dis-
ease.’! This observation in smaller studies was confirmed in the echocardiographic
substudy of the SOLVD registry and trials, in which investigators examined the
effect of LV hypertrophy on clinical outcomes and found that increased LV mass
was associated with high mortality and rate of cardiovascular hospital stays, inde-
pendent of EF.”?> Because population studies suggest that the etiology of HF in
African-American patients is more likely to be hypertensive than ischemic,”® the
routine and accurate measurement of LV mass and its prognostic significance might
be even more salient in this population.
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Fig. 26.4 Automated ejection fraction calculation through a multiplanar probe, providing global
and regional ejection fraction on a bull’s eye plot

Left ventricular mass assessment is subject to the same limitations in repro-
ducibility and accuracy as measurement of LV dimensions.”* The current ASE
guidelines recommend mass calculation from linear dimensions with the cubed for-
mula, modeling the LV as a prolated ellipse, because this method has been vali-
dated in multiple studies with pathologic correlation. The cubed formula lacks pre-
cision, however, when applied to many HF patients, because it involves geometric
assumptions that are invalid in an asymmetrically contracting, remodeled ventricle.
2D methods, including the truncated ellipsoid and the area—length formula, might
be more appropriate for distorted ventricles with regional wall motion abnormali-
ties. These methods, however, rely heavily on geometric assumptions. Furthermore,
as mentioned, these methods are subject to inaccuracies from foreshortening.

Unlike EF and LV dimensions, LV mass has different cutoff values for men
and women and for linear and 2D methods. The reference ranges for women are
67—162 g and 66—150 g for the linear and 2D methods, respectively. Indexed to
body surface area, these ranges are 43—95 g/m? and 44—88 g/m?. For men, the ref-
erence ranges are 88—224 g and 96—200 g, and 49—115 g/m? and 50—102 g/m?.°

The LV mass increases in the remodeled, failing heart, either from increased vol-
umes with myocardial thinning or from wall hypertrophy in patients with hyperten-
sive cardiomyopathy.” Despite its limitations, the assessment of LV mass provides
not only an important research tool to evaluate remodeling but also a precise and
prognostically powerful way to characterize clinical status.
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Viability Assessment

LV contractile reserve and myocardial viability, as assessed by low-dose dobutamine
stress echocardiography (DSE), significantly influence prognosis in patients with
chronic LV dysfunction. Patients with contractile reserve who undergo myocardial
revascularization have an excellent outcome. The presence and the extent of viable
myocardium are important determinants of prognosis in patients with LV dysfunc-
tion and that both survival and symptomatic status are enhanced by revascularization
in patients with systolic dysfunction who manifest myocardial contractile reserve
(Fig. 26.5).76-78

Fig. 26.5 Four stages of dobutamine stress echocardiography. (A) Resting. (B) Low dose.
(C) Peak, and (D) Recovery stage

Therapeutic Guidance

Echocardiography not only provides clinical measures and prognostic assessments
in patients with HF but can also supply information to guide application of HF
therapies.



26 Management of End Stage Ischemic Heart Disease 389
Medications

In addition to the demonstrated benefit of angiotensin-converting enzyme (ACE)
inhibitors for patients with both symptomatic and asymptomatic LV dysfunction,”
beta-blocker drugs are beneficial for almost all well-compensated patients with LV
systolic dysfunction,":8! and aldosterone antagonists reduce mortality in New York
Heart Association functional class III and IV patients hospitalized for HF with EF =
35% and in post-myocardial infarction patients with EF <40%.82:3% Not only does
echocardiographic EF measurement commonly establish an indication for these
medications but also improvements in EF and LV volumes by echocardiography are
used as standard measures of therapeutic effect in many clinical trials of HF medi-
cations.”®-# Conversely, echocardiography also supplies an assessment tool for the
detrimental effects on LV function of cardiotoxic medications, such as anthracy-
cline chemotherapeutic agents. The EF decrements while taking these medications
are often an indication for discontinuation.33-3

The strategy of combining echocardiographic assessment of filling pressures with
BNP measurement has definite prognostic value and might prove one of the most
accurate ways to noninvasively guide fluid management. In a study by Dokainish
et al.,’> an E/E’ value >15, combined with BNP = 250 pg/ml, measured on the
day before discharge, had incremental power in predicting readmission or cardiac
death compared with traditional clinical risk factors. If proven to be cost-effective,
echocardiography with BNP might become an important strategy for triaging HF
patients in acute care settings, for assessing suitability for discharge, or for identi-
fying patients who need more intensive outpatient management.

Implantable Cardioverter-Defibrillators (ICDs)

Recent studies have demonstrated the benefit of prophylactic ICD for the primary
prevention of sudden death in patients with reduced EF.®7-3% Reimbursement strate-
gies for ICDs therefore rely on EF as a common parameter for placement of these
devices in HF patients, and echocardiography is often employed to assess EF.!
Repeat EF assessment at 30-40 days after myocardial infarction and after initia-
tion of optimal HF medical therapy is necessary to determine the candidacy for
ICD. Many patients’ EF rise above 30-35% cutoff after a month on an appropriate
medical regimen, and premature ICD implantation has shown no benefit.%

Cardiac Resynchronization Therapy (CRT)

Many HF patients lack coordinated contraction of the LV walls (intraventricular
dyssynchrony) and between the right and left ventricles (interventricular dyssyn-
chrony). Cardiac resynchronization therapy can restore coordinated contraction with
demonstrated improvement in symptoms and survival.”® Current recommendations
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and reimbursement strategies advocate that only patients with EF = 35%, moderate-
to-severe HF symptoms, a widened QRS interval, and sinus rhythm should undergo
CRT.! Nevertheless, it is now clear that not all patients meeting these criteria will
respond to CRT; furthermore, it has been recently shown that a subgroup of patients
lacking these criteria could benefit from CRT.”! Echocardiographic measurement
of dyssynchrony can accurately predict beneficial response in the form of reverse
remodeling (reduction in LV volumes, improved EF, and reduced mitral regur-
gitation)®?> and echocardiographically demonstrated reverse remodeling predicts
improved survival.”>-** Currently, different techniques are used to assess dyssyn-
chrony, some of which are discussed in the following text.”> It remains to be seen
which measurement or combination of measurements will prove most accurate in
predicting beneficial response to CRT. This is an area of active investigation in the
PROSPECT (predictors of response to cardiac resynchronization therapy) trial and
other studies.”®

Mitral Valve Surgery

So-called “functional” mitral regurgitation in HF has traditionally been ascribed to
stretching of the mitral annulus and malcoaptation of the mitral valve leaflets. More
recent echocardiographic and pathologic investigations have described tethering of
the mitral valve leaflets from remodeling-induced displacement of one or both pap-
illary muscles and structural changes of the mitral valve itself. These mechanisms
rather than annular dilatation might be the main determinants of functional mitral
regurgitation.””-%8

The rationale behind repair or replacement of the mitral valve has been the
traditional perspective on functional mitral regurgitation; nonetheless, surgery has
demonstrated efficacy, even in advanced HE.*® But it is not always clear whether
repair or replacement is indicated. Furthermore, the severity of functional mitral
regurgitation can be reduced by CRT and by ACE inhibitor therapy without surgery,
presumably owing to the effects of reverse remodeling.'%

Traditional echocardiographic evaluation of mitral regurgitation has significant
limitations. The mitral valve annulus is saddle-shaped and cannot be fully visu-
alized in 2D imaging planes.'”! The mitral valve regurgitant jet, especially when
eccentric, is also incompletely visualized in traditional imaging planes, leading to
misclassification of mitral regurgitation severity. Similarly, the geometric assump-
tions involved in calculating mitral regurgitation severity with Doppler flow and
color Doppler (e.g., calculations of effective regurgitant orifice area) lead to inaccu-
racies in noncentral jets.!0>103

Ventricular Reconstruction Surgery

A number of ventricular reconstruction surgeries have been proposed for patients
with ischemic HF and apical dyskinesis or LV aneurysms.!**1% These surgical
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mechanical techniques reduce ventricular remodeling and have improved both mor-
bidity and mortality in HF patients in small studies,'?®-!%7 but definitive conclusions
await the results of ongoing trials.!®® Decision making for these surgical proce-
dures relies heavily on accurate determination of dyskinesis or akinesis, thinning
of the apical segment, depressed EF, coexistence of mitral regurgitation, and volu-
metric measurement.'%-110 Ap elevated LV end systolic volume index >60 ml/m?2,
in particular, portends poor postoperative survival.''! Echocardiography provides
accurate preoperative modeling to guide the amount of myocardium to be excluded
or resected.!'? And echocardiography provides an important way to judge the effi-
cacy of these procedures in improving ventricular remodeling, hemodynamic status,
and EF.

