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This book has a past. Its various editions parallel the growth of stress echocardiography 
within the scientific community and the clinical arena. The first edition in 1991 consisted 
of 100 pages, which increased to 200 in the second (1994), 300 in the third (1997), nearly 
500 pages in the fourth, and finally more than 600 in the current fifth edition. The gen-
eral perception of stress echocardiography has changed in the cardiology community. No 
longer a promising innovation viewed with a mixture of suspicion and attraction, it is 
now an established technique with the huge potential to resolve the present paradox of 
saving health care money while at the same time improving diagnostic standards. In a 
cardiological climate where inappropriate, redundant, and often risky imaging examina-
tions proliferate, stress echocardiography offers the great advantage of being relatively 
low cost, free of biohazards for the patient, and causing no ecological stress on the planet. 
By choice and by necessity, modern, responsible diagnosis with cardiac imaging must be 
economical, ecological, and therefore usually echocardiographic. Another major change 
has taken place in stress echocardiography laboratories during the last 5 years, making a 
new edition of the book mandatory. For a long time, the scope and application of stress 
echocardiography remained focused on coronary artery disease. In the last few years, it has 
exploded in its breadth and variety of applications, enjoying the tremendous technological 
and conceptual versatility that this technique offers. Nowadays, in the stress echocardi-
ography laboratory we assess not only left ventricular function, but also coronary artery 
flow, valve gradients, intraventricular pressures, and pulmonary hemodynamics. We stress 
not only coronary arteries, but also the valves, myocardium, vessels, alveolar–capillary 
barrier in the lung, and peripheral and pulmonary circulation. Ten years ago, only patients 
with known or suspected coronary artery disease entered the stress echocardiography labo-
ratory, and only regional wall motion was assessed. Now, we evaluate coronary artery 
disease as well as cardiomyopathy, valvular heart disease, children with congenital heart 
disease, and patients with incipient or advanced vascular disease. For each patient, we can 
tailor a dedicated stress with a specific method to address a particular diagnostic question. 
Thirty years ago, Harvey Feigenbaum – one of the founding fathers of modern echocardi-
ography – stated that it is not possible to understand the cardiac patient without the help 
of resting transthoracic echocardiography. After 30 years, we can safely state that it is not 
possible to understand the cardiac patient without the help of stress echocardiography. 
The book was single authored in the first edition, and then enjoyed many distinguished 
contributors in its subsequent editions, up to the record number of 29 contributors in the 
present edition. They come from 15 countries spanning four continents and represent, in 
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my opinion, some of the best available knowledge and expertise in their respective fields. 
I am proud and honored that they accepted the invitation to be a part of this project. At the 
same time, I aimed to avoid the fragmentation, gaps, and inconsistencies of a multiauthor 
text; therefore, I painfully decided to draft the first version of each chapter – then asked 
for corrections, revisions, cuts, additions, and integrations from more knowledgeable con-
tributors. To all of them and to the junior and senior colleagues who have worked with me 
over the last 30 years – far too many to be mentioned here – grazie.

Pisa, February 2009 Eugenio Picano
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Stress Echocardiography: 
A Historical and Societal Perspective

Eugenio Picano

Like many scientific innovations, in the last 30 years stress echocardiography has evolved 
from the status of “promising technique,” embraced by a few enthusiastic supporters [1, 2] 
amid general skepticism [3], to “established technology” [4] accepted by the overwhelm-
ing majority of cardiologists [5], to finally play a pivotal role in general cardiology [6, 7] 
with specialty echocardiography guidelines [8, 9] (Fig. 1.1). An astounding increase in the 
amount of editorial space devoted to stress echocardiography in major journals and meet-
ings testifies to its greater acceptance by cardiologists (Fig. 1.1) and to the progressive 
expansion of the diagnostic domain, from coronary artery disease to its currently increas-
ing role in the characterization of cardiomyopathy and valvular heart disease patients [10] 
(Fig. 1.2). The growth of this technique can be schematically staged by decade, grossly 
corresponding to three major technological step-ups: its infancy, as a monodimensional 
approach only applied with exercise during the 1970s; adolescence, characterized by two-
dimensional echocardiography technology also applied with pharmacological stresses in 
the 1980s; young adulthood, when the methodology was reshaped with the addition of 
coronary flow reserve to standard wall motion analysis; and full maturity today, with 
deployment of the technique in the clinical arena to minimize the iatrogenic, legal, and social 
burdens that accompany the use of complementary and competing ionizing techniques 
such as scintigraphy and multislice computed tomography (MSCT) (Fig. 1.3).

1.1
Dawn of the Stress Echocardiography Era: From Experimental Studies 
to the Monodimensional Approach

In 1935, Tennant and Wiggers showed that coronary occlusion resulted in almost instan-
taneous abnormality of wall motion [11]. Experimental studies performed some 40 years 
later with ultrasonic crystals [12] and two-dimensional echocardiography [13] on a canine 
model proved that during acute ischemia [12] and infarction [13] reductions in regional flow 
are closely mirrored by reductions in contractile function, setting the stage for the clinical use 
of ultrasonic methods in ischemic heart disease. The monodimensional (M-mode) technique 

1
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Fig. 1.1 The life cycle of a medical innovation, from promising technique (stress echocardiography in 
the 1980s) to established technology (stress echocardiography in the last 10 years). Various applica-
tions of stress echocardiography are all simultaneously present in today’s stress echocardiography 
laboratory, but at different stages of maturity. The qualitative assessment of regional wall motion 
abnormalities for detection of coronary artery disease is clearly “established”, but coronary flow 
reserve is still in the “early adopter” phase, while other applications (such as tissue characteriza-
tion or myocardial velocity imaging with tissue Doppler or strain rate) have been discarded after the 
validation process and are now obsolete or have been abandoned for current clinical applications of 
stress echocardiography
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Fig. 1.2 Stress echocardiography vital signs: the editorial golden age. y-axis indicates the number 
of published articles on stress echo; the x-axis indicates the year. DCM = dilated cardiomyopathy; 
CAD = coronary artery disease (From Medline Healthgate)
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was the only one available to cardiologists in the 1970s and nowadays appears largely inad-
equate for providing quality information when diagnosing myocardial ischemia. The time-
motion technique sampling, according to an “ice-pick” view, greatly limited exploration to 
a small region on the left ventricle. Although this feature could hardly be reconciled with 
the strict regional nature of acute and chronic manifestations of ischemic heart disease, 
for the first time the monodimensional technique outlined echocardiography’s potential in 
diagnosing transient ischemia. The very first reports describing echocardiographic changes 
during ischemia dealt with the use of M-mode in two different models of exercise-induced 
ischemia [14] and spontaneous vasospastic angina [15]. Landmark studies by Alessandro 
Distante of the Pisa echo laboratory recognized transient dyssynergy to be an early, sensitive, 
specific marker of transient ischemia, clearly more accurate than electrocardiogram (ECG) 
changes and pain (Fig. 1.4). The potential clinical impact of these observations became more 
obvious with the advent of the two-dimensional technique, which allowed exploration of all 
segments of the left ventricle with excellent spatial and temporal resolution, and was, there-
fore, ideally suited for searching for the regional and transient manifestations of myocardial 
ischemia. If the monodimensional technique was a bludgeon, then the two-dimensional 
technique was a bow – a more potent weapon, and much easier to use.

1.2 
Second-Generation Stress Echocardiography: 
Pharmacological Stresses in the 2D Era

Once armed with the bow – the 2D technique – stress echocardiographers now had to 
find the arrows – the proper stresses. Exercise, although already on hand, was soon 
revealed to be a blunt arrow: what was the “mother of all tests” for the cardiologist was 

Fig. 1.3 The timeline of innovation in stress echocardiography. Quantum leaps in clinical impact are 
linked to technological improvements and cultural advancement. CFR = coronary flow reserve
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at that time a disagreeable “stepmother” for the echocardiographer due to the technical dif-
ficulties and degraded quality of echocardiographic imaging during exercise. The problem 
was minimized with posttreadmill imaging, still the standard in the USA today [16]. An 
alternative approach, more popular in Europe, was the introduction of pharmacological 
stress echocardiography detecting myocardial ischemia [17] and viability [18].

In the late 1980s, multiple generations of ultrasound equipment evolved very rapidly, 
boosting image quality and offering the ability to image almost any patient. In two-
dimensional exercise echocardiography, stress echocardiography sometimes was a “guess 
gram” (Fig. 1.5) and torture for the eyes. It was often repeated by eminent opinion leaders 
that you needed “magic eyes” and “magic machines” to obtain good results. The technique 
divided the echocardiographic community into two camps, “believers” and “skeptics” 

Fig. 1.4 Coronary angiographic (upper panels) and echocardiographic monodimensional tracings 
(lower panels) during attacks of variant angina induced by ergonovine maleate. At baseline, left ante-
rior descending coronary artery shows a tight stenosis (left panel); the artery is totally occluded by a 
complete vasospasm during ischemia (middle panel); and it is again open in the recovery phase (right 
panel). The corresponding three frames of an original M-mode recording document a fully reversible 
sequence of myocardial ischemia. The septum moves normally at rest (left panel) and is obviously 
akinetic during ischemia (middle panel). During the recovery phase (right panel), the previously 
ischemic wall exhibits a significant overshoot in motion and systolic thickening. (From [15])

Basal Post-ischemiaIschemia
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[3, 4], and never attained extensive clinical application. Things changed rapidly in the 
mid-1980s, with the evolution of imaging technology and the advent of pharmacological 
stresses, which were less technically challenging than exercise. In the 1990s, thanks to this 
methodological evolution, the technique was upgraded from research toy to clinical tool. 
The widespread use of this technique received wide-scale support and credibility; prospec-
tive multicenter studies provided effectiveness [19] and safety [20] data with pharmaco-
logical stress echocardiography. The same groups that proposed stress echocardiography 
in journals and meetings now introduced the technique into their clinical practice. Rather 
than the number of published articles, it was this compelling argument that convinced most 
laboratories to implement stress echocardiography in their own practice as well; the world 
described in journals eventually came to resemble real-life cardiology (Fig. 1.6).

1.3 
Third-Generation Stress Echocardiography Today: 
Coronary Flow Reserve and Dual Imaging

For 20 years, throughout the 1980s and the 1990s, stress echocardiography remained virtu-
ally unchanged [1, 4, 5]. Certainly, there were obvious, continuous, subtle improvements 
in imaging technology. Digital echocardiographic techniques permitted the capture and 
synchronized display of the same view at different stages. The introduction of native tissue 
harmonic imaging, which increases lateral resolution and signal-to-noise ratio, clearly 
improved endocardial border detection. Intravenous contrast echocardiography with 
second-generation lung-crossing agents for endocardial border recognition allowed 

Fig. 1.5 Stress echocardiography in its infancy: not easy on the eyes. Exercise echocardiograms are 
shown before (left panel) and after (right panel) coronary artery bypass surgery. At that time (1979), 
image quality was so poor that even obtaining a single “typical example” for publication purposes 
was a challenge. (From [16])
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cardiologists to study otherwise “acoustically hostile” patients and segments [8, 9]. To be 
honest, however, the last 20 years were also disappointing with regard to the three great 
unfulfilled promises of stress echocardiography: tissue characterization of the myocardial 
structure (scar vs. normal tissue); myocardial perfusion with myocardial contrast echocar-
diography (allowing perfusion to be coupled with function in the same stress); regional 
wall motion quantification with myocardial velocity imaging methods (turning the diagno-
sis of regional wall motion from an opinion into a quantifiable unit). At first, each of these 
targets appeared to be within reach, based on strong experimental data and encouraging 
clinical experiences, but they did not pass the test of multicenter studies and to date have 
not revealed any valuable clinic impact [8, 9]. Each of these objectives – tissue structure, 
myocardial perfusion, and regional function quantification – can be realized in a more 
effective and reproducible way with cardiovascular magnetic resonance (CMR) – with 
delayed contrast enhancement for scar detection, contrast imaging for myocardial 
perfusion, and tagging for wall motion objective quantification [5]. However, in the last 5 
years, a major innovation changed the face and the diagnostic content of stress echocardiography: 
dual imaging of wall motion and coronary flow reserve with pulsed-Doppler imaging of 
the middistal left anterior descending coronary artery [21–23]. Imaging coronary flow reserve 
dramatically expands the prognostic potential of stress echocardiography, since in the 
absence of wall motion negativity, the patient subset with reduced coronary flow reserve 
has a less benign outcome and in patients with wall motion abnormality, those with reduced 
coronary flow reserve also have a more malignant prognosis (Fig. 1.7) [22, 23]. In the same 

3’ post-DIP
(ischemia)

End-diastole

End-systole

REST
(normal)

1’ post-DIP
(hyperkinesia)

Fig. 1.6 The birth of pharmacological stress echo. End-diastolic (upper panels) and end-systolic (lower panels) 
frames at baseline (left panel), during early hyperkinetic phase (middle panel, 1 min postdipyridamole infu-
sion), and 3 min postdipyridamole infusion at peak ischemic effect (right panel) showing septal akinesia. 
The quality of the image (compared to Fig. 1.5) is dramatically improved thanks to the evolution of techno-
logy and the use of pharmacological instead of posttreadmill exercise echo. (Original images from [17])
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setting, with the same stress, it is now possible to image function and flow simultaneously, 
and therefore catch two “birds” (flow and function) with one “stone” (vasodilator stress). Al-
though coronary flow reserve is a technology-in-progress and has yet to reach its full matu-
rity, it is now considered a new standard in the clinical application of stress echocardiography 
[24]. However, once again this quantum leap in the impact of stress echocardiography was 
the result of a conceptual rather than a technological step-up during the last 5 years: that is, 
the need to incorporate long-term radiation risk in the risk–benefit assessment of competing 
imaging techniques [5]. Medical, legal, and social arguments have boosted the use of stress 
echocardiography as the best way to optimize the risk–benefit ratio for the individual 
patient, minimize the risk of litigation due to unjustified long-term cancer risk, and nullify 
the oncological population burden of cardiac stress testing [5].

1.4 
Cardiac Imaging and Its Guidelines

After 30 years of evolution, in the last 10 years stress echocardiography has reached its 
established rank in the diagnosis and prognosis of coronary artery disease, as officially 
certified by general cardiology [6, 7] and specialist guidelines [8, 9]. These guidelines 
unanimously conclude that nuclear cardiology and stress echocardiography provide 

Fig. 1.7 The magical world of coronary flow reserve enters the stress echocardiography laboratory 
with pulsed Doppler, which allows assessment of coronary flow reserve on the middistal left  anterior 
descending artery (visualized by color Doppler on upper panel). In this case, there is a normal coro-
nary flow reserve, with a >2.5-fold increase in coronary flow velocity during stress (right lower  panel) 
compared with rest (left lower panel). LAD, left anterior descending; PW, Pulsed Wave  Doppler. (By 
courtesy of Fausto Rigo, Venice-Mestre [21])
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Fig. 1.8 Relative costs of cardiac imaging. CT = cardiac tomography; SPECT = single photon emission 
computed tomography; CMR = cardiac magnetic resonance; PET = positron emission tomography 
(Adapted and modified from [25])

comparable information on key issues such as diagnostic accuracy for noninvasive de-
tection of coronary artery disease, identification of myocardial viability, and prognostic 
stratification. In the recent American College of Cardiology (ACC)/American Heart Asso-
ciation (AHA) guidelines, the advantages listed for stress echocardiography include higher 
specificity, versatility, greater convenience, and lower cost. The advantages of stress per-
fusion imaging include higher technical success rate, higher sensitivity (especially for sin-
gle-vessel disease involving the left circumflex artery), better accuracy when multiple rest-
ing left ventricular wall motion abnormalities are present, and a more extensive database 
in evaluation of the prognosis [6]. The European Society of Cardiology guidelines (2006) 
on stable angina conclude that “on the whole, stress echocardiography and stress perfusion 
scintigraphy, whether using exercise or pharmacological stress (inotropic or vasodilation), 
have very similar applications” [7]. However, the certified, comparable clinical perform-
ance cannot be construed as an argument for an opinion-driven choice of one technique 
over the other. The ACC /AHA Task Force (Committee on Management of Patients with 
Chronic Stable Angina) concluded that “the choice of which test to perform depends on 
issues of local expertise, available facilities and considerations of cost-effectiveness” [6]. 
The European Society of Cardiology concluded that “the choice as to which test is employed 
depends largely on local facilities and expertise.” In the present era characterized by a 
quest for sustainability, the issues of relative cost (Fig. 1.8) [25], biological risk, and 
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Fig. 1.9 Annual effective dose received by an average US inhabitant (from [23], National Council on 
Radiation Protection and Measurements). The total dose is of 3.2 mSv per year: 2.4 mSv from natural 
and 0.4 mSv from man-made sources. (Updated from [27])
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environmental impact of stress-testing procedures – not even mentioned in the guidelines 
– should be included in the decision-making process, not only for cardiac stress testing, 
but for every imaging test in all branches of medicine, as clearly recommended by the 
European Commission Medical Imaging guidelines [26].

1.5 
Cardiac Imaging and the Radiation-Induced Biorisks

Small individual risks multiplied by billions of examinations become significant popula-
tion risks [27–31]. At least 10% of all cancers are due to diagnostic imaging, and at least 
half of them come from cardiac examinations (Fig. 1.9). Cardiac stress imaging contrib-
utes to these individual and population biorisks. On the individual level, the effective dose 
is expressed in millisievert (mSv). It provides an estimate of the whole-body dose and a 
measure of the biological effects. The dose of a single nuclear cardiology procedure ranges 
from 27 mSv (>1,500 chest X-rays) from a thallium scan to 10 mSv (500 chest X-rays) 
from a technetium-MIBI scan [32–34]. One millisievert corresponds to the dose equivalent 
of 50 chest X-rays (single postero–anterior projection = 0.02 mSv). According to the latest 
estimation of BEIR VII (2006), this exposure dose corresponds to an extra-lifetime risk of 
cancer per examination ranging from 1 in 500 (thallium) to 1 in 1,000 (sestamibi) [35, 36]. 
The typical effective dose of several common diagnostic procedures is reported in Table 1.1 
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and translated into the corresponding additional lifetime risk of cancer per  examination 
in Fig. 1.10 [35, 36]. The risk is cumulative, and the dose exposure of an average adult 
cardiology patient easily reaches 100 mSv, corresponding to 5,000 chest X-rays and an 
additional risk of 1 cancer in 100 [37]. This threshold can be reached, for instance, by 
summing up dose exposures of four thallium or dual isotope stress perfusion scintigraphy 
studies – still the preferred protocol for radionuclide stress imaging in the USA in spite of 
the unfavorable dosimetry [33, 35]. With the current best (BEIR VII) risk estimates, the 10 
million stress perfusion studies per year lead to an estimated 20,000 new cancers each year 
in the USA alone (Table 1.2). The estimated 10 million cardiac CT studies per year yield an 

Table 1.1 Doses in cardiology

Examination
Effective 
dose (mSv)

Equivalent no. 
of chest X-rays

Conventional radiology
■ Chest X-ray (single postero–anterior) 0.02 1

Nuclear medicine
■  Tc-99 m tetrafosmin cardiac 

rest–stress (10 mCi + 30 mCi)a

10.6 530

■  Tc-99 m sestamibi cardiac 
1-day rest–stress (10 mCi + 30 mCi)a

12 600

■  Tc-99 m sestamibi cardiac 
2-day stress–rest (30 mCi + 30 mCi)a

17.5 775

■  Tl-201 cardiac stress 
and reinjection (3.0 mCi + 1.0 mCi)a

25 1,250

■  Dual isotope cardiac 
(3.0 mCi Tl201 + 30 mCi Tc-99 m)a

27 1,350

64-Slice Cardiac computed tomography
■ ECG pulsing, no aortab 9 450
■ No ECG pulsing, yes aortab 29 1,450

Interventional radiology
■ Conventional rhythm devicec 1.4 70
■ Cardiac resynchronization devicec 5.5 275
■ Cerebral angiographyc 1.6–10.6 80–530
■ Coronary angiographyc 3.1–10.6 155–555
■ Abdominal angiographyc 6–23 300–1,150
■ Peripheral angiographyc 2.7–14 135–700
■ Coronary angioplastyc 6.8–28.9 340–1,445
■ Peripheral angioplastyc 10–12 500–600
■ Radiofrequency ablationc 17–25 850–1,250
■ Valvuloplastyc 29 1,450

a From [26], [33]
b From [34]
c From [35]
CT protocols that rescan the same region of interest (e.g., noncontrast and contrast-enhanced scans) 
impart two to three times the radiation dose



1.5 Cardiac Imaging and the Radiation-Induced Biorisks  13

Table 1.2 Cardiac imaging for detection of coronary artery disease: population impact

Dose per 
examination 
(CXRs)

Risk per 
examination

Examinations 
per year

New cancers 
per year

MPI 1,000 (500–1,500) 1 in 500 10 million 20,000

MSCT 750 (500–1,500) 1 in 750 10 million 15,000

CMR 0 0 10 million 0

Stress 
 echocardiography

0 0 10 million 0

CXR, chest X-ray; MPI, myocardial perfusion imaging; MSCT, multislice computed tomography; 
CMR, cardiovascular magnetic resonance

Fig. 1.10 Population risk of radiation-induced cancer, today around 10% of all cancers and still rising. 
(From [29])
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additional 15,000 new cancers per year in the USA alone (Fig. 1.11) [30]. Obviously this 
has raised public health concerns in regulating bodies and scientific societies. As stated 
in the recent White Paper of the ACR (American College of Radiology), “the expanding 
use of imaging modalities using ionizing radiation may eventually result in an increased 
incidence of cancer in the exposed population” [31]. If stress echocardiography and CMR 
are employed instead of perfusion imaging and MSCT, no known individual or population 
oncological burden is observed (Table 1.2).
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1.6 
Cardiac Imaging and the Regulatory Framework

The abovementioned environmental, population, and biological burdens are fully accept-
able when there is no substitute or alternative for information provided by the imaging 
technique, in a proper risk–benefit assessment that includes long-term risks in the bal-
ance. The same burden may become too heavy, and the risks offset the benefits, when 
comparable diagnostic information can be obtained using widely available alternative 
techniques, with no known biohazards and no environmental impact. In cardiology, the 
frequent need for serial repeated stress imaging testing in the same patient amplifies 
the biohazard, since radiological risk is cumulative [38]. These obvious considerations 
have left a mark on the regulatory framework governing the use of cardiac imaging in 
medical guidelines, and – at least in Europe – in federal, national, and regional laws 
regulating cardiac imaging prescriptions. In the European Union [39], a 97/43 EURATOM 

Fig. 1.11 Simplified effective dose ranges of some common medical procedures involving exposure to 
ionizing radiations in diagnostic nuclear medicine and radiological procedures. The reference unit is 
one chest X-ray (postero–anterior projection), equal to an effective dose of 0.02 mSv. There is a linear 
relationship between dose (x-axis) and risk (y-axis), with no safe dose (the risk line starts from zero). 
Ultrasound and MRI have zero dose and zero risk. (Adapted from [32])
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directive establishes that indication and execution of diagnostic procedures should 
follow three basic principles: the justification principle (article 3: “if an exposure cannot 
be justified, it should be prohibited”), the optimization principle (article 4: “according 
to the ALARA principle, all doses due to medical exposures must be kept As Low As 
Reasonably Achievable”), and the responsibility principle (article 5: “both the referring 
physician ordering the test – the prescriber – and the physician – the practitioner – are 
responsible for the justification of the test exposing the patient to ionizing radiations”). 
These principles have been reinforced on the national level. In Italy [40], a recent law 
(DL 187, 26 May 2000) states that an ionizing examination can only be performed when 
“it cannot be replaced by other techniques which do not employ ionizing radiation.” In 
the same law, article 14 sanctions the inappropriate use of ionizing tests with fines up to 
€5,000 and jail for a period up to 3 months. These laws are not so strictly implemented 

in clinical practice, where at least 1 out of 3 imaging tests is inappropriate [41, 42] and 
both doctors [43–46] and patients [46] are largely unaware of doses and risks, setting the 
stage for a perfect medicolegal storm [38].

1.7 
Cardiac Imaging in the Age of Sustainability: The "Eco-Eco-Echo" Diagnosis

In today’s cost-environment – and risk-conscious climate, the prescribing physician must 
be aware that his/her choice places economic and biohazard burdens upon the planet, so-
ciety, and the individual. Ours was the last generation of prescribers and practitioners 
that could afford to neglect costs and environmental impact, ignore radiological doses, 
and deny the risks of our often inappropriate imaging testing. Society, the government, 
patients, and the law will rightfully demand accountability for our acts. It is entirely 
likely that our increased awareness of the doses, risks, and environmental impact of 
imaging methods will profoundly reshape the way cardiology (and medicine in general) 
is taught, learned, and practiced. A cost-environment – and risk-conscious algorithm 
should follow simple rules. Faced with comparable or largely similar information, non-
ionizing testing should be chosen: echo instead of nuclear, and MRI instead of CT. For 
any given ionizing test, the one with a lower dose should be chosen. For similar doses 
and accuracy, the test with less environmental impact should be chosen [for instance, CT 
rather than positron emission tomography (PET)]. This simple, common sense-driven 
algorithm could revolutionize the current practice of medicine. Today, the cardiac imaging 
community is gratified by the huge rise of imaging numbers, on the order of magnitude 
of +4,800% for CT, +2,800% for stress echocardiography, +100% for CMR, and +300% 
for stress perfusion imaging projected from 2006 to 2020 [47]. It does not matter that 
nearly half of these examinations [41, 42] are inappropriate – even when long-term risks 
are not considered [48].

In this societal perspective, sensitive to the environmental, economic, and societal milieu, 
a virtuous attempt to keep to the highest diagnostic standards while minimizing the eco-
nomic and biological footprint of our medical acts will inevitably lead to a growing role for 
stress echocardiography in cardiac imaging practice.
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Anatomical and Functional 
Targets of Stress Testing

Eugenio Picano

The principle of stress under controlled conditions derives from the Industrial Revolution: 
metallic materials undergo endurance tests to identify the breaking load. This approach 
identifies structural defects, which – although occult in the resting or static state – might 
show up under real-life loading conditions, leading to a dysfunction of the industrial product. 
In the same way, a patient with normal findings at rest undergoes a stress test to identify 
any potential vulnerability of the myocardium to ischemia, if there is clinical suspicion of 
ischemic heart disease.

2.1
Pathways of Ischemia

Myocardial ischemia is the final common pathway of various morphological and func-
tional substrates. In order to describe the pathways of ischemia, the normal heart can be 
conveniently schematized into its three fundamental anatomical components, each a poten-
tial target of pathological conditions leading to ischemia: epicardial coronary arteries, 
myocardium, and small coronary vessels (Fig. 2.1).

2.2
Epicardial Coronary Arteries

The alterations of epicardial coronary arteries can be either fixed or dynamic. Fixed 
epicardial artery stenosis is the target of functional stress testing, but we also know from 
pathology studies that the degree and number of coronary artery stenoses do not predict 
onset, course, complications, infarct size, and death in ischemic heart disease [1].
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2.3
Fixed Stenosis

The human body incorporates a functional reserve, which allows it to cope with the 
physio logical emergencies and dangers of pathological states. By exploiting its func-
tional reserve, each organ can – for a certain amount of time – play a role that is much 
more demanding than the usual one or, when a pathological process develops, it can main-
tain normal function in resting conditions. Coronary circulation is no exception to this 
rule. Coronary reserve is the ability of the coronary arteriolar bed to dilate in response to 
increased cardiac metabolic demands [2]. It is fully exhausted when maximal vasodila-
tion is reached, corresponding to about four times the resting coronary blood flow in the 
normal subject (Fig. 2.2). A fixed atherosclerotic stenosis reduces the coronary reserve 
in a predictable way according to the curve described in Fig. 2.2 [3]. In this curve four 
separate segments can be identified: (a) the hemodynamically silent zone, where stenoses 
ranging from 0 to 40% do not affect the coronary flow reserve to any detectable extent; 
(b) the clinically silent zone, where stenoses ranging from 40 to 70% reduce the flow 
reserve without reaching the critical threshold required to provoke ischemia with the usual 
stresses; (c) the zone potentially capable of inducing ischemia, where stenoses exceeding 
the critical level of 70% elicit myocardial ischemia when stress is applied, but not 
in resting conditions; and (d) the zone provoking ischemia at rest, where tight stenoses 
(>90%) completely abolish the flow reserve and may critically reduce coronary blood flow 
even in resting conditions.

Fig. 2.1 The pathways of ischemia. Upper panel: The fundamental anatomical components of the 
normal heart are shown: epicardial coronary arteries (parallel lines), myocardium (square box), small 
vessels (circles). Lower panel: The three main pathophysiological conditions that may provoke myo-
cardial ischemia. Left to right: coronary stenosis (either fixed or dynamic); myocardial hypertrophy; 
small vessel disease. (Redrawn and modified from [2])
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2.4
Dynamic Stenosis

From a theoretical point of view, dynamic stenoses may be the consequence of three 
different conditions: increased tone at the level of an eccentric coronary plaque, complete 
vasospasm caused by local hyperreactivity of the coronary smooth muscle cells, or intra-
vascular thrombosis. The first mechanism can significantly modulate the anginal threshold 
in patients with chronic stable angina [4], while vasospasm is responsible for variant 
angina. All three mechanisms coexist in unstable angina [5]. The biochemical mechanisms 
of coronary vasoconstriction remain somewhat elusive; however, we know that coronary 
vasoconstriction can be superimposed on any degree of anatomical stenosis and that func-
tional and organic (fixed and dynamic) stenoses can be associated to a variable extent over 
time, transiently lowering exercise tolerance in the individual patient (Fig. 2.3). Organic 
stenosis determines the fixed ceiling of flow reserve which cannot be exceeded without 
eliciting ischemia, whereas dynamic stenosis can modulate exercise capacity in a given 
patient in a transient, reversible, and unpredictable way [4].

2.5
Myocardium and Small Coronary Vessels

Even in the presence of normal epicardial arteries, myocardial hypertrophy can lower 
coronary reserve through several mechanisms: vascular growth that is inadequate with 

Fig. 2.2 Coronary blood flow curve (on the ordinate) for increasing levels of coronary stenosis (on the 
abscissa) experimentally obtained in resting conditions (lower curve) and at maximal postischemic 
vasodilation (upper curve). Coronary reserve – i.e., the capacity of the coronary circulation to dilate 
following increased myocardial metabolic demands – is expressed as the difference between hyper-
emic flow and the resting flow curve. The dashed area between the two curves identifies a critical 
value of coronary stenosis (70%) beyond which the flow reduction is so severe as to make the myocar-
dium vulnerable to ischemia in the presence of increased oxygen consumption. (Modified from [3])

Maximal flow

Basal flow

Coronary stenosis %
20 40 60 80 100

0

1

2

3

4
C

o
ro

n
ar

y 
b

lo
o

d
 f

lo
w



22 2  Anatomical and Functional Targets of Stress Testing

2

respect to myocardial growth; a reduction of the cross-sectional area of resistance of a 
vessel caused by vascular hypertrophy; and compression of intramural coronary vessels 
by increased extravascular resistance [2]. Furthermore, hypertrophy determines increased 
oxygen consumption in resting conditions: the resting flow curve shifts upward with a 
consequent reduction in coronary reserve (Fig. 2.2). Due to myocardial hypertrophy, as 
well as accompanying small vessel disease, coronary reserve may also be reduced in both 
dilated and hypertrophic cardiomyopathy. With normal epicardial coronary arteries and 
myocardial mass, coronary reserve can still be reduced following increased resistance at 
the level of the small prearteriolar vessels, which are too small to be imaged by coronary 
angiography [6].