Ventricular Assist Devices

Ventricular assist devices (left ventricular assist device = LVAD, bi-ventricular
assist device = bi-VAD) are commonly used as bridges to heart transplantation
or ventricular recovery and, more recently, have demonstrated both mortality and
quality of life benefit as “destination therapy” in patients for whom heart transplan-
tation is not an option.''3 Candidates for VAD placement, however, require careful
preoperative consideration. Significant intracardiac shunts, such as an atrial septal
defect, will be exacerbated by LVAD placement, leading to significant hypoxia.''*
Furthermore, significant valvular disease, especially significant aortic stenosis or
aortic regurgitation, must be detected to allow valve repair or replacement before
VAD implant. Decreased right ventricular function and high pulmonary pressures
often necessitate placement of a bi-VAD. Preoperative echocardiography can detect
all of these disorders. After implantation, echocardiography can detect thrombus
formation within the VAD!'> or other causes of inflow cannula obstruction. Doppler
and color Doppler imaging can also detect significant inflow and outflow cannulae
regurgitation and also assess aortic valve opening and insufficiency.''

New Horizons for Advanced Echocardiographic Techniques
in HF

Echocardiographic techniques applicable to HF patients are advancing rapidly. New
techniques have been developed to image myocardial mechanics and provide more
precise measurements to guide therapeutic decisions. Although MRI is an estab-
lished technique for measuring myocardial mechanics and obtaining highly accurate
measurements of cardiac size and structures, the evaluation of these parameters by
echocardiography is considerably more feasible for clinical use, because it is widely
available and repeat assessment can be readily performed.
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Myocardial Motion, Strain, and Strain Rate

One of the most promising techniques, already used in daily clinical practice, is tis-
sue Doppler imaging (TDI). Tissue Doppler imaging has been used with M-mode,
2D, and pulse wave Doppler.!!” The peak systolic myocardial velocity, reflective of
longitudinal myocardial fiber shortening, has been used to assess systolic function
in HF. Yip et al.''® and Yu et al.'!® noted systolic abnormalities (Sm <4.4 m/s) with
TDI in 38-52% of HF patients with normal EFs. Their findings suggest that sys-
tolic myocardial velocity might provide a more accurate measure of systolic dys-
function than EF. Many HF patients with normal EF might have systolic as well
as diastolic HF. In this setting, tissue velocity measures have demonstrated incre-
mental'?%-!2! and, in a recent study, superior'??> prognostic ability compared with
standard echocardiographic measures, including EF.

Tissue velocity measurements are susceptible to artifact from tethering and trans-
lational motion (i.e., displacement of the entire heart is recorded as tissue motion of
the specific segment being measured). Strain imaging, derived from tissue velocity
measurements, overcomes this limitation by measuring actual deformation of the
myocardium (expressed as a percentage) in systole and diastole. Strain rate is the
inverse of the time to deformation. As measured in the longitudinal direction (base
to apex in the apical views), the normal values for strain are 15-25% and for strain
rate are 1-1.5/s.'* This could be decreased or positive in patients with regional wall
motion abnormalities (Fig. 26.6A and B). Like tissue velocity measures, strain and
strain rate imaging detect abnormalities of systolic and diastolic function in patients
with infiltrative cardiomyopathies.'?* In addition, Palka et al.!?> described the use of
strain rate to differentiate restrictive cardiomyopathy (reduced early diastolic strain
rate compared with normal hearts) from constrictive physiology (increased early
diastolic strain rate).

I Inferior Wall Base Dyskinetic

Fig. 26.6 Regional wall motion abnormality as assessed using strain. (A) Mid septum and lateral
wall hypokinesis following LAD infarct. (B) Inferior wall dyskinesis following RCA infarct (red
sample)

The identification and measurement of dyssynchrony is one of the most widely
published uses of tissue velocity, strain, and strain rate imaging in HF. The TDI
techniques predict echocardiographic and clinical response to bi-ventricular pacing
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with high sensitivity and specificity. Several parameters have been used, such as an
intersegmental delay in peak systolic longitudinal motion between segments (abnor-
mal >60-65 ms), the SD of time to peak velocity of 12 segments (abnormal >30—
31 ms), and intersegmental delay in peak systolic radial contraction as assessed by
Speckled tracking 2D Strain'?6-1?7 (Fig. 26.7). Tissue Doppler imaging can identify
the specific regions involved in dyssynchrony as well as the magnitude of dyssyn-
chronous contraction. This information can be available to guide specific placement
of bi-ventricular pacing leads and assess response during long-term follow-up. Fur-
thermore, as bi-ventricular pacemakers can be set with a delay between right ven-
tricular and LV activation, dyssynchrony measures can been used to optimize these
settings, improving intraventricular and interventricular synchrony, and hemody-
namic status.!?

Tissue Tracking

The major limitations to TDI are Doppler angle dependency and problems in assess-
ing regional LV torsional dynamics. In particular, the rotational component of car-
diac contraction plays a significant role in LV ejection and relaxation and is poorly
imaged by most TDI techniques.

Newer techniques such as “speckle tracking” algorithms involve identification
of multiple unique patterns of echocardiographic pixel intensity that are automati-
cally tracked throughout the cardiac cycle. The angular displacement of these pix-
els can be plotted over time for the apex, mid ventricle, and basal segments. Each
pixel’s angular displacement is averaged to provide a measurement of both degree
and direction of rotational motion for each segment. This method is not limited by
angle dependency and compares favorably with MRI.!?-130

Although the prognostic significance of abnormal ventricular torsion has not
been validated in large studies, measurement of rotational motion has shown
promise as a sensitive marker for cardiac ischemia'®' and loading conditions'3? and
might prove beneficial as a refined measure of LV dysfunction in HF and regional
and global dyssynchrony.'3* As such, it might become an important marker of the
functional significance of remodeling and reverse remodeling in HF patients.!* It
might also be able to detect early allograft rejection in transplant patients, potentially
circumventing the need for frequent myocardial biopsies. In fact, when combined
with 3D imaging techniques, it might prove to be a more sensitive marker for occult
LV dysfunction.

3D Echocardiography

Previously hampered by the need for cumbersome off-line reconstruction of images,
3D echocardiography has benefited from the development of new matrix array trans-
ducers that acquire full volume data sets to allow real-time imaging.'> The ability to
visualize all LV walls contemporaneously prevents foreshortening of the LV cavity
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and allows analysis of regional myocardial function. No geometric assumptions are
required in calculating volumes from a 3D image. In recent studies, 3D echocar-
diography demonstrated accurate global and regional assessments of LV size and
function compared with the gold standard of MRI as well as lower intra and inter-
observer variability than traditional techniques.'3® Sugeng et al.'3” showed 3D imag-
ing to be superior to cardiac computed tomography in EF and volumes assessment.
Application of new endocardial border detection techniques to 3D images might
allow direct calculation of LV volumes and EF, leading to improved reproducibil-
ity'3® (Fig. 26.8). Mor-Avi et al.'3° demonstrated that, as in volumetric assessments,
3D echocardiography is more accurate and reproducible than methods for LV mass
calculation, compared with the gold standard of MRI.

Fig. 26.8 Online 3D echocardiography depicting (A) global and regional ejection fraction and
dyssynchrony assessment (B) Volumes and mass assessment

The 3D imaging of global and regional function and LV volumes has not
yet translated into clear improvements in or predictions of clinical outcomes.
3D echocardiography might, in the future, prove beneficial in several areas. The
improved precision in measuring EF might guide more appropriate selection of
patients for ICD and CRT therapy. Like TDI, 3D echocardiography can assess seg-
mental myocardial motion over time, thereby detecting and characterizing dyssyn-
chrony. 3D echocardiography has been used in the functional assessment of mitral
annular size and tenting volume and improves the echocardiographic measurement
of mitral regurgitation.'*® A recent review discusses these and other applications of
3D echocardiography in imaging HF patients, such as assessments of atrial size and
of right ventricular size and function.'*!

Conclusions

Echocardiography is well qualified to meet the growing need for noninvasive imag-
ing in the HF population. Because HF patients often have more than one structural
and/or functional abnormality contributing to their disease state, echocardiography’s
versatility in detecting valvular and pericardial pathology along with myocardial
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disorders yields obvious benefits. Doppler measurements provide important infor-
mation to direct management of volume status, diagnose and characterize HF with
preserved systolic function, and identify patients at high risk for cardiovascular mor-
bidity and mortality. Not surprisingly, the underuse of echocardiography in pop-
ulations at significant risk for HF is associated with adverse cardiovascular out-
comes. #2143 Assessment of LVEF in clinical HF is one of the primary measures
in a number of cardiovascular quality improvement initiatives, including the AHA’s
“Get with the Guidelines” and the ACC’s “Guidelines Applied in Practice”.!* 143
Echocardiography is well suited to repeated measurements of EF and LV mass in
clinical trials and routine patient care. In fact, the new HF guidelines recommend
repeat echocardiography for HF patients with changes in symptoms, a clinical event,
or a treatment likely to affect cardiac function.! Echocardiography provides impor-
tant data for therapeutic decision-making, including defining candidacy for medica-
tions, implantable cardiac devices, and surgical procedures. New techniques for the
characterization of ventricular mechanics and recent developments in 3D echocar-
diography hold great promise for improving the quality of care to the growing pop-
ulation of HF patients.
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Future Applications of Echocardiography
in Acute Coronary Syndrome
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Case Presentation

RJ is a 55-year-old male who presents to your clinic due to his concern for cardio-
vascular disease. His past medical history is notable for hypertension and hyperlipi-
demia, both of which are controlled with medications. He has no history of alcohol,
tobacco, or drug use. His medications include atenolol 25 mg daily, lipitor 40 mg
daily, and aspirin 81 mg daily. He is an avid runner and is currently training for an
upcoming marathon. Currently, he has no cardiovascular symptoms. He is seeking
care from you because he has a strong family history of heart disease and is con-
cerned about his cardiovascular risk. His father, grandfather, and older brother all
died suddenly before age 50 from myocardial infarction. RJ is afraid that he will
“drop dead like the rest of his family.”

His physical examination is essentially unremarkable. His blood pressure is
125/80 mmHg, heart rate 64 bpm, respiratory rate 12/min, body mass index 23. His
carotids are normal with brisk upstrokes and without bruit. His lung fields are clear
to auscultation, and heart sounds are regular and without murmurs. His distal pulses
are symmetric and normal.

An electrocardiogram performed in clinic shows normal sinus rhythm with no
evidence of accelerated conduction and normal QRS, ST, and T segments. His
laboratory results are notable for total cholesterol 160 mg/dL, low-density lipopro-
tein cholesterol 110 mg/dL, high-density lipoprotein cholesterol 38 mg/dL, high-
sensitivity C-reactive protein 2.2 mg/L, homocysteine 8 pmol/L. The rest of his
complete blood count and chemistry panels are unremarkable.

You discuss with RJ that according to the Framingham’s risk score, his cardio-
vascular risk for the next 10 years is low — estimated at 7%. However, you recog-
nize the Framingham’s risk score does not account for family history. You are also
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wary of the mildly elevated high-sensitivity C-reactive protein level, which may
convey a higher risk of future heart attack. You recommend RJ undergo an exercise
echocardiogram which would offer further information regarding risk stratification
and prognosis.

The patient exercises on the Bruce protocol for 14 min 30 s, achieving 90% of his
maximum predicted heart rate. He has no ischemic symptoms. His blood pressure
goes from 130/80 mmHg at rest to 160/85 mmHg with peak exercise. His echocar-
diogram at rest is unremarkable showing normal biventricular size, systolic and dias-
tolic function, and no significant valvular abnormalities. At peak exercise, his left
ventricle augments appropriately and all myocardial segments thicken normally.

You are confident that the normal stress echocardiogram has high negative pre-
dictive value in excluding obstructive coronary artery disease. In addition, you know
from the literature that having a completely normal stress echocardiogram confers
low, although not zero, risk of cardiac event in the next 3—5 years."5 Now, RJ wants
to know if it is okay to conclude he does not have coronary artery disease.

Introduction

Currently available imaging modalities including stress echocardiography, single-
photon emission computed tomography, and coronary angiography are used for
detecting advanced stages of atherosclerosis when significant luminal narrowing has
occurred. Detection of early stages of atherosclerosis is prudent because it allows
opportunities for aggressive medical intervention. More importantly, previous stud-
ies have shown that coronary occlusion resulting in infarction does not correlate
with site of high-grade stenosis.®~® This highlights the importance of identifying the
vulnerable patient rather than the obstructive lesion. We now recognize that inflam-
mation and neovascularization in the arterial wall are pathological changes in early
atherosclerosis. With the aid of acoustically active ultrasound contrast agents, we
now have the opportunities to image earlier markers of disease and explore poten-
tial applications of these agents for targeted drug delivery.

Acoustically Active Contrast Agents for Ultrasound Imaging

Acoustically active contrast agents are intravascular tracers that can be engineered
to target and enhance detection of endothelial and adventitial markers present in
early stages of atherosclerosis. Entrapped air or gas within the contrast agents makes
them good acoustic reflectors. Their outer shells can be modified, so ligands such
as peptides or antibodies against endothelial markers, or drugs can be attached.
A number of formulations including commercial formulations (i.e., Optison™,
Definity™) are available. Our group pioneered liposome-based acoustically active
contrast agents with air entrapped in the phospholipid bilayers.” These agents can
be used to target and highlight early atheroma components.
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Imaging of Inflammation

Acoustically active contrast agents can detect arterial inflammation via passive or
active targeting. Basalyga et al. demonstrated albumin in the microbubble shell was
able to bind passively to denuded aorta via electrostatic interactions,'? presumably
mediated through adherence of leukocytes to the inflamed endothelium.!! In active
targeting, the surface components of acoustically active contrast agents are modified
to interact with and highlight the markers of inflammation. Villanueva et al. used
anti-human anti-ICAM-1 (intercellular adhesion molecule expressed in the mem-
branes of leukocytes and endothelial cells)-conjugated microbubbles to attach to
activated coronary artery endothelial cells in vitro.'> We have demonstrated that our
echogenic liposomes were able to highlight both endothelial and adventitial compo-
nents of atheroma in vivo. Using Yucatan miniswines as a model, we showed anti-
ICAM-1- and anti-VCAM-1-conjugated liposomes bound to atherosclerotic arterial
wall (Figs. 27.1 and 27.2).131* Furthermore, we demonstrated improved character-
ization of the binding of anti-ICAM echogenic liposomes to atheroma using 3-D
intravascular ultrasound (Fig. 27.3, unpublished data).