Small vessel disease can be either primary (as in syndrome X) or secondary (as in 
arterial hypertension [2]). The decreased flow reserve may be related to a functional and/
or an organic factor of the coronary microcirculation. In the former situation, one must 
assume the inability of the microcirculation to vasodilate appropriately, due to errors in 
the decoding or transmission of the myocardial metabolic message. In the latter case, 
anatomical reduction of the microvascular cross-sectional area is likely to occur for medial 
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Fig. 2.3 In the presence of a fixed hemodynamically significant stenosis, there is a pathologically 
reduced “ceiling” of flow reserve (continuous transverse line) which induces ischemia when myocar-
dial oxygen demand exceeds a definite threshold (upper panel). In the presence of a dynamic stenosis 
(lower panel) the effort tolerance is modulated – in an intermittent, unpredictable way – by fluctuations 
of coronary tone (dashed line), which may reduce the oxygen supply even in the presence of a normal 
organic ceiling of flow reserve. (Modified from [4])
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hyperplasia, which determines an increased wall-to-lumen ratio (Fig. 2.1). This anatomical 
phenomenon may also determine hyperreactivity to functional stimuli for purely geometric 
reasons, since minimal caliber reductions cause a marked increase in resistances, with a 
consequently exaggerated response to normal vasoconstrictive stimuli.

2.6
The Target of Ischemia: The Subendocardial Layer

The many functional and anatomical pathways of ischemia share a common pathophysio-
logical mechanism: the reduction of coronary reserve. This makes the myocardium vulner-
able to ischemia during stress. Regardless of the stress employed and the morphological 
substrate, ischemia tends to propagate centrifugally with respect to the ventricular cavity 
[7, 8]: it involves the subendocardial layer, whereas the subepicardial layer is affected 
only at a later stage if the ischemia persists (Fig. 2.4). In fact, extravascular pressure is 
higher in the subendocardial than in the subepicardial layer; this provokes a higher meta-
bolic demand (wall tension being among the main determinants of myocardial oxygen 
consumption) and an increased resistance to flow. Selective stress-induced hypoperfusion 
is especially important for stress echocardiography applications, since regional systolic 
thickening is linearly and closely related to subendocardial perfusion and only loosely 
related to subepicardial perfusion [8, 9] (Fig. 2.5).

2.7
The Diagnostic “Gold Standard”: Pure Gold?

The results of noninvasive diagnostic tests (Table 2.1) are usually compared with a “gold 
standard,” that is, angiographically assessed coronary artery disease. Although generally 
accepted, the gold standard has some limitations of both a theoretical and a practical nature 
[10] (Table 2.2).

First, coronary stenosis is assessed by angiography through the visually assessed 
percentage reduction of the vessel lumen. The percent of stenosis is a reliable index of 
severity only if the vascular segment immediately proximal and distal to the stenotic seg-
ment is normal and the lesion concentric and symmetrical. Both assumptions are valid in 
only a very limited number of cases: atherosclerotic involvement usually extends beyond 
the point of maximum lumen reduction, and the most frequent type of lesion is eccentric. 
Second, coronary angiography represents only the vessel lumen, an innocent bystander 
of atherosclerotic disease, rather than the vessel wall, which is the real victim. Minimal, 
“nonsignificant” lesions at angiography can harbor a diffuse severe atherosclerotic process 
[2]. The close correlation between coronary stenosis and coronary flow reserve found in 
the experimental animal [3] is replaced in the clinical setting by an impressive scatter 
of data [11]. It is impossible to predict the physiological meaning of a stenosis solely 
on the basis of its angiographic appearance – unless selected patients with single 
vessel disease, no previous myocardial infarction, no collateral circulation, and no left 
ventricular hypertrophy are enrolled [12]. Coronary stenosis provokes ischemia as a result of 
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Fig. 2.4 Distribution of flow in the subendocardial and subepicardial layers under different hemody-
namic conditions. Upper left panel: In resting conditions the subendocardial and subepicardial flows 
overlap. Upper right panel: During stress, the flow increases homogeneously in both layers without 
affecting the transmural distribution. In the presence of a coronary stenosis, the resting flow is similar 
to that under normal conditions (upper left panel); however, during stress (lower left panel) flow 
remains elevated in the subepicardial layer but falls precipitously in the subendocardium, within the 
region supplied by the stenotic artery. In the presence of a severe stenosis (lower right panel), stress 
provokes a fall in the subendocardial as well as the subepicardial layer, therefore determining a trans-
mural ischemia. (Redrawn and modified from [7])
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Fig. 2.5 The relationship between regional blood flow and systolic wall thickening in resting conscious 
dogs subjected to various degrees of circumflex coronary artery stenosis. Flow is expressed as a 
decimal fraction of that in a normal region of the ventricle, and percentage wall thickening (%WTh) 
is expressed as a fraction of the resting value prior to coronary stenosis. a Subendocardial blood flow 
vs. wall thickening, showing a nearly linear relationship (solid line). b Subepicardial blood flow vs. 
wall thickening, showing considerable scatter and no change in subepicardial flow until function is 
reduced by more than 50%. (Modified from [9])

Table 2.1 Standard terminology in diagnostic testing

True positive = Abnormal test result in individual with disease

False positive = Abnormal test result in individual without disease

True negative = Normal test result in individual without disease

False negative = Normal test result in individual with disease

Sensitivity = True positives/True positives + False negatives

Specificity = True negatives/True negatives + False positives

Accuracy = True positives + True negatives/Total number of tests performed

Positive predictive value = True positives/True positives + False positives

Negative predictive value = True negatives/True negatives + False negatives

Table 2.2 Limitations of the coronary angiographic gold standard

Practical Theoretical

Limited reproducibility % stenosis ++

% stenosis unrelated to CFR +++

Underestimation of diffuse disease ++

Infarct-producing plaques often noncritical ++

Static luminogram ++

Thrombus, spasm, inflammation, rupture, and 
embolization unrelated to plaque size

+++

CFR coronary flow reserve

hemodynamic consequences on the coronary reserve; however, the two parameters 
(anatomical and pathophysiological) can diverge, and the individual values of coronary 
flow reserve vary substantially for stenoses of intermediate (40–80%) angiographic severity. 
In these patients, positive stress test results are more frequently found in patients with 
depressed coronary flow reserve (<2.0) than in patients with preserved flow reserve (>2.0). 
This is true for all forms of stress testing, including exercise electrocardiography [13–17] 
and, to a greater extent, stress perfusion scintigraphy [18–21] and stress echocardiography 
[22–24]. Third, coronary angiography evaluates the anatomical component of myocardial 
ischemia, while stress tests can induce ischemia through mechanisms that are totally 
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2
different from the organic stenosis (such as dynamic vasoconstriction) and cannot be as-
sessed by means of a purely morphological, static evaluation of the coronary tree [25]. Extra-
coronary factors such as myocardial hypertrophy can also reduce coronary flow reserve 
and therefore make the myocardium potentially vulnerable to ischemia during stress tests 
[26, 27]. Finally, the commonly employed visual and subjective assessment of stenosis is 
burdened by a marked intra- and interobserver variability, and arbitrary threshold criteria 
(such as the presence of a 50% diameter stenosis in at least one major coronary vessel) are 
introduced to distinguish between “normal” and “sick” patients, when in fact the severity 
of the atherosclerotic disease ranges over a continuous spectrum. Anatomical coronary 
artery disease can be assessed much more accurately by intracoronary ultrasound (Fig. 
2.6), which substantially improves the representation of atherosclerosis compared with 
coronary angiography [28]. This improvement is comparable to that achieved in left ven-
tricular imaging when moving from chest X-ray to transthoracic echocardiography. Chest 
X-ray outlines external profiles and provides a rough index of cardiac volumes, whereas 
transthoracic echocardiography describes tomographically the various heart chambers and 

Coronary
Flow
Reserve 

Epicardial
Coronary
Artery

Normal 20% 50% 75% 90% 100%% stenosis

% cross
sectional area Normal 36% 75% 91% 99% 100%

ICUS

Angiography

Fig. 2.6 Invasive diagnostic tests for the detection of coronary artery disease. Invasive tests include 
the luminogram of coronary angiography and the direct visualization of the coronary arterial wall 
by intracoronary ultrasound (ICUS). The percentage of a stenosis can be expressed in angiographic 
studies as a percentage reduction in diameter and as a percentage reduction in cross-sectional area. 
The percentage reduction is greater for area than for diameter because of the quadratic relationship 
between the diameter (2r) and area (πr2) of a circle. The two estimates of stenosis correspond 
perfectly only for zero stenosis and for 100% stenosis. For each level of stenosis severity, the coronary 
flow reserve is expressed with a Doppler tracing before and after a coronary vasodilator (adenosine 
or dipyridamole). Stenoses of less than 50% diameter reduction are not hyperemic flow limiting. 
(Redrawn and modified from [29])
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the thickness of the walls, and identifies within each segment the different layers (endo-
cardium, myocardium, and pericardium). In a similar fashion, coronary angiography offers 
only a luminogram of the vessel, whereas intracoronary ultrasound imaging provides an 
assessment of the lumen and of the vessel wall thickness [29]. In addition, at each site, 
the different layers (intima, media, and adventitia) can also be evaluated. Angiography 
and intracoronary ultrasound correlate closely in healthy vessels with a nearly circular 
lumen shape. However, as the lumen becomes progressively more irregular, the correlation 
between a silhouette imaging method (angiography) and a tomographic modality (ultra-
sound) diverges significantly. The most substantial disagreement is found in status after 
angioplasty in which angiography cannot accurately depict the true size of the complex 
and distorted luminal shape commonly encountered after interventions. Abnormal stress 
test results can be found in patients with nonsignificant coronary angiographic findings 
in whom intracoronary sonography may show angiographically unrecognized atheroscle-
rotic changes [30], as typically happens in cardiac allograft vasculopathy [31]. Invasive 
angiographic gold standards are the obligatory reference for noninvasive stress testing 
procedures, but not all that glitters is gold [32]. In several conditions, coronary arteries 
are perfectly smooth, even with intracoronary ultrasound, and the coronary flow reserve is 
impaired by transthoracic stress echocardiography, for instance, in aortic stenosis, 
syndrome X, or dilated cardiomyopathy [33] (Fig. 2.7). A “false-positive” result by ana-
tomic criteria (i.e., a reduced coronary flow reserve with angiographically normal coronary 
arteries) can became a “true-positive” prognostic response in the long run, and patients 
with reduced coronary flow reserve – assessed by complex techniques such as positron 
emission tomography or simple methods such as transthoracic vasodilatory stress echocar-
diography – are more likely to experience adverse events in a variety of clinical conditions 
such as chest pain with normal coronary arteries [34], dilated cardiomyopathy [35, 36], 
and hypertrophic cardiomyopathy [37, 38].
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Fig. 2.7 The spectrum of clinical conditions with normal coronary arteries and reduced coronary flow 
reserve on the left anterior descending artery by transthoracic vasodilatory stress echocardiography. 
(Redrawn and modified from [33])
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Symptoms and Signs 
of Myocardial Ischemia

Eugenio Picano

A transient regional imbalance between oxygen supply and demand usually results in 
myocardial ischemia, the signs and symptoms of which can be used as a diagnostic tool 
[1]. Myocardial ischemia results in a typical “cascade” of events in which the various 
markers are hierarchically ranked in a well-defined time sequence [2]. Flow heterogene-
ity, especially between the subendocardial and subepicardial perfusion, is the forerunner 
of ischemia, followed by regional dyssynergy, and only at a later stage by electrocardio-
graphic changes, global left ventricular dysfunction, and pain (Fig. 3.1). The ideal marker 
of ischemia should provide absolute values of sensitivity and specificity, as well as a 
diagnosis of the site and severity of ischemia. Unfortunately, such a marker does not 
exist; in contrast, we have a number if imperfect markers that it associated can provide a 
reasonably good noninvasive estimation of the presence, extent, and severity of myocar-
dial ischemia. The pathophysiological concept of the ischemic cascade is translated into a 
gradient of sensitivity of different available clinical markers of ischemia, with chest pain 
being the least sensitive and regional malperfusion the most sensitive (Fig. 3.2).

3.1
Chest Pain

Chest pain is, in general, the reason the patient seeks medical care. However, many chest 
pain syndromes are not ischemic in origin and are due to extracardiac causes (such as 
anxiety or reflux esophagitis), and about 25% of deaths due to coronary artery disease are 
observed to occur in patients who had never complained of chest pain. Ischemia is “silent” 
when diagnostic electrocardiographic changes are not associated with symptoms; it is 
“supersilent” when mechanic and/or metabolic alterations are not associated with either 
chest pain or electrocardiographic signs (Fig. 3.3). More than 60% of ischemic episodes 
observed on Holter monitoring are silent, and about 20% of transient dyssynergies detected 
by echocardiography are supersilent. Thus, chest pain is an important clinical symptom, 
but it is also a simple diagnostic optional feature [3].
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Fig. 3.1 The classical ischemic cascade, triggered by coronary vasospasm and/or epicardial stenosis. 
The various markers are usually ranked according to a well-defined time sequence

Fig. 3.2 The sensitivity of different diagnostic markers of ischemia ranked according to the underlying 
coronary anatomy and physiological impairment in coronary flow reserve. Electrocardiographic 
changes appear late during stress testing and provide only a modest sensitivity, barely superior to 
that of chest pain. The sensitivity of wall motion abnormalities is markedly superior to that of ECG 
changes. Malperfusion is more sensitive than wall motion abnormalities in detecting minor, but flow-
limiting, levels of coronary artery stenosis
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3.2
Electrocardiographic Changes

Electrical alterations provoked by ischemia can easily be detected by the 12-lead electrocar-
diogram (ECG). The electrocardiographic signs of subendocardial ischemia are represented 
by ST-segment shift or T-wave changes; by contrast, transmural ischemia is generally associ-
ated with transient ST-segment elevation. The site of ST-segment elevation is correlated with 
the site of ischemia, while this agreement does not hold in the more frequently found ST-
segment depression. However, ST-segment shifts and T-wave changes are often an equivocal 
marker of ischemia because the line dividing normal from abnormal is not sharp, and a 
series of factors (electrical, metabolic, pharmacological, neurohumoral, hemodynamic) can 
induce ischemia-like ST–T changes [4]. Therefore, the electrocardiographic marker – alone 
or associated with chest pain – is not always capable of detecting the presence of myocardial 
ischemia and usually cannot predict its site and extent. The ECG is no longer the definitive 
proof in the diagnostic process of myocardial ischemia, but only one of the clues.

3.3
Alterations in Left Ventricular Function

Myocardial ischemia causes left ventricular regional dyssynergy (an early, sensitive, and 
specific marker of ischemia) and global dysfunction (a late and nonsensitive sign). Various 
techniques have been proposed for the imaging of left ventricular function: echocardiography, 

Fig. 3.3 Relative sensitivity of electrocardiography, pain, and echocardiography in diagnosing myo-
cardial ischemia. In the domain of electrocardiography there is the entity of silent ischemia; in the 
domain of echocardiography there is the entity of so-called supersilent ischemia
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ischemia

Ischemia 
without ECG 
& mechanical

changes

Supersilent
ischemia

ECG Angina

Regional dysfunction



34 3 Symptoms and Signs of Myocardial Ischemia

3
radioisotopic ventriculography (at first pass or equilibrium), fast computed tomography, 
and magnetic resonance imaging [5]. To date, echocardiography has been the technique of 
choice for the assessment of ventricular function, both in resting conditions and even more 
so during stress, in spite of the dependence of echocardiographic imaging on the patient’s 
acoustic window and on the experience of the cardiologist interpreting the study. The 
advantages of feasibility, safety, reliability, and unsurpassed temporal and spatial resolution 
allow the documentation under optimal conditions of a regional dysfunction which can be 
extremely localized in space and transient in time.

3.4
Perfusion Abnormalities

An epicardial coronary artery stenosis reduces the maximal flow achievable in the related 
territory, although the blood flow in resting condition can be equal to that observed in 
regions supplied by normal coronary arteries. During hyperemia (either during exercise 
or after dipyridamole or adenosine) a perfusion heterogeneity will occur with lower blood 
flow increase in the regions supplied by the stenotic artery, even in the absence of regional 
ischemia [6]. The criterion of positivity is the presence of a regional flow heterogeneity or 
malperfusion between different zones of the left ventricle (Fig. 3.4). Perfusion imaging is 
routinely performed with gamma-camera scintigraphy, but it can be also obtained – with 

Fig. 3.4 Schematic illustration of the principle underlying myocardial perfusion imaging for the diag-
nosis of coronary artery disease. At rest, myocardial perfusion is homogeneous, with no differences 
between the territory of the normal coronary artery (LAD, left anterior descending artery) and that 
of the diseased coronary artery (Cx, left circumflex, with 80% stenosis). The resting flow image 
(obtained, for instance, with thallium-201 scintigraphy or with contrast echocardiography) does not 
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higher accuracy and at substantially greater cost – by means of positron emission tomography. 
Other techniques with potential for perfusion imaging are contrast echocardiography and 
magnetic resonance imaging with injection of specific contrast agents.

3.5
The Paradigm Challenged: The Alternative Ischemic Cascade

In diagnostic practice with stress imaging, not all patients follow the reassuring paradigm 
proposed by the “ischemic cascade.” ECG changes may often occur with typical chest 
pain, in the absence of echocardiographic changes, and are often accompanied by real, not 
artifactual [6], reversible perfusion defects. In fact, the typical behavior of microvascular 
disease during stress testing is the frequent induction of chest pain, ST-segment depres-
sion, and also perfusion abnormalities without regional or global wall motion changes [7]. 
The sequence of events is therefore strikingly different from the classical ischemic cascade 
described in Fig. 3.1 and in the right panels of Fig. 3.5 as well as from that found during 
stress testing in the presence of a coronary stenosis. This alternative ischemic cascade 
is illustrated in the left panel of Fig. 3.5 and derives from real clinical experience [8]. 
The classical ischemic cascade was a clear laboratory phenomenon described as early as 
1935 by Tennant and Wiggers [9], who demonstrated that the immediate result of a coro-
nary occlusion was an instantaneous abnormality of wall motion. The alternative ischemic 
cascade was a clear clinical finding disclosed by cardiac imaging techniques and it still 
requires a good laboratory model. It was initially described in cardiac syndrome X by 
Kemp et al. in 1973 with pacing left ventriculography [10], and later observed with stress 
echocardiography [11–13]. The left ventricle is hyperdynamic during stress, in spite of the 
frequent occurrence of chest pain and ST-segment depression: it is “too good to be ischemic,” 
[14] at least when the usual pattern of classic ischemia due to coronary artery stenosis is 
considered. The alternative cascade refers to a sequence of clinical events, during which 
the occurrence of ischemia usually cannot be proven [15], although in a subset of patients 
a reduction in coronary flow reserve [16, 17], and/or a metabolic evidence of inducible 
ischemia [18, 19], and/or a strictly subendocardial stress-induced hypoperfusion [20] have 

Fig. 3.4 (continued) show any interregion variation. However, perfusion in the territory of the stenotic 
coronary artery is maintained at the price of a partial exhaustion of coronary reserve, with partial 
dilatation of the arteriolar bed – represented by larger circles located downstream from the epicardial 
coronary arteries. The normal arteriolar tone is represented by smaller circles (normally vasocon-
stricted arterioles). During vasodilation obtained with a metabolic stimulus, such as exercise, or with 
a pharmacological stimulus, such as dipyridamole, the arteriolar tone is lost determining an increase 
in flow that will be greater in the normal coronary artery (which, at rest, has a preserved tone in the 
entire arteriolar district) than in the stenotic coronary artery (with lower coronary reserve). Perfusion 
imaging will show the stenosis “mirrored” in the myocardium as a region with relative underconcen-
tration of flow tracer when compared with the normal contralateral region. The septal and anterior 
wall appear “brighter” (due to greater echocontrast concentration) when compared with the “darker” 
inferoposterior wall (lower echocontrast concentration)
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been described. Thus, while few would argue that induced myocardial dysfunction is an 
accurate marker of regional ischemia, the occurrence of ECG changes and demonstration 
of regional abnormal vasodilator reserve may or may not be associated with ischemia 
[8]. In this debate, one should consider that the absence of stress-induced dysfunction 
does not rule out the ischemic nature of the electrocardiographic abnormalities. It is well 
known that under ideal imaging conditions even a subendocardial infarction characterized 
by prolonged chest pain, a rise in serum enzymes, and ST-segment and T-wave changes 
can be accompanied in 20% of cases by a perfectly normal echocardiogram [21]. Several 
conditions can be clustered together with cardiac syndrome X in coronary microvascular 
disease, characterized by normal coronary arteries and reduced coronary flow reserve, 
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Fig. 3.5 A concise view of the different pathophysiological situations of the classic (CAD) and alterna-
tive (microvascular) ischemic cascade. In normal conditions (framed, second column from left) there 
is a normal coronary flow reserve (CFR, first row, with intracoronary Doppler ultrasound), normal 
coronary anatomy (IVUS, second row, with intravascular ultrasound), normal perfusion pattern with 
scintigraphy (Perfusion, third row), and normal contraction during stress (Function, fourth row). ECG 
is shown in the last row. Coronary flow reserve is pictorially expressed with a Doppler tracing 
before, during, and after a coronary occlusion. With the classic ischemic cascade, perfusion defects 
are present with mild (third column from the right), moderate (second column from the right), and 
severe (first column from the right) coronary stenosis, mirroring reductions in coronary flow reserve 
and accompanied (for moderate-to-severe stenoses) by regional wall motion abnormalities, which 
are usually absent for mild degrees of stenosis, capable of limiting coronary flow reserve without 
inducing ischemia. In microvascular disease (first column from the left) the depressed coronary flow 
reserve is associated with a normal coronary anatomy, the frequent occurrence of stress-induced perfusion 
defects (often with ST-segment depression), and normal left ventricular function. (Modified from [8])
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without epicardial coronary artery vasospasm [14]. In each of them, an echocardiographi-
cally silent ST-segment depression has been described as the typical pattern during stress 
testing. Among others, they include arterial hypertension (with normal coronary arteries, 
with or without left ventricular hypertrophy), hypertrophic cardiomyopathy [22], and 
diabetes [23]. It is entirely likely that our monolithic view of ischemia mirrored in the clas-
sical ischemic cascade should integrate awareness of the reverse or alternative ischemic 
cascade best describing microvascular disease, with ECG changes coming first, perfusion 
abnormalities second, and with echocardiographic changes usually absent during physical 
or pharmacological stress. Not all forms of myocardial ischemia are the same, and milder, 
patchy degrees of myocardial ischemia – like those possibly induced in microvascular 
angina – remain silent in its mechanical functional manifestations and may represent a 
physiological scotoma of stress echocardiography (Fig. 3.5). The typical stress imaging 
pattern of a hypertensive patient with epicardial coronary artery stenosis is displayed in 
Fig. 3.6: perfusion defect with wall motion abnormality. The typical stress imaging pattern 
of a patient with normal coronary arteries is displayed in Fig. 3.7: perfusion defect without 
wall motion abnormality. “Anatomic lies” on the ECG may well be turned into “physiologic 
truths,” when coronary flow reserve or systemic endothelial function are considered, or even 
into correct prognostic predictions – possibly identifying troublemakers in the long run [22].

Fig. 3.6 Positive ECG response (left upper panel), positive thallium scan (right upper panel), apical 
4- and 2-chamber view of end-systolic frames at peak stress with apical akinesis (indicated by arrows, 
left lower panel) of a patient with significant left anterior descending coronary artery stenosis (right 
lower panel). (From [13])

REST 

REST 

REST 

STRESS 

STRESS 

STRESS 

Long Axis 

Long Axis 

Short Axis 

Sept to Lateral 

Apex to Base 

DIP 
ATR 1 MC 

Inf 

Inf 

Inf 

Inf 

Base 

Base 

REST REST STRESS STRESS 

I 

II 

III 

IV 

V 

VI 



38 3 Symptoms and Signs of Myocardial Ischemia

3

3.6
Equations in the Diagnosis of Ischemia

On the basis of the classical markers of ischemia, i.e., chest pain and ECG changes, 
diagnostic equations have been proposed, and are reported in Table 3.1. In view of the 
limitations of these traditional hallmarks of acute transient myocardial ischemia, “new 
practical objective criteria (other than ECG changes and pain) for the diagnosis of transient 
myocardial ischemia are needed” as pointed out by Maseri in 1980 [24]. The classic equa-
tions ignore the variable of mechanical changes. However, it is known that the three most 
commonly used markers of ischemia (chest pain, electrocardiographic changes, mechan-
ical abnormalities) identify at least partially superimposed diagnostic fields (Fig. 3.3). In 
the absence of concomitant electrocardiographic changes, one is reluctant to affirm the 
ischemic nature of chest pain; however, ischemic processes resulting in angina pectoris 
may occur without significant alteration of the ECG [25], as shown by angiographic [26], 
hemodynamic [27], scintigraphic [28], and echocardiographic [29] studies. It is also well 
known that asymptomatic myocardial ischemia, as detected by ECG changes and wall motion 
abnormalities, is a frequent finding during daily activity and during stress testing [30]. 
The diagnostic accuracy of chest pain and ECG changes is markedly lower than that of 

Fig. 3.7 Positive ECG response (left upper panel), positive thallium scan (right upper panel), apical 
4- and 2-chamber view of end-systolic frames at peak stress with normal left ventricular motion of a 
patient without significant coronary artery disease (right lower panel). (From [13])
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echocardiographic changes during all forms of stress [31]. In terms of prognostic impact, 
the stress-induced echocardiographically recognized dysfunction matters independently 
of the associated induced chest pain [32, 33]. Considering the low diagnostic and prog-
nostic accuracy of the traditional hallmarks of acute transient ischemia, namely, pain and 
ST-segment depression, the standard diagnostic equations can be profoundly remodeled 
by introducing a new variable, such as transient mechanical changes detected by two-
dimensional (2D) echocardiography, during spontaneously occurring chest pain or during 
stress (Table 3.2). Being highly specific for an ischemic event, the mechanical marker is 
the only “stand-alone” criterion (justifying even the equation “asynergy – ST change–pain 
= supersilent ischemia”). However, such a statement, although sound from the conceptual 
point of view, should be applied with caution to daily clinical practice when hypokinesis 
is involved, since at present we lack reliable quantitative criteria for the detection of 
hypokinesis with echocardiographic techniques. In clinical practice things are more com-
plicated and the good old ECG can offer surprisingly important information in the imaging 
era. During stress testing, ECG changes can occur without scintigraphic abnormalities 
(which are more sensitive than echocardiographic changes) and are associated with poor 
long-term prognosis [34]. In patients with positive stress echocardiography results and 
underlying coronary artery disease, a concomitant ST-segment depression identifies a 
group at higher prognostic risk [35]. In patients with negative stress echocardiography 
results and normal coronary arteries, stress-induced ST-segment depression identifies 
patients with endothelial dysfunction [36]. Patients with positive stress echocardiography 
results may have no ST-segment changes, but have an increase in QT dispersion, which 
may be a marker of electrical instability and represents an electrocardiographic sign of 
ischemia different from the ST-segment shift [37, 38]. In conclusion, no diagnostic marker 
is perfect, but some are more imperfect than others.

3.7
A New Diagnostic Variable: Coronary Flow Reserve

The diagnostic equations based on ECG and wall motion abnormalities have been further 
remodeled in the last 5 years with the advent of coronary flow reserve evaluated by pulsed 
Doppler transthoracic echocardiography in the stress echocardiography laboratory [39]. 
It represents an ideal complement of regional wall motion in the stress echocardiography 
diagnostic one-stop shop [40]. The equations of ischemia become more robust with the 
integration of the two markers, one (regional wall motion) assessing mainly anatomic epi-
cardial coronary artery disease, the other (reduced coronary flow reserve) also mirroring the 
functional condition of coronary microcirculation. The spectrum of responses will range 
anywhere from very abnormal (induced wall motion abnormalities and reduced coronary 
flow reserve, indicating epicardial stenosis and abnormal microcirculatory response) to 
completely normal (no inducible wall motion abnormalities and normal coronary flow 
reserve), indicating absence of hemodynamically significant macroepicardial upstream, 
and micro, distal, downstream arteriolar coronary alterations. The stress response can be 
stratified into a severity code, mirroring the experimental ischemic cascade: no evidence 
of abnormality (normal wall motion and normal coronary flow reserve) associated with 
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very low risk; isolated perfusion or coronary flow reserve abnormality (without inducible 
wall motion) associated with intermediate risk; and inducible wall motion abnormalities 
(usually with a perfusion or coronary flow reserve reduction) associated with the highest 
risk, in patients who will benefit most from ischemia-driven revascularization. When 
handling in clinical terms this exciting additional information, rich in novel diagnostic [41] 
and prognostic [42–44] dividends, we should be always aware that – as smart clinicians 
said already 25 years ago, at the very beginning of the cardiac imaging explosion – “our 
surprise in finding out that a new approach gives information that the old methods do not 
give, in detecting myocardial ischemia, does not differ from the surprise that an intelligent 
primitive human would experience if he were suddenly confronted with the problem of 
understanding what makes a car run. After a short observation he would probably first 
conclude that if you smash your car probably it will not run any more. Then he will discover 
that even an intact car will not run if its engine is broken. With time he will come to the 
astonishing discovery that even intact cars with intact engines may not run if they run out 
of gasoline and, furthermore, that some will not run even when full of gasoline. This, they 
would probably classify as super-silent trouble.” [45].
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Rational Basis of Stress 
Echocardiography

Fabio Recchia and Eugenio Picano

Stress echocardiography stems from three lines of evidence placed at three different levels: 
biochemical, pathophysiological, and clinical. The pathophysiological hallmark of stress 
echocardiography positivity is myocardial ischemia: when the stress echocardiography 
study shows abnormalities, myocardial ischemia is present. The presence of regional 
dysfunction requires ischemia, and – in the words of John Ross Jr. – the very definition 
of ischemia requires an alteration of myocardial function: “Ischemia is a reduction in 
myocardial blood flow sufficient to cause a decrease in myocardial contraction” [1]. In 
considering this definition, however, one must consider that “decrease in myocardial con-
traction” is not synonymous with “reduction in visually assessed regional systolic thickening,” 
which expresses only one dimension (radial strain) of the complex three-dimensional event 
of myocardial contraction. This latter also includes circumferential and longitudinal strain, 
all contributing to changes in ejection fraction and to the pump function. In addition, systo-
lic thickening is evaluated in a subjective and qualitative, not objective and quantitative, 
way and reflects the average transmural function, without discriminating between 
the subendocardium (highly vulnerable to ischemia) and subepicardium (more resistant 
to ischemia) [2]. The clinical world is not the experimental laboratory, stress echocardi-
ography is not equivalent to implanted sonomicrometry, and therefore the fundamental 
parameter of regional systolic thickening by two-dimensional (2D) echocardiography 
should be integrated with information derived from clinical presentation, patient specificity, 
and information provided by other markers of ischemia.

4.1
Biochemical Basis

At rest, about 60% of the high-energy phosphates produced by cell metabolism is used 
for development of contractile force, about 15% for relaxation, 3–5% for maintenance of 
electrical activity, and the remaining 20% for “wear and repair” [3]. The cell’s top priority 
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is to repair itself. During ischemia, therefore, the cell minimizes its expenditure of energy 
on cardiac work and utilizes whatever is left for maintenance of cell integrity. In the normal 
heart at rest intracellular calcium is sequestered mostly in the sarcoplasmic reticulum, 
where it cannot be used for myocardial contraction (mediated by the actin–myosin system). 
Cell membrane excitation and depolarization are followed by a rapid “downhill” (i.e., 
along the concentration gradient) influx of extracellular calcium, triggering the release of 
intracellular calcium from sarcoplasmic reticulum; this activates the contraction following 
the calcium–troponin interaction, which exposes myosin to the binding site of actin. For 
relaxation to occur, intracellular calcium must be sequestered back “uphill” (i.e., with 
energy expenditure against a concentration gradient) to the sarcoplasmic reticulum; in this 
phase, a calcium efflux through the plasma membrane also takes place. When ischemia 
occurs, the process of contraction and relaxation is slowed by two main intracellular bio-
chemical events: the reduction of high-energy phosphates, due to the blockade of mito-
chondrial aerobic metabolism, which requires oxygen, and the increased concentration 
of hydrogen ions, due to the activation of anaerobic glycolysis. Hydrogen ions compete 
with calcium ions for the troponin activation sites – thereby slowing the actin–myosin 
interaction. The reduction of intracellular high-energy phosphates in turn reduces the rate 
of the energy-dependent active reuptake of calcium into the sarcoplasmic reticulum, thus 
determining an impairment of relaxation [3].