Imaging of Thrombus

Thrombus formation and arterial occlusion are important features of inflammation
and atherosclerosis. Noninvasive imaging of thrombus formation using thrombus-
targeted microbubbles and echogenic liposomes has been studied. Lanza et al.
demonstrated feasibility of highlighting arterial thrombi in vivo using microbubbles
targeted with antifibrin antibodies.'?

Potential Therapeutic Applications of Ultrasound in Coronary
Artery Disease

By coupling drugs or small molecules to acoustically active contrast agents, they
can potentially be delivered to sites of interest which would enhance their therapeu-
tic effects. Preliminary data suggested in vivo binding of thrombus to MRX-408,
a peptide coupled to the lipid shell, may enhance thrombolysis when activated by
ultrasound.'® Another potential strategy to achieve targeted thrombolysis is by cou-
pling tissue plasminogen activator to ultrasound contrast agents.

Our group has demonstrated the feasibility of loading nitric oxide, a biologically
active agent, onto echogenic liposomes for delivery to vascular smooth muscle cells
(Fig. 27.4, unpublished data). Administration of these nitric oxide-containing con-
trast agents to balloon-injured carotid arteries results in the inhibition of intimal
thickening when compared with controls (Fig. 27.5, unpublished data). This pro-
vides a new approach for delivering a variety of bioactive agents to target tissues.
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Fig. 27.1 In vivo data demonstrating the attachment of anti-ICAM-1-conjugated echogenic
immunoliposomes to the atherosclerotic arterial wall. Intravascular ultrasound imaging of the
atherosclerotic left carotid artery of a Yucatan miniswine (notice the circular atheroma deposi-
tion). (A) Following injection of saline (arrows point to early atheroma). (B) Following injection
of unconjugated liposomes (arrows point to liposomes within lumen). (C) Following injection of
anti-ICAM-1-labeled liposomes (arrows point to liposomes attached to the atherosclerotic plaque).
Transvascular ultrasound images of the atherosclerotic left carotid artery of a Yucatan miniswine.
(D) Following saline injection. (E) Following injection of unconjugated liposomes (arrows point to
liposomes within the lumen). (F) Following injection of anti-ICAM-1-labeled liposomes (arrows
point to liposomes attached to the atherosclerotic plaque)
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Fig. 27.2 In vivo experiment demonstrating the attachment of anti-ICAM-1 and anti-VCAM-1-
conjugated echogenic immunoliposomes to atherosclerotic arterial wall. Intravascular ultrasound
imaging of the atherosclerotic left carotid artery of a Yucatan miniswine. (A) Following saline
injection. (B) Five minutes after injection of unconjugated liposomes. (C) Following injection of
anti-ICAM-1-labeled liposomes. There is enhancement of the atheroma (arrows) as well as adven-
titia (A). Intravascular ultrasound imaging of the atherosclerotic femoral artery of a Yucatan min-
iswine. (D) Following saline injection. (E) Five minutes after injection of unconjugated liposomes.
(F) Postinjection of anti-VCAM-1-labeled liposomes (arrows point to enhanced atheroma)

We have also demonstrated it is possible to deliver a small molecule (in this case,
calcein was used as a surrogate) to vascular smooth muscle cells by conjugating
anti-smooth muscle cell actin antibody to the liposomes (Fig. 27.6, unpublished
data). The ability to regulate or manipulate vascular SMC function is an important
step in the treatment of atherosclerosis.

Case Presentation (Year 2020)

In year 2020, our patient RJ will have more diagnostic and therapeutic options.
Despite a normal exercise echocardiogram, you feel that RJ is at risk of vascu-
lar disease because of his strong family history and abnormal C-reactive protein
levels. The patient undergoes ultrasound-based molecular imaging of his coronary
arteries using anti-ICAM and anti-VCAM-loaded liposomes as contrast agents. The
test reveals he does indeed have diffuse inflammation of his vessels, which is a
sign of subclinical atherosclerosis. You prescribe RJ with more potent anti-lipid and
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Fig. 27.3 2-D and 3-D volumetric intravascular ultrasound images of an atheroma of the common
carotid artery. A longitudinal section of the artery is displayed to better demonstrate the extent
and distribution of plaque to the endothelial surface and across the arterial wall. The dark luminal
region indicates the bifurcation of the common carotid artery and is used as a landmark ensur-
ing the same arterial segment has been selected at baseline and after treatment with anti-ICAM-
1-conjugated immunoliposomes. Acoustic enhancement by anti-ICAM-1 immunoliposomes was
observed across the arterial wall and over the endothelial surface, especially beyond the bifurcation
point. (A) Baseline before anti-ICAM-1 liposomes injection. (B) Five minutes after anti-ICAM-
1 liposomes injection. (C and D) 2-D intravascular ultrasound images detailing enhancement of
endothelium and atheroma by anti-ICAM-1 immunoliposomes on the cross-sectional view along
the yellow line in the 3-D image

anti-inflammatory drugs and plan to follow his clinical response with a repeat imag-
ing study. If RJ fails to respond with regression of disease in 6 months, you plan
to administer small molecule-loaded echogenic liposomes to modify his vascular
smooth muscle function directly. Your patient RJ is very satisfied with your plan,
and he remains your loyal patient for the next 40 years!

Conclusion

The ability to use targeted acoustically active tracers to detect inflammation within
the vessel wall and thrombus formation is an important step in identifying vulnerable
patients at risk for vascular disease. This technique is a promising future tool for
identifying patients with early disease, monitoring their response to therapies and
potentially as a therapeutic treatment option through targeted drug delivery.
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Fig. 27.4 In vitro experiment demonstrating loading of NO onto echogenic liposomes allows
delivery of NO onto vascular smooth muscle cells. Hemoglobin normally sequesters NO. However,
NO-loaded liposomes are not sequestered by hemoglobin and can be delivered onto smooth muscle
cells. (A) Nitric oxide saturated solution in the absence of hemoglobin. (B) Nitric oxide saturated

solution in the presence of hemoglobin. (C) Liposomes containing nitric oxide in the absence of
hemoglobin. (D) Liposomes containing nitric oxide in the presence of hemoglobin
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Fig. 27.5 In vivo experiment illustrating the biologic effect of nitric oxide in inhibiting intimal
hyperplasia in balloon-injured carotid arteries in a rabbit model. (A) Histology of a controlled
carotid artery showing normal intima. (B) Histology of a balloon-injured carotid artery showing
intimal hyperplasia. (C) Histology of a balloon-injured carotid artery treated with argon, which has
no biologic effect. (D) Histology of a balloon-injured carotid artery treated with nitric oxide, which
is effective in inhibiting intimal hyperplasia. (E) Nitric oxide-loaded liposomes inhibit intimal
thickness by 51 + 6%
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Fig. 27.6 In vivo delivery of calcein, a surrogate for a small molecule, to all three layers of
the arterial wall in Yucatan miniswines using ultrasound and smooth muscle cell actin-targeted
liposomes. (A) Without ultrasound, very little uptake in the arterial media was noted. (B) With
ultrasound treatment, greater uptake in the media is seen. (C) The bar graph demonstrates uptake
of calcein in all three arterial layers following ultrasound treatment
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Chapter 28
Myocardial Contrast Echocardiography in the
Emergency Department