4.2
Physiological Heterogeneity of Myocardial Function

The contraction of the heart is a complex phenomenon involving a deformation (strain) 
along three coordinates: radial thickening; longitudinal contraction; and circumferential 
contraction (torsional twist): Fig. 4.1. In addition, the normal adult left ventricle is character-
ized both morphologically and functionally by a high degree of regional nonuniformity 
[4]. Myocardial strain is defined as the difference between any end-systolic and end-diastolic 
dimension divided by the reference end-diastolic dimension and is, as such, dimensionless 
and presented as percent values. Positive radial strains represent wall thickening, whereas 
negative strains represent segment shortening (e.g., circumferential shortening). In the 
clinical assessment of myocardial function, all three types of strain can be measured – at 
least in principle: systolic thickening with M-mode and 2D echocardiography (by far the 
most used and the only one adequately validated for clinical applications); longitudinal 
contraction with myocardial velocity imaging; and circumferential shortening with 2D 
speckle tracking (Table 4.1). In addition, regional ejection fraction can now also be meas-
ured with real-time 3D echocardiography. The inward motion and deformation (circum-
ferentially and longitudinally) of the endocardium determine the changes in intracavitary 
volume, and endocardial regional ejection fraction can thus be viewed as a composite 
measure of the local contribution to ejection. The regional ejection fraction increases 
significantly from base to apex, and remarkably the regions with the highest ejection frac-
tion show the least wall thickening (Fig. 4.2). There is some degree of horizontal (in-
tersegment) variation of myocardial function, but it is less marked than in the vertical 
(base-to-apex) and transmural (subendocardium-to-subepicardium) direction (Fig. 4.3). 
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Fig. 4.1 Base-to-apex heterogeneity in radial (left panel), longitudinal (middle panel), and circumfer-
ential (right panel) function

Table 4.1 Physiological heterogeneity of myocardial functions

Transmural 
gradient

Base-
to-apex

Horizontal 
gradient

Echocardio-
graphy 
method

Alternative 
method

% Systolic thickening 
(radial strain)

+++ ++ ± M-mode 2D MRI

Longitudinal strain ++ +++ ± Myocardial 
velocity imaging

MRI tagging

Circumferential strain + +++ ± Speckle tracking MRI tagging

Regional ejection 
fraction

+ ++ ± Real time (RT3D) MRI tagging

RT real time

This gradient is magnified by stress also in healthy normal subjects, suggesting that a 
“relative” hyperkinesia during stress is a normal warrant which should imply a conserva-
tive reading of stress echocardiograms, to avoid an exorbitant number of false-positive 
responses [5] (Fig. 4.4). The normal myocardial function is rather heterogeneous at different 
levels (base to apex) since the relative contribution to ejection increases towards the apex 
and, within the same segment, at different layers (subendocardium–subepicardium) of the 
left ventricular walls (Fig. 4.5). Measurements of intramyocardial thickening demonstrate 
that normally 67% of thickening occurs in the inner half of the wall [7]. Thus, normally 
there is only a small contribution of the subepicardium to the overall thickening (Fig. 4.6). 
A “functional” gradient, although less significant, also exists at the various levels of the 
left ventricle, with greater systolic thickening in the apical than in the basal segments (6–9). 
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This heterogeneity of function is mirrored by perfusion, since contractility is a major
 determinant of myocardial oxygen consumption and there is a tight beat-by-beat coupling 
between myocardial oxygen consumption and coronary blood flow [8]. Thus, coronary 
flow is greater in the subendocardium than in the subepicardium, and greater at the apex 
than at the base, whereas no significant interregional variations can be observed. Flow and 
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function tend to show a physiological variability not only in space but also over time with 
minimal, continuous variations in contractility and perfusion. The relationship between 
regional flow and function holds true not only in physiological states, when by definition 
there is a perfect coupling between oxygen supply and demand, but also in pathological 
conditions determining a mismatch between these two parameters.
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Fig. 4.4 Circumferential heterogeneity in radial strain (% systolic thickening) magnified during 
stress (right panel). (From [6])
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Fig. 4.5 Physiologic, transmural heterogeneity determined as % systolic thickening (radial 
strain, left panel), longitudinal strain (middle panel), and circumferential strain (right panel). 
(Adapted from [7, 11])
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4.3
Regional Flow–Function Relationship in Myocardial Ischemia

Ischemia may occur either at rest for a progressive coronary stenosis or during stress in the 
presence of a critical obstruction. A close association between mean transmural blood flow 
and regional wall thickening can be observed (Fig. 4.7). Above normal perfusion levels, 
the functional response to a two- to four-fold increase in flow is flat [8]. Conversely, when 
perfusion is below normal values, regional thickening appears to be almost linearly related 
to flow: in particular, the subendocardial flow determines regional thickening, which is 
mainly due to the subendocardial layer. On average, a reduction in subendocardial blood 
flow of about 20% produces a 15–20% decrease in left ventricular wall thickening; a 
50% reduction in subendocardial blood flow decreases regional wall thickening by about 
40%, and when subendocardial blood flow is reduced by 80%, akinesia occurs. When the 
flow deficit is extended to the subepicardial layer, dyskinesia occurs [8]. For minimal flow 
reductions, abnormalities of regional systolic function are subtle and certainly below the 
threshold of detection by echocardiography. The detection of a regional dysfunction by 2D 
echocardiography requires a “critical ischemic mass” of at least 20% of transmural wall 
thickness and about 5% of the total myocardial mass [9]. Thus, relatively milder and more 
localized forms of myocardial ischemia do not leave echocardiographic fingerprints and 
represent the physiological scotoma of the echocardiographic eye when compared with 

%
 C

on
tr

ib
ut

io
n 

to
w

al
l t

hi
ck

en
in

g

% of Wall Thickness

ENDO EPI
0

50

100

0 33 67 100

Epi

Endo58%

25%

17%

Intramyocardial sutures as
echo targets

MID

Fig. 4.6 A gradient of thickening (radial function) exists across the myocardial wall, with the inner, 
middle, and outer thirds of the myocardial wall contributing to 50, 25, and 17% of total wall thickening, 
respectively. In the right part of the graph, the echocardiographic tracing obtained with an epicardial 
M-mode echocardiographic transducer and a suture inserted in the wall of an open-chest dog and used 
as an intramural echocardiography target. (Adapted from original data from [7])
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ischemia – at least when radial strain and regional systolic thickening or (regional or 
global) ejection fraction are considered. Initial forms of contractile dysfunction can, 
however, more selectively affect longitudinal and circumferential strain, both at baseline 
[10] and during stress-induced ischemia of mild degree [11].

4.4
Postischemic Recovery of Contractile Function

The postischemic recovery of myocardial function is related to two main variables: the 
duration of the ischemic attack and the efficacy of postischemic reperfusion. In animals, 
doubling ischemia time quadruplicates recovery time. For a given duration and severity of 
ischemia, the recovery of contractile function will be faster with a more complete coro-
nary reflow. In the experimental model, the reopening of a coronary artery previously 
occluded for a few seconds or minutes is followed by a complete reactive hyperemia and a 
prompt recovery of contractile function, transiently even above baseline levels. In man, the 
resolution of transient transmural ischemia is also accompanied by a short postischemic 
rebound in the previously ischemic areas [12]. In contrast, a severe coronary stenosis will 
significantly slow reperfusion and, therefore, the recovery of contractile function (Fig. 4.8). 
Thus, the experimental evidence confirms that a slower, at times partial, recovery of 
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Fig. 4.7 Relationship obtained in anesthetized dogs between transmural flow (measured by microsphere) 
and regional function (assessed with 2D echocardiography). (Redrawn and modified from [7])
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regional function may be associated with a longer period of ischemia and/or with markedly 
diseased coronary vessels. In all these conditions, flow and function vary symmetrically in 
rest, ischemia, and recovery states. There is, however, a “point of no return,” beyond which 
the restoration of flow is unable to restore regional function due to irreversible myocar-
dial cell damage. There is a blurred transition zone between fully reversible ischemia and 
ischemia lasting more than 20 min and invariably associated with necrotic phenomena. In 
this border zone, ischemia is too short to cause myocardial necrosis, but long enough to 
induce a persistent contractile dysfunction (lasting for hours, days, and even weeks) after 
flow restoration – the so-called myocardial stunning [13]. The stunned myocardium is 
different from “hibernated” myocardium, where the myocardial perfusion is chronically 
reduced (for months or years), but remains above the critical threshold indispensable to 
keep the tissue viable (although with depressed performance) [14]. While in the stunned 
myocardium a metabolic alteration causes an imbalance between energy supply and the 
work produced, the hibernating myocardial cell adapts itself to a chronically reduced 
energy supply and its survival is guaranteed by a reduced or abolished contractile function. 
This adaptation is incomplete, and degeneration of terminally differentiated myocytes 
occurs, with loss of contractile proteins and deposition of glycogen granules. Over time, 
apoptotic cell death eventually occurs with replacement fibrosis and, therefore, progressive 

Normal

LBBB, WPW  type B, RV Pacemaker

Right ventricular volume overload

Post-surgery

Constrictive pericarditis

Left ventricular volume overload

Fig. 4.8 Schematic representation of ischemia, repetitive stunning, hibernation, and scar as points of a 
spectrum of myocardial dysfunction. In the upper panel, myocardial blood flow (MBF). In the lower 
panel, the corresponding regional contractile function at baseline (rest) and during stress. (Adapted 
and modified from [20])
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loss of potential for contractile function recovery. The ventricular dysfunction persists until 
the flow is restored but, if revascularization is delayed by several months, left ventricu-
lar function no longer improves [14]. Unlike the infarcted myocardium, the postischemic 
viable tissue retains a contractile reserve. The necrotic myocardium is unresponsive to any 
inotropic stimulus, whereas the viable myocardium typically responds with a transient 
increase in regional function which predicts the functional recovery [15].

4.5
Determinants of Regional Dysfunction

In chronic infarction the transmural extent of myocardial damage is correlated to the 
severity of the regional dyssynergy. A necrosis confined to less than 20% of myocardial 
thickness is associated with only mild hypokinesia [16]. Dyskinesia is associated with a 
more transmural extent of necrosis, involving at least 30–40% of myocardial thickness 
in the vertical (endocardium–epicardium) direction. These experimental data have a clinical 
correlate: in non-Q myocardial infarction, stable changes of the ST–T segment, with 
prolonged chest pain and an increase of necrosis enzymes, can be accompanied in 20% of 
cases by a perfectly normal echocardiogram [17].

Ischemia, infarction, stunning, and hibernation are not the only possible causes of 
regional asynergy [18]. A series of other factors, both intrinsic and extrinsic to the 
ischemic region (Table 4.1), can mimic or mask the signs of ischemia on the myocar-
dial wall or disrupt the linearity of the regional flow–function relationship. Fibrosis 
of nonischemic origin obviously induces a stable regional dysfunction, for instance, in 
dilated cardiomyopathy. Septal wall motion abnormalities – usually with normal systolic 
thickening – can be observed in conditions associated with abnormal ventricular 
depolarization, such as left bundle branch block, Wolff–Parkinson–White type B syn-
drome, and right ventricular paced rhythm [19] (Fig. 4.9). Following onset of electri-
cal depolarization, there is a downward motion of the interventricular septum or early 
systolic downward dip or beaking. The abnormal early systolic septal motion with 
left bundle branch block [6] and with ventricular pacing [21] is secondary to an early 
rise in pressure in the right ventricle. The abnormal depolarization produces contrac-
tion of the right ventricular chamber prior to the left ventricular chamber, thus pro-
ducing an earlier rise in right ventricular pressure. This differential in pressure then 
produces the abnormal septal motion. The download displacement is reversed as soon 
as the left ventricle begins to contract and raises the left ventricular pressure. Almost 
all patients with left bundle branch block and right ventricular paced rhythm have the 
early beaking of interventricular septum, but septal motion is paradoxic only in some 
of them. In left bundle branch block, the paradoxical wall motion is more frequent with 
markedly abnormal activation sequence (QRS>150 ms) and/or septal fibrosis (see also 
Chap. 29) [22]. In right ventricular pacing, a paradoxical septal motion is more fre-
quent with pacing from right ventricular outflow or right ventricular inflow [22, 23] 
(see also Chap. 14). Other nonischemic causes of altered septal motion include right 
ventricular volume overload and/or elevated right ventricular end-diastolic pressure 
and postoperative status [16]. A septal “bounce” is consistent with constriction [19]. 



52 4 Rational Basis of Stress Echocardiography

4

The regional function can be modulated by factors extrinsic to the wall. In left ventricu-
lar volume overload, septal motion is exaggerated (Fig. 4.9) and might mask signs of 
ischemic dysfunction. Two potentially important causes of “normal” wall motion follow-
ing acute myocardial infarction are the ventricular septal rupture and acute mitral insuf-
ficiency: the hemodynamic unloading of the left ventricle tends to lessen the regional 
abnormality induced by ischemia or infarction. The increase in heart rate and systolic 
blood pressure can reduce regional systolic thickening independently of ischemia [24, 
25]. At high heart rate and high blood pressure values, regional function may also 
decrease in normal healthy subjects [20]. Finally, during acute ischemia, the extent of 
mechanical alterations exceeds that of metabolic or flow abnormalities. In fact, there 
is a border zone where the muscle is normally perfused but shows reduced thickening, 
representing the continuity between ischemic and hypercontractile myocardium. The 
phenomenon of adjacent dysfunction is spatially limited to the regions immediately 
close to the ischemic area and seems to be due to a purely passive mechanism (tethering) 
by which the ischemic region acts as a parallel resistance, limiting the function of the 
contiguous myocardium (Table 4.2).
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Fig. 4.9 Different types of nonischemic septal wall motion changes. Abnormal (paradoxical) septal 
motion can be found in a variety of conditions, including (from top to bottom) abnormal electrical 
activation (left bundle branch block, Wolff–Parkinson–White type B, paced right ventricular rhythm), 
right ventricular volume overload, and/or elevated right ventricular end-diastolic pressure, postoperative 
status. A septal “bounce” is consistent with constriction. On the other hand, left ventricular volume 
overload may cause vigorous, supernormal septal motion. (Adapted and modified from [20])
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4.6
Clinical Basis

Regional or global mechanical dysfunction as markers of ischemia gained clinical recogni-
tion in the preechocardiographic era through exercise radionuclide ventriculography. Al-
though this technique was based on a less than perfect detector of mechanical dysfunction, 
with limited spatial and temporal resolution, it clearly showed the advantages of the new, 
mechanical marker over the old electrocardiographic one. With the development of ultra-
sound imaging it was natural to exploit the mechanical marker of ischemia through the 
echocardiographic probe. A series of studies established a conceptual framework for the 
future and extensive applications of stress echocardiography. During ischemia, the 
regional echocardiographic changes usually occur earlier than the electrocardiographic ones, 
which can even be totally absent in the presence of obvious regional dyssynergy [14, 20]. 
Wall motion changes are as reliable as the most sensitive invasive indexes of left ven-
tricular performance, such as left ventricular dP/dt of contraction [26]. The capability of 
regional systolic dysfunction to detect the presence, site, and extent of ischemia obviously 
cleared the way to extensive clinical applications of stress echocardiography for the diag-
nosis and risk stratification of coronary artery disease [27, 28]. In the future, the challenge 
ahead will be to implement – with the help of new technologies – a more comprehensive 
assessment of cardiac function during stress, incorporating a more quantitative assessment 
of not only radial, but also circumferential and longitudinal function at baseline and during 
stress, possibly not only in a regional transmural but also strictly subendocardial function.
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Pathogenetic Mechanisms 
of Stress

Eugenio Picano

For a rational use of stress tests and an appropriate interpretation of their results, it may be 
useful to adopt a pathogenetic classification, taking into account the diagnostic end point of 
the test. Tests inducing vasospasm (ergonovine infusion and hyperventilation) explore the 
functional component. Tests trying to unmask coronary stenosis (exercise, dipyridamole, 
adenosine, dobutamine, pacing) mostly explore the ceiling of coronary reserve as defined 
by organic factors (Fig. 5.1). Some of these stressors (such as exercise) may also induce 
variations in coronary tone which can be superimposed on the organic factors, thus blur-
ring the correlation between coronary anatomy and test positivity.

5.1
Ischemia and Vasospasm

Since coronary vasospasm can coexist with any degree of coronary stenosis, the presence 
of angiographically normal coronary arteries does not rule out the possibility of vasospastic 
myocardial ischemia; on the other hand, a “significant” coronary stenosis at angiography 
does not automatically establish a cause–effect relationship between organic disease and 
myocardial ischemia. In the past 20 years, we have come to appreciate the fact that the 
endothelium serves not only as a nonthrombogenic diffusion barrier to the migration of 
substances into and out of the blood stream, but also as the largest and most active 
paracrine organ in the body, producing potent vasoactive, anticoagulant, procoagulant, and 
fibrinolytic substances. Normal endothelium produces two vasoactive and platelet-active 
products, prostacyclin and EDRF, which act in concert to inhibit platelet adhesion and 
aggregation and relax vascular smooth muscle [1]. Normal endothelium also opposes a 
variety of vasoconstrictive stimuli, including catecholamines, acetylcholine, and serotonin, 
and it enhances the vasorelaxant effects of dilators, such as adenosine nucleotides. In the 
presence of a dysfunctional endothelium, vasodilatory stimuli – such as adenosine or dipy-
ridamole – may become less potent, and vasoconstrictive stimuli much more effective 
[1] (Fig. 5.2). The mechanisms of coronary spasm are still unclear. No specific receptor 
subtypes appear to be involved, since a variety of physical and pharmacological stimuli 
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can provoke spasm and no specific antagonist has proved capable of preventing it. The 
smooth muscle cell in the medial layer of coronary epicardial arteries reacts to several 
vasoconstrictive stimuli, coming centripetally from the adventitial layer (such as α-mediated 
vasoconstriction), or centrifugally from the intima–blood interface (such as endothelin and 
serotonin). In fact, serotonin has a vasodilatory effect on normal human myocardial arteries, 
which is mediated by endothelium-derived relaxing factors; when the endothelium is 
damaged, as in coronary artery disease, serotonin has a direct, unopposed vasoconstrictive 
effect [1]. Clinically, coronary vasospasm can be elicited by ergonovine maleate, an ergot 
alkaloid which stimulates both β-adrenergic and serotonergic receptors, and therefore 
exerts a direct constrictive effect on vascular smooth muscle. Hyperventilation induces 
spasm through systemic alkalosis. Physiologically, a powerful calcium-antagonistic action 
is exerted by hydrogen ions, which appear to compete with calcium ions for the same 
active sites both in the transmembrane calcium transport system and in the myofibrillar 
ATPase. Thus, vasoconstriction occurs if either calcium ion concentration increases or 
hydrogen ion concentration decreases. Exercise can also induce an increase in coronary 
tone, up to complete vasospasm, through α-sympathetic stimulation [2]. Dobutamine has 
a vasospastic and coronary vasoconstrictive effect mediated by α-adrenergic stimulation 
[3, 4]. Dipyridamole has no coronary constrictive effects per se; however, interruption 
of the test by aminophylline (which blocks adenosine receptors but also stimulates 
α-adrenoreceptors) can evoke coronary vasospasm in one-third of patients with variant 
angina [5]. Tests exploring organic coronary stenosis can induce ischemia by means of two 
basic mechanisms: (a) an increase in oxygen demand, exceeding the fixed supply and (b) 
flow maldistribution due to inappropriate coronary arteriolar vasodilation triggered by a 
metabolic/pharmacological stimulus. The main pharmacodynamic actions of dobutamine 
and dipyridamole stresses are summarized in Tables 5.1 and 5.2, respectively. Dobutamine 

Percentual
contribution
to myocardial
ischemia

Dipyridamole Dip-atropine

Increased
oxygen
demand

Steal
effect

Dipyridamole
Dobutamine
Pacing

Dipyridamole-
exercise

Fig. 5.1 Conceptual allocation of the tests employed in combination with echocardiography to 
induce ischemia via coronary vasospasm (left), coronary stenosis (right), or both mechanisms
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has complex dose-dependent effects on β
1
-, β

2
-, and α

1
-adrenoreceptors [6], whereas the 

principal target of adenosine and dipyridamole are adenosine receptors, both A
1
 and A

2
, 

present both in myocardium and in coronary vessels [7]. In particular, stimulation of A
2
a 

receptors produces marked dilation of coronary resistance vessels, determining arteriolar 
vasodilation, whereas A

2
b receptors mediate vasodilation in conductance vessels. Myocar-

dial A1 adenosine receptors mediate the negative chronotropic and dromotropic effects of 

Fig. 5.2 Top: endothelial and smooth muscle cells in coronary vessels in the presence of intact en-
dothelium. Mediators such as serotonin, acetylcholine, and noradrenaline stimulate the corresponding 
receptors present on the endothelial surface, which induce smooth muscle cell relaxation and vasodi-
lation via EDRF release. Bottom: when endothelium is damaged, the same mediators act directly on 
the corresponding receptors present on the smooth muscle membrane, causing vasoconstriction
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adenosine and the direct algogenic effect. A
3
 receptors are found on the surface of mast 

cells and may play a role in mediating bronchospasm and hypotension. Exogenous and 
endogenous adenosine may profoundly dilate coronary arterioles with minimal effect, if 
any, on systemic circulation, probably because A

2
a receptors are more abundant in coronary 

arterioles than in any other vascular area [7]. A
1
 and A

3
 receptors also have a potential role 

in mediating preconditioning [7].
Adenosine is produced intracellularly via two pathways (Fig. 5.3), but it does not exert 

its effects until it leaves the intracellular environment and interacts with A
1
 and A

2
 adenosine 

receptors on the cell membrane [8]. As illustrated by the scheme in Fig. 5.3, dipyridamole acts 
by blocking the uptake and transport of adenosine into the cells, thereby resulting in a greater 
availability of adenosine at the receptor site. Both these mechanisms can provoke myocardial 
ischemia in the presence of a fixed reduction in coronary flow reserve due to organic factors 
(involving the epicardial coronary arteries and/or myocardium and/or microvasculature).

5.2
Increased Demand

This mechanism can be easily fitted into the familiar concept framework of ischemia as 
a supply–demand mismatch, deriving from an increase in oxygen requirements in the 
presence of a fixed reduction in coronary flow reserve. The different stresses can deter-
mine increases in demand through different mechanisms (Fig. 5.4).

Table 5.1 Pharmacodynamics of dobutamine

Receptor populations

a
1

b
1

b
1

Myocardium Increased inotropy Increased chronotropy, 
Increased inotropy

–

Vasculature Vasoconstriction – Vasodilation

Table 5.2 Pharmacodynamics of adenosine and dipyridamole

Receptor populations

A
1

A
2
a A

2
b A

3

Myocardium Decreased chronotropy 
Decreased dromotropy 
Chest pain ? Precondi-
tioning

Vasculature Coronary 
arteriolar 
vasodilation

Conductance 
vessel vasodi-
lation

Mast cells ? Bronchospasm ? 
Hypotension 
? Preconditioning
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Fig. 5.3 Metabolism and mechanisms of action of adenosine in the coronary arteries. ADO adenosine, 
AMP adenosine monophosphate, ADP adenosine diphosphate, ATP adenosine triphosphate. (Modified 
from [8])

ADO ADO-receptor blocker
(theophylline, caffeine)

Facilitated transport
blocked by

dipyridamole

Cell membrane
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Inosine Homocysteine+ADO

Intracellular space

Extracellular space

Fig. 5.4 Major determinants of myocardial oxygen consumption in resting conditions (left) and 
during some stresses (right) commonly employed with echocardiography. The relative contributions 
of systolic blood pressure, heart rate, and inotropic state to myocardial oxygen demand are represented. 
During dipyridamole or adenosine stress there is a mild increase in oxygen consumption, due to the 
increase in the inotropic state or heart rate, respectively. The rise in oxygen demand is even more 
marked during exercise, which causes an increased heart rate as well as increased inotropic state and 
systolic pressure. (Redrawn and modified from [9])
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In resting conditions, myocardial oxygen consumption is dependent mainly on heart 

rate, inotropic state, and the left ventricular wall stress (which is proportional to the 
systolic blood pressure) [9]. Following dipyridamole or adenosine administration, a 
slight increase in myocardial function, a modest decrease in blood pressure, and mild 
tachycardia can be observed, overall determining only a trivial increase in myocardial 
oxygen demand [10].

During exercise, the increase in heart rate, blood pressure, and inotropic state accounts 
for the overall increase in myocardial oxygen consumption (Fig. 5.2) [11]. To a lesser 
degree, pacing and dobutamine also increase myocardial oxygen demand [12]. During 
pacing, the increase is mainly due to the increased heart rate. Dobutamine markedly 
increases contractility and heart rate (Fig. 5.2). Greater myocardial oxygen consumption 
due to heart rate increase occurs with the coadministration of atropine with dobutamine 
[13] and dipyridamole [14].

5.3
Flow Maldistribution

In the presence of coronary atherosclerosis, appropriate arteriolar dilation can paradoxi-
cally exert detrimental effects on regional myocardial perfusion, causing overperfusion of 
myocardial layers or regions already well perfused in resting conditions at the expense of 
regions or layers with a precarious flow balance in resting conditions [15].

In “vertical steal,” the anatomical requisite is the presence of an epicardial coronary artery 
stenosis, and the subepicardium “steals” blood from the subendocardial layers. The mecha-
nism underlying vertical steal is a fall in poststenotic pressure secondary to the increase in 
flow across the stenosis [16]. From the hydraulic viewpoint, it is well known that even in 
the presence of a fixed anatomical stenosis, resistance is not fixed. After administration of 
dipyridamole the arterioles dilate, thereby increasing flow across the stenotic lesion. This 
increased flow may lead to a greater drop in pressure, the magnitude of which is related 
to the severity of the stenosis and to the increase in flow. In the presence of a coronary stenosis, 
the administration of a coronary vasodilator causes a fall in poststenotic pressure, and there-
fore a critical fall in subendocardial perfusion pressure (Fig. 5.5), which in turn provokes a 
fall in absolute subendocardial flow, even with subepicardial overperfusion. In fact, the 
coronary autoregulation curve can be broken into two different curves (Fig. 5.5), with the suben-
docardium more vulnerable than the subepicardium to lowering of coronary perfusion pressure. 
Regional thickening is closely related to subendocardial rather than transmural flow, and this 
explains the “paradox” of a regional asynergy, with ischemia in spite of regionally increased 
transmural flow. Because endocardial oxygen demands are greater than epicardial ones, the 
resistance vessels of the endocardium are more dilated than those of the subepicardium, 
ultimately resulting in selective subendocardial hypoperfusion (Fig. 5.5).

“Horizontal steal” requires the presence of collateral circulation between two vas-
cular beds (Fig. 5.6); the victim of the steal is the myocardium fed by the more stenotic 
vessel. The arteriolar vasodilatory reserve must be at least partially preserved in the 
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donor vessel and abolished in the vessel receiving collateral flow [17, 18]. After vasodi-
lation, the flow in the collateral circulation is reduced relative to resting conditions, 
since the arteriolar bed of the donor vessel “competes” with the arteriolar bed of the 
receiving vessel, whose vasodilatory reserve was already exhausted in resting conditions 
(Figs. 5.6, 5.7).
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Fig. 5.5 Upper panel: The mechanisms of vertical steal, effect of adenosine infusion in an experimental 
model of severe coronary stenosis. (From [16]). Lower panel: Coronary autoregulation curve in the 
subendocardial and subepicardial layers. (From [17])



64 5 Pathogenetic Mechanisms of Stress

5

The stresses provoking this flow maldistribution act through a “reverse Robin Hood 
effect” [19]; unlike the hero who stole from the rich to give to the poor [20, 21], 
they steal from the poor (myocardial regions or layers dependent on a critically sten-
osed coronary artery) and give to the rich (regions or layers already well nourished 
in resting conditions). The biochemical effector of this hemodynamic mechanism is 
the inappropriate accumulation of adenosine, which is the main physiological modu-
lator of coronary arteriolar vasodilation. Inappropriate adenosine accumulation can 
be triggered either by a metabolic stimulus (such as exercise or pacing) or by a phar-
macological one (such as exogenous adenosine or dipyridamole, which inhibits the 
cellular reuptake of endogenously produced adenosine) [22]. It is certainly difficult to 
quantify the relevance of flow maldistribution in inducing ischemia, but this mecha-
nism is likely to play a key role in adenosine- or dipyridamole-induced ischemia and 
a relatively minor, although significant, role in exercise- or pacing-induced ischemia 
[20–23]. Theoretically, dobutamine might also induce a moderate degree of flow mald-
istribution by stimulating β-adrenergic receptors, which mediate coronary arteriolar 
vasodilation [24] (Fig. 5.8).

RCA RCALAD LAD

* *

Basal Dipyridamole

* *

Fig. 5.6 Hydraulic model illustrating coronary horizontal steal. For this example, the right coronary 
artery (RCA) is the supply artery, with the vascular distribution of the severely stenotic left anterior 
descending (LAD) artery supplied by collaterals from the right coronary artery. Coronary steal 
following coronary arteriolar vasodilation refers to a decrease in absolute forward flow through 
collateral channels to the collateral-dependent vascular bed. With vasodilation of distal coronary 
arteriolar beds there is a flow-related drop in pressure along the supply artery. Therefore, distal per-
fusion pressure to the collateral vessels falls since collateral flow depends primarily on the driving 
pressure gradient (between distal perfusion pressure of the supply and collateralized vascular bed). 
(Redrawn and modified from [17])
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5.4
Exercise-Simulating Agents: Scientific Fact or Fancy Definition?

Among stresses, a currently used differentiation is between “exercise-simulating agents,” 
such as dobutamine or arbutamine, and vasodilator stressors, such as dipyridamole or 
adenosine. It is important to emphasize that none of the pharmacological stresses are 
“exercise simulating” in a strict sense. Only exercise offers complex information not 
only on coronary flow reserve, but also on cardiac reserve and cardiovascular efficiency 
(i.e., how the coronary reserve is translated into external work). Coronary reserve and 
cardiovascular efficiency are codeterminants of exercise tolerance and therefore of 

Fig. 5.7 An example in which collaterals were supplied by the right coronary artery to the occluded left 
anterior descending artery. Two-dimensional echocardiographic frames, taken at end-systole (top); 
and coronary angiographic images (bottom), obtained in basal conditions and after dipyridamole 
administration. After dipyridamole, the apex is dyskinetic; the coronary angiography shows almost 
total disappearance of the collateral vessels (arrows). (Modified from [15])
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the quality of life for the individual patient. No pharmacological stress can mimic the 
complex hemodynamic, neural, and hormonal adaptations triggered by exercise, nor can they 
offer information on cardiovascular efficiency. Exercise explores the entire physiological 
chain supporting external work: psychological motivation, central and peripheral nervous 
system, lungs, myocardium, coronary circulation, peripheral blood circulation and skeletal 
muscle, down to cell respiration and mitochondrial oxygen utilization [25]. Of this chain, 
pharmacological stresses only test the “coronary” ring. From the echocardiographic view-
point, the mechanical pattern of stress-induced function increase differs between exercise 
and pharmacological stresses – including dobutamine, which affects regional wall function 
in a manner similar to atrial pacing rather than dynamic exercise [26]. From the clinical 
viewpoint, changes in rate–pressure product can stratify disease severity with exercise, not 
with pharmacological stresses. Antianginal therapy affects pharmacological stress results 
– and especially dobutamine results (as discussed in more detail in Chap. 18) in a manner 
largely unrelated to the effects of the same therapy on exercise. Finally, arrhythmias, heart 
rate, and blood pressure response enrich the diagnostic information obtainable with exer-
cise stress testing, not with pharmacological testing. On the other hand, all stresses can be 
considered “exercise simulating” for the purpose of diagnosing coronary artery disease. 
Their mechanism of action is the extreme exaggeration of a biochemical and hemodynamic 
mechanism actually operating during exercise, such as adrenergic stimulation with dobu-
tamine or adenosinergic stimulation with dipyridamole [20–22].