J. Todd Belcik and Jonathan R. Lindner

Diagnostic Algorithms for Chest Pain in the Emergency Room

Emergency departments across the United States annually treat close to 6 million
patients who present with chest pain (CP).! Only a minority of these patients
(10-30%) are ultimately diagnosed as having an acute myocardial infarction or
acute coronary syndrome (ACS).>? Yet, many patients with noncardiac CP are
admitted to the hospital or to observation units incurring enormous burden to the
health-care system. It has been estimated that the majority of patients admitted to
the hospital with CP have a noncardiac etiology.! Of those who do have ACS, the
standard diagnostic algorithms that are currently employed are frequently nondiag-
nostic, leading to a delayed or even missed diagnosis.>* These standard practices
include detailed history, physical examination, 12-lead electrocardiogram (ECG),
and circulating biomarkers for myocardial cell injury. Although the ECG can rapidly
identify patients with ST-elevation MI, its overall sensitivity is relatively low and is
diagnostic in roughly 30-50% of patients who have acute myocardial infarction
(MI) other than acute ST-elevation ML>:¢ One of the most important diagnostic
advances over the last two decades has been cardiac-specific troponin assays that
can be used to identify high-risk patients. However, these assays may remain nega-
tive for a period of time depending on the timing of presentation and the degree of
necrosis, are somewhat limited in their ability to detect ischemia without necro-
sis, and can also be falsely elevated by other comorbid conditions.””® Because
of the limitations in current evaluation methods, approximately 4-5% of patients
with evolving myocardial infarctions are mistakenly discharged from the emergency
department.?* !0 These patients have a particularly high mortality risk.?

To address limitations of the current state-of-the-art practice, protocols for rapid
imaging of myocardial function and perfusion have been developed and have been
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tested for incremental value. The widespread availability, low cost, and portable
bedside capabilities of ultrasound make echocardiography the most practical imag-
ing technique for rapid evaluation of patients presenting to the emergency depart-
ment with chest pain. A critical component of the echocardiographic examination in
this setting is the use of ultrasound contrast agents. These agents are comprised of
acoustically active microbubbles that are generally encapsulated with a shell com-
posed of protein, lipid, or biocompatible polymers and contain either air (nitrogen)
or high-molecular weight gases (perfluorocarbons, sulfur hexafluoride) that have
low solubility and diffusivity.!! The use of these agents to enhance wall motion
assessment and to detect perfusion abnormalities in patients presenting with CP
will be discussed.

Left Ventricular Opacification

Assessment of regional wall motion by echocardiography in the acute setting can
provide powerful prognostic information in patients with CP, particularly in those
without prior MI who do not have preexisting wall motion abnormalities.'>!3 In
particular, the negative predictive value of the technique is high. In other words,
the presence of completely normal wall motion can exclude ischemia, provided
that imaging is performed during CP or very soon after resolution of symptoms.
This approach hinges on adequate visualization of all myocardial segments. Despite
advances in imaging technology, such as harmonic filtering, adequate evaluation of
the endocardial border is still not possible in 5-15% of patients due to factors such
as obesity and lung disease. Microbubble-based ultrasound contrast agents improve
endocardial border delineation of the left ventricle in these technically suboptimal
studies (Fig. 28.1).14~!7 This issue is of particular importance in the evaluation of
patients who present to the emergency department with CP since (1) every segment
needs to be visualized, (2) a high level of reader confidence is needed, and (3) the
imaging environment in the emergency department is often suboptimal.

Several clinical studies have demonstrated that ultrasound contrast agents used in
technically suboptimal studies can substantially increase the number of interpretable

Diastole b Systole

Fig. 28.1 End-diastolic and
end-systolic frames during
left ventricular opacification
from a patient with
technically difficult baseline
windows. Endocardial
borders are defined by the
change in contrast intensity
between the cavity and the
myocardium
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segments and decrease interobserver variability.'*~'® Improvement in endocardial
definition and an increase in the number of segments that can be adequately visual-
ized with contrast administration have led to greater diagnostic accuracy.'* '8 Physi-
cian confidence also increases with contrast administration, particularly in those
with less experience in echocardiographic interpretation.'® The issue of reader con-
fidence is not inconsequential since often rapid decisions must be made in the emer-
gency department on the basis of bedside interpretation.

The additional diagnostic value of left ventricular opacification with contrast
echocardiography has recently been demonstrated in emergency room patients
presenting with chest pain.’’ Regional wall motion information with contrast
echocardiography performed in patients without ST-segment elevation on ini-
tial ECG provided substantial incremental diagnostic for diagnosis of ACS. It
also provided prognostic information for short- and long-term risk for adverse

Fig. 28.2 Ancillary findings on contrast echocardiography in patients presenting with chest pain.
(A) Left ventricular apical thrombus in a patient presenting with acute MI and a wall motion
abnormality in the LAD distribution. (B) Left ventricular apical pseudoaneurysm which was not
visualized on the baseline noncontrast study in patients with recurrence of chest pain several weeks
after MI. (C) End-diastolic (/eft) and end-systolic (right) frames in a patient with apical ballooning
syndrome and normal coronary artery anatomy. The wall motion abnormality from the end-systolic
frames is atypical for coronary artery distribution pattern
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cardiovascular events and for mortality. In patients who are confirmed to have an
ischemic cause of their CP, contrast echocardiography can also reveal other impor-
tant manifestations of disease such as the presence of ventricular pseudoaneurysms
or ventricular thrombus (Fig. 28.2). Several case studies have also shown that other
miscellaneous disease states that can manifest as chest pain, such as apical vari-
ant hypertrophic cardiomyopathy and idiopathic apical ballooning (Takotsubo car-
diomyopathy), are easily identifiable with the use of ultrasound contrast agents for
left ventricular opacification.?!-??

Evaluation of Regional Myocardial Blood Flow

The ability to rapidly assess myocardial perfusion at the patient bedside provides
additional diagnostic potential for myocardial contrast echocardiography (MCE).
Most of the microbubble ultrasound contrast agents that have been approved for
use in patients are smaller than the average capillary diameter and have a simi-
lar rheology to erythrocytes.?*->* Hence, they act as a pure intravascular blood pool
agent and can be used to evaluate regional perfusion by measuring contrast enhance-
ment within the myocardium.?> Appropriate use of MCE in patients with possible
or known ACS relies on user knowledge of the technical components of perfusion
imaging.

The degree of acoustic signal enhancement generated by microbubbles, mea-
sured as a video intensity (VI), reflects the concentration of microbubbles in tissues.
Hence, regional VI reflects relative myocardial blood volume, provided imaging is
being performed with a method that does not compromise microbubble integrity.
Since the vast majority of the intramyocardial blood volume resides in the capillary
compartment,”® the VI from contrast administration reflects capillary blood vol-
ume. Information on capillary blood volume alone can be useful in patients present-
ing with CP. Perfusion abnormalities at rest are generally characterized by reduced
myocardial blood volume due to either capillary loss (prior infarction), complete
lack of capillary filling (acute infarction), or capillary derecruitment in the face of
reduced perfusion pressure (flow-limiting stenosis at rest). All of these pathophysio-
logic processes can be detected by imaging blood volume with nondestructive, low-
mechanical index imaging (Fig. 28.3). Imaging blood volume alone in this manner
should be used with caution though for several reasons. First, attenuation defects
can appear identical to blood volume abnormalities. Second, if microbubble con-
centration is too high, then system saturation (signal enhancement that is beyond
the upper limit of the dynamic range) may obfuscate a defect that is due to resting
hypoperfusion.!! Finally, flow information rather than volume information is nec-
essary in certain circumstances such as when evaluating the adequacy of collateral
flow or antegrade flow in the infarct-related artery.

For evaluation of blood flow, microbubbles within the imaging sector volume
must be destroyed and the rate of their replenishment measured.”> The rate of
microbubble replenishment is assessed by the rate constant of video intensity
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Fig. 28.3 Perfusion defect at
the left ventricular apex and
the distal lateral wall where
there is complete absence of
contrast enhancement during
continuous low-power
myocardial contrast
echocardiography. There is an
underlying mural apical
thrombus that also does not
opacify

recovery. This parameter can be quantified by fitting postdestructive imaging data
to a one-exponential function. Data for such curve fitting can be obtained by one
of two methods: (1) continuous low-power imaging after several frames of high-
power destructive imaging or (2) progressive prolongation of the pulsing interval
(time interval between frames) during high-power imaging that destroys microbub-
bles with each imaging pulse.'! Blood flow can then be calculated by the product
of the rate constant (capillary blood velocity) and relative blood volume, which is
measured by the relative plateau intensity once refill is complete.?

In the setting of ACS, assessment of flow is often needed immediately at the
patient bedside without recourse to quantitative regional analysis from curve fitting.
In this setting, visual evaluation of reduced microvascular velocity must suffice.
This can be accomplished by either visually detecting regional heterogeneity in the
time or pulsing interval required to reach plateau intensity, or identification of a
territory that requires more than five cardiac cycles to fill (in the absence of brady-
cardia or tachycardia). Evaluation of regional capillary blood velocity provides the
most accurate depiction of the perfusion territory of the culprit vessel since it can
detect regions that are supplied by collateral perfusion that can have relatively nor-
mal blood volume despite reduced blood flow.?’

Perfusion Imaging for Diagnosis of ACS

The incremental value of perfusion imaging in patients presenting to the emergency
department with CP has been evaluated in several studies that used the visual inspec-
tion techniques described above.?%-28:2The premise of these studies was that perfu-
sion imaging could provide additive diagnostic and/or prognostic information to
wall motion assessment for several reasons. First, not all global or regional ventric-
ular dysfunction is secondary to ischemia. Second, wall motion can be difficult to
assess in certain patient populations, such as those with left bundle branch block.
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Finally, in those with ACS, the finding of abnormal function but normal perfusion
often denotes a “myocardial stunning” physiology, which is likely to convey a dif-
ferent prognosis than persistent hypoperfusion.

Studies comparing MCE and radionuclide imaging have demonstrated equiv-
alent diagnostic performance for the two techniques in patients presenting with
chest pain.?’ In a series of almost 1,000 patients who presented to the emergency
department with prolonged CP, MCE performed within 12 h was shown to provide
incremental diagnostic and prognostic information.?’-2® For diagnostic purposes, the
combination of regional function and perfusion was found to be superior to standard
clinical assessment. In particular, perfusion and wall motion with MCE was supe-
rior to the TIMI risk score, particularly when taking into account only the initial
troponin value. These findings indicate that MCE at the patient bedside provides
the ability to rapidly risk stratify patients with CP very early after presentation. It
should be noted, however, that the incremental diagnostic value of perfusion imag-
ing to regional function was very small. However, perfusion imaging data were par-
ticularly helpful in determining long-term prognosis. Those patients with abnormal
regional function but preserved perfusion (stunning or nonischemic etiologies) had
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Fig. 28.4 Event-free survival for patients presenting to the emergency department with interme-
diate TIMI risk score according to regional function (RF) and myocardial perfusion (MP) status.
Events were defined as death, myocardial infarction, unstable angina, or coronary revasculariza-
tion. Reproduced with permission®®
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a significantly better event-free survival than those with abnormal function and per-
fusion (Fig. 28.4).20-28

MCE in Patients with Known MI

Myocardial contrast echocardiography may provide important information even in
those patients in whom the diagnosis of ACS or ST-elevation MI has been made. One
such application is the measurement of the risk area. The myocardial risk area is the
region that is destined to undergo necrosis unless adequate perfusion is restored.
In the setting of acute coronary occlusion, the risk area is the territory supplied by
the infarct-related artery minus the territory that is supplied by sufficient collateral
flow to maintain viability (approximately 0.20-0.25 ml/min/g tissue).>* These terri-
torial patterns can be assessed with MCE perfusion imaging (Fig. 28.5). In canine
models of occlusion, it has been demonstrated that central territories that lack per-
fusion are the regions that are destined to undergo necrosis, which occurs in a time-
dependent fashion.?’-3! Surrounding regions that have delayed contrast replenish-
ment compared to remote territories are ischemic but receive sufficient collateral
flow to maintain viability even if occlusion is prolonged.?’-*! Wall motion cannot
differentiate between collateralized zones and regions that are destined to necrosis
since both will produce severe hypokinesis to akinesis.??

Fig. 28.5 Illustration of true risk area and collateralized regions during occlusion of the LAD in
a canine model. The perfusion defect at a short pulsing interval (PI) illustrates the ischemic region
subtended by the LAD. With prolongation of the PI, there is gradual filling of the borders due to
collateral blood flow, thereby revealing the true risk area at the center of the perfusion bed (arrows)

The use of MCE for evaluating risk area in patients has been confirmed whereby
perfusion imaging was performed immediately before primary percutaneous coro-
nary intervention (PCI) for acute ST-elevation MI.* Regions with severe wall
motion abnormality but the presence of some degree of perfusion during coronary
occlusion almost always demonstrated recovery of resting function at follow-up
echocardiography several months later. Therefore, the presence of perfusion within
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the territory of an infarct-related artery, whether from antegrade or collateral flow,
can give reassurance that viability will be maintained. On the other hand, the lack of
perfusion at the time of presentation does not necessarily imply that wall motion or
contractile reserve will not recover since prompt revascularization may still result in
complete salvage.

Although MCE can measure the true risk area with excellent spatial resolution,
the clinical utility of this information and whether it should be used to make treat-
ment decisions is not clear at the present time. This approach has instead been used
to evaluate new treatment strategies aimed at improving microvascular reflow. The
best measure of any therapy aimed at improving myocardial salvage is to evaluate
eventual infarct size as a proportion to the true risk area rather than measurement of
infarct size alone. The ability of MCE to provide this information on percent salvage
has been demonstrated in trials where the therapeutic effect of adenosine given as
an adjunct to primary PCI was studied.’*

In those with recognized MI, MCE can also be used to assess the adequacy of
reperfusion therapy. Since the technique evaluates perfusion at the capillary level,
lack of perfusion after thrombolysis or PCI can also occur from microvascular no-
reflow that occurs in 20-30% of instances when epicardial artery patency with
TIMI-3 flow has been achieved.?>3” The complete lack of myocardial reflow in
the territory of the infarct-related artery detected by MCE predicts with lack of
functional recovery and a high risk for adverse remodeling.®~#! Partial or non-
transmural perfusion defects, which tend to match well with regions with delayed
enhancement on Gd-DTPA magnetic resonance imaging,*> may or may not recover
resting function depending on their extent.*** Even if resting function does not
recover, the presence of residual perfusion does denote the presence of viability
confirmed by the presence of contractile reserve during low-dose dobutamine.33-43
It should be cautioned that although MCE can provide information on acute reflow
patterns in patients in the emergency department, assessment of microvascular
integrity is most accurate for predicting long-term outcome when performed sev-
eral days after revascularization therapy, since reactive hyperemia and temporal het-
erogeneity of microvascular flow occur in the first few days after epicardial artery
recanalization. %3
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Left ventricular model
coronary circulation to, 27-30
echocardiographic analysis of, 23-27
Left ventricular outflow tract, 239
obstruction, 83
See also Transesophageal
echocardiography
Left ventricular pseudoaneurysm, 324
diagnosis, 325-327
etiology and clinical presentation of, 325
therapy for, 327
See also Acute myocardial infarction
Left ventricular relaxation, 48
Left ventricular systolic dysfunction, 251
Left ventricular systolic pressure, 235-236
See also Cardiac hemodynamics, evaluation
Left ventricular thrombus, 253, 327-329
See also Acute myocardial infarction
Left ventricular wall motion analyses,
technique involved, 89-93
atrial function, 96-97
CAD, 93-94
cardiomyopathies, 93
dyssynchrony assessment, 95-96
speckle tracking, 98
SRI, limitations of, 97-98
stress echocardiography, 94-95
velocity vector imaging, 98-99
Lipoprotein metabolism, drugs in, 144
LMCA, see Left main coronary artery
Low-density lipoprotein cholesterol, 133
LVA, see Left ventricular aneurysm
LVDP, see Left ventricular diastolic pressure
LVEDP, see Left ventricular end-diastolic
pressure
LVEEF, see Left ventricular ejection fraction
LVEF, role of, 330
LVFWR, see Left ventricular free wall rupture
LVOT, see Left ventricular outflow tract
LVPA, see Left ventricular pseudoaneurysm
LVSD, see Left ventricular systolic dysfunction
LVSP, see Left ventricular systolic pressure
LV volume and LV ejection fraction,
assessment of, 108
See also Echocardiography