Last but not least, from a less physiological but more pragmatic point of view, all 
stresses should be considered exercise simulating since they induce ischemia with similar 
frequency, in the same region, and to a comparable degree as exercise. They also titrate 
the positive response, but the equivalent of the ischemic workload is the drug dose (the 
“pharmacological dose load”) sufficient to elicit ischemia.

Exercise Pacing Adenosine Dipyridamole

Dobutamine

Metabolic
stimulus

Adenosine
accumulation

Inibition adenosine
uptake

Inappropriate 
arteriolar dilation

Beta 2 
adrenoreceptor

= Marked degree
= Mild degree

Flow maldistribution

Fig. 5.8 The biochemical pathways leading to inappropriate arteriolar vasodilation under different 
stresses
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5.5
New Pharmacological Stresses

The family of pharmacological stresses is rapidly expanding, due to the combined pressure 
of scientific and economic motivations. In the family of catecholaminic stresses, arbutamine 
is characterized by a potent β-agonist effect, with a stronger chronotropic and a milder ino-
tropic action than dobutamine. It might be considered conceptually similar to a pacing test, 
since it stresses the myocardium mainly through an increase in heart rate [27]. However, 
differently from pacing, arbutamine stress is noninvasive rather than semiinvasive; it is phar-
macological rather than electrical; it is a flexible stress, tailored to the patient’s response, 
rather than fixed and standard like electrical pacing. It is also highly expensive and no longer 
commercially available in most countries. For vasodilator stresses as well, new drugs are on 
the horizon, such as new selective adenosine A

2
 receptor agonists with short half-lives [28].

5.6
The Atropine Factor in Pharmacological Stress Echocardiography

Atropine is a naturally occurring antimuscarinic drug consisting of an alkaloid of the bella-
donna plants. During the time of the Roman Empire the plant was frequently used to produce 
poison. This prompted Linnaeus to name the shrub Atropa belladonna, after Atrops, the eldest 
of the Three Fates, who cuts the thread of life. The name belladonna (i.e., “beautiful woman”) 
derives from the alleged use of this preparation by Italian women to dilate their pupils [29]. 
Atropine is the prototype of antimuscarinic drugs, which inhibit the actions of acetylcholine 
on anatomical effectors innervated by postganglionic cholinergic nerves. The main effect 
of atropine on the heart is to induce tachycardia by blocking vagal effects on the M2 recep-
tors on the seno-atrial nodal pacemaker. Atropine also enhances atrioventricular conduction, 
and for this reason it is usually given before pacing stress (see Chap. 14). Atropine-induced 
mydriasis may occasionally raise the intraocular pressure in patients with glaucoma, which 
is therefore a contraindication to atropine administration. Atropine also decreases the normal 
amplitude of bladder contraction, and severe prostatic disease is thus another contraindica-
tion to atropine administration. Finally, atropine reduces gastrointestinal tract motility and 
secretion and for this reason can be given before transesophageal stress. Administration of 
atropine on top of dobutamine [13] vasodilators [14–30], or exercise [31, 32] improves diag-
nostic sensitivity. Not surprisingly, however, the risk of resistant ischemia increases with 
atropine [33, 34], along with nonischemic side effects, including (as described in dobutamine 
plus atropine) atropine intoxication [35], consisting of restlessness, irritability, disorientation, 
hallucinations, or delirium, usually disappearing spontaneously over a few hours [2].

5.7
The Combined Stress Approach

The combined stress can be either dipyridamole–exercise or dipyridamole–dobutamine. 
Dipyridamole causes only a trivial increase in myocardial oxygen demand, provoking 
ischemia mainly through flow maldistribution phenomena triggered by endogenous 
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adenosine accumulation. The flow increase achieved by a high dipyridamole dose lasts 
for a relatively long time, remaining at plateau for about 30 min and, therefore, rep-
resenting an ideal “flow maldistribution” background over which another stress can 
be superimposed. It has previously been shown that dipyridamole does not block the 
hemodynamic response of exercise [36] or dobutamine [37], and that it potentiates the 
ischemic potential of both exercise and dobutamine. The underlying hypothesis is that a 
stepwise increment of myocardial oxygen consumption – unable per se to elicit ischemia 
in the presence of mild coronary artery disease – might reach the critical threshold 
when the ischemic ceiling is lowered by concomitant flow maldistribution triggered by 
dipyridamole infusion [36] (Fig. 5.9). The clinical fact is that the combined stress test 
can detect anatomically milder forms of coronary disease missed by either test used 
separately [36–38].
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Fig. 5.9 Dipyridamole sensitization of the ischemic potential of exercise. Coronary stenosis (thick 
arrow) may permanently although not severely lower the maximal flow availability (coronary 
reserve), so that the myocardial ischemic threshold is not reached with an “ordinary” exercise stress 
test. With dipyridamole premedication (thin arrow), the hemodynamic response to exercise is not 
prevented (normal stepwise increase in workload), but the maximal flow availability is significantly 
lowered for the occurrence of flow maldistribution phenomena. (From [36] with permission)
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5.8
Vasodilatory Power and the Hierarchy of Testing

Each of the prototype stresses for the detection of coronary artery disease can induce 
ischemia through either one of the two main pathophysiological pathways: “steal effect” 
(also named flow maldistribution) and increased oxygen demand (Fig. 5.10).

No stress is 100% “pure,” since adenosine and dipyridamole also slightly increase 
heart rate, and exercise and dobutamine also induce a certain (mild) degree of flow 
maldistribution. Both families of stresses are more or less equally effective as ischemic 
stressors in the presence of significant coronary artery disease (Fig. 5.11). For a given 
ischemic diagnostic marker (for instance, regional wall motion abnormalities with stress 
echocardiography), sensitivity is higher for tests combining the two pathways (such 
as dipyridamole–exercise, dipyridamole–dobutamine, or dipyridamole atropine) when 
compared with tests based on one pathway (dipyridamole or dobutamine or exercise) 
alone. The relevance of the steal effect is also directly mirrored by the stress capacity to 
recruit coronary flow reserve. Adenosinergic stresses are ideally suited for this, since – 
unlike dobutamine or exercise associated with a threefold flow increase – they determine 
a fivefold increase in coronary blood flow with a full recruitment of pharmacological 
flow reserve [39]. The greater the vasodilation, the higher the potential for inappropriate 
steal phenomena in the presence of coronary artery disease. In recent years, the two 
different sides of the coin of the stress test, vasodilatory and ischemic stress, merged in 
the dual imaging of coronary flow reserve and wall motion during vasodilatory stress 
echocardiography [40–42].

Fig. 5.10 Conceptual allocation of tests employed in combination with echocardiography to detect 
coronary artery stenosis inducing ischemia via steal effect (left) or increased myocardial oxygen 
demand (right), or both mechanisms
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5.9
The Fosbury Flop and the Classic Straddle in the Stress 
Echocardiography Laboratory

The use of stress to increase myocardial oxygen demand in order to provoke ischemia is 
like the classic straddle method in the high jump: it is conceptually familiar to everybody 
(everyone has tried it at least once) and it is pushed forward by the force of tradition. The 
steal effect is like the “Fosbury flop”: it is more recent, may appear counterintuitive, but 
works at least as well as the straddle method. As a young high jumper in the early 1960s, 
Dick Fosbury had trouble mastering the standard technique, called the straddle, so he 
began doing the high jump by approaching the bar with his back to it instead, doing a modi-
fied scissor kick and going over the bar backwards and horizontal to the ground. As goofy 
as it looked, it worked. Similarly, as strange as it may look within the supply–demand 
mismatch framework, the concept of inducing ischemia through a vasodilator instead of 
by increasing myocardial oxygen demand has worked. Fosbury caused a sensation when he 
won the gold medal in the 1968 Olympics. The Fosbury flop has since become a standard 
technique for high jumpers – whether Olympic champions pushing forward the limits of 
the specialty, or lazy, fat, chubby kids trying to satisfy the coach in gym class at elementary 
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Fig. 5.11 The hierarchy of test sensitivity for the diagnosis of coronary artery disease. The sensitivity 
is highest for tests combining the two main mechanisms of increased oxygen consumption and steal 
phenomena. On the far left of the x-axis, tests that are below the threshold of clinical value, such as 
handgrip and mental stress. Dip-Ex dipyridamole exercise, Dip dipyridamole, Ado adenosine, HG 
handgrip, MS mental stress, PAC pacing
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school. Twenty years after the initial proposal in 1985, vasodilatory stress echocardiogra-
phy is the convenient option for primary care stress echocardiographers, who will benefit 
from a stress that pollutes the image quality very little, reducing the problems of interpre-
tation. It is also a good option for stress echocardiographers with top level expertise and 
technology, since it allows one to combine wall motion and coronary flow imaging in the 
same stress [40, 41]. Dual imaging is currently recommended by European guidelines as 
the state-of-the-art approach along with pharmacological stress echocardiography [42]. 
The force of innovation sets new standards – impossible to accept if one ignores the patho-
physiological basis of the technique.
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Echocardiographic Signs of Ischemia

Eugenio Picano

The response of left ventricular function to ischemia is monotonous and independent of the 
employed stress [1]. The same echocardiographic signs can be found in transient ischemia 
and acute infarction. The difference is in the time sequence, and from an echocardiographic 
viewpoint myocardial ischemia is a “reversible” myocardial infarction. The cardinal sign of 
ischemia is the transient, regional wall motion abnormality – the cornerstone of diagnosis. 
There are other ancillary signs of severity which may occasionally help in disease severity 
stratification, such as left ventricular cavity dilation, acute severe mitral insufficiency, fall 
of stroke volume, or appearance of ultrasound lung comets on the chest (Table 6.1). In 
leading-edge stress echocardiography environments, wall motion analysis can be coupled 
today during vasodilator stress with assessment of coronary flow reserve– which further 
expands the diagnostic and prognostic information during stress echocardiography.

6.1
The Main Sign of Ischemia with 2D Echocardiography:

6.1.1
Regional Asynergy

The normal myocardium shows systolic thickening and endocardial movement toward the 
center of the cavity. The hyperkinesia indicates an increase of normal movement and thick-
ening (Table 6.2).

The hallmark of transient myocardial ischemia is regional asynergy (or dyssynergy) in 
its three degrees: hypokinesia (decrease of movement and systolic thickening); akinesia 
(absence of movement and systolic thickening); dyskinesia (paradoxical outward move-
ment and possible systolic thinning). Obviously, this description is arbitrarily focused on 
three points of a continuous spectrum of mechanical modifications induced by ischemia. 
From a clinical point of view, the reliability of hypokinesia is reduced because of a greater 
intra- and interobserver variability. In contrast, akinesia and dyskinesia reflect more 
marked modifications of regional mechanics with smaller interobserver discordance. From 
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a pathophysiological viewpoint, the severity of dyssynergy is correlated to the severity and 
transmural extension of the flow deficit [2]. Virtually all approaches and all projections 
can be utilized to document regional dyssynergy. From each projection, an M-mode line of 
view can help document the asynergy, thanks to the better axial resolution and the easier 
quantification of the time–motion tracings when compared with the bidimensional images. 
The M-mode tracing must be perpendicular to the ischemic region and geometrically con-
trolled from the bidimensional image. The evaluation of a segmentary dyssynergy is easier 
in a ventricle with normal baseline function than in a ventricle with a resting asynergy. 
In the latter case, the stress can induce a homozonal ischemia in the infarcted area: for 
instance, a hypokinetic zone becomes akinetic. The stress-induced worsening of a baseline 
dysfunction (so-called homozonal ischemia) indicates a residual critical stenosis in the 
infarct-related coronary artery and the presence of jeopardized myocardium in the infarcted 
area. Homozonal residual ischemia may also involve a segment adjacent to the necrotic 
area but belonging to the distribution territory of the same coronary artery. In contrast, 
heterozonal ischemia develops in an area remote from the necrotic segment and sup-
plied by a different coronary artery. Heterozonal ischemia is very specific for multivessel 
coronary disease. The reduced regional systolic thickening is theoretically more sensitive 
and specific than wall motion [2]. In fact, the latter – unlike the thickening – can remain 
unmodified during ischemia because of a passive movement transmitted by neighboring 
regions where perfusion and contraction are normal. In practice, regional movement and 

Table 6.1 Signs of ischemia

Simplicity Usefulness Meaning

Regional wall motion ++ +++ Diagnosis/Prognosis

Ancillary signs:

LV cavity dilation +++ ± Prognosis

 • Severe MI
 • ULC
 • Stroke volume fall

CFR + ++ Prognosis/Diagnosis

LV left ventricular; MI mitral insufficiency; ULC ultrasound lung comets

Table 6.2 Regional wall function

Systolic thickening Endocardial motion

Hyperkinesis Increased Increased

Normokinesis 10–80 (%) 4–10 mm

Hypokinesis Reduced Reduced

Akinesis Abolished Abolished

Dyskinesis Systolic thinning Outward systolic movement
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systolic thickening tend to be symmetrically affected with the exception of a few patho-
logical situations (i.e., postsurgical septum after bypass intervention, left bundle branch 
block, or right ventricular pacing) in which the two parameters may dissociate, with altera-
tions of movement and normal thickening. In these cases it is essential to evaluate only the 
systolic thickening both in resting conditions and during stress.

6.2
Stress Echocardiography in Four Equations

All stress echocardiographic diagnoses can be easily summarized into four equations cen-
tered on regional wall function and describing the fundamental response patterns: normal; 
ischemic; viable; necrotic (Table 6.3). The possible mechanical patterns are schematically 
shown in Fig. 6.1 together with their myocardial and coronary correlates. The correspond-
ing stress echocardiography patterns are displayed in Fig. 6.2.

In the normal response, a segment is normokinetic at rest and normal–hyperkinetic 
during stress. In the ischemic response, the function of a segment worsens during stress 
from normokinesis to dyssynergy. In the viable response, a segment with resting dysfunc-
tion improves during stress. In the necrotic response, a segment with resting dysfunction 
remains fixed during stress. A resting akinesia which becomes dyskinesia during stress 
reflects a purely passive, mechanical phenomenon of increased intraventricular pres-
sure developed by normally contracting walls and should not be considered a true active 
ischemia [3]. It is conceptually similar to the increase of ST-segment elevation during 
exercise in patients with resting Q waves.

In the jeopardized pattern, a segment with resting hypokinesis becomes akinetic or 
dyskinetic during stress (Chap. 1, Fig. 6.3). A viable response at low dose can be followed 
by an ischemic response at high dose; the “biphasic” response is suggestive of viability and 
ischemia, with jeopardized myocardium fed by a critically stenosed coronary artery [4].

Table 6.3 Stress echocardiography in four equations

Rest + Stress = Diagnosis

Normokinesis + Normo–hyperkinesis = Normal

Normokinesis + Hypo-, a-, dyskinesia = Ischemia

Akinesis + Hypo-, normokinesis = Viable

A-, dyskinesis + A-, dyskinesis = Necrosis
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Fig. 6.1 Stress echographic pattern of normal (upper row), ischemic (second row), viable (third row), 
and necrotic (fourth row) responses are schematically represented. On the left side, the corresponding 
schemes of the coronary artery (parallel lines) and the myocardium (box) are shown. A normal myo-
cardium is represented as a white box; a necrotic myocardium as a black box; a viable myocardium 
as a gray box. In a normal segment fed by a normal coronary artery, the segment is normokinetic at 
rest and normal–hyperkinetic during stress (upper row). In a normal myocardium fed by a critically 
stenosed coronary artery, the segment is normokinetic at rest and hypo, a-, or dyskinetic during stress 
(second row). A viable segment (third row) is akinetic at rest and normal during stress. A necrotic 
segment shows a fixed wall motion abnormality at rest and during stress (lower row)

ischemic

viable

necrotic

normal

REST STRESS
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Fig. 6.2 Echocardiographic examples of normal (upper row), ischemic (second row), viable (third 
row), and necrotic (fourth row) responses. On the left side, the end-systolic frames of a rest (left part) 
and stress (right part) study are shown. In a viable myocardium with resting dysfunction and fed 
by a coronary artery with noncritical coronary stenosis, the segment is hypo-, akinetic at rest and 
normokinetic during stress (third row). Necrotic tissue shows unchanged function throughout the test, 
regardless of the underlying anatomical condition of the infarct-related vessel (fourth row)
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Fig. 6.3 Normal coronary angiogram (left upper panel), spontaneous spasm of the left anterior 
descending coronary artery of the same patient (right upper panel, indicated by arrow), end-systolic 
frames of the patient in 2-chamber view at rest (left lower panel), and at peak stress (right lower 
panel) with clear akinesia of the apex. (Modified from [16])

Table 6.4 Sources of false-negative results

1. Submaximal stress

2. Limited (single vessel) coronary artery disease

3. Mild (50–75%) coronary artery disease

4. Left circumflex coronary artery disease

5. Patients studied under antiischemic therapy

6. Inadequate imaging/inadequate reading

6.2.1
False-Negative Results

A stress echocardiography examination can be normal in the presence of angiographically 
assessed coronary artery disease (Table 6.4). This more frequently happens with sub-
maximal stresses which do not test efficiently the coronary circulation. With maximal stress, 
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a false-negative response is found more frequently in the presence of less extensive (single-
vessel disease) or less severe (50–75% stenosis) coronary disease, and especially on the 
left circumflex coronary artery [5]. Not all coronary stenoses were created equal and – when 
a maximal stress is administered – those with negative stress echocardiography response are 
less severe from the anatomic [6], functional [7], and prognostic [8] viewpoint. Antianginal 
therapy lowers the sensitivity of exercise echocardiography as it does with vasodilator 
stresses [9, 10]. Dobutamine stress results are much less affected by calcium-channel 
blockers and nitrate therapy [11, 12]. In some cases, true ischemia occurs but may go 
undetected by stress echocardiography, especially in less well-imaged segments, such as 
the inferior wall, because of the inherent limitations of subjective analysis and lack of 
quantitative criteria. In these cases, cine-magnetic resonance imaging (MRI) documents a 
true impairment in regional systolic thickening [13].

6.3
False-Positive Responses

A transient alteration of regional function represents a very specific sign of myocardial 
ischemia. Nevertheless, false-positive results in stress echocardiography do exist and occur 
with (Table 6.5) or without (Table 6.6) true induced ischemia. Even with a nonsignificant 
stenosis at coronary angiography, a stress test for coronary artery disease can induce true 
ischemia and asynergy by triggering a coronary vasospasm in susceptible patients. Stress-
induced coronary vasospasm has been described with exercise [14], dobutamine [15–16] 
(Fig. 6.3), or dipyridamole (more frequently following aminophylline) [17]. Coronary 
spasm is easily recognized when it is associated with transient ST-segment elevation during 

Table 6.5 Sources of false-positive results (with true ischemia)

1. Spasm on a nonsignificant fixed stenosis

2. Inadequate angiographic imaging of a fixed, significant stenosis

3. Severe reduction in flow reserve with mild, nonsignificant stenosis

4. Occult, or unrecognized, cardiomyopathy

5. Hemodynamic changes (excessive increase in systolic blood pressure and/or heart rate)

Table 6.6 Sources of false-positive results (without true ischemia)

1. Human error

2. Heterogeneity of contraction

3. Artifactual asynergies

4. Occult, or unrecognized, cardiomyopathy

5. Hemodynamic changes (excessive increase in systolic blood pressure and/or heart rate)
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Fig. 6.4 Sensitivity (empty bars) and specificity (full bars) of exercise echocardiography according to 
peak systolic blood pressure response during exercise. (Modified from [24])

stress, but frequently it also occurs with ST-segment depression or even with no obvious 
changes on the ECG. True ischemia can also be found in patients with an angiographic 
stenosis below the “magic” 50%, but with a physiologically important reduction in flow 
reserve. In this case, the regional dysfunction during stress echocardiography is a “false 
negative” versus the angiographic standard, but a “true positive” versus a more accurate 
descriptor of anatomy such as intracoronary ultrasound [18]. True stress-induced ischemia 
may occur in the presence of occult cardiomyopathy [19]. The incipient muscle disease 
cannot be overt at rest, but a chronotropic and afterload challenge associated with stress can 
unmask a true regional dysfunction – destined to progress over time to frank cardiomyopathy. 
An extreme reduction in coronary flow reserve usually associated with left ventricular 
hypertrophy [20, 21] may also provoke stress-induced ischemia. As described pathophysi-
ologically in Chap. 2, and clinically in Chap. 31, microvascular angina typically occurs 
with chest pain, ST-segment depression, and perfusion abnormalities without wall motion 
change [22]. However, in extreme left ventricular hypertrophy and especially in aortic 
stenosis, in which there is a critical contribution of increased end-systolic wall stress of the 
left ventricle, true extensive subendocardial hypoperfusion can develop [23] with real wall 
motion abnormalities [21]. Finally, an excessive systolic blood pressure rise during exercise 
may increase disproportionately the afterload determining a wall motion abnormality [24] 
– often severe and in multiple regions – in the left ventricle (Fig. 6.4). Stress-induced 
high heart rate [25] and high blood pressure [26] may reduce regional systolic thickening 
also in normal subjects. False-positive results may occur in the absence of a true ischemic 
asynergy, because of a mistake in the acquisition and/or interpretation and/or analysis. The 
human error determining a false-positive result is more frequent with aggressive reading 
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criteria (for instance, lack of hyperkinesia) and with stressors polluting image quality and 
determining marked increase in heart rate and contractility, which inflate the number of 
indeterminate or ambiguous results. In fact, a relative lack of hyperkinesis, or even a true 
hypokinesia, can be a part of the physiological response by a completely normal ventricle 
to an inotropic stress [27, 28].

Last but not least, no left ventricle can be called free of artifactual asynergies. Spurious 
off-axis projections can create artifactual asynergies – more frequent in basal and infero-
posterior regions.

6.3.1
“False” Stress Echocardiography Results: Anatomic Lies and Prognostic Truths?

Even the best laboratory will have a “physiological” percentage of false-positive and 
false-negative results. Obviously, this percentage of stress echocardiography “lies” will 
be higher with inexperienced readers and with stresses polluting image quality (exer-
cise and dobutamine more than dipyridamole). Patients with variant angina, severe left 

REST STRESS

Stroke volume

ULC

Mitral insufficiency

PASP

Fig. 6.5 Ancillary signs of ischemia: fall in stroke volume; increase in ULC; LV cavity dilation; 
decrease in S wave at tissue Doppler imaging; rise in pulmonary artery systolic pressure; acute severe 
mitral insufficiency. Each of these signs has an ominous prognostic meaning
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ventricular hypertrophy, and uncontrolled hypertension have a higher chance of false-
positive responses; patients studied under full antiischemic therapy will have a higher 
chance of false-negative responses. If the rate of false responses exceeds the expected 
average of 20%, the method should be reassessed. The “angiographic lies” of stress 
echocardiography can turn out to be striking “prognostic truths” in the long-run, over-
ruling the prognostic stratification provided by the anatomic gold standard of coronary 
angiography. Thereby, in the anatomically defined subset of patients with single-vessel 
disease, patients with negative stress echocardiography findings (“false negative”) have 
an excellent prognosis, better with medical therapy rather than with anatomy-guided 
revascularization [8]. In patients with angiographically normal coronary arteries, pa-
tients with stress echocardiography positivity (false-positive result) have higher chances 
of adverse events in the long run [29].

6.3.1.1
Ancillary Signs of Ischemia

With stress scintigraphy, left ventricular cavity dilation and lung tracer uptake reflect 
late signs of global pump dysfunction and increase in pulmonary wedge pressure with 
interstitial lung edema. Also during stress echocardiography, we can sometimes ob-
serve poorly sensitive but highly specific signs of extensive ischemia, severe underlying 
coronary artery disease, and ominous prognostic outcome (Fig. 6.6): a stroke volume 
fall [30, 31]; a transient dilation of the left ventricular cavity (>20% from baseline of 
end-systolic diameter) [32]; the development of acute mitral insufficiency [33, 34]; an 
increase in ultrasound lung comets, a sign of extravascular lung water accumulation 
(detectable by chest sonography by placing the cardiac echocardiography probe on the 
third right intercostal space) [35, 36]; the reduction in amplitude of the S wave by strain 
rate Doppler imaging [37].

6.3.1.2
Beyond Regional Wall Motion: Coronary Flow Reserve

In the last decade, the old dream to combine wall motion with a simultaneous assessment 
of coronary flow reserve became a reality in the echocardiography laboratory. There are 
conceptual and methodological differences between myocardial perfusion and coronary 
flow reserve, since perfusion requires contrast opacification of the myocardium and coro-
nary flow reserve assesses the vasodilating capacity of the coronary artery (Table 6.7). 
However, both mirror information on coronary vasodilating capability, which requires full 
integrity of the epicardial (proximal, upstream) and microcirculatory (distal, downstream) 
component of the coronary circulation. In the nuclear medicine and cardiovascular mag-
netic resonance stress laboratory, perfusion is usually evaluated. In the stress echocardi-
ography laboratory, decades of attempts with myocardial contrast echocardiography led to 
disappointing and inconclusive results [38]. On the contrary, the diffusion of assessment of 
coronary flow reserve in the left anterior descending coronary artery was rapidly accepted 
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Fig. 6.6 a Pathophysiological and prognostic heterogeneity behind normal wall motion response dur-
ing stress. In the upper panel, we show epicardial coronary arteries: normal in the first two columns, 
with moderate disease in the third column, and moderate-to-severe disease but concomitant, effective 
antiischemic therapy in the last column. The myocardium is shown as a square box, with small ves-
sels as circles. Coronary small vessel disease is shown (second column) as bold circles (structural 
or functional impairment). All four very different pathophysiological conditions show the negativity 
of wall motion response. The abnormal coronary flow reserve (CFR) response is present in the last 
three columns, with abnormality of micro- or macrocirculation. b Pathophysiological and prognostic 
heterogeneity behind abnormal wall motion response during stress. Symbols as in a. The CFR can 
be normal in spite of wall motion abnormality when the LAD is not significantly involved and the 
microcirculatory level is not impaired (left panel). (Modified from [38])
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Table 6.8 Two birds with one stone: wall motion and coronary flow reserve

Wall motion Coronary flow reserve

Technique 2D Color pulsed-wave Doppler

Ischemia required Yes No

Antianginal therapy 
reduces sensitivity

Yes No

Sensitivity ++ +++

Specificity +++ ++

Prognostic value +++ ++

Troublemakers Short run Long run

Table 6.7 Myocardial perfusion of coronary flow reserve in the stress 
echocardiography laboratory

Perfusion Coronary flow reserve

Target Myocardium Coronary arteries

Contrast Mandatory Not needed

Coronary artery territories All three LAD (and RCA)

LAD left anterior descending, RCA right coronary artery

in the clinical arena and led to a remodeling of our diagnostic equations. There are differ-
ences between wall motion and reduction of coronary flow reserve as diagnostic markers, 
since only the former requires true ischemia, is affected by antianginal therapy, and is 
sensitive to epicardial stenosis and much less sensitive to purely microvascular coronary 
impairment (Table 6.8). As a consequence, the diagnostic semiotics shown in Fig. 6.1 can 
be remodeled as shown in Fig. 6.6. Normal function with normal coronary flow reserve 
(in the left anterior descending and right coronary artery) express absence of anatomic and 
functionally significant stenosis of the epicardial artery and microcirculatory integrity. On 
the contrary, a normal wall motion with abnormal coronary flow reserve is associated with 
either a mild-to-moderate hemodynamically significant epicardial stenosis or significant 
microcirculatory disease [39]. The two markers are also prognostically complementary, 
since wall motion abnormalities identify troublemakers in the short run (months); and 
coronary flow reserve reduction – in the absence of wall motion disturbances – identifies 
troublemakers in the long run (years).
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Segmentation of the Left Ventricle

Eugenio Picano

As with all methods of cardiac imaging, from ventriculography to scintigraphy, the left 
ventricle can be subdivided into a series of slices or segments also for the purposes of 
echocardiographic examination. The resolution of the segmental approach is a function of 
the number of segments; thus it can range from 20% (in the 5-segment model) to 5% (in 
the 20-segment model). However, increasing the number of segments, and thus reducing 
their size, leads to an unacceptable complication in the analysis with a greater need for 
approximation and interpolation. A reasonable trade-off between accuracy and feasibility 
is represented by the 16-segment model proposed by the American Society of Echocardi-
ography [1], recently modified to include the 17th segment, i.e., the true apex [2]. The wall 
segments are identified according to internal anatomical landmarks of the left ventricle, 
in the standard parasternal (long axis and short axis at the mitral, papillary, apical levels), 
apical (5-, 4-, 3-, and 2-chamber), and subcostal (long axis and short axis) views (Fig. 
7.1). Each segment can usually be visualized in more than one echocardiographic section 
and from different approaches for a more reliable and complete evaluation of wall motion. 
As a rule, segmental wall motion can be safely assessed when the endocardial contour is 
clearly visualized for at least 50% of its length. The 17-segment model meets the basic 
requirements of any reasonable segmentation: it is simple enough to be employed in prac-
tice; it has an anatomical basis; segments can be easily identified on the basis of obvious 
echocardiographic landmarks; there is good correspondence with the distribution of coro-
nary arteries; and the model has stood the test of multicenter studies [3].

There are at least two good reasons to accept the 17-segment system, updating the 
16-segment system. First, the 16-segment system did not include a true apical myocardial 
segment devoid of cavity – with the development of echocardiographic contrast agents 
for the assessment of myocardial perfusion, the myocardial apex segment or apical cap 
beyond the left ventricular cavity becomes pertinent, and a 17-segment model may become 
more appropriate for both the assessment of wall motion and myocardial perfusion with 
echocardiography [2]. The 16-segment model can still be appropriate for studies assessing 
wall motion abnormalities, as the tip of the normal apex (segment 17) does not move [3].
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The second – and more important – reason to adopt the 17-segment model is that it pro-
poses a standardized myocardial segmentation and nomenclature for tomographic imaging 
of the heart that is shared by all imaging modalities: nuclear cardiology, cardiovascular 
magnetic resonance, cardiac computed tomography, positron emission tomography, and 
coronary angiography. This consensus effort will lead to improved standardization and will 
make accurate intra- and cross-modality comparisons for clinical patient management and 
research possible, at last [2].
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Fig. 7.1 Diagram of vertical long-axis (VLA, approximating the 2-chamber view), horizontal long-
axis (HLA, approximating the 4-chamber view), and short-axis (SA) planes. The name, location, and 
anatomic landmarks for selection of the basal (tips of the mitral valve leaflets), midcavity (papillary 
muscles), and apical (beyond papillary muscles but before cavity ends) short-axis slices for the recom-
mended 17-segment system are shown. All imaging modalities should use these same landmarks, 
when available, for slice selection



7.1 The 17-Segment Model 93

7.1
The 17-Segment Model

Autopsy studies provide precise data on the mass and size of the myocardium, which sets 
the basis for division of the heart. In adults without cardiac disease, the heart was sectioned 
into apical, midcavity, and basal thirds perpendicular to the left ventricular long axis, and 
the measured myocardial mass for each of these ventricular thirds was 42% from the base, 
36% for the midcavity, and 21% for the apex [4]. The 17-segment model, shown in Fig. 7.1, 
creates a distribution of 35, 35, and 30% for the basal, midcavity, and apical thirds of the 
heart, which is close to the observed autopsy data [2].

Myocardial segments are named and localized with reference to both the long axes of 
the ventricle and the 360° circumferential locations on the short-axis views. Using basal, 
midcavity, and apical as part of the name defines the location along the long axis of the 
ventricle from the apex to the base. With regard to the circumferential location, the basal 
and midcavity slices should be divided into six segments of 60° each, as shown in Fig. 7.1. 
The attachment of the right ventricular wall to the left ventricle should be used to identify 
and separate the septum from the left ventricular anterior and inferior free walls. Figure 
7.2 shows the location and the recommended names for the 17 myocardial segments on 

Fig. 7.2 A circumferential polar plot display of the 17 myocardial segments and the recommended 
nomenclature for tomographic imaging of the heart. (Modified from [5])
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a bull’s-eye display. The names basal, midcavity, and apical identify the location on the 
long axis of the left ventricle. The circumferential locations in the basal and midcavity are 
anterior, anteroseptal, inferoseptal, inferior, inferolateral, and anterolateral.