M

Magnetic resonance imaging (MRI), 151, 385

Maximal gradient, measurement of, 236

MBEF, see Myocardial blood flow

MBY, see Myocardial blood volume

MCE, see Myocardial contrast
echocardiography
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Micro bubbles
applications of, 2-3
and MCE methodology, 118-119
MILIS, see Multicenter Investigation of
Limitation of Infarct Size
Miniature echocardiography, for ACS,
261-268
See also Acute coronary syndrome
Mitral and pulmonary venous blood flow
velocity, patterns, 47—48
Mitral annular tissue doppler analysis, in ACS,
49-50
See also Diastolic function assessment, in
ACS
Mitral regurgitation (MR), 83-84, 109
See also Transesophageal
echocardiography
Mitral valve surgery, in heart failure, 390
M-mode echocardiography
for pericardial effusion, 292, 293
for right ventricular infarction, 299
for severe pulmonary hypertension, 235
usage of, 229-230, 234
MR, see Acute mitral regurgitation
Multicenter Investigation of Limitation of
Infarct Size, 270
Myocardial blood flow, 118
and regional wall thickening, relation of,
120
See also Myocardial contrast echocardiog-
raphy
Myocardial blood volume, 119
Myocardial contrast echocardiography, 37,
118, 346-347, 352, 360
acute chest pain and, 119-120
case studies of, 122-126
in emergency department
left ventricular opacification, 416-418
in MI patients, 421-422
perfusion imaging for diagnosis of
ACS, 419-421
regional myocardial blood flow
evaluation, 418-419
established cardiac chest pain and, 127-128
limitations, 129
methodology, 118-119
for myocardial viability evaluation, 361
role of, 2
suspected cardiac chest pain and, 120-121
See also 3D Echocardiography;
Echocardiography
Myocardial dysfunction
in ACS, 39
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Myocardial dysfunction (cont.)
ischemic cascade, 149-150
coronary anatomy and myocardial
perfusion, 150-152
diastolic dysfunction, 153-155
perfusion abnormalities, 152—-153
strain, 155-157
wall motion abnormalities, 157—158
See also Systolic function assessment, in
ACS
Myocardial fiber shortening, defined, 90
See also Left ventricular wall motion
analyses
Myocardial infarction (MI), 8
complication, 80, 82
3D echocardiography for, 111
diagnosis, echocardiography in, 252-253
MCE in, 421-422
See also Acute heart failure; Acute
myocardial infarction; 3D
echocardiography
Myocardial injury, cTnl for, 222
Myocardial ischemia
diastolic dysfunction in, 153-155
measurement of, 120
See also Ischemic cascade; Myocardial
contrast echocardiography
Myocardial oxygen consumption,
determination, 120
See also Myocardial contrast
echocardiography
Myocardial performance index, for left
ventricle assessment, 67-68
Myocardial perfusion
and abnormal myocardial function, 121
and coronary anatomy, 150-152
determination of, 149
imaging, detection of, 180
See also Ischemic cascade; Myocardial
contrast echocardiography; Stress
echocardiography
Myocardial rupture
clinical course, 272-273
echocardiography and therapy for, 273-274
effects, 271
incidence and risk factors, 270-271
pathophysiology, 271
reperfusion effect on, 271-272
See also Echocardiography
Myocardial viability assessment, dobutamine
stress echocardiography in,
181-186, 353-359
future perspectives of, 360-361
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imaging methods for predicting, 352
See also Acute coronary syndrome; Stress
echocardiography
Myocyte replacement therapy, dobutamine
stress echo in, 348
Myoglobin, for ACS diagnosis, 223

N
National Cancer Institute, 135
National Cholesterol Education Program, 134,
142
National Cholesterol Education Program Adult
Treatment Panel III, 134, 202
NCEP, see National Cholesterol Education
Program
NCEP ATP III, see National Cholesterol
Education Program Adult Treatment
Panel 111
New onset heart failure
and acute exacerbation of chronic HF,
differentiation of, 368
cardiac catheterization in, 369
See also Acute heart failure
Nicotine, 135
Nitroglycerine dobutamine stress
echocardiography, 360
Non-ST-elevation myocardial infarction, 39,
120, 219-220, 341
NSTEMI, see Non-ST-elevation myocardial
infarction
N-terminal pro-BNP, 368
NTGDE, see Nitroglycerine dobutamine stress
echocardiography
NT-proBNP, see N-terminal pro-BNP
Nutrition and CVD, 136
See also Cardiovascular diseases

0
Obesity
and CVD, 136-138
treatment, drugs in, 137-138
See also Cardiovascular diseases
Obtuse marginal (OM), 19-20
Oral heart failure medications, 373-375
See also Acute heart failure
Orlistat, 137
Overweight and CVD, 137
See also Cardiovascular diseases

P

PADP, see Pulmonary artery diastolic pressure

PAIN pathway, for ACS management, 5-6
See also Acute coronary syndrome

Papillary muscle rupture, 83-84, 253
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See also Transesophageal
echocardiography
Partial rupture of papillary muscle, definition
of, 309
PASP, see Pulmonary artery systolic pressure
PBF, see Pulmonary blood flow
PCI, see Percutaneous coronary intervention;
Primary coronary intervention
PDA, see Posterior descending artery
Peak wall motion score index, role of, 194—197
See also Stress echocardiography, in CAD
treatment
Percutaneous coronary intervention, 193, 272,
421
Perfusion imaging, for ACS diagnosis,
419-421
See also Echocardiography
Pericardial effusion
clinical presentation, 290-291
echocardiographic diagnosis, 253, 291-295
pathophysiology, 288-290
and TEE, 85
treatment for, 296
See also Acute myocardial infarction;
Transesophageal echocardiography
PET, see Positron emission tomography
Pharmacologic stress echocardiogram
in CAD treatment, 163-164
role, 103
See also Stress echocardiography, in CAD
treatment
Plaques and acute coronary syndromes, 209
Plasma lipids and CVD, 142-145
See also Cardiovascular diseases
PLBs, see Postero lateral branches
Positron emission tomography, 181, 352
Posterior descending artery, 20
Postero lateral branches, 20
Post-systolic thickening, 155
Preclinical atherosclerosis, assessment
asymptomatic persons, testing, 202
risk assessment, 201
ultrasound imaging, advantages of,
202-203
Pre-discharge dobutamine stress
echocardiography, role, 342
Primary coronary intervention, 347
PRIORITY myocardial infarction and ACS
management, 9-10
PRIORITY patients and ACS management,
7-9
See also Acute coronary syndrome
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Priority risk, Advanced risk, Intermediate risk
and Negative / Low risk (PAIN), 5