Using this system, segments 1 and 7 identify the locations of the anterior wall at the 
base and midcavity. The appropriate names are basal anterior and midanterior segments. 
The septum, delineated by the attachment of the right ventricle, is divided into anterior and 
inferior segments. Segments 2 and 3 are named basal anteroseptal and basal inferoseptal. 
Continuing this approach, segment 4 is the basal inferior, segment 5 is the basal inferolateral, 
and segment 6 is the basal anterolateral. Similar names are used for the six segments, 
7–12, at the midcavity level. The left ventricle tapers as it approaches the true apex, and 
it was believed appropriate to use just four segments. The names for segments 13–16 are 
apical anterior, apical septal, apical inferior, and apical lateral, respectively. The apical cap 
represents the true muscle at the extreme tip of the ventricle where the cavity disappears, 
and this is defined as segment 17, called the apex. Although in echocardiography the term 
posterior is sometimes used, for consistency, the term inferior is recommended.

7.2
Assignment of Segments to Coronary Arterial Territories

There is tremendous variability in the coronary artery blood supply to myocardial segments. 
Nevertheless, it was agreed to assign individual segments to specific coronary artery 
territories. The assignment of the 17 segments to one of the three major coronary arteries 
is shown in Fig. 7.3. The greatest variability in myocardial blood supply occurs at the apical 
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Fig. 7.3 Assignment of the 17 myocardial segments to the territories of the left anterior descending (LAD), 
right coronary artery (RCA), and the left circumflex coronary artery (LCX). (Modified from [5])
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cap, segment 17, which can be supplied by any of the three arteries. Segments 1, 2, 7, 8, 
13, 14, and 17 are assigned to the left anterior descending coronary artery distribution. 
Segments 3, 4, 9, 10, and 15 are assigned to the right coronary artery when it is dominant. 
Segments 5, 6, 11, 12, and 16 are generally assigned to the left circumflex artery. Indi-
vidual myocardial segments can be assigned to the three major coronary arteries with the 
recognition that there is anatomic variability (Fig. 7.4). In the parasternal long-axis view, 
the inferior wall is supplied by either the left circumflex or right coronary artery, depending 
on dominance of the system. The most proximal portion of the interventricular septum 
(segment number 2) is perfused by the first septal perforator, and with a high-grade left 
anterior descending obstruction the proximal portion of the interventricular septum may 
be involved. The parasternal short-axis view of the myocardium is the most suitable for 
assessing the distribution of the three main arteries. The posterior descending coronary 
artery supplies the posterior portion of the interventricular septum as well as the inferior 
wall. If the proximal portion of the anterior wall (segment number 1) is affected, a high-
grade proximal stenosis of the left anterior descending artery before the origin of the first 
septal perforator can be suspected. The anatomical relationship described above, although 
frequent, is by no means uniform: different anatomical patterns may be found in different 
patients [5]. In particular, the assignment of myocardial regions to coronary artery ter-
ritories may change substantially with a dominant right coronary artery (Fig. 7.4) or with 
a less frequent dominant left circumflex artery (Fig. 7.4). The apex is a heterogeneous 

Fig. 7.4 Assignment of myocardial segments to coronary artery territories in the presence of a domi-
nant right coronary artery (upper panel). The lower panel shows the borders of the coronary artery 
perfusion fields. (Adapted and modified from [6])
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territory for coronary perfusion, and its infero–apical segment quite often pertains to the 
right coronary artery. However, as a rule, the presence of a clearly visualized stress-induced 
dyssynergy reliably predicts the presence and location of a coronary stenosis, especially 
when the left anterior descending artery is affected.

The 4-chamber subxiphoidal view closely parallels the image obtained with the apical 
4-chamber view; short-axis views are similar to the short-axis parasternal ones. The main 
advantage is that this acoustic window remains “open” in patients in whom the ultrasonic 
study would otherwise be difficult, such as those who are obese or bronchopneumopathic. 
This projection is certainly useful for assessing a right ventricular dyssynergy, which is 
usually accompanied by acute dilation of the right ventricle.

Multiple projections can, and should, be employed in stress echocardiography: they 
guarantee a very high feasibility of the procedure with interpretable images in over 95% of 
patients studied and a complete, integrated assessment of all left ventricular segments.

7.3
Left Ventricular Function in a Number

The segmentation of the left ventricle also represents the anatomical background for rapid 
(real-time) semiquantitative assessment of wall motion. Numerical values can be given 
to any segment corresponding to the degree of wall motion abnormality: for instance, 
according to the recommendations of the American Society of Echocardiography [7], 1 is 
given for normokinesis or hyperkinesis, 2 for hypokinesis, 3 for akinesis, and 4 for dys-
kinesis (Table 7.1). The values for all segments are summed to yield the left ventricular 
wall motion score, and the total is divided by the number of segments studied to obtain a 
wall motion score index. For instance, in the 17-segment model, a normal left ventricle has 
an index of 1 (17 points/17 segments); hypokinesia of two segments will give an index of 
1.12 (19 points/17 segments); dyskinesia of three segments will correspond to an index of 
1.53 (26 points/17 segments). The wall motion score index can be calculated both in resting 
conditions and during stress and represents an integrated – although simple and easy to 
obtain – measurement of the extent and severity of ischemia; it is computer independent 
and obtainable within a few seconds. An example of a stress echocardiography report from 
our laboratory is shown in Fig. 7.5.

The assessment of ejection fraction – different from wall motion score index – requires 
a computer, geometric assumptions about left ventricular shape, and stop-frames to trace 

Table 7.1 The segmental scoring system

Score:

1 = Normal/hyperkinetic: normal/increased systolic wall motion and thickening

2 = Hypokinetic: decreased systolic wall motion and thickening

3 = Akinetic: absent systolic wall motion and thickening

4 = Dyskinetic: outward systolic wall motion and thickening
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endocardial borders (Table 7.2). However, the ejection fraction has unquestionable advan-
tages over other left ventricular global function indices used in echocardiography, such as the 
mean velocity of circumferential shortening, fractional shortening, or the wall motion score 
index. The ejection fraction – as an index of global function – is a term unrelated to the jargon 
(known by echocardiographers only); rather, it belongs to the Esperanto of the cardiological 
community at large, being a parameter common to all imaging methods and one that is used in 
angiographic, nuclear, and echocardiographic techniques. It has a very wide range of values, 
from below 10% to above 80%, and it has been extensively validated in its prognostic value.

The use of ejection fraction entails limitations, too: it is a global index which does not 
provide information on the segmental or diffuse nature of the myocardial abnormality; it is 
affected by a number of parameters besides ventricular function (preload, afterload, heart 
rate), and it remains insensitive to mild or limited regional abnormalities. Being a ratio, 
it offers no information on left ventricular volumes. Echocardiographic ejection fraction 
may be calculated during the study of regional wall motion, by integrating the information 
on regional function, with no need for dedicated imaging during the acquisition, as in the 
case with Doppler ultrasound. The same advantages are shared by wall motion score index, 
which is, however, sensitive to even the slightest abnormalities in regional function. For 
instance, the hypokinesia of one segment does not significantly affect the ejection fraction, 
but it does generate an abnormal wall motion score index. Furthermore, the wall motion 
score index does not require the recordings of all possible section planes but only that each 
segment be visualized in at least one projection. This is a great advantage for clinical 
studies, when the full visualization of the entire ventricular silhouette in a given plane can 
be problematic in resting conditions and even more so during stress. The major limitations 
to the widespread use of the wall motion score index are the lack of standardization and 
its unfamiliarity to many cardiologists. The wall motion score index stands for global left 
ventricular function exclusively in the slang of echocardiographers. Furthermore, even 
with the echocardiographic community there is no consensus as to the number of segments 
and the scoring criteria that should be used. Some authors use values that are more posi-
tive with increasing severity of wall motion abnormality, whereas others apply the reverse 
criterion. Some distinguish different degrees of hypokinesia (mild = 1.5; severe = 2), while 
others extend the range by taking hyperkinesia (=0) and aneurysmal dilation (=5) into 
account. Once necessary standardization (projections, segments, score) was accomplished 
[6], the wall motion score index gained increasing acceptance in stress echocardiography 
for both clinical and research purposes.

Table 7.2 Indices of global left ventricular function

Wall motion score index Ejection fraction

Nature of parameter Semiquantitative Quantitative

Time required Seconds Minutes

Geometric assumptions No Yes

Analysis Real time Still frames

Computer facilities required No Yes

Audience Echocardiographers Cardiologists
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7.4
Artifactual Pseudoasynergies

Each of the projections employed has its own merits and limitations for the assessment of 
regional wall motion. The resolution of bidimensional echocardiography is optimal in the 
axial direction of the ultrasonic beam. A regional dyssynergy can be artifactually “created” 
by incorrect positioning of the transducer; thus the presence of a transient asynergy should 
be assessed in several projections, the same region being imaged from different angles 
of incidence. The long-axis parasternal view allows optimal visualization of the anterior 
septum and of the inferior wall, since endocardium is perpendicular to the ultrasonic beam. 
This projection, however, can be limited by the susceptibility to respiratory interference 
induced by the hyperventilation associated with some stresses. A foreshortened long axis 
creates a false hyperkinesis (and can mask a true hypokinesia) of apical segments and 
creates a false hypokinesis of the proximal septal and inferior segments.

The short-axis view at the papillary level allows a simultaneous assessment of the walls 
belonging to the distribution territories of all three coronary arteries; it is particularly 
suited for quantitative wall motion analysis, although difficult to obtain in patients with 
relatively advanced age, such as those with coronary artery disease. Even less frequently 
utilized is the short-axis view at the mitral level, where a spurious transient dyssynergy of 
the inferobasal segment is common. The cause of this pseudoasynergy is the physiological 
systolic shortening of the left ventricle in a base-to-apex direction, so that in diastole the 
left ventricular wall is imaged while in systole the left atrium enters the image plane. A further 
drawback is that during many stresses the base-to-apex shortening is more marked than 
at rest. Thus if only the short-axis projection at the mitral level is employed the finding 
of posterobasal asynergy should be judged with caution unless the inferobasal segment 
can be shown to be asynergic in another projection. The perfect short axis must be round. 
An elliptic shape can mask an anterior asynergy and mimic an inferolateral hypokinesis 
(Fig. 7.6). The apical (4- and 2-chamber) view is the most used and most useful projec-
tion in stress echocardiography. The apical 2-chamber view, if properly applied, should 
not visualize the aortic root [6]; it is analogous to the right anterior oblique projection 
employed in ventriculography and clearly shows the inferior and anterior walls. A fore-
shortened 2-chamber can mask a hypokinesia of the apex and mimic a hypokinesia of the 
basal inferior wall. A foreshortened 4-chamber view can mask a hypokinesia of the apex 
(which is created falsely hyperkinetic) and can mimic a hypokinesia of the laterobasal and 
septobasal wall.

7.5
Matching Between TTE and TEE Segments

Transesophageal stress echocardiography can be performed in patients with limited 
transthoracic echocardiography image quality. The semiinvasive nature of the technique 
makes it more unpleasant for the patient [8], as stated by conventional wisdom that “trans-
esophageal echocardiography can be considered a noninvasive examination if you do it, 
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and an invasive examination if others do it on you.” Excellent results have been obtained 
with pharmacological transesophageal stress echocardiography for the assessment 
of myocardial ischemia (with dobutamine or dipyridamole) [9–11], myocardial viability 
(with dobutamine) [12], coronary flow reserve (with dipyridamole or adenosine) [13–17], 
and prognostic stratification on the basis of inducible wall motion abnormalities [18, 
19]. Segmental analysis is generally performed using the 17-segment model modified 
for transesophageal echocardiography (Fig. 7.7) – although the last official recommen-
dations of the American Society of Echocardiography date back to 1999 and therefore 
refer to 16 segments [8]. Intraoperatively, however, monitoring of regional function is gener-
ally restricted to the six segments of the transgastric papillary view; in this view, areas of 
myocardium subtended by the three major coronary arteries are present [20]. In spite of 
its undisputed accuracy, the clinical role of transesophageal stress echocardiography is 
decreasing because of the emerging use of cardiac stress magnetic resonance imaging for 
nonionizing stress testing in patients with difficult acoustic windows who do not improve 
after native second harmonic imaging and contrast-enhanced echocardiography. It remains 
the first choice stress test in patients in the operating room (for early assessment of func-
tional results of revascularization) or in the intensive care unit (for instance, for recruitment 
of heart donors).

4C

2C

LAX

SAX
PM

CORRECT INCORRECT

Pseudo hyper Pseudo hypo

Apex

Apex

Apex

Anterior

Basal anteroseptal

Basal anterolateral

Inferoseptal

Inferolateral

Basal
anteroseptal

Basal inferolateral

Basal inferior

Basal anterior

Fig. 7.6 Stress echocardiographic iatrogenesis. The left panel shows the correct imaging for each of 
the main projections; the right panel shows the incorrect imaging which may mask or mimic regional 
dysfunction during stress
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7.6
Left Ventricular Segments: Matching Between 2D and 3D Imaging

Real-time three-dimensional echocardiography (RT3DE) is an attractive clinical tool 
for improving the technical difficulty and the diagnostic accuracy of the 2D tech-
nique, given the theoretical opportunity of overcoming most of the shortcomings of 

Fig. 7.7 Model of left ventricular segmentation using transesophageal echocardiographic images. The 
short-axis view (a) is obtained from the stomach, and 4-chamber (b) and 2-chamber (c) views are 
recorded from the esophagus. Ant anterior, ao aortic root, inf inferior, LA left atrium, lat lateral, inf-lat 
inferior–lateral, RV right ventricle, sept septum. (Modified from [20], with permission)
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2D stress echocardiography. In fact, the fast and almost instantaneous imaging of the 
entire heart from a single acoustic window, avoiding foreshortening and geometric 
assumptions inherent to the 2D approach, makes stress echocardiography less problematic 
and provides true volumetric data that allow any cardiac plane to be visualized off-line/
postacquisition [21]. At present, there is no evidence of a clear advantage of 3D or 2D 
beyond the considerably shorter acquisition time – mostly due to the limited endocardial 
resolution and limited frame rate of the 3D image. However, there is little doubt that RT3D 
has great potential to make stress echocardiography more quantitative and less technically 
demanding, and is now already the gold standard for assessment of cardiac volumes, left 
ventricular mass, and ejection fraction at baseline and during stress (3), with accuracy and 
reproducibility comparable to cardiovascular magnetic resonance (Table 7.3). From RT3D, 
much ancillary information can be derived during stress that may be important: the stroke 
volume (relevant, for instance, during dobutamine stress echocardiography in low flow, 
low gradient aortic stenosis); the end-systolic volume (relevant, for instance, to measure 
the pressure–volume relationship during stress as an index of contractile reserve in heart 
failure); the mean diastolic filling rate (potentially important for the characterization of 
the diastolic function, and which can be derived from stroke volume and duration of car-
diological diastole); vascular impedance (expressed as the ratio of stroke volume/arterial 
systolic pressure).
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Dynamic and Pharmacologic Right 
Heart Stress Echocardiography: 
Right Ventricular Function, 
Right Coronary Artery Flow, 
Pulmonary Pressure, and Alveolar–Capillary 
Membrane Testing in the Echocardiography 
Laboratory

Eugenio Picano, Ekkehard Grünig, Alberto San Román, Kwan Damon, 
and Nelson B. Schiller

The behavior of the right side of the heart during stress has been underemphasized and 
sparsely investigated by cardiologists and pneumologists. Reasons vary, but the right 
ventricle has traditionally been considered a passive conduit between the venous system 
and the lungs largely because of early animal experiments showing no increase of central 
venous pressure after the free wall of the right ventricle had been destroyed [1–3]. In addition, 
ultrasound systems are generally optimized for imaging of the left ventricle. Recent patho-
physiological, clinical, and prognostic data have defined an important role for the right 
ventricle in many conditions, including ischemic heart disease and heart failure. Given 
that the right ventricle and the left ventricle share a common septum, have an overlapping 
blood supply, and are bound together by the pericardium, changes induced by myocardial 
ischemia and/or heart failure are reflected in pulmonary hemodynamics and right ventricu-
lar function [4]. Modern Doppler echocardiography allows a systematic evaluation of five 
key aspects of cardiopulmonary pathophysiology during stress: segmental right ventricu-
lar function; global right ventricular longitudinal function; coronary flow reserve in the 
posterior descending of the right coronary artery; indices of pulmonary hemodynamics, 
namely, pulmonary artery systolic pressure, pulmonary velocity time integrals, and 
pulmonary vascular resistances; and extravascular lung water in the lung, mirroring the 
distress of the alveolar–capillary membrane. Technical improvements were also matched 
by a greater understanding of the complexity and the clinical relevance of the adaptation of 
the right heart (functionally including pulmonary circulation and lung alveolar–capillary 
membrane) in several pathological conditions, from coronary artery disease to heart failure 
[4]. In many situations, it is not possible to fully understand heart disease if we do not look 
at the right heart and pulmonary stress hemodynamics.
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8 8.1
Regional Right Ventricular Function in Coronary Artery Disease

The right ventricle is less vulnerable to ischemia than the left ventricle for several anatomic 
and functional factors, including the rich system of thebesian veins in the right ventricle 
(allowing perfusion of the papillary muscles of the right ventricle), the dual anatomic 
supply system (in which the left coronary branches perfuse almost one-third of the right 
ventricle), the rapid development of collateral vessels to the right ventricle given the lower 
resistance that favors a left-to-right transcoronary pressure gradient, and the relatively thin 
walls and lower stroke work and wall tension (with lower oxygen demand and less vulner-
ability to transmural perfusion heterogeneity during stress) [4]. Blood supply of the right 
ventricle is characterized by a rich collateral system and a perfusion during diastole and 
systole. The perfusion rate of the right ventricle at rest is 50 ml min−1 100 g−1, much lower 
than that of the left ventricle (120 ml min−1 100 g−1). However, right ventricular ischemia 
occurs during stress and occasionally as an isolated finding, without concomitant left ven-
tricular ischemia, and must be recognized. The contractile reserve of the right ventricle is 
low. Small changes of afterload and/or reduction in contractility are followed by a dilata-
tion of the right ventricle. Elevation of the preload activates the Frank–Starling mechanism 
that can increase contractility and stroke volume of the right ventricle. Beside the Frank–
Starling mechanism, the active contraction of the interventricular septum increases the 
right ventricular pump function especially during exercise and is one of the main mecha-
nisms of compensation. Right ventricular infarction is followed by right heart failure only 
when the contractility of the septum has been reduced [5–8]. Thus, septal motion should 
be closely assessed during stress.

The evaluation of right ventricular size and function is made difficult by the retros-
ternal position, complex geometry, and heavy trabeculation of the right ventricle, which 
also partially overlaps with the silhouettes of the left ventricle. There is not one single 
echocardiographic view in which the complete right ventricle can be seen. For purposes 
of echocardiographic analysis, the right ventricle can be divided into four segments [9]: 
anterior wall, lateral wall, inferior wall, and wall of the outflow tract (Fig. 8.1). Schemati-
cally, the right ventricle is composed of an inflow and an outflow tract. The former has 
an anterior and an inferior (also named diaphragmatic) wall. The inferior wall lies over 
the diaphragm. The acute margin of the heart is formed by the external edge of the right 
ventricle. From an echocardiographic perspective it is called the lateral wall and it borders 
anteriorly with the anterior wall and posteriorly with the inferior wall. The outflow por-
tion of the right ventricle is limited upward by the pulmonary valve and downward by 
the crista supraventricularis, the septal papillary muscle (Luschka’s muscle), the anterior 
leaflet of the tricuspid valve, and the septal band. The outflow tract has an anterior wall 
(echocardiographically named wall of the outflow tract) and a posterior wall that is part 
of the interventricular septum. The inferior wall is irrigated by the marginal branches and 
the posterior descending artery, the lateral wall by the marginal branches, and the outflow 
tract and the anterior wall by the posterior and anterior descending artery. Although the 
interventricular septum is part of the right ventricle, the evaluation of its function is usually 
included in the analysis of the left ventricle. In right dominant hearts (85% of cases), the 
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right ventricle is nourished by the right coronary artery. The development of contraction 
abnormalities of the right ventricle (more often lateral and inferior segments) is a hall-
mark of coronary artery involvement by coronary vasospasm in ergonovine-induced [10] 
or tight stenosis in dobutamine-induced ischemia [11] (Table 8.1). These alterations appear 
later than in the left ventricle [9], are best recognized from a modified parasternal and 
subcostal long-axis view (Fig. 8.2), and can be accompanied by severe right ventricular
and right atrial enlargement [12, 13], sometimes with reduction of the right atrioventricular 

Fig. 8.1 Systematic approach to the right ventricular function during stress echocardiography. 
A anterior, AO aorta, I inferior, L left, LA left atrium, LV left ventricle, P posterior, R right, RA right 
atrium, RV right ventricle, RVOT right ventricular outflow tract, S superior
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Table 8.1 Differences between right and left ventricular ischemia during stress 
echocardiography

Right Left

Prevalence in RCA disease 40–60% 70–90%

Prevalence in LCA disease 0–20% 70–90%

ECG abnormalities Right precordial leads Standard leads

Isolated presentation Rare Frequent

Feasibility to be detected 60–80% 90–98%

Prognostic value Additive to left Established
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plane displacement with M-mode, which is an index of global longitudinal right ventri-
cular function. Rest or stress-induced right ventricular enlargement is not necessarily due 
to coronary artery disease but can be due to other conditions such as stress-induced pul-
monary hypertension which may nevertheless be of prognostic significance. Isolated right 
ventricular ischemia occurs in 2% of patients with right coronary artery stenosis when 
assessed by wall motion abnormalities [13], but increases to 5–10% if assessed by tri-
cuspid plane displacement [14], and in 20% of patients with concomitant inferior wall 
ischemia, in whom it contributes to a negative prognostic outlook [13].

8.2
Measurement of Global Right Ventricular Function by Planimetry 
and Descent of the Right Ventricular Base

The global inotropic reserve of the right ventricle can be measured as the increase in 
ejection fraction, or in fractional area change, or in a simpler and at least equally accurate 
way as augmented descent of the right ventricular base or tricuspid annular plane systolic 

Fig. 8.2 M-mode study from the subcostal window. Resting exam (left) shows normal right ventricular 
wall motion. During dobutamine infusion (right) dyskinesis of the inferior wall of the right ventricle 
is clearly seen (arrows). Vertical lines correspond to ventricular systole. L liver, LV left ventricle, 
RV right ventricle
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excursion (TAPSE). The latter index of global right ventricular function can be calculated 
from the apical 4-chamber view, and 2D-targeted M-mode tracings (Fig. 8.3) by recording 
the free wall long-axis amplitude of movement (normally 15–20 mm). A good relationship 
has been reported between TAPSE and the right ventricular ejection function measured by 
radionuclide ventriculography in a manner independent of geometric assumptions [15]. 
Conceptually, TAPSE (or, if available, peak systolic velocity of Doppler tissue imaging of 
the lateral tricuspid annular motion) assesses longitudinal function of the right ventricle 
in the same way as MAPSE (mitral annular plane systolic excursion) by simple M-mode 
or myocardial velocity imaging does of the left ventricle [16]. The assessment of TAPSE 
avoids the approximation, mistakes, and computational burden inherent to the calcula-
tion of ejection fraction in the right ventricle, whose crescentic and irregular shape eludes 
any geometric modeling [17], although real-time 3D echocardiography has potential to 
solve or at least limit this problem. Moreover, its simplicity makes it easy to calculate, 
and translates into a very low-intra- and interobserver variability [18], an important issue 
when searching for end points in clinical trials. A reduced TAPSE (<1.5 cm) has a strong 
predictive value for exercise tolerance and clinical outcome in different cardiac condi-
tions, including ischemic and nonischemic dilated cardiomyopathy [19], independent and 
additive over left ventricular systolic function. In patients with dilated cardiomyopathy, 
three basic responses can be identified by dobutamine stress: a low risk pattern, with pre-
served left and right ventricular contractile reserve; an intermediate risk pattern, with no 
left ventricular and preserved right ventricular contractile reserve; and a high risk pattern 
with abolished left and right ventricular contractility reserve (Fig. 8.4) [20]. To date, there 

Fig. 8.3 The evaluation of TAPSE (tricuspid annulus plane systolic excursion) as a quantitative index 
of global longitudinal right ventricular function
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have been no echocardiographic studies of the dynamic effect of exercise on these param-
eters. However, from nuclear studies, we can expect that a preserved right ventricular 
function at rest and during exercise is a potent predictor of exercise capacity and survival 
in advanced heart failure [21], as well as in patients evaluated after an acute myocardial 
infarction [22].

8.3
Coronary Flow Reserve of the Right Coronary Artery

Stress testing of coronary flow reserve has now become a clinical reality with last-
generation, fast, high-dose vasodilatory stress echocardiography coupled with second 
harmonic imaging technology and pulsed Doppler of the middistal left anterior descending 
coronary artery [23, 24]. Under normal conditions, in the absence of stenosis, coronary 
blood flow can increase at least threefold over resting values when hyperemia is induced 
pharmacologically, for instance, with administration of exogenous adenosine or dipyrida-
mole, which accumulates endogenous adenosine. Coronary flow reserve is the capacity of 
the coronary circulation to dilate and can be expressed by the difference between the 
hyperemic flow and the resting flow curve. This pathophysiological concept recently 
entered the stress echocardiography laboratory, and the combined assessment of regional 

STRESSREST

LV

RV

Risk High but
heterogeneous Lower Intermediate Higher

Fig. 8.4 The three patterns of response to dobutamine stress. The same resting pattern of depressed left 
(upper row) and right (lower row) ventricular function (left panel) may correspond to a profoundly 
heterogeneous prognostic spectrum: low risk (second column), with preserved biventricular contrac-
tile reserve; intermediate (third column) with only right ventricular reserve (fourth column); and high 
risk (fourth column) with lack of biventricular contractile reserve
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wall motion by 2D echocardiography and pulsed Doppler imaging of the left anterior 
descending coronary artery is the recommended state-of-the-art stress echocardiography 
protocol in the latest recommendations (2008) of the European Association of Echocardi-
ography [25]. More recently, the posterior descending artery of the right coronary artery 
has been consistently imaged, with a success rate around 75% [26, 27], usually from a 
modified apical 2-chamber view with counter-clockwise rotation and anterior angula-
tions of the probe [28] (Fig. 8.5). The information of right coronary artery flow reserve is 
derived as the ratio of peak diastolic flow velocity during stress over rest. A concordant 
reduction in both left anterior descending and posterior descending arteries is associated 
with a worse prognosis than a reduction in either one coronary artery – both in coronary 
artery disease [29] and in dilated cardiomyopathy patients [30]. In addition, a reduction 
in right coronary artery reserve is associated with conditions of right ventricular pressure 
overload, and may help in the functional characterization, for instance, of congenital heart 
disease patients [31].
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Fig. 8.5 Upper left panel: artist’s drawing illustrating transducer beam orientation to the posterior 
descending coronary artery. The middistal tract is imaged from a modified apical 2-chamber view 
with counterclockwise rotation and anterior angulations of the probe. Upper right panel: The cor-
responding echocardiographic image of posterior descending color flow. Lower panel: the corre-
sponding pulsed Doppler flow signal at rest, on which the peak diastolic flow velocity is measured. 
The variation in diastolic flow velocity between rest and peak vasodilation (following adenosine or 
dipyridamole infusion) gives an index of coronary flow reserve
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Pulmonary Hemodynamics

Pulmonary artery systolic pressure can be estimated from peak tricuspid regurgitation (TR) 
jet velocities according to the well-validated modified Bernoulli’s equation [32]: pulmo-
nary artery systolic pressure = 4(V)2 + right atrial pressure, where V is the peak velocity (in 
m/s) of the tricuspid valve regurgitant jet (Table 8.2), and right atrial pressure is estimated 
from inferior vena cava diameter and respiratory changes, yielding a value from 5 (inferior 
vena cava diameter <17 mm, >50% reduction with inspiration) to 20 mmHg (inferior vena 
cava diameter >17 mm, no reduction with inspiration) [17] (Table 8.3). Technically ade-
quate signals have complete envelopes with well-defined borders, a sweep velocity of at 
least 100–200 mm s−1, and can be obtained (often without need of contrast) at baseline and 
at peak exercise stress in the majority of patients (Fig. 8.6). The assessment of pulmonary 
artery systolic pressure (PASP) depends on the presence of an at least trivial TR, which is 
found in about 40–85% of normal subjects [33] and 80–90% of patients with pulmonary 
hypertension [34]. Furthermore, training is required to be able to assess TR velocity during 
exercise correctly. Over- and underestimation of TR velocity is a frequent problem. In the 
case of missing TR, subjects can be asked to drink 500–1,000 ml before assessment which 
increases the preload and the size of the right atrial area and usually helps for the test to 
be successful. The quality of the TR velocity recording may be enhanced with contrast 
echocardiography by injecting agitated saline solution or other contrast echocardiographic 
agents intravenously [35]. However, an estimate of PASP can be obtained in the absence 

Table 8.2 Noninvasive assessment of pulmonary pressure by Doppler echocardiography

Normal values 
(rest)

PASP 4 × TR peak velocity2 + RAP <35

PAP m 79–0.45 (RVOT AT) 4 × peak pulmonary regurgitation velocity <25

PEDP 4 × (pulmonary regurgitation end-diastolic velocity) + RAP <15

PVR 10 × TR velocity/RVOT
TVI

<2.0

PASP pulmonary artery systolic pressures, PVR pulmonary vascular resistances, PEDP pulmonary 
end-diastolic pressure, PAP pulmonary artery pressure, TR tricuspid regurgitation

Table 8.3 Echocardiographic estimation of the right atrial pressure (RAP) by measuring the 
diameter of the inferior vena cava and the respiratory motion of the inferior vena cava 
(from [17])

Inferior vena cava diameter (cm) Respiratory collapse (%) RAP (mmHg)

<1.7 ≥50% 5

>1.7 ≥50% 10

>1.7 ≤50% 15

>1.7 0 20
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of TR from the blood-pool and – more simply – with pulsed-wave Doppler tissue imag-
ing, the isovolumic relaxation time of the tricuspid annulus of the right ventricle can be 
derived [36, 37]. Pulmonary hypertension causes a significant delay in the onset of right 
ventricular filling. A third approach is based on the assessment of pulmonary forward flow 
[38]. Generally, the shorter the acceleration time (measured from the onset of Q wave on 
ECG to the onset of pulmonary flow velocity) the higher the pulmonary vascular resist-
ance and hence the pulmonary arterial pressure. However, assessment of acceleration time 
especially during exercise has a high inter- and intraobserver variability.

Notably, the pulmonary artery diastolic pressure (PADP) can be estimated at rest from 
the velocity of the end-diastolic pulmonary regurgitant jet (Vedpr) (Fig. 8.7), using the 
modified Bernoulli’s equation [PADP = 4 * (Vedpr)2 + right atrial pressure [39] (Table 8.2). 
When used with the tricuspid regurgitant jet to estimate pulmonary artery systolic pressure, 
the yield for direct information on pulmonary artery pressures increases to 90% [40].

The simple ratio of peak TR velocity (in m/s) to RVOT VTI (in cm) multiplied by 10 
allows for the evaluation of pulmonary artery pressures in hemodynamic terms, namely, 
the basic relationship of Δpressure = flow * resistance [41] (Table 8.2). A ratio greater than 
1.8 resistance units is predictive of an abnormal pulmonary vascular resistance by cardiac 
catheterization and may predict which pre-liver transplant patients, who often have 
elevated pulmonary artery pressures due to increased cardiac output with or without 

Fig. 8.6 Patients with resting pulmonary artery systolic pressure (estimated from jet velocity of tri-
cuspid regurgitation) of 64 mmHg. During mild exercise, the patient experiences severe dyspnea and 
dramatic rise in pulmonary artery systolic pressure
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pulmonary vascular changes that results in portopulmonary hypertension, need catheter-
based evaluation [42]. The method is easy to incorporate into a standard echocardiography 
exam, and helps to identify a group of patients with apparently increased PASP (which 
may be influenced by right ventricular stroke volume) as normal [43]. This method does 
have an inability to replicate higher values of Wood’s units, and may be further limited in 
patients with very dilated pulmonary arteries or RVOTs and with severe pulmonic regur-
gitation. Overall, the most reliable method to measure PASP or mean pulmonary artery 
pressure during exercise is to use continuous-wave Doppler echocardiography.

Pulmonary arterial hypertension is defined as a group of diseases characterized by a 
progressive increase of pulmonary vascular resistances leading to right ventricular failure 
and death [44]. Pulmonary hypertension is defined by a mean pulmonary arterial pressure 
over 25 mmHg at rest and over 30 mmHg during activity with accompanying increase of 
pulmonary vascular resistances over 3 Wood’s units [45]. Transthoracic echocardiography 
is a key screening tool in the diagnostic algorithm [46]. It not only provides an estimate of 
pulmonary artery pressure at rest and during exercise, but it may also help to exclude any 
secondary causes of pulmonary hypertension, predict the prognosis, monitor the efficacy 
of specific therapeutic interventions, and detect the preclinical stage of disease [46]. 
By transthoracic echocardiography, normal values are defined by pulmonary artery 
systolic pressure of less than 35 mmHg at rest and less than 40 mmHg during exercise 
[47, 48]. However, there is no firm consensus on which PASP threshold is diagnostic 

Fig. 8.7 From the peak velocity of regurgitant pulmonary flow jet of 3.45 m s−1, a mean pulmonary 
pressure of 47.58 mmHg can be derived. The end-diastolic jet velocity plus the estimated right atrial 
pressure corresponds to the end-diastolic pulmonary pressure
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for exercise-induced pulmonary hypertension, particularly if stress echocardiography is 
applied. There are only few invasive and noninvasive studies analyzing the normal values 
for pulmonary artery pressures during exercise [47–49]. Usually, in healthy subjects the 
systolic pressures do not exceed 40 mmHg even during heavy exercise [50, 51]. However, 
in well-trained athletes [48, 49] and those older than 55 years, systolic pressures as high 
as 55–60 mmHg are encountered [34]. Pulmonary hypertensive response during exercise 
(as shown in Fig. 8.6) can be clinically important in several conditions, including pulmo-
nary hypertension due to mitral valve disease (regurgitation or stenosis) [52], heart failure 
[53, 54], congenital heart disease, connective tissue diseases, autoimmune diseases (e.g., 
lupus or systemic sclerosis) [49, 55, 56], after lung transplantation [57] and, possibly, in 
healthy subjects with susceptibility to high altitude pulmonary edema [58]. The assess-
ment of PASP or mean pulmonary artery pressure during exercise by exercise Doppler 
echocardiography may help to identify asymptomatic gene carriers in families with pul-
monary arterial hypertension who may be at risk of developing clinically overt disease over 
the years [59]. Also in patients with systemic sclerosis, the abnormal pulmonary pressure 
response to exercise has been identified as a risk factor for the development of a manifest 
pulmonary hypertension [56]. Only out of the group of systemic sclerosis patients with 
elevated pressures during exercise, did some (10%) develop manifest pulmonary hyper-
tension within a 3-year period. Unfortunately, at present using echocardiography and right 
heart catheterization at rest, more than 80% of patients with pulmonary hypertension will 
not be diagnosed until right heart failure has occurred with the consequence of a markedly 
impaired life span. Thus, the assessment of PASP during stress echocardiography may be 
a promising method for detecting pulmonary hypertension at an early stage. Furthermore, 
stress echocardiography may also be useful in detecting subjects susceptible to pulmonary 
hypertension in special environmental and physical conditions [60]. Subjects susceptible 
to high-altitude pulmonary edema showed similar abnormal PASP response to exercise 
in normoxia and during prolonged hypoxia (12% volumes of oxygen corresponding to a 
4,500-m altitude) [60]. Although echocardiography during exercise may be a promising 
approach for detecting early stages of pulmonary hypertension, most guidelines recommend 
echocardiography at rest only [61]. The accuracy of stress Doppler echocardiography for 
this indication has not been assessed in a larger group of patients and/or susceptible subjects.

From the pathophysiological viewpoint, on the basis of the fundamental equation of 
flow (F = Δ/R), the abnormal exercise-induced increase in pressure can be linked to a 
supernormal increase in flow (e.g., in athletes), or to a normal increase in flow but with a 
subnormal fall in resistances due to a limited capability of pulmonary vessel recruitment 
and vasodilation (e.g., in chronic obstruction pulmonary disease with parenchymal 
pulmonary hypertension or congenital heart disease). In normal subjects, pulmonary 
vascular resistance falls with exercise [62–65], possibly due to pulmonary vessel recruit-
ment, as a physiologic response that allows the thin-walled right ventricle to increase 
pulmonary blood flow [34]. In a clinical setting, given the absence of any specific symp-
toms or signs, exercise pulmonary hypertension is rarely considered, and a high degree of 
clinical suspicion is necessary in certain subsets of patients, such as those with a history of 
pulmonary thromboemboli, mitral valve disease, the sclerodermia spectrum of disorders, 
and familial pulmonary arterial hypertension. The potential applications of the PASP test 
are summarized in Table 8.4.
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At present, the only application officially endorsed by general cardiology guidelines 
[52] is the exercise Doppler study in symptomatic individuals with mild mitral stenosis, 
and asymptomatic severe aortic insufficiency and mitral regurgitation [52]. In these 
patients, valve surgery is considered reasonable (class IIa, level of evidence C) for asymp-
tomatic patients with preserved left ventricular function and pulmonary artery systolic 
pressure greater than 60 mmHg during exercise [52]. The indication to perform the study 
on patients with suspected pulmonary hypertension and normal or indeterminate findings 
after resting echocardiography study [66] remains uncertain. Other promising indications 
remain investigational at present.

8.5
Ultrasound Lung Comets

Ultrasound lung comets (ULCs) represent a useful, practical, appealingly simple way to 
image directly the extravascular lung water [67]. Because the current technology for meas-
uring pulmonary edema can be inaccurate (chest X-rays), cumbersome (nuclear medicine or 
radiology techniques), or invasive (indicator dilution), there is a great potential for technol-
ogy that could quantify lung edema noninvasively in real time [68, 69] with a simple, semi-
quantitative, user-friendly, radiation-free direct imaging of extravascular lung water (Fig. 
8.8). The cardiac transducer is employed to scan the anterior chest and the number of ULCs 
in each intercostal space is summed up to generate a simple score. This can be extremely 
important in intensive care, for instance, in detecting acute respiratory distress syndrome 
[70], or in cardiology departments for identifying a cardiogenic cause of dyspnea, but also 
in the stress testing laboratory. In fact, membrane alveolar–capillary distress is a recognized 
adverse prognostic determinant in patients with heart failure. Indeed, a nonphysiologic abrupt 
increase in pulmonary capillary wedge pressure can cause ultrastructural changes in the 
wall of pulmonary capillaries resulting in interstitial and alveolar edema. Particularly in 
patients with heart failure, a marked increase in pulmonary artery pressure and pulmonary 
capillary wedge pressure is observed during exercise even at very low levels creating an 
alveolar–capillary membrane dysfunction that contributes to symptom exacerbations and 
exercise intolerance (Fig. 8.9). Exercise may in fact determine the sudden appearance of 

Table 8.4 The clinical applications of PASP stress test

Disease

Level of evidence

Appropriate Uncertain Investigational

Symptomatic, mild mitral stenosis √

Asymptomatic, severe mitral insufficiency √

Heart failure √

PAH √

SSc-PAH √

HAPE √

PASP pulmonary artery systolic pressure, HAPE high-altitude pulmonary edema, PAH pulmonary 
arterial hypertension, SSc-PAH systemic sclerosis–pulmonary arterial hypertension
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ULC on the chest – usually on the right lung and more frequently on the midaxillary third 
intercostal space, which is therefore the “hot spot” for imaging in the poststress phase, when 
an extensive scan of the anterior chest is not always possible [67]. ULCs can be observed 
in heart failure patients, in whom an increase in capillary wedge pressure may occur with 
absence of inducible ischemia, or in patients with extensive induced ischemia, in whom ULC 
increase has the same conceptual meaning of the increased lung-to-heart ratio observed dur-
ing sestamibi or thallium stress scan [70]. ULCs are usually accompanied by a marked stress-
induced rise in E/e’, which is a marker of raised left ventricular filling pressures, and/or of 
PASP [71]. Another interesting model is an environmental stress-induced pulmonary edema. 
Both in recreational climbers and in healthy elite apnea divers [72], ULCs can be detected 
in the presence of and, more often, in the absence of symptoms of pulmonary edema. ULCs 
may arise not only from water-thickened but also from fibrous-thickened subpleural septa, 
which are an important sign of alveolar–interstitial syndrome, for instance, in interstitial 
lung disease of systemic sclerosis [73]. Fibrotic ULCs are diuretic-resistant, whereas watery 
ULCs of pulmonary edema are reduced by diuretics [67].
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8.6
Conclusion

It is now time to remember, also in the stress echocardiography laboratory, the “forgotten” 
right heart, which can be extensively studied in its regional and global, segmental and 
longitudinal function, as well as in the novel dimension of coronary flow reserve of the 
right coronary artery, and pulmonary hemodynamic and alveolar–capillary membrane 
response. The versatility of this information can help to better characterize a variety of 
patients, from coronary artery disease to dilated cardiomyopathy, from valvular heart 
disease to pulmonary hypertension, from systemic sclerosis to healthy subjects suscep-
tible to high-altitude pulmonary edema [74]. From a practical viewpoint, it is certainly 
not feasible to do everything to all patients, since there is so little time during stress and 
so many things to see. Therefore, the variable of potential diagnostic interest should be 
strategically tailored to the individual patient (Table 8.5). The integration of right heart 
evaluation (including right ventricle, right coronary artery, pulmonary hemodynamics, and 
alveolar–capillary membrane) will allow the characterization of an exciting new target to 
be included in stress echocardiography [75]. It was said 15 years ago that “the pulmonary 
circulation in patients with chronic pulmonary disease is often considered a no-man’s 

REST
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EXERCISE

NO ULC

ULC

1 2 3

Fig. 8.9 Chest sonography (third right intercostal space) at rest (left panel), immediately after exercise 
(middle panel), and 15 min after the end of exercise (right panel). The exercise-induced appearance 
of ultrasound lung comets reflects the increase of extravascular lung water due to distress of the 
alveolar–capillary membrane
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hand, falling between the domains of the respirologist and the cardiologist and understood 
only by the physiologist!” [76]. It can be said today that a functional dynamic evaluation of 
right ventricular function, right coronary artery flow reserve, pulmonary hemodynamics, 
and extravascular lung water can offer a unique opportunity to the cardiologist and the 
pneumologist to better understand the cardiovascular physiology in a variety of cardiovas-
cular and lung diseases.
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Coronary Flow Reserve

Fausto Rigo, Jorge Lowenstein, and Eugenio Picano

9.1
Historical Background and Physiological Basis

The seminal concept of coronary flow reserve was proposed experimentally by Lance 
K. Gould in 1974 [1]. Under normal conditions, in the absence of stenosis, coronary blood 
flow can increase approximately four- to sixfold to meet increasing myocardial oxygen 
demands. This effect is mediated by vasodilation at the arteriolar bed, which reduces vas-
cular resistance, thereby augmenting flow. Coronary reserve is the capacity of the coronary 
circulation to dilate following an increase in myocardial metabolic demand and can be 
expressed by the difference between the hyperemic flow and the resting flow curve. In 
most clinical applications, hyperemia is induced pharmacologically, not via an increase 
in oxygen demand. A combined anatomical and physiological classification can ideally 
identify four separate segments in the hyperemic curve (Fig. 9.1): (1) The hemodynamically 
silent range of 0–40% stenosis, which does not affect coronary flow reserve (>2.5) to any 
detectable extent. (2) The clinically silent zone, where stenosis ranging from 40 to 70% 
may marginally reduce the coronary flow reserve without reaching the critical threshold 
required to provoke ischemia with the usual stresses. (3) The severe stenosis range (70–
90%), where critical stenosis reduces coronary flow reserve less than 2.0, and myocardial 
ischemia is usually elicited when a stress is applied. (4) The very severe stenosis range 
(>90%), producing a marked transstenotic pressure drop at rest, with a reduction of base-
line myocardial blood flow and a coronary flow reserve close to 1, or even less; in these 
patients, the administration of a coronary vasodilator actually decreases the poststenotic flow 
for steal phenomena. This experimental paradigm can be accurately reproduced clinically 
in highly selected series of patients with single-vessel disease, no myocardial infarction, no 
coronary collateral circulation, normal baseline function, no left ventricular hypertrophy, 
with no evidence of coronary vasospasm, and who are off therapy at the time of testing. 
In these patients, the more severe the stenosis, the more profound the impairment in 
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coronary flow reserve. The correction of the stenosis improves coronary flow reserve, and 
perfect dilation normalizes the coronary flow reserve. The perfect, predictable relation-
ship found in the experimental animal and in a very selected patient population [2] falls 
apart in the clinical arena [3], where many variables can modulate the imperfect match 
between epicardial coronary artery stenosis and coronary flow reserve. Among others, these 
variables include:

1. The geometric characteristics of the stenosis
2. The presence of coronary collateral circulation
3. The microvascular component of coronary resistance
4. Left ventricular hypertrophy modulating the myocardial extravascular component of 

coronary resistance
5. The viable or necrotic state of the myocardium distal to the stenosis
6. The presence of coronary macrovascular or microvascular spasm
7. The presence of concomitant antiischemic therapy

In fact, this impressive scatter of data leads to the need to reconsider our original stenoti-
cocentric view of ischemic heart disease [4]. According to that view, each level of stenosis 
precisely predicts the level of impairment in coronary blood flow. This concept has some 
corollaries: stenosis is the disease and dilating the stenosis means curing the disease; the 
probability of subsequent occlusion depends on the severity of the stenosis; the stress test 
accurately maps the area at risk for subsequent infarction. Although reasonable, all these 
corollaries are at least partially wrong; the stenosis is only the fruit of the atherosclerotic 
plant, which has deep genetic, metabolic, and hemodynamic roots that must be identified 
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Fig. 9.1 The curve of coronary flow reserve with the four segments: hemodynamically silent (0–40% 
stenosis); clinically silent (40–70% stenosis); hemodynamically significant (70–90% with CFR<2.0); 
and very severe stenosis (>90%, with CFR<1.0). (Redrawn and adapted from [1] and [17])
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and treated in order to better cure this disease. Critical stenosis may occlude, but the majority 
of clinically catastrophic occlusions occur in previously noncritical stenosis; the stress test 
accurately identifies the area at risk of subsequent infarction in only a minority (four out of 
ten) of patients. In two out of ten patients, the stress test is right for the wrong reason (the 
test results are positive and the patient develops infarction, but in an area different from the 
induced ischemia), and in four out of ten, the test is wrong (normal findings in a patient 
who subsequently develops infarction) [5]. The appeal of coronary flow reserve is to gain 
insight into a key physiological variable that integrates functional assessment during a 
stress [6]. This assessment can be obtained clinically, with six different basic approaches 
(Table 9.1): positron emission tomography (PET), myocardial scintigraphy, magnetic reso-
nance perfusion imaging; intracoronary Doppler flow wire, transesophageal echocardiog-
raphy, and transthoracic echocardiography. PET is highly accurate, allows a quantitative 
assessment of absolute myocardial blood flow, but is exorbitantly expensive, technically 
demanding, available in very few centers, and exposes the patient to radiation biohazards. 
Single-photon emission computed tomography (SPECT) is less expensive, and is also less 
accurate than PET, with a high radiation burden of 500–1,500 chest X-rays for a sestamibi 
or thallium scan, respectively). Intracoronary Doppler flow wire is invasive, risky, and 
expensive, requiring intracoronary catheterization; radiation exposure is required for 
intracoronary catheter placement, although not directly for coronary flow reserve measure-
ment. Instead, transesophageal echocardiography has the limitation of being semiinvasive, 
while transthoracic echocardiography has the merit of being noninvasive, nonionizing, and 
compatible with other forms of functional testing for induction of wall motion abnormalities 
in the echocardiography laboratory. All these approaches are based on the theoretical 
prerequisite that the imaging technique combined with hyperemic stress will generate a 
signal whose intensity is correlated (possibly in a linear, direct fashion) with coronary 

Table 9.1 Methods of assessing coronary flow reserve

Measure-
ments of 
flow

Radiation 
exposure 
(CXr) Cost Availability Accuracy Interest

PET Absolute Very high − +++ Research

SPECT Relative (500–1500) High ++ ++ Clinical 
cardiology

CMR Relative 0 High ± ++ Clinical 
cardiology

Intracoronary 
Doppler

Relative ++ High ± +++ Cath lab

Transeso pha-
geal Doppler

Relative − Low + ++(+) Echo lab

Transthoracic 
echocardio-
graphy

Relative − Very low +++ ++(+) Clinical 
cardiology

CXr chest radiograph, PET positron emission tomography, SPECT single-photon emission computed 
tomography, CMR cardiovascular magnetic resonance
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flow, especially in the high-flow range that is the most important one for diagnostic pur-
poses. Unfortunately, none of the available techniques for noninvasive assessment of 
coronary flow reserve allows a truly accurate quantitative assessment of coronary flow 
reserve [7] (Fig. 9.2). For instance, a 40% reduction in coronary flow reserve compared 
with normal values (i.e., a flow reserve of 3 in diseased myocardium compared to a flow 
reserve of 5 in the normal myocardium) will yield a difference in signal intensity of only 
6% with SPECT (comparable to myocardial contrast echocardiography) and of 18% with 
PET, whose results correlate well with intracoronary, transesophageal, and transthoracic 
echocardiography Doppler techniques [8]. We are still far from the ideal test of coronary 
flow reserve. Nevertheless, the possibility of a reasonably accurate estimation of coronary 
flow reserve during a stress targeted on functional testing for wall motion analysis opens 
new, exciting clinical and research opportunities.

9.2
Coronary Flow Reserve in the Echocardiography Laboratory

With either transesophageal (sampling the proximal tract) or transthoracic echocardiogra-
phy (exploring the middistal tract), the left anterior descending coronary blood flow velo-
city profile recorded with pulsed-wave Doppler is consistent with the pathophysiological 
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Fig. 9.2 Relationship between the true increments of coronary flow and the flow signal strength obtained 
with the currently available imaging techniques. All techniques, including the most sophisticated and 
expensive ones, are considerably far from the ideal, in which the signal increases in a linear and direct 
fashion with flow. In the high flow range – the most important one following a vasodilatory stimulus – 
the relationship between flow and signal tends toward a plateau, implying only minimal (if any) signal 
differences. For instance, if the flow is fivefold higher in the normal coronary vessel and only three-
fold in the stenotic vessel, the recorded flow difference will be 18% by positron emission tomography 
(PET), and around 10% by SPECT, myocardial contrast echocardiography (MCE), transthoracic echo 
Doppler flowmetry, and magnetic resonance imaging (MRI). (Adapted and modified from [7])
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premises. Coronary flow velocity by Doppler assessment appears to be biphasic, with a 
lower peak during systole and a higher peak during diastole. Myocardial extravascular 
resistance in fact is higher in systole and lower in diastole due to the effect of myocardial 
contraction (Fig. 9.3) [9]. The flow velocity variations are proportional to the total blood 
flow if the diameter of the vessel lumen is kept constant. In reality, the diameter of 
epicardial coronary arteries increases by an average of 30% in healthy subjects following 
adenosine infusion [10]. Therefore, failure to take into account epicardial coronary artery 
vasodilation during hyperemia may cause a nonsystematic underestimation of coronary 
flow reserve, which can be more accurately calculated as velocity time integral cross-
sectional area [10]. In practice, and with an unavoidable approximation, the coronary flow 

Fig. 9.3 Schematic representation of coronary flow velocity profile obtained with transthoracic 
Doppler of the middistal left anterior descending coronary artery and measurement of the coronary 
flow reserve through peak diastolic flow velocity. The coronary blood flow velocity is higher in diastole. 
The lower panel shows the experimental data obtained with intramyocardial pressure monitoring and 
left anterior descending flowmetry in the dog. (From [9], with permission)
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velocity variation between baseline and peak effect of a coronary vasodilator makes it 
possible to derive an index of coronary flow reserve in the left anterior descending artery 
territory. Several parameters might be measured from Doppler tracings of left anterior 
descending artery flow, including systolic flows, time–velocity integrals, and mean flows 
[8]. However, the best parameter is peak diastolic flow; it is not only the simplest parameter 
to be measured and the easiest to obtain, but also the most reproducible and the one with 
the closest correlation with coronary perfusion reserve measured with Doppler flow wire 
[11] and PET [12]. The signal of coronary flow on the left anterior descending coronary 
artery was first made possible by transesophageal echocardiography, with excellent diag-
nostic results [11, 12], but only recently has there been increased clinical interest in the 
development of the transthoracic method [13–17]. There were technological factors that 
allowed the totally noninvasive transthoracic imaging of the middistal left anterior 
descending coronary artery: second-harmonic imaging, which provides better definition of 
smaller structures such as the left anterior descending coronary artery, and high-frequency 
transducers (up to 8 MHz), which provide improved resolution imaging of near-field struc-
tures (Fig. 9.4). The availability of contrast agents also improved the signal-to-noise ratio, 
increasing the feasibility of transthoracic imaging of the left anterior descending coronary 
artery above the threshold of potential clinical impact.

The Doppler assessment of coronary flow reserve has some limitations. The assess-
ment of absolute blood velocity can be limited in some patients by the large incident angle 
between the Doppler beam and blood flow. However, calculation of the flow reserve allows 

Fig. 9.4 Color Doppler flow imaging of the left anterior descending artery, visualized in its middle-
to-distal portion to a variable extent in four different patients. (Courtesy of Dr. Jorge Lowenstein)
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assessment of flow patterns without the need for absolute values. More importantly, the 
velocity ratio is used as a surrogate of flow reserve; flow within the coronary artery is not 
calculated because cross-sectional visualization of the vessel does not accurately measure 
the diameter of the vessel. The estimated flow reserve can be accurate if the coronary 
artery functions only as a conduit, with no change in its diameter during drug infusion. 
The variability and heterogeneity in coronary artery diameter response following admin-
istration of adenosine [10] or dobutamine introduce a remarkable source of error, which 
is amenable to correction only through direct measurement of epicardial vessel diameter 
changes with high-resolution imaging [10]. However, the positive correlation between true 
coronary flow reserve and coronary flow velocity changes, together with the lower method 
variability of the latter, makes it suitable for a robust assessment of coronary flow reserve 
in most experimental and clinical settings [19].

9.3
Methodology of Coronary Flow Reserve Testing

Stress testing of coronary flow reserve introduces a change in the choice of the stress, the 
use of transducers, and the methodology of testing.

After stress, the balance between exercise, dobutamine, and vasodilators clearly goes in 
the direction of vasodilators (Fig. 9.5), which fully recruit coronary flow reserve [20] (Fig. 
9.6) and minimize the factors polluting image quality [21]. Among vasodilators, dipyrida-
mole is better tolerated subjectively than adenosine [22], it induces less hyperventilation 
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Fig. 9.5 Coronary flow reserve and stresses: vasodilators [adenosine (ADO) or dipyridamole (DIPY)] 
evoke a greater recruitment of coronary flow reserve, substantially higher than dobutamine (DOB) 
and exercise (EXE). They are more appropriate stressors for testing coronary flow reserve. (Modified 
from [20], with permission)
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(which may pollute the echocardiography images), costs much less in most countries, and 
has a longer-lasting vasodilatory effect [23] (Fig. 9.7), which is more convenient for dual 
flow and function imaging (Table 9.2).

A broadband transducer (2–7 MHz) or two transducers (with low-frequency imaging of 
wall motion and high-frequency imaging of left anterior descending coronary artery flow) 
must be used, allowing alternative opening of imaging windows on coronary flow and left 
ventricular function [24, 25]. Besides the classic projections for stress echocardiography 
testing, specific projection for left anterior descending coronary artery imaging should be 
integrated into the cardiac imaging sequence (Fig. 9.8). The posterior descending artery 
(Fig. 9.9) and the left circumflex artery (Fig. 9.10) can be imaged with dedicated imaging 
projections, but with greater difficulty and a lower success rate. The imaging protocol 
methodology also changes, with a shift from left anterior descending coronary artery flow 
to left ventricular function. This is more technically demanding, but also more thrilling for 
the skilled stress echocardiographer, as it combines the two different aspects of flow and 
functional imaging into a single test [24–26]; the split brain of imaging formally finds its 
conceptual corpus callosum in the echocardiography laboratory (Figs. 9.11, 9.12). The 
normal values are quite similar for all three coronary arteries, and are clearly normal when 
above 2.5, borderline between 2.0 and 2.5, and clearly abnormal below 2.0. Athletes show 
supernormal values (above 4.0). A reduction in coronary flow reserve can be linked to 

Fig. 9.6 Coronary flow reserve assessed in the same patient with transthoracic echocardiography by 
dobutamine (upper panels) and adenosine (lower panels). Left panels, baseline signal. Right panels, 
peak stress signals. The increase in coronary flow reserve is substantially higher with adenosine than 
with dobutamine. (Courtesy of Dr. Jorge Lowenstein)
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a significant epicardial coronary artery stenosis, but also to microvascular disease or 
to factors increasing extravascular resistance and endoluminal compressive forces with 
normal coronary arteries, as happens in syndrome X, dilated or hypertrophic cardiomy-
opathy, and aortic stenosis [27].
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Fig. 9.7 The temporal sampling of coronary flow reserve by transthoracic echocardiography. There is 
a progressive, stepwise increase in coronary flow reserve peaking after the high dose and immediately 
reversed upon administration of aminophylline

Table 9.2 Vasodilator stress imaging

Drug Adenosine Dipyridamole

Patient tolerance Lower Higher

Vasodilator effect onset Seconds Minutes

Multiple coronary imaging Difficult Possible

Combined wall motion and CFR Difficult Possible

CFR coronary flow reserve
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Fig. 9.8 Left panel: Artist’s drawing illustrating transducer beam orientation to the left anterior 
descending coronary artery. The middistal tract is imaged from a modified apical 2-chamber view. 
Right panel: The corresponding echocardiographic image of left anterior descending color flow

Fig. 9.9 Left panel: Artist’s drawing illustrating transducer beam orientation to the posterior descending 
coronary artery. The middistal tract is imaged from a modified apical 2-chamber view with counter-
clockwise rotation and anterior angulation of the probe. Right panel: The corresponding echocardio-
graphic image of posterior descending color flow
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9.4
Coronary Flow Reserve: The Diagnostic Results

Good results have been reported with coronary flow reserve evaluation during trans-
esophageal [11, 12] or transthoracic echocardiography [13–17] for noninvasive diagnosis 
of coronary artery disease (Fig. 9.13). Nevertheless, the use of coronary flow reserve as 
a standalone diagnostic criterion suffers from so many practical problems: first of all, 
only the left anterior descending coronary artery is sampled; second, coronary flow 
reserve cannot distinguish between microvascular and macrovascular coronary disease 
[27]. Therefore, it is much more interesting (and clinically realistic) to evaluate the additive 
value over conventional wall motion for left anterior descending coronary artery detec-
tion. The assessment of coronary flow reserve adds sensitivity for left anterior descending 

2-D

PW-D

REST STRESS

STRESSREST

Fig. 9.11 A typical example of a normal regional wall motion and coronary flow reserve pattern from a 
patient with normal coronary arteries. The end-systolic frames from parasternal short-axis view show 
a normal thickening at rest (left upper panel) and during stress (right upper panel). On the left, pulsed 
Doppler shows a threefold increase in Doppler peak diastolic flow velocity from baseline (left lower 
panel) to peak dipyridamole (right lower panel)
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Fig. 9.12 A typical example of a regional wall motion (right upper panel) and coronary flow reserve (left 
upper panel) pattern from a patient with a tight proximal stenosis of the left anterior descending artery 
(lower panel). On the right, the end-systolic frames from the apical 4-chamber view show a normal 
thickening at rest and akinesia of the apex during stress. On the left, pulsed Doppler shows no signifi-
cant increase in Doppler peak diastolic flow velocity from baseline (left) to peak dipyridamole (right)

Fig. 9.13 The sensitivity for noninvasive detection of anatomic disease of the left anterior descending 
coronary artery on the basis of wall motion (2D echocardiography) and coronary flow reserve (CFR) 
criteria in five different studies, all consistently showing the higher sensitivity achieved with the con-
tribution of 2D echocardiography and CFR criterion versus 2D echocardiography alone. (Redrawn 
and adapted from original data of [28–32])
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coronary artery disease, with a modest loss of specificity [28–32]. In some ways, coro-
nary flow reserve and wall motion analysis offer complementary information during stress 
echocardiography (Table 9.3). From the pathophysiological viewpoint, wall motion posi-
tivity requires ischemia as a necessary prerequisite, whereas coronary flow reserve can 
be impaired in the absence of induced ischemia. Wall motion is easy to acquire but can 
be difficult to analyze. Coronary flow reserve can be difficult to acquire, but it is usually 
straightforward in its quantitative interpretation of a Doppler signal. In the interpretation 
phase, a regional wall motion abnormality has higher positive predictive value for predicting 
the presence of epicardial coronary artery stenosis. A normal coronary flow reserve has 
a higher negative predictive value. Therefore, the two pieces of information on flow and 
function can complement each other since a wall motion abnormality is highly specific and 
a normal coronary flow reserve is highly sensitive for coronary artery disease [28–32]. In 
addition, the flow information is relatively unaffected by concomitant antianginal therapy, 
which markedly reduces sensitivity of ischemia-dependent regional wall motion abnor-
mality [33] and does not influence coronary flow reserve except to a limited extent, if 
at all [34]. In this way, the coronary flow reserve can already help in the difficult task of 
identifying patients with coronary artery disease. Obviously, such help will be greater with 
the potential of imaging all three major coronary arteries, with segments of the posterior 
descending and left circumflex coronary artery [35, 36] being more difficult for ultrasonic 
imaging at present.

9.5
The Prognostic Value of Coronary Flow Reserve

In patients with idiopathic dilated cardiomyopathy [37] or hypertrophic cardiomyopathy 
[38] and in patients with normal to nonsignificant coronary artery disease [39, 40], a 
severely depressed coronary flow reserve is a predictor of poor prognosis. These studies 
were performed on small patient series, with a limited number of events, and employed 
highly academic (complex, expensive, time-consuming) techniques such as PET [37, 38] 
or the intracoronary Doppler flow wire technique [39, 40]. With the advent of coronary 

Table 9.3 The two faces of stress echocardiography testing

Wall motion Coronary flow reserve

Specificity Higher Lower

Sensitivity Lower Higher

Technical difficulty Lower Higher

Interpretation Difficult Easier

Prognostic value High Unknown

Segmental positivity response All-or-one Continuous

Coronary arteries explored All territories Mostly LAD

LAD left anterior descending artery
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flow reserve in the stress echocardiography laboratory, in a few years a striking amount of 
information became available through large-scale multicenter studies, showing the impres-
sive prognostic value of coronary flow reserve. This value has been proven in patients with 
stable angina [41, 42], patients with intermediate stenosis of single-vessel disease [43, 44], 
and in several other challenging subsets characterized by negative wall motion response 
during stress echocardiography, such as patients with diabetes [45] under antianginal 
therapy at the time of testing [46], dilated cardiomyopathy [47], hypertrophic cardiomy-
opathy [48], or heart transplant [49]. The prognostic value has also been shown for hard 
end points only, and adds incremental information over the value of inducible wall motion 
abnormalities (Fig. 9.14). At this point, an evidence-based use of coronary flow reserve 
in clinically driven decision-making is possible and fully justified. Similar diagnostic and 
prognostic results can be obtained in the assessment of left ventricular wall motion and 
coronary flow reserve in left internal mammary artery and right internal mammary artery 
grafts [50–53].