Prostatic hypertrophy, case study of, 31-35

PST, see Post-systolic thickening

Pulmonary artery systolic/diastolic pressure,
evaluation, 233-235

See also Cardiac hemodynamics, evaluation

Pulmonary blood flow, 240

Pulmonary vascular resistance, 241

Pulsed Doppler, usage, 238

PVR, see Pulmonary vascular resistance

R
Radionuclide imaging, in LV assessment, 330
RAP, see Right atrial pressure
RCA, see Right coronary artery
RCA meets LCx territory, 30
See also Acute coronary syndrome
Real-time three-dimensional, 43
Regional myocardial blood flow, MCE in
evaluation of, 418419
Regional wall motion abnormalities, 250
Renal dysfunction and ACS, 221
Resting ejection fraction, importance of,
196-198
See also Stress echocardiography, in CAD
treatment
Right atrial collapse, 294
Right atrial pressure, 229-230
See also Cardiac hemodynamics, evaluation
Right coronary artery, 17
Right ventricle, blood supply, 59-60
Right ventricular assessment in ACS,
echocardiographic, 59-61
contrast agents usage and role, 62—63
Dobutamine stress echocardiography, 65
echocardiographic views of, 65
qualitative assessment, 61-62
quantitative assessment of, 66—68
segmental approach, 63—-65
significance of, infraction, 60-61
two-dimensional methods for assessment,
66-67
two/three-dimensional
echocardiography in, 65-66
Right ventricular diastolic pressure, 232-233
See also Cardiac hemodynamics, evaluation
Right ventricular infarction
in ACS, 79-80
case study for, 304-306
clinical presentation, 298-299
complication, 80
echocardiographic diagnosis, 252-253,
299-301
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Right ventricular infarction (cont.)
echocardiographic contrast agents in,
62-63
qualitative assessment, 61-62
quantitative assessment of, 66—68
segmental approach, 63—-65
two/three-dimensional echocardiogra-
phy in, 65-66
free wall rupture, 71
pathophysiology, 297-298
significance of, 60-61
therapeutic strategies for, 301-304
treatment of, 71-72
See also Acute myocardial infarction;
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See also Transesophageal
echocardiography
Right ventricular systolic pressure, 231-232
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SBEF, see Systemic blood flow
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Evaluation

Screening for Heart Attack Prevention and
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SE, see Standardized transthoracic
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Serum cardiac biomarkers

for ACS diagnosis, 222
for AMI detection, 117
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revascularize Occluded coronaries
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See also Systolic function assessment, in
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Single-photon emission tomography, 352, 359
Smoking and cessation, 134—135
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analyses
SPECT, see Single-photon emission
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SRI, see Strain rate imaging
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219-220, 250
STEMI, see ST-elevation myocardial infarction
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Strain imaging, in ACS, 45-46
See also Acute coronary syndrome
2D Strain method, 156
Strain rate (SR)
definition of, 90
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principles of interpretation
accuracy of, 178-181
image analysis, 170-178
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myocardial viability, assessment of,
181-186
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See also Left ventricular wall motion
analyses; Stress echocardiography
Stress echocardiography, in CAD treatment,
161-162
adenosine and dipyridamole stress
echocardiography, 165-166
pharmacologic stress echocardiogram,
163-164
risk stratification for management of
patients, 193-194
pathway for management, 198—199
peak wall motion score index, 194-196
prognostic value of resting ejection
fraction and peak WMSI, 197-198
resting ejection fraction in, 196
treadmill versus bicycle exercise protocol,
162-163
Stunned myocardium, definition of, 351
Subclinical atherosclerosis identification,
methods in, 203-204
Subxiphoid echocardiography, usage of, 242
Sudden cardiac death, 319
Supine bicycle stress echocardiography,
advantage of, 169
Surgical repair, for LVA, 324
SVSD, see Systolic VSD
Systemic blood flow, 239
Systemic Coronary Risk Evaluation, 201
Systemic embolization and LVA, 323
Systolic blood pressure, 232, 235, 238
Systolic function assessment, in ACS, 39-40
Echo assessment, 37-38
global assessment
wall motion scoring analysis, 4041
LVEF and wall motion scoring, comparison
of, 44-45
regional assessment and progression of
myocardial dysfunction
and regional contractile loss in, 39—40
regional vs. global parameters of
dysfunction, 38-39
ventricular ejection fraction, assessment of,
41-44
See also Acute coronary syndrome
Systolic VSD, 232

T

TAPSE, see Tricuspid annular plane systolic
excursion

TDI, see Tissue Doppler imaging

TEE, see Transesophageal echocardiography

Thallium scintigraphy and dobutamine
echocardiography, 358
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Therapeutic lifestyle changes, 143
Thiazide, 142
Three-dimensional echocardiography, 322,
393,395
Thrombolysis in myocardial infarction trial,
153,270, 303
Thrombolytic era, dobutamine stress echo,
343-346
Thrombolytic therapy, for LVFWR, 270
TIMI, see Thrombolysis in Myocardial
Infarction
Tissue Doppler imaging, 89, 392, 393
Tissue Doppler velocities, role, 91
Transesophageal echocardiography, 75, 314
aortic dissection in, 77
coronary stenosis, 75-77
left ventricular aneurysm and pseudoa-
neurysm formation, 78-79
left ventricular free wall rupture, 80-82
left ventricular outflow tract obstruction, 83
mitrial regurgitation and papillary muscle
rupture, 83-84
pericardial effusion, 85
right ventricular papillary muscle rupture,
85
RV infarction, 79-80
ventricular septal rupture, 82—83
wall motion abnormalities, 77-78
Transesophageal stress imaging, role, 169
Transient myocardial dysfunction, 157
Transthoracic echocardiography, 250, 253
for acute myocardial infarction, 308-312
for LVFWR diagnosis, 273
for ventricular septal rupture, 280, 281, 287
See also Echocardiography
Transthoracic two-dimensional imaging, role,
280
Treadmill exercise stress echocardiography,
role, 168
Treadmill vs. bicycle exercise protocol,
162-163
See also Coronary artery disease
Tricuspid annular plane systolic excursion, 67
Tricuspid regurgitant (TR) gradient, 231
Tri plane imaging, importance of, 107
See also 3D echocardiography
TTE, see Transthoracic echocardiography
Two-dimensional echocardiography, 65, 299,
300, 333
See also Echocardiography

U
Ultrasound assessment, of preclinical
atherosclerosis, 202-203
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Ultrasound imaging
acoustically active contrast agents for, 406
advantages, 202
See also Preclinical atherosclerosis,
assessment
Ultrasound stethoscopes, usage, 262-263
See also Acute coronary syndrome

\%
VAD, see Ventricular Assist Devices
Valvular heart disease assessment, stress echo
for, 185—-186
See also Stress echocardiography
Varenicline, 135
Velocity time integral, 240
Velocity vector imaging and echocardiographic
images, 98-99
See also Left ventricular wall motion
analyses
Ventricular arrhythmias and LVA, 323
Ventricular assist devices, 391
Ventricular diastolic function, assessment, 153
Ventricular ejection fraction, assessment,
41-44
See also Systolic function assessment,
in ACS
Ventricular free wall rupture, definition, 271
Ventricular reconstruction surgeries, in heart
failure, 390-391
Ventricular septal defect, 69, 232, 311
Ventricular septal rupture, 82—83
case presentation for, 286288
clinical presentation, 279-280
echocardiographic features, 280-281
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and LVA, 323

pathophysiology, 278-279

reperfusion effect, 282-286

therapy for, 281-282

TTE in diagnosis, 253

See also Acute myocardial infarction
Viable myocardium revascularization, features,

351-352

VSD, see Ventricular septal defect
VTI, see Velocity time integral

w
Waist-hip circumference ratio, 137
‘Wall motion abnormalities, 77-78, 252
See also Transesophageal
echocardiography
‘Wall motion score index, 4041
Wall motion scoring analysis, in ACS, 40-41
compared with left ventricular ejection
fraction, 44—45
See also Left ventricular ejection fraction;
Systolic function assessment, in
ACS
WHR, see Waist-hip circumference ratio
WMA, see Wall motion abnormalities
WMSI, see Wall motion score index

Y
10-year risk, definition, 134
See also Cardiovascular diseases
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