9.6
Targets, Tips, and Traps in Coronary Flow Reserve

At present, different segments of native or grafted coronary arteries can be imaged tran-
sthoracically in the echocardiography laboratory. The feasibility and clinical impact are 
highest for the middistal native left anterior descending coronary artery and the left internal 
mammary artery graft, while it is lowest (albeit still feasible) for posterior descending and 
left circumflex arteries, and intermediate for saphenous vein grafts. Each of the segments 
has different transducer frequency windows, different initial velocity range, different 
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Fig. 9.14 Kaplan–Meier survival curves (considering only death and myocardial infarction as end 
points) in patients stratified according to normal (CFR>2.0) or abnormal (CFR<2.0) coronary flow 
reserve at Doppler echocardiography, and presence or absence of wall motion abnormalities by 2D 
echocardiography
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projections, and different technical difficulties (Table 9.4). There are biological and 
technical problems with coronary flow reserve assessment. The coronary flow reserve 
depends on a coronary as well as a myocardial component. Patent native arteries or graft with 
a low flow reserve supply myocardium that is partially scarred from previous infarction. 
Under these conditions, the vasodilating capacity of the recipient myocardium is probably 
reduced independently of any stenosis. In diagnostic terms, this may account for a reduced 
specificity of coronary flow reserve (abnormal with patent arteries). Poststenotic coronary 
flow reserve accurately reflects the residual vasodilatory capacity of that vascular bed 
which is specifically affected by the stenosis [24–27]. Prestenotic coronary flow reserve 
can be diagnostically unreliable, since the abnormal response in the poststenotic territory 
can be pseudonormalized by the normal vasodilatory response in the territories supplied 
by the branching vessels stemming off the main trunk between the sampling zone and the 
stenosis. Coronary flow reserve will yield the greatest information when combined with 
wall motion imaging. Contrast agent injection is sometimes – although not often – needed, 
and this will impact favorably on the cost-effectiveness profile of the method.

9.7
Coronary Flow Reserve in the Stress Echocardiography 
Laboratory: Here to Stay

Assessment of coronary flow reserve integrates and complements classic stress echocar-
diography founded on regional wall motion analysis. With the addition of coronary flow 
reserve to wall motion, the stress echocardiography response can be stratified into a severity 
code mirroring the ischemic cascade. On one end of the spectrum, there is the totally 
normal pattern, with hyperdynamic left ventricular function and preserved coronary flow 
reserve, which is highly predictive of normal coronary anatomy and normal physiological 
response of coronary micro- and macrocirculation. At the opposite end of the spectrum, 

Table 9.4 Coronary flow reserve in the echocardiography laboratory: technicalities and targets

Vein graft LAD LCx PD LIMA RIMA Saphenous

Success rate 90% 50% 60% 90–100% 90–100% 80–90%

Transducer 
position

Modified 
apical

Modified 
apical 
4-chamber

Modified 
apical 
2-chamber

Left supra-
clavicular 
area

Right 
supraclavi -
cular area

Modified 
parasternal

Transducer 
frequency 
(MHz)

5–7 3.5 3.5 5–7 5–7 3–5

Best CFR 
cut-off for 
stenosis 
detection

<2.0 <2.0 <2.0 <1.9 <1.9 <1.6

CFR coronary flow reserve, LAD left anterior descending artery, LCx left circumflex artery, PD poste-
rior descending artery, LIMA left internal mammary artery, RIMA right internal mammary artery
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there is the totally abnormal pattern with regional wall motion abnormalities and abnormal 
coronary flow response, which is highly predictive of diseased epicardial coronary anatomy 
and impaired flow reserve. In between these extreme “black and white” responses, a gray 
zone can be found, more often with prognostically meaningful mild to moderate abnormal 
coronary flow reserve and normal function (Fig. 9.15). At present, coronary flow reserve 
in coronary artery disease is a feasible, useful, and prognostically validated tool to be 
considered with standard wall motion analysis for the “two birds with one stone” approach 
of dual imaging in stress echocardiography. As such, it is currently recommended as the 
state-of-the art method with vasodilatory stress echocardiography when adequate tech-
nology and expertise are available [54]. Its noninvasive, radiation-free nature also make it 
ideally suited for ethically immaculate, radiation-free research-oriented studies, especially 
when each subject or patient acts as his/her own control, allowing establishment of acute 

Normal Microvascular angina Intermediate stenosis Critical stenosis+
Medical therapy 

Macro 

Micro 

CFR 

Wall  
Motion 

Prognosis  EXCELLENT 

LAD LAD LAD LAD 

POSSIBLE PROBLEMS  

LCx/RCA LCx/RCA LCx/RCA LCx/RCA 

Fig. 9.15 Pathophysiological and prognostic heterogeneity behind normal wall motion response dur-
ing stress. In the upper panel, we show epicardial coronary arteries: normal in the first two columns, 
with moderate disease in the third column, and moderate-to-severe disease but concomitant, effective 
antiischemic therapy in the last column. The myocardium is shown as a square box, with small vessels 
as circles. Coronary small vessel disease is shown (second columns) as bold circles (structural or func-
tional impairment). All four very different pathophysiological conditions show the negativity of wall 
motion response. The abnormal CFR response is present in the last three columns, with abnormal-
ity of micro- or macrocirculation. Panel B: Pathophysiological and prognostic heterogeneity behind 
abnormal wall motion response during stress. Symbols as in Panel A. The CFR can be normal in spite 
of wall motion abnormality when the left anterior descending artery is not significantly involved and 
the microcirculatory level is not impaired (left panel)
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or chronic changes in coronary flow reserve, induced, for instance, by acute food or beverage 
intake (such as alcohol or chocolate) or ingestion of medication in chronic therapeutic 
interventions, for instance, statins or antihypertensive drugs [55–60]. Although substantial 
technological and conceptual refinements are expected in the near future, for instance, 
with 3D imaging and the possibility of accurately assessing coronary flow reserve with 
simultaneous evaluation of coronary flow velocity profiles and stress-induced changes in 
coronary diameter, there is little doubt that the technique is here to stay.
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Technology and Training 
Requirements

Eugenio Picano

Stress echocardiography is relatively simple and widely available [1]. However, its easy 
access can become a problem in the clinical arena. Skill in interpretation cannot be 
acquired in a few days or weeks. With a handheld echocardiographic machine and an 
inexpensive drug or an ergometer, any sonographer can become a stress echocardiogra-
pher [2]. Ordering patterns might be distorted by financial incentives because the test 
can be performed in a physician’s office. In the absence of a strict system of credential-
ing and quality control, we may soon experience a backlash of distrust regarding the 
technique [2]. Interpretation of stress echocardiography requires extensive experience in 
echocardiography and should be performed only by physicians with specific training in 
the technique [3, 4].

10.1
General Test Protocol

The patient lies in a decubitus position, the position required to achieve an optimal 
echocardiographic view. Electrocardiographic leads are placed at standard limb and 
precordial sites, slightly displacing (upward and downward) any leads that may inter-
fere with the chosen acoustic window. A 12-lead electrocardiogram (ECG) is recorded 
in resting condition and each minute throughout the examination. An ECG lead is also 
continuously displayed on the echocardiography monitor to provide the operator with 
a reference for ST-segment changes and arrhythmias (Fig. 10.1). Cuff blood pressure 
is measured in resting condition and each minute thereafter with an automatic device. 
Echocardiographic monitoring is usually performed from the apical (both 4- and 
2-chamber view) and parasternal (both long- and short-axis) approaches. In some cases 
the subxiphoidal view is employed. Images are recorded in resting condition from all 
views. The echocardiogram is continuously monitored and intermittently recorded. In 
the presence of obvious or suspected dyssynergy, a complete echocardiography exam-
ination is performed and recorded from all employed approaches to allow  optimal 

10

E. Picano, Stress Echocardiography, 145
© Springer-Verlag Berlin Heidelberg 2009



146 10 Technology and Training Requirements

10

Fig. 10.1 General protocol of stress echocardiography test

Stress – General protocol

2D echo

ECG (1 lead on the echo monitor)

12 lead ECG

Blood pressure (sphygmomanometer)

Basal Stress Recovery

documentation of the presence and extent of myocardial ischemia. The same projec-
tions are obtained and recorded in the recovery phase, after cessation of the stress 
(exercise or pacing) or administration of the antidote (aminophylline for dipyridamole, 
beta-blockers for dobutamine). The segmental function can be evaluated by means of a 
triple comparison: stress vs. resting state; stress vs. recovery phase; and at peak stress, 
with the neighboring normally contracting segments. A clear standardization of the 
procedures allows the workplan to be optimized, thus improving the overall quality of 
diagnostic performance in the stress echocardiography laboratory. The nurse explains 
the procedure and the aims of testing to the patient, marks the acoustic approaches, 
and, in the case of pharmacological stresses, prepares the doses of drugs, including 
the antidote. A 12-lead ECG is recorded, and blood pressure is measured. After place-
ment of the intravenous line (in the case of pharmacological stress) the sonographer 
records the resting echocardiogram and the stress starts. Throughout the study, the 
nurse keeps a written protocol of the study (clinical events, drugs injected, ECG and 
echocardiographic changes noted by the physician), infuses drugs or varies the work-
load, measures blood pressure, and evaluates the 12-lead ECG each minute. Diagnostic 
and nondiagnostic end points of stress echocardiography testing are reported in Tables 
10.1 and 10.2, respectively.

Table 10.1 Diagnostic end points of stress echocardiographic testing

Maximal dose/workload
Target heart rate
Obvious echocardiographic positivity
Severe chest pain
Obvious ECG changes (>2mm ST segment shift)
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10.2
Imaging Equipment and Techniques

Digital acquisition of images has evolved from the days of stand-alone computers that digi-
tized analog video signals, to the current era in which ultrasound systems have direct digital 
output [5]. By digitizing two-dimensional echocardiographic images, it is possible to put a 
single cardiac cycle into a continuous loop so that the cycle can be viewed whenever neces-
sary for an indefinite period of time. This technique carries valuable advantages, especially 
for exercise echocardiography. Even in the exercising individual who is breathing rapidly 
and deeply, one can still see a technically good cardiac cycle between inspirations; therefore 
it reduces the respiratory artifact. Another advantage of using the computer to record the 
two-dimensional echocardiogram digitally is that it is possible to place the resting and stress 
cardiac cycles side-by-side in a split-screen or quad-screen format. This reduces the time 
and difficulty of analyzing the examination and may also simplify the recognition of subtle 
changes in wall motion. Although there is no evidence showing that it improves diagnostic 
accuracy when compared with videotape reading [6, 7], digital acquisition certainly makes 
storage, retrieval, analysis, and communication of stress echocardiography data faster and 
easier. Videotape recordings are recommended as a back-up.

Tissue harmonic imaging improves image quality over conventional imaging. This is 
obtained mainly through the elimination of ultrasound artifacts (namely the side-lobe, 
near-field, and reverberation artifacts) with consequent increase in lateral resolution and 
signal-to-noise ratio. The increased image quality is mirrored in a better visualization of 
the left ventricular endocardium and epicardium, and this has a favorable impact on evalu-
ation of both global and regional left ventricular function at rest.

In the setting of stress echocardiography, tissue harmonic imaging reduces the 
number of uninterpretable segments, deflates observer variability, and increases diag-
nostic accuracy [8, 9]. The increase in interpretable myocardium is particularly valuable 
for the apical, lateral, and anterior wall segments (Fig. 10.2) imaged in the apical views 
at higher heart rates. Tissue harmonic imaging should be used for stress echocardiogra-
phy imaging [3, 4]. When used in conjunction with harmonic imaging, contrast agents 
increase the number of interpretable left ventricular wall segments, enhance diagnos-
tic confidence, and reduce the need for additional noninvasive tests due to equivocal 
 noncontrast stress examination [10]. Contrast agents should be used when two or more 
segments are not well visualized [11].

Table 10.2 Submaximal nondiagnostic end points of stress echocardiography testing

Intolerance symptoms
Limiting asymptomatic side effects:
Hypertension: SAP>220mmHg; DAP>120mmHg
Hypotension (relative or absolute): >30mmHg drop in blood pressure
Supraventricular arrhythmias: supraventricular tachycardia, atrial fibrillation
Ventricular arrhythmias: ventricular tachycardia, frequent and polymorphic
premature ventricular beats

SAP, systolic arterial pressure; DAP, diastolic arterial pressure.
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10.3
Training Requirements

It is not reasonable to begin using stress echocardiography without thorough training in 
transthoracic echocardiography (level 2, American Society of Echocardiography). The basic 
skills required for imaging the heart under resting conditions are not substantially different 
from those required for imaging the same heart from the same projections during stress. 
Furthermore, the echocardiographic signs of ischemia are basically the same as those during 
myocardial infarction. In both cases, the assessment is based on a comparison between the 
“suspected” zone and the neighboring normal regions; in induced ischemia, however, the 
operator can use the suspected region as its own control, considering both resting condi-
tions and the recovery phase. The use of stresses is associated with the possibility 
of life-threatening complications, both ischemia-related and ischemia-independent. There-
fore, as happens with a simple exercise test, the cardiologist–sonographer (and the attendant 
nurse) should be certified in Basic and Advanced Life Support, as also required by the 
American Heart Association guidelines for stress testing [12].

The diagnostic accuracy of an experienced echocardiographer who is an absolute 
beginner in stress echocardiography is more or less equivalent to that achieved by tossing 
a coin (Fig. 10.3). However, 100 stress echocardiography studies are sufficient to build the 
individual learning curve and reach the plateau of diagnostic accuracy [13]. With Doppler, 

Fig. 10.2 Fundamental (left) and tissue harmonic imaging (right) of rest (upper panels) and stress 
(lower panels) end-systolic still frames of an apical four-chamber view. Basal and apical segments of 
the lateral wall are more sharply delineated with tissue harmonic imaging mode. (From [10])
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it is wise to assess one’s own learning curve in cases where a recent catheterization pro-
vides a standard against which the presence and severity of regurgitation and gradients can 
be estimated; instead, with stress echocardiography it is wise to test one’s initial perform-
ance in patients who have recently undergone coronary angiography, and possibly with 
other imaging techniques using the same stress.

After 15–30 days of exposure to a high-volume stress echocardiography laboratory, 
the physician should begin to accumulate his or her own experience with a stepwise 
approach, starting from more innocuous and simple stresses such as low-level supine exer-
cise echocardiography and moving up to more technically demanding ones.

The interpretation of stress echocardiography is necessarily qualitative and subjective. 
In our laboratory, the cardiologist–echocardiographer performing the test evaluates the 
study on-line. Rarely is a “blind” reading by two independent observers made for diagnos-
tic or clinical purposes. Quantitative analysis of regional wall motion is never performed 
for purely diagnostic reasons; quantitative methods are time consuming, require extra 
equipment and images of better quality than those interpretable with a qualitative assess-
ment, and they certainly do not clarify uncertain readings; they simply measure and make 
the obvious “certain” without reducing the number of questionable studies. Diagnostic 
accuracy is not increased by quantitative methods, since the human eye naturally integrates 
space and time, and its discriminatory power is very difficult to equal and virtually impos-
sible to surpass. It is also true, however, that different individuals have different eyes, and 
the degree of interinstitutional variability tested on identical images can be substantial, 
even among laboratories of unquestionable reputation (Fig. 10.4) [14]. Diagnostic accu-
racy is not only a function of experience; for a given diagnostic accuracy every observer 
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has his/her own sensitivity–specificity curve: there are “over-readers” (high sensitivity, low 
specificity) and “under-readers” (low sensitivity; high specificity), depending on whether 
images are aggressively or conservatively interpreted as abnormal. Many studies yield 
unquestionably negative or positive findings; still, there is a “gray zone” of interpretable 
tests in which the visualization of some regions can be suboptimal and the cardiologist’s 
level of experience in interpreting the test is critical for a correct reading.

Interobserver variability is certainly a common problem in medicine, and in cardiology 
variability can be substantial with almost all diagnostic methods, including resting elec-
trocardiography [15], exercise electrocardiography [16], perfusion scintigraphy [17], and 
coronary angiography [18]. For thallium perfusion images, the interobserver agreement 
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Fig. 10.4 Histogram showing interinstitutional variability in the reading of 150 dobutamine stress 
echocardiograms from five different centers with longstanding experience in stress echocardiography 
(Aachen, Cleveland, Essen, Pisa, Rotterdam). Positivity reading ranges from 102 of 150 (center 1) 
to 32 of 150 (center 3). Obviously, center 1 will have an outstanding sensitivity and poor specificity, 
whereas center 3, on the very same images, will have a low sensitivity and an outstanding specifi-
city. Probably, both are right. Diagnostic accuracy compared with angiographically assessed coronary 
artery disease will be higher for center 1 in a population with a high prevalence of disease, and higher 
for center 3 in a population with a low prevalence of disease. This stunning interinstitutional reading 
variability is not without method, however. In the bottom panel the factors modulating variability are 
shown: image quality (left), location of the wall motion abnormality (middle), and severity of dys-
function (right). Variability is substantially higher for poor-quality images (left), for tricky segments 
such as the posterobasal segment or basal inferior septum (numbers 6 and 7 in middle panel), which 
may be “physiologically hypokinetic” even at baseline, and for a mild degree of dysfunction such as 
hypokinesia (right)
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for a majority of observers was found to be 75% for an abnormal and 68% for a normal 
interpretation [19]. In only 65% of coronary angiograms did all four experienced coronary 
angiographers (from the same institution) agree on the significance of a stenosis, defined 
as 50% narrowing of lumen diameter [18]. However, a perception of the diffuse nature of 
the problem does not reduce interobserver variability in stress echocardiography. There 
are several ways to minimize this variability, representing the key factor which may ulti-
mately determine the real impact of stress echocardiography in modern cardiology. Again, 
experience with nuclear medicine has taught us that agreement can be doubled by moving 
from an interpretation without standardization to an interpretation with standardization of 
display and quantification [19]. Similarly, there are many precautions that may minimize 
variability, providing not only high accuracy but also better reproducibility.

These parameters are related to the physician interpreting the study, the technology 
used, the stress employed, and the patient under study (Table 10.3). Variability will be sub-
stantially reduced if one agrees in advance not to consider minor degrees of hypokinesia, 
since mild hypokinesia is a normal variant under most stresses and there is a wide overlap 
between normal and diseased populations [20, 21]. Also, the inclusion of isolated asyn-
ergy of posterobasal or basoinferoseptal segments among positivity criteria will inflate 
variability. Obviously, the inclusion of patients with resting images of borderline quality, 
or the use of stresses degrading image quality, will also dilate variability, which is closely 
linked to the quality of the images. The single most important factor deflating variability is 
dedicated training in a large-volume stress echocardiography laboratory with exposure to 
joint reading [22] and “a priori” development of standardized [23] and conservative [24] 
reading criteria (Fig. 10.5).

Table 10.3 Stress echocardiography and the human factor

Increases variability Reduces variability

Physician related:
 1.  Previous training in stress 

 echocardiography 
No Yes 

 2. Exposure to joint reading No Yes
 3.  Development of “a priori” reading 

criteria
No Yes

 4. Basal inferior septum Yes No
 5. Positivity for “lack of hyperkinesis” Yes No
 6. Positivity for “severe hypokinesis” No Yes 

Technology related:
 7. Videotape instead of digital Yes No
 8. Native tissue harmonic No Yes

Stress related:
 9. Use of stressor polluting image quality Yes No

Patient related:
10. Resting images of borderline quality Yes No
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10.4
The Most Frequent Mistakes

The checklist for starting and keeping alive a stress echocardiography activity is reported 
in Table 10.4 (training requirements recommended by the American Society of Echocardi-
ography) and in Table 10.5 (equally important cultural requirements suggested by the Task 
Force of the American College of Cardiology/American Heart Association) [12, 25]. How-
ever, regardless of the number of stress echocardiography studies performed and intensity 
of training, some readers still do not reach a satisfactory degree of accuracy [24]. This is 
true with all activities involving development of cognitive skills. The five most frequent 
mistakes in stress echocardiography training can be summarized as follows:

1. Self-made stress echocardiography: it is far better to perform and/or review 100 stress 
echocardiography studies with an expert supervisor than 1,000 stress echocardiography 
studies done all by yourself without a diagnostic reference standard (Fig. 10.5).

2. Starting your learning curve at university level: posttreadmill exercise is the most 
familiar stress for the cardiologist and the patient, but by far the most technically 
demanding. The best “technology” available today to improve image quality, diagnostic 
accuracy, and interobserver reproducibility is to use semisupine exercise as a physical 
stress and a vasodilator as a pharmacological stress.

3. Underestimating ischemic risk: the technicalities of pharmacological stress echocar-
diography can be surprisingly simple, but one has to know how to treat ischemia and 
its unforeseeable and potentially catastrophic complications. A stress echocardiography 
laboratory run by technicians and sonographers without an attending experienced 
cardiologist can be a deadly trap for the patient. For instance, the early stop of a phar-
macological stress for a very initial asynergy developed after very low dose of a drug 
(dipyridamole or dobutamine) can make the difference between a patient’s life and 
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Fig. 10.5 Madness and method in stress echocardiography reading. The wild variety of reading occurs 
when there is no a priori agreement in reading criteria. With strict characterization of conservative 
reading criteria (ignore mild hypokinesia, ignore relative hypokinesia, ignore isolated inferolateral 
hypokinesia, etc.) and a limited experience in joint reading, interobserver agreement rises spectacu-
larly (right panel)
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Table 10.4 Summary of recommendations for training in stress echocardiography

Fellows in training Postfellowship training Maintenance 
of skills

Qualifications 
for training

•  Level 2 training + ability to 
interpret resting wall motion

•  Level 2 training or equiva-
lent

Not applicable

•  Current active practice of 
echocardiography*

Conditions for 
training

•  Laboratory performing 40 
stress echocardiography 
studies per month

•  Laboratory performing 40 
stress echocardiography 
studies per month

Not applicable

•  Supervisor with level 3 
training and experience 
with more than 200 stress 
echocardiography studies

•  Supervisor with level 3 
training and experience 
with more than 200 stress 
echocardiography studies

Number of 
cases recom-
mended

•  Participation in perform-
ance of at least 50 exercise 
echocardiography and/
or pharmacologic stress 
echocardiography studies

•  Participation in perform-
ance of at least 50 exercise 
echocardiography and/
or pharmacologic stress 
echocardiography studies

Interpretation 
of 15 stress 
echocardiogra-
phy studies per 
month

•  Interpretation of at least 
100 stress echocardiography 
studies with supervision as 
above

•  Interpretation of at least 
100 stress echocardiography 
studies with supervision as 
above

Table 10.5 Additive skills necessary to perform, interpret, and report pharmacological stress 
echocardiography

1. Knowledge of advantages and disadvantages of the different agents

2. Knowledge of the pharmacokinetics and the physiological response to the different agents

3. Knowledge of the contraindications to the different agents

4. Knowledge of the side effects and complications of the different agents and how to manage them

5. Competence in cardiopulmonary resuscitation

6. Knowledge of the end points of pharmacological stress and indications for termination the test

death. Not all patients were created equal during stress, and a fixed, inflexible approach 
can be dangerous. Similarly, the recognition of a vasospastic mechanism after adenosine 
or dobutamine completely changes the therapeutic approach: beta-blockers are the therapy 
of choice for antidote-resistant ischemia, and the ischemia trigger in vasospasm.

4. Skills in resting echocardiography are not enough: pediatric, transesophageal, tran-
sthoracic, and vascular echocardiography speak a different ultrasound idiom than does 
stress echocardiography. You have to learn stress echocardiography during dedicated 
training, or your experience will be disappointing and your results inconsistent.

5. Technology without cardiology: it is better to have the best eyes with a suboptimal tech-
nology than the worst eyes with the best technology. Usually, there is economic interest 



154 10 Technology and Training Requirements

10
in selling technology, not in improving culture. Unfortunately, to date no method for 
quantitative analysis has increased the clinical impact of stress echocardiography. In the 
future quantitative methods may serve as an adjunct to expert visual assessment of wall 
motion. The widespread use of quantitative methods will require further validation and 
simplification of analysis techniques [3, 4]. Stress echocardiography – and in particular 
pharmacological stress echocardiography – requires a tight integration of echocardio-
graphic knowledge and cardiological experience. If this happens, clinical rewards will 
be outstanding, and stress echocardiography is now an integral part of the core curricu-
lum of the clinical cardiologist according to the European Society of Cardiology.
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Exercise Echocardiography

Luc A. Piérard and Eugenio Picano

11.1
Historical Background

Many tests have been proposed in combination with echocardiography, but only a few 
have a role in clinical practice. For the diagnosis of organic coronary artery disease, exer-
cise remains the paradigm of all stress tests and the first which was combined with stress 
echocardiography. In the early 1970s, M-mode recordings of the left ventricle were used 
in normal subjects [1] and in patients with coronary artery disease [2]. Subsequently, two-
dimensional (2D) echocardiography was used to document ischemic regional wall motion 
abnormality during exercise [3]. The technique was at that time so challenging [4], that 
with the introduction of dipyridamole [5] and dobutamine [6] as pharmacological stressors 
many laboratories used pharmacological stress even in patients who were able to exercise. 
Large-scale, multicenter, effectiveness studies providing outcome data are in fact avail-
able only with pharmacological [7, 8] not with exercise echocardiography, offering a more 
robust evidence-based platform for their use in clinical practice. Exercise echocardiogra-
phy was only really applied as a clinical tool in the early 1990s [4] and it is now increasingly 
used for the diagnosis of coronary artery disease, the functional assessment of intermediate 
stenosis, and risk stratification. A series of successive improvements led to a progressively 
widespread acceptance: digital echocardiographic techniques, allowing capture and syn-
chronized display of the same view at different stages [9], improved endocardial border 
detection by harmonic imaging [10], and ultrasound contrast agents that opacify the left 
ventricle [11] (Fig. 11.1). In the USA, most laboratories use the posttreadmill approach 
with imaging at rest and as soon as possible during the recovery period [12, 13]. In Europe, 
a number of centers have implemented their stress echocardiography laboratory with a 
dedicated bed or table allowing bicycle exercise in a semisupine position and real-time 
continuous imaging throughout exercise [14, 15]. The diffusion of semisupine exercise 
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imaging – much more user-friendly for the sonographer than the treadmill test – made image
acquisition easier and interpretation faster [16–18]. Semisupine exercise gained its 
well-deserved role in the stress echocardiography laboratory for coronary artery disease 
diagnosis and, with growing frequency outside coronary artery disease, in the assessment of 
pulmonary hypertension, valve disease, cardiomyopathy, and heart failure [19, 20].

11.2
Pathophysiology

Exercise protocols are variable and include treadmill as well as upright and supine bicycle 
ergometry. All these forms of stress increase myocardial oxygen consumption and induce 
ischemia in the presence of a fixed reduction in coronary flow reserve [21] (Fig. 11.2). 
Of the determinants of myocardial oxygen demand, heart rate increases two- to three-
fold, contractility three- to fourfold, and systolic blood pressure by 50% (Fig. 11.2) [21]. 
End-diastolic volume initially increases to sustain the increase in stroke volume through 
the Frank–Starling mechanism, and later falls at high heart rates (Fig. 11.3). Coronary 
blood flow increases three- to fourfold in normal subjects, but the reduction in diastolic
time (much greater than shortening in systolic time) limits mostly the perfusion in the 
subendocardial layer – whose perfusion is mainly diastolic, whereas the perfusion in 
the subepicardial layer is also systolic [22]. In the presence of a reduction in coronary 
flow reserve, the regional myocardial oxygen demand and supply mismatch determines 
myocardial ischemia and regional dysfunction. When exercise is terminated, myocardial 
oxygen demand gradually declines, although the time course of resolution of the wall 
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Fig. 11.1 The timeline of innovation in exercise echocardiography. The progressive increase in feasibility 
was linked to minor (digital acquisition) and major (2D, second-harmonic, contrast enhancement for 
border detection) technical improvements. Interestingly, the most important methodological improve-
ment, i.e., the shift from posttreadmill to semisupine bicycle stress, is the most obvious, already 
clearly documented in the mid-1980s, and is still remarkably absent from US practice and the latest 
recommendations
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motion abnormality is quite variable [23]. Some induced abnormalities may persist for 
several minutes, permitting their detection on postexercise imaging. However, wall 
motion usually recovers very rapidly, and postexercise imaging can easily miss wall 
motion abnormalities. Regional and global function, although closely linked, may behave 
differently during stress. For example, if a small wall motion abnormality develops as a 
result of limited ischemia, the remainder of the left ventricle may become hyperdynamic, 
and the ejection fraction will increase despite the presence of an ischemic wall motion 
abnormality. In such a case, a regional abnormality will be present in the absence of 
global dysfunction. Alternatively, severe exercise-induced hypertension in the absence 
of coronary artery disease may lead to an abnormal ejection fraction response without 
an associated wall motion abnormality. There are distinct advantages and disadvantages 
to exercise versus pharmacological stress, which are outlined in Table 11.1. The most 
important advantages of exercise are that it is a stress familiar to both patient and doctor; 
it adds echocardiography information on top of well-established and validated electro-
cardiographic and hemodynamic information, and it is probably the safest stress pro-
cedure. The disadvantages are the limited ability to perform physical exercise in many 
individuals, who are either generally deconditioned or physically impeded by neurologic 
or orthopedic limitations. In addition, stress echocardiography during physical exercise 
is certainly more technically demanding than pharmacologic stress because of its greater 
difficulty and tighter time pressure [23].

Fig. 11.2 The increase of main determinants of myocardial oxygen consumption in normal subjects 
referred for semi-supine exercise stress echo. Panel A: Heart rate (HR) increases two to threefold, 
the systolic arterial pressure (SAP) increases 1.5 to 2.5 fold, end-diastolic volume (EDV) 1.2 fold, 
and myocardial contractility (the most important determinant of myocardial oxygen consumption, 
measured as variation in elastance, i.e., the increase in end-systolic pressure divided for end-systolic 
volume) increases 4 to 8 fold versus baseline
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Fig. 11.3 The twofold increase in heart rate (upper left panel) is accompanied by a reduction of 
diastolic time, critical for subendocardial perfusion. The shortening of cardiological diastole is much 
more pronounced than shortening of cardiological systole, but the former is much more critical for 
subendocardial perfusion, even in the absence of coronary artery disease. (From [22])

Table 11.1 Exercise versus pharmacological stress

Parameter Exercise Pharmacological

Intravenous line required No Yes

Diagnostic utility of heart rate and blood pressure 
response

Yes No

Use in deconditioned patients No Yes

Use in physically limited patients No Yes

Level of echocardiography imaging difficulty High Low

Safety profile High Moderate

Clinical role in valvular disease Yes No

Clinical role in pulmonary hypertension Yes No

Fatigue and dyspnea evaluation Yes No
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11.3
Exercise Techniques

As a general rule, any patient capable of physical exercise should be tested with an exercise 
modality, as this preserves the integrity of the electrocardiogram (ECG) response and 
provides valuable information regarding functional status. Performing echocardiography 
at the time of physical stress also allows links to be drawn among symptoms, cardiovascular 
workload, and wall motion abnormalities. Exercise echocardiography can be performed 
using either a treadmill or bicycle protocol (Table 11.2). When treadmill exercise is per-
formed, scanning during exercise is not feasible, and therefore most protocols rely on 
postexercise imaging [13]. It is imperative to complete postexercise imaging as soon as 
possible. To accomplish this, the patient is moved immediately from the treadmill to an 
imaging table and placed in the left lateral decubitus position so that imaging may be com-
pleted within 1–2 min. This technique assumes that regional wall motion abnormalities 
will persist long enough to be detected in the recovery phase. When abnormalities recover 
rapidly, false-negative results occur. The advantages of treadmill exercise echocardiog-
raphy are the widespread availability of the treadmill system and the wealth of clinical 
experience that has accumulated with this form of stress testing. Information on exer-
cise capacity, heart rate response, rhythm, and blood pressure changes are analyzed and, 
together with wall motion analysis, becomes part of the final interpretation. Bicycle exer-
cise echocardiography is done with the patient either upright or recumbent (Fig. 11.4). 
The patient pedals against an increasing workload at a constant cadence (usually 60 rpm). 
The workload is escalated in a stepwise fashion while imaging is performed. Successful 
bicycle stress testing requires the patient’s cooperation (to maintain the correct cadence) 
and coordination (to perform the pedaling action). The most important advantage of 
bicycle exercise is the chance to obtain images during the various levels of exercise (rather 
than relying on postexercise imaging). With the patient in the supine posture, it is relatively 
easy to record images from multiple views during graded exercise. With the development 

Table 11.2 Exercise methods

Parameter Treadmill Upright bicycle Supine bicycle

Ease of study for patients Moderate High High

Ease of study for sonographer Low Moderate High

Stage of onset of ischemia No Yes Yes

Peak rate pressure product High High High

Systolic blood pressure Lower Higher Higher

Heart rate Higher Lower Lower

Induction of coronary spasm Higher Lower Lower

Preload increase Lower Lower Higher

Ischemic strength ++ (+) ++ (+) +++

Preferred modality in USA Europe Echocardiography 
laboratory
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of ergometers that permit leftward tilting of the patient, the ease of image acquisition has 
been further improved. In the upright posture, imaging is generally limited to either apical 
or subcostal views. By leaning the patient forward over the handlebars and extending the 
arms, apical images can be obtained in the majority of cases. To record subcostal views, a 
more lordotic position is necessary and care must be taken to avoid foreshortening of the 
apex. When considering the various forms of exercise, it is important to appreciate cer-
tain fundamental differences. For most patients, both duration of exercise and maximum 
achieved heart rate are slightly lower in the supine position [24, 25], due primarily to the 
development of leg fatigue at an earlier stage of exercise. The limitation is overcome in 
part by the occurrence of ischemia at a lower workload with supine exercise. The earlier 
development of ischemia is the result of both a higher end-diastolic volume and higher 
mean arterial blood pressure for a given level of stress in the supine position [25, 26]. 
These differences contribute to a higher wall stress and an associated increase in myocardial 
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Fig. 11.4 Protocols of exercise stress echocardiography: upright bicycle (left); treadmill (middle); 
semisupine bicycle (right). Postexercise imaging is performed with treadmill only; at peak and 
postexercise with upright; and during, at peak, and after exercise with semisupine
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oxygen demand compared with an upright bicycle. Coronary spasms are provoked more 
frequently during treadmill than during bicycle exercise [27].

11.4
Safety and Feasibility

The safety of exercise stress is witnessed by decades of experience with ECG testing and 
stress imaging [28]. Also in exercise echocardiography registries collecting over 85,000 
studies (25,000 in the international and 60,000 in the German registry), exercise echocar-
diography was the safest stress echocardiography test [29, 30]. Death occurs on average 
in 1 in 10,000 tests, according to the American Heart Association statements on exercise 
testing based on a review of more than 1,000 studies on millions of patients [28]. Major 
life-threatening effects (including myocardial infarction, ventricular fibrillation, sustained 
ventricular tachycardia, stroke) were reported in about 1 in 6,000 patients with exercise in 
the international stress echocardiography registry – fivefold less than with dipyridamole 
echocardiography, and tenfold less than with dobutamine echocardiography (Fig. 11.5). 
Although it is possible that patients referred for pharmacological stress are in general 
“sicker” than patients without contraindication to exercise, the available evidence suggests 
that while stress echocardiography is a safe method in the real world, exercise is safer 
than pharmacological stress [29], and dipyridamole [30] safer than dobutamine [31]. 
These conclusions are also in agreement with the preliminary results of the German Stress 
Echocardiography Registry, published only in abstract form, which recruited more than 

Fig. 11.5 Safety of stress echocardiography: highest for exercise, intermediate for dipyridamole, lowest 
for dobutamine stress. (Original data from [29–32], summarized in [15])
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60,000 tests and reported a rate of complication of 0.6% with exercise, 3.6% with 
dobutamine, and 1.5% with dipyridamole [32].

The feasibility of obtaining interpretable studies of good quality – relatively unchanged 
versus baseline images – is sufficient with posttreadmill, good for upright, and almost 
excellent with semisupine testing which should be the test of choice for exercise stress 
echocardiography. From the perspective of the stress echocardiography laboratory, there 
is little question that semisupine exercise is easier, more feasible, and more informative 
than other forms of exercise stress. It is also undisputed that even semisupine exercise is 
more technically demanding than dobutamine and much more technically demanding than 
vasodilator stress.

11.5
Diagnostic Results for Detection of Coronary Artery Disease 
and Myocardial Viability

For the detection of angiographically significant coronary disease repeatedly assessed in a 
series of continuously updated meta-analyses [33–37], the overall sensitivity and specificity 
of exercise echocardiography has been reported to be 83 and 85%, respectively, according 
to the most updated meta-analysis of 55 studies with 3,714 patients (Table 11.3) [33–37]. 
The specificity of exercise echocardiography is similar to dobutamine echocardiography, 
lower than dipyridamole echocardiography, and higher for all forms of stress echocardi-
ography compared to stress single-photon emission computed tomography (SPECT) [37]. 
The diagnostic accuracy is similar to other forms of stress imaging (dobutamine or dipy-
ridamole stress echocardiography or stress SPECT) (Fig. 11.6). Although the available 

Table 11.3 Sensitivity and specificity of exercise echocardiography (echo) according to meta-
analysis of 55 studies with 3,714 patients (adapted from [37])

Test
No. of 
studies

Sensitivity % 
(95% CI)

Specificity %
 (95% CI)

lnDOR 
(95% CI)

Exercise echo  55 82.7 (80.2–85.2) 84.0 (80.4–87.6)a 3.0 (2.7–3.3)

Adenosine echo  11 79.2 (72.1–86.3) 91.5 (87.3–95.7) 3.0 (2.5–3.5)

Dipyridamole echo  58 71.9 (68.6–75.2) 94.6 (92.9–96.3)a 3.0 (2.8–3.2)

State of the art 
dipyridamole echo

  5 81 (79–83) 91 (88–94) 3.1 (1.9–3.3)

Dobutamine echo 102 81.0 (79.1–82.9) 84.1 (82.0–86.1)a 2.9 (2.7–3.0)

Combined echo 226 79.1 (77.6–80.5) 87.1 (85.7–88.5)a 2.9 (2.8–3.0)

Combined SPECT 103 88.1 (86.6–89.6)b 73.0 (69.1–76.9) 2.8 (2.6–3.0)

CI confidence interval, lnDOR natural logarithmic of the diagnostic odds ratio
a Nonoverlapping confidence intervals indicating a statistically higher specificity than the correspond-
ing SPECT test
b Nonoverlapping confidence intervals indicating a statistically higher sensitivity than all other tests, 
except for adenosine and dipyridamole SPECT and a statistically lower specificity than all other tests 
except for exercise SPECT
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information is only limited, exercise echocardiography can also be useful for detecting 
myocardial viability. Endogenous catecholamines produced during a low-level exercise 
test can also serve as a myocardial stressor to elicit contractile reserve in viable myocardium, 
with an accuracy comparable to low-dose dobutamine echocardiography [38, 39].

11.6
Prognostic Value

The presence, site, extent, and severity of exercise-induced wall motion abnormalities have 
a clearly proven prognostic impact, as shown by over 20 studies on 5,000 patients – ranging 
from patients with normal baseline function [40–43] to those evaluated early after an acute 
myocardial infarction [44–47], women [48], or hypertensive subjects [49]. The prognostic 
value of exercise stress echocardiography is high, comparable to other forms of pharma-
cological (dobutamine or dipyridamole) stress echocardiography and stress SPECT [49, 50] 
(Fig. 11.7).

Among patients who have a normal exercise echocardiogram, prognosis is favorable 
and the coronary event rate is quite low [40]. An abnormal stress echocardiogram, defined 
as a new or worsening wall motion abnormality, substantially increases the likelihood of 
a coronary event during the follow-up period. This finding, coupled with the presence or 
absence of resting left ventricular dysfunction and the exercise capacity of the patient, pro-
vides a great deal of prognostic information in an individual patient. The  prognostic value 
is incremental over clinical and exercise electrocardiography variables [42, 50] (Fig. 11.8). 

Fig. 11.6 The technical echocardiographic difficulty of different stresses. Factors polluting image 
quality are more frequent with posttreadmill, and least frequent with pharmacological stresses
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In patients evaluated for coronary artery disease, exercise echocardiography and exercise 
scintigraphy combined with the ECG variable provide comparable prognostic information 
and can be used interchangeably for risk stratification [50]. Other ancillary markers, beyond 
regional wall motion, can further stratify the prognosis during exercise echocardiography. 
In patients with a positive test result the prognosis is more malignant, and in patients with 
a negative test result the prognosis is less benign, with exercise-induced left ventricular 
cavity dilation [51] or severe mitral insufficiency [52, 53]. However, the systematic search 
of these ancillary markers of ischemia is unfeasible and technically challenging during ex-
ercise stress echocardiography, and may shift the focus of imaging away from wall motion, 
which remains the cornerstone of diagnosis. Their greatest clinical value is outside coronary 
artery disease, in patients with heart failure [20] or valvular heart disease [19].

2 3 40 1 5 6 7 8

Combined

Ex SPECT

Dob Echo

Dip Echo

Ad Echo

Ex Echo

Log Odds Ratio

Fig. 11.7 The diagnostic accuracy of exercise echocardiography (squared line) versus other stress 
imaging test. The value of the log odds ratio is a measure of overall diagnostic accuracy. The size of 
the box is smaller for smaller sizes, with higher confidence intervals. (Modified from [37])
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11.7
Indications and Contraindications to Exercise Stress Echocardiography

Exercise is the most physiologic stressor of all and thus is preferable in patients who 
are capable of exercising (Table 11.4). For coronary artery disease diagnosis, exercise 
echocardiography is the appropriate first-line test, skipping the exercise electrocardiog-
raphy test, in patients with conditions making the ECG uninterpretable, such as left bun-
dle branch block or Wolf–Parkinson–White syndrome or ST-segment abnormalities on 
baseline resting ECG [54, 55, 56]. Exercise echocardiography is also the most suitable 
second-line stress test, when exercise ECG, performed as a first-line test reproduced 
ST-segment depression and/or angina or when the positive predictive value of these findings 
remains low (e.g., in women and/or hypertensive subjects) (Fig. 11.8). Exercise stress 
echocardiography is frequently performed inappropriately, as with all other stress imaging 
testing, as a first-line test in patients with low pretest probability of disease and in whom 
ECG is interpretable [57, 58]. There are contraindications to exercise echocardiography, 
such as the classical contraindications to exercise stress, including unstable hemodynamic 
conditions or severe, uncontrolled hypertension. Additional relative contraindications 
to exercise stress is the inability to exercise adequately, and – specifically for exercise 
echocardiography – a difficult resting echocardiogram. These conditions are not infre-
quent, especially in an elderly population, since out of five patients referred for testing, 
one is unable to exercise, one exercises submaximally [14], and one has an interpretable 
but challenging echocardiogram, which makes pharmacological stress echocardiography 
a more practical option. Exercise stress echocardiography has similar indications and 
contraindications to exercise SPECT, and similar diagnostic and prognostic accuracy as 
recognized by general cardiology guidelines [54, 55]. In a cost-conscious and radiation 
risk-conscious environment, this implies that stress echocardiography should be the obliga-
tory choice [59, 60], even from a legal standpoint [61, 62], to avoid the environmental 

Table 11.4 Indications to exercise stress echocardiography for diagnosis of coronary artery 
disease (adapted from [56])

Appropriate Uncertain Inappropriate

Intermediate pretest probability of coronary 
artery disease

√

ECG uninterpretable

Prior stress ECG uninterpretable or equivocal √
Repeat stress echocardiography after 2 years, 
in asymptomatic stable symptoms

√

Repeat stress echocardiography annually, in 
asymptomatic or stable symptoms

√

Symptomatic, low pretest probability, 
interpretable ECG

√

Asymptomatic, low risk √
Asymptomatic less than 1 year after percutaneous 
coronary intervention, with prior symptoms

√
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burden, radiological dose exposure (corresponding to 500–1,500 chest X-rays), and long-
term risk (1 cancer in 500 exposed subsets) of stress scintigraphy [63, 64]. A unique 
advantage of exercise echocardiography over the other forms of stress is that it may offer 
helpful and tremendously versatile evaluation of valve function, of pulmonary hemody-
namics, and of special subsets of patients, such as patients with heart failure, pulmonary 
hypertension, or valve disease (Table 11.4). In all these patients, the physiologic nature of 
exercise stress and the staggering versatility of the echocardiography technique allow one 
to tailor the most appropriate test to the individual patient in the stress echocardiography 
laboratory (Fig. 11.9).
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Dobutamine Stress 
Echocardiography

Eugenio Picano

12.1
Historical Background

Among exercise-independent stresses, the most popular are dobutamine and dipyridamole. 
Dobutamine is the prototype of pharmacological adrenergic or inotropic stress. It was 
initially proposed for the diagnosis of coronary artery disease in combination with perfusion 
imaging [1] and later with two-dimensional (2D) echocardiography by the Liège group [2]. 
Other sympathomimetic agents have been proposed for stress echocardiography, including 
isoproterenol [3] and epinephrine [4], but these drugs often bring more pronounced arrhy-
thmogenic side effects. Following the demonstration of low-dose dobutamine as a test 
of myocardial viability by Luc Pierard and his group [5], in the past decade dobutamine 
has been extensively adopted in pharmacological stress echocardiography. The evolution 
of dobutamine stress paralleled that of other pharmacological stresses. With echocardio-
graphy, it began at relatively “low” doses (20 μg kg−1 min−1), which gave low sensitivity 
values [6]; later, more aggressive doses were adopted (up to 40 μg kg−1 min−1) [7, 8], and 
finally it was coadministered with atropine [9], which overcame the limitation of less than 
ideal sensitivity to minor forms of coronary artery disease.

12.2
Pharmacology and Pathophysiology

Dobutamine is a synthetic catecholamine resulting from the modification of the chemical 
structure of isoproterenol. It acts directly and mainly on beta-1 adrenergic receptors of 
the myocardium, producing an increase in heart rate, enhancement of atrioventricular 
conduction, and increased contractility (Fig. 12.1). In fact, alpha-adrenergic activity can 
mediate systemic vasoconstriction and an increase in blood pressure and – at the coronary 
level – increased constriction up to coronary vasospasm, especially when the alpha-
mediated vasoconstriction is enhanced by chronic or acute beta-blockade. Stimulation of 
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beta-2 receptors on coronary arterioles may induce coronary arteriolar vasodilation. How-
ever, endothelial dysfunction and enhanced alpha-adrenergic tone contribute to the loss 
of dobutamine-induced vasodilation in coronary atherosclerosis [10]. The short half-life 
(2 min) of dobutamine allows rapid resolution of its effects once the intravenous infusion is 
discontinued. However, the alpha-mediated coronaro-constrictive and platelet-aggregating 
effects are not reversed, and may be potentiated, by beta-blockers and peak at 30–45 min 
after the end of infusion.

Dobutamine provokes ischemia mainly through the inotropic and chronotropic response 
to stimulation of myocardial beta-1 receptors determining an increase in myocardial oxygen 
demand (Fig. 12.2). Other proischemic mechanisms are the flow maldistribution mediated 
by beta-2 receptors of coronary arterioles [11] and coronary vasospasm mediated by alpha-
adrenoreceptors present on smooth muscle cells of epicardial arteries. The dobutamine dose 
usually employed for stress echocardiography testing causes a two- to threefold increase in 
coronary blood flow [12].

12.3
Methodology

The protocol displayed in Fig. 12.3 is the most widely used, the only one validated in a 
large-scale multicenter prospective trial [13], and it has been recently proposed as the 
state-of-the art protocol by both the American [14] and European [15] recommendations. 

Fig. 12.1 The main cardiovascular receptor targets and physiologic effects of dobutamine
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Fig. 12.2 The increase of main determinants of myocardial oxygen consumption in normal sub-
jects referred for dobutamine stress echocardiography. Heart rate increases two- to threefold, 
end-diastolic volume (an index of preload) 1.2-fold, systolic arterial pressure 1.5- to twofold, and 
myocardial contractility (measured as elastance) increases four- to eightfold versus baseline
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Fig. 12.3 Protocol of the dobutamine–atropine stress test. For viability detection in patients off beta-
blockers, a 5-min step from 5 to 10 mcg is suggested

Doses lower than those shown in Fig. 12.3 are associated with insufficient sensitivity, 
while higher doses are associated with an unacceptable high rate of side effects. For viabi-
lity assessment, steps of 5 min are used, starting from 5 up to 10 mcg [5]. However, to fully 
recruit the inotropic reserve in patients with heart failure and usually with beta-blocker 
therapy, high doses (without atropine) are required [16].
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Feasibility and Safety

Minor but limiting side effects preclude the achievement of maximal pharmacological 
stress in about 10% of patients [13, 17]. In order of frequency, these side effects are: 
complex ventricular tachyarrhythmias (frequent, polymorphic, premature ventricular 
beats, couplets and triplets, nonsustained ventricular tachycardia); nausea and/or headache; 
hypotension (>30 mmHg drop in blood pressure) and or bradycardia; supraventricular 
tachyarrhythmias (supraventricular tachycardia or atrial fibrillation); hypertension. 
Limiting side effects are more often asymptomatic with dobutamine, and more often 
symptomatic with dipyridamole [17]. Side effects usually disappear upon interruption 
of drug infusion, since the half-life is 2–3 min. When symptoms or ischemia persist, IV 
beta-blockers – usually the short-acting drug esmolol – are given.

Both the patient and the physician should be aware of the rate of major complications 
that may occur during dobutamine stress. As concordantly shown by meta-analysis [18], 
single-center experiences [19–24], prospective multicenter studies [13], and retrospective 
registries [25–27] major life-threatening side effects occur in 1 of 300–350 cases (Table 12.1). 
The proliferating anecdotal reports of catastrophes also contribute in assessing the 
safety of the test. Cardiac rupture [28–31], ventricular fibrillation [32, 33], refractory 

Table 12.1 Life-threatening complications in single-center experience (>1,000 patients), multi-
center studies (EDIC), and multicenter registries for dobutamine stress echocardiography

Author, year Patients Complications (s)

Single institution experience

Mertes et al. 1,118 Nonea

Pellikka et al. 1,000 1 AMI, 4 VT, 1 prol ischemia

Zahn et al. 1,000 1 VF, 1 LVF, 1 seizure

Ling et al. 1,968 Nonea

Seknus and Marwick 3,011 5 VT, 1 AMI, 1 prol ischamia, 1 hypo

Elhendy et al. 1,164 7 VT

Bremer et al. 1,035 1 VF, 1 VT

Poldermans et al. 1,734 3 VF, 13 VT, 6 hypo

Mathias et al. 4,033 1 VFm 8 VT, 1 MI; 5 atropine intoxications

Multicenter registry

Picano et al. (EDIC), 1994 2,949 2 VF, 2 VT, 2 AMI, 1 prol ischemia, 1 hypo

Pezzano et al. (RITED) 1994 3,041 2 VF, 1 asystole

Beckmann, 1999 9,354 324 (2 VF)

Varga, 2001 35,103 63 (5 deaths)

Total 66,510 461

AMI acute myocardial infarction, VT ventricular tachyarrhythmia, VF ventricular fibrillation, LVF, 
VFm, MI myocardial infarction, prol prolonged, hypo hypotension
a No life-threatening complications reported; however, minor and self-limiting adverse effects were documented
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coronary vasospasm [34, 35], myocardial infarction [36, 37], cardiac asystole [38, 39], and acute Tako 
Tsubo syndrome [40] have all been described during dobutamine testing. Tachyarrhythmias 
are the most frequent complication occurring during dobutamine stress echocardiography. 
In some cases they are subsequent to pharmacologically induced myocardial ischemia 
during the test, and therefore are associated with a transient wall motion abnormality. 
However, in many cases they are independent of ischemia and can also develop at low 
dobutamine doses. The mechanism of their onset can be attributed to the direct adrenergic 
arrhythmogenic effect of dobutamine, through myocardial β-receptor stimulation, which 
is particularly evident in patients with ischemic heart disease. Dobutamine infusion can 
also lower the blood potassium level, thereby contributing to the genesis of ventricular 
ectopy through a depolarizing effect on the cell membrane [41] (Fig. 12.4). Significant 
hypotension, sometimes associated with bradyarrhythmias, including asystole, is another 
frequent adverse reaction during dobutamine echocardiography. In some cases this finding 
has been attributed to dynamic interventricular obstruction provoked by inotropic action 
of dobutamine, especially in hypertrophic hearts [42]. A vasodepressor reflex triggered 
by left ventricular mechanoreceptor stimulation (Bezold–Jarish reflex) due to excessive 
inotropic stimulation may be an alternative mechanism [43]. Late and long-lasting trans-
mural myocardial ischemia, with persistent ST-segment elevation, is probably due to the 
coronary vasoconstrictive effect of dobutamine, through α-receptor stimulation, sometimes 
involving multiple coronary segments. Moreover, dobutamine can induce increased platelet 
aggregation, possibly provoking coronary occlusion, prolonged myocardial ischemia, and 
acute myocardial infarction on the anatomic substrate of a vulnerable, possibly noncritical, 
plaque unable to induce ischemia during the stress [44, 13].

12.5
Diagnostic Results for Detection of Coronary Artery Disease

The accuracy in detecting angiographically assessed coronary artery disease has been 
consistently reported to be high, with sensitivity and specificity of 81 and 84%, respectively, 
in a meta-analysis of 102 studies with over 7,900 patients [45]. The diagnostic accuracy is 

Fig. 12.4 Ischemia-dependent and ischemia-independent pathways of complications during dob-
utamine stress
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similar to other forms of stress testing, such as exercise echocardiography [45, 46], dipy-
ridamole echocardiography [45, 46], or stress SPECT [45]. In particular, the sensitivity is 
identical to dipyridamole stress echocardiography when state-of-the-art protocols are used 
for both stresses (Fig. 12.5), as shown by a recent metaanalysis including 5 studies on 435 
patients [47].

12.6
Identification of Myocardial Viability

Low-dose dobutamine recognizes myocardial viability with high specificity and good 
sensitivity, with excellent diagnostic [48] and prognostic [49] value. In patients with 
preserved global left ventricular function, myocardial viability identifies a greater risk to 
subsequent development of ischemia and nonfatal reinfarction early after acute myocar-
dial infarction [50]. In patients with severe resting left ventricular dysfunction, a large 
amount of myocardial viability identified by low-dose dobutamine echocardiography 
is associated with a better survival [51]. This finding has been consistently described 
both in medically treated patients studied early after acute myocardial infarction [51] 

Fig. 12.5 The diagnostic accuracy (sensitivity on the y-axis, and specificity on the x-axis) for noninva-
sive detection of coronary artery disease of dobutamine echocardiography vs. dipyridamole echocar-
diography (all protocols) and state-of-the-art (high dose with atropine or fast high dose) dipyridamole 
echocardiography. (From meta-analysis of [45] and [47])
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(a model of stunned myocardium) (Fig. 12.6) and in revascularized patients studied after 
chronic myocardial infarction (a model of hibernating myocardium) [52–54]. A contrac-
tile reserve identified by high-dose dobutamine (up to 40 mcg) identifies patients with 
dilated cardiomyopathy and better response to medical therapy [55] and cardiac resyn-
chronization therapy [56].

12.7
Prognostic Value

The presence, site, timing, extent, and severity of dobutamine-induced wall motion 
abnormalities have a clear prognostic impact, as shown by over 50 studies on over 10,000 
patients, including patients with or suspected coronary artery disease [57–66], evaluated 
early after acute myocardial infarction [67–71], and patients undergoing major noncar-
diac vascular surgery [72–79]. These studies concordantly show that dobutamine stress 
echocardiography results predict subsequent death, on the basis of coexistent fixed 
resting wall motion abnormalities, dobutamine dose required to induce ischemia (Fig. 
12.7), and peak wall motion score index (Fig. 12.8). The prognostic value of dobutamine 
stress echocardiography is independent and additive to resting echocardiography and 
exercise electrocardiography, and comparable to dipyridamole echocardiography [80, 
81, 62] and stress SPECT [76, 82].

Fig. 12.6 Kaplan–Meier survival curves (considering only death as an end point) in patients strati-
fied according to presence or absence of echocardiographically assessed viability and ischemia at 
low and high doses of dobutamine, respectively. Best survival is observed in patients with low-dose 
viability and no inducible ischemia; worst survival, in patients without viability and with inducible 
ischemia. Viability+ and viability− indicate presence or absence of myocardial viability at low-dose 
dobutamine, respectively; Dase+ and Dase−, presence or absence of myocardial ischemia at high-
dose dobutamine, respectively. (From [69])
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12.8
Indications and Contraindications

High-dose dobutamine is an appropriate choice for pharmacological stress echocardio-
graphy used for the detection of coronary artery disease, especially in patients with inability 
to exercise or contraindications to exercise [83] or with resting images of borderline 

Fig. 12.7 Kaplan–Meier survival curves event-free of cardiac death in patients with negative and 
positive dobutamine echocardiography test results (DOB). Survival is worse in patients with positive 
DOB. In patients with positive DOB, a progressively worse survival is identified with positivity after 
atropine, high and low dose (upper panel). (From [62])
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quality which may make the more technically difficult exercise stress echocardiography a 
challenging task [84] (Table 12.2). It is also appropriate in intermediate-risk patients undergo-
ing elective high-risk noncardiac surgery. Low-dose dobutamine is the first choice for iden-
tification of myocardial viability in patients with severe left ventricular dysfunction. It is also 
appropriate in low-flow, low-gradient aortic stenosis to separate true from pseudosevere aortic 
stenosis. Appropriateness is uncertain in intermediate-risk patients undergoing intermediate-
risk noncardiac surgery. Patients with a history of complex atrial (paroxysmal atrial fibrillation, 
paroxysmal supraventricular tachycardia) or ventricular arrhythmias (sustained ventricular 
tachycardia or ventricular fibrillation) or with moderate to severe hypertension should prob-
ably not undergo dobutamine stress testing and be referred for safer vasodilator stress [85].
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Dipyridamole Stress Echocardiography

Eugenio Picano

13.1
Historical Background

Dipyridamole was the first pharmacological stress agent used for the diagnosis of coro-
nary artery disease, with a pioneering indicator proposed in Europe for the identification 
of ischemia during stress echocardiography [1] and later in the USA by Lance Gould as 
hyperemic stress perfusion imaging [2]. Its main cardiac imaging applications stem from 
two fundamental properties, which are the two imaging sides of the same pathophysiologi-
cal coin of coronary arteriolar vasodilation: the hyperemic effect and the proischemic effect 
[3]. The hyperemic is the conceptual basis for myocardial perfusion imaging, usually with 
radionuclide scintigraphy but today also with cardiovascular magnetic resonance (CMR) 
[4]. The ischemic effect is the requisite for functional imaging, usually with two-dimensional 
(2D) echocardiography (Fig. 13.1), but today also performed with CMR [5]. The two 
entities – hyperemic stress and ischemic stress – are closely linked and can be considered 
as two different aspects of the same phenomenon, which requires endogenous adenosine 
accumulation as the common biochemical pathway (Table 13.1). The predominance of 
the hyperemic over the ischemic manifestation will depend on the dose of dipyridamole 
(determining the amount of adenosine accumulation) and on the underlying coronary 
anatomy. With relatively low intravenous dipyridamole doses, in the presence of absent to 
moderate coronary artery disease, the hyperemic effect will prevail. With relatively high 
doses, in the presence of moderate to severe coronary artery disease, the ischemic effect 
will dominate. With echocardiography imaging that requires ischemia as a mandatory end 
point, testing began with relatively low doses (0.56 mg kg−1 over 4 min), which gave low 
sensitivity values [6]. Later, more aggressive doses were adopted (up to 0.84 mg kg−1 over 
10 min) [7]. Finally it was coadministered with atropine [8]) or – more simply – with a high 
dose but a shorter infusion time (the accelerated protocol) [9], which overcame the limita-
tion of less than ideal sensitivity to minor forms of coronary artery disease, especially in 
patients receiving antianginal therapy (Fig. 13.2). The two lines of functional (wall motion) 
and hyperemic (coronary flow reserve) imaging are destined to converge conceptually 
and clinically with the diffusion of new-generation imaging technologies such as myocar-
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Fig. 13.1 Dipyridamole stress pedigree. On the left, the ischemic arm and on the right the hyperemic 
arm. The pioneer of dipyridamole as an exercise-independent stress test was Martin Tauchert, a 
German cardiologist who proposed dipyridamole ECG. Only years later did Lance Gould introduce 
the concept of vasodilator stress imaging, which did not conceptually require myocardial ischemia 
for test positivity. In recent years, it became clear that wall motion information can be ideally added 
to perfusion imaging, during contrast echocardiography or coronary flow imaging of the left anterior 
descending artery. The two arms (hyperemic and ischemic) of dipyridamole stress are destined to 
merge with last-generation dual imaging stress echocardiography or stress cardiovascular magnetic 
resonance imaging. (Modified from [3])
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Gould et al. ,  1978
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Picano et al. ,  1985
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Table 13.1 The dual nature of dipyridamole stress

Parameter Hyperemic imaging Ischemic imaging

End point Flow heterogeneity Wall motion abnormality

Ischemia required No Yes

Dominant imaging 
technique

Radionuclide 
scintigraphy

Two-dimensional echocardiography

Dose–effect response Flat over 0.56 mg/kg Steep up to 0.84 mg/kg

Optimal use 0.56 mg/kg 0.84 mg/kg

Fig. 13.2 Evolving dipyridamole stress echocardiography protocols over the years. The most sensitive 
and accurate protocols proposed over the last 15 years are the high dose (0.84 mg kg−1 in 10 min) 
with atropine up to 1 mg (recommended by the American Society of Echocardiography guidelines 
in 1998 and 2007) or the fast (or accelerated) high dose (0.84 mg kg−1 in 6 min). The latter is 
currently endorsed as the state-of-the-art protocol by the European Association of Echocardiography 
2008 recommendations, and is usually preferred since the imaging time is shorter and no multiple 
drug administration is needed. (Modified from [83], with permission)

1985 1986 1993 1998 2001 2004 2006

% Sensitivity with Wall Motion abnormalities 
100

80

0

50 0.56 mg/4’
Standard

dose

0.84 mg/10’

0.84 mg/10’ + atropine 1 mg

High Dose + Atropine Accelerated (Fast) high
dose

0.84 mg/6’

High dose

dial contrast echocardiography [10] and coronary flow velocity imaging [11], which will 
allow simultaneous assessment of flow and function at the same high, fast infusion pro-
tocol, which is currently recommended as state of the art by the European Association of 
Echocardiography (EAE) [12]. The fast high-dose dipyridamole protocol is the best choice 
to kill “two birds with one stone”, i.e., to image function and perfusion (two birds) in one 
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sitting with a single stress (one stone). This approach is obviously simpler than the “two 
birds, two stones” approach (with separate testing of perfusion with low-dose adenosine or 
dipyridamole and function with dobutamine). It is, however, imperative that your “stone” 
(stress) is of sufficient weight (high cumulative dose) and thrown with sufficient speed 
(fast infusion rate) to kill the two diagnostic birds.

13.2
Pharmacology and Pathophysiology

Dipyridamole is a vasodilator test that reduces myocardial oxygen supply through flow 
maldistribution (steal) phenomena by stimulating A2

A
 adenosinergic receptors present on 

the endothelial and smooth muscle cells of coronary arterioles. Acting indirectly, dipyrida-
mole increases endogenous adenosine levels by reduction of cellular reuptake and metabo-
lism. It acts as a prodrug, increasing the interstitial levels of adenosine by the combined 
effect of inhibition of cellular uptake of adenosine and inhibition of its breakdown by 
adenosine deaminase. The peak vasodilatory effect is obtained 4–8 min after the end of 
infusion, and the half-life is 6 h [3], which suggests that the antidote aminophylline that 
blocks adenosine receptors should be routinely given at the end of the stress, even in nega-
tive cases. The dipyridamole dose usually employed for stress echocardiography testing 
(0.84 mg kg−1) causes a three- to fourfold increase in coronary blood flow in normals [13] 
over resting values and a threefold increase in adenosine concentration in systemic venous 
blood [14].

Dipyridamole provokes ischemia mainly through steal phenomena [3], although the 
coadministration of atropine may also increase myocardial oxygen demand to a significant 
extent. Coronary collateral circulation represents a steal-prone coronary anatomy, proba-
bly providing the morphological background facilitating horizontal steal phenomena [15]. In the 
absence of collateral circulation, the most likely mechanism of dipyridamole-induced 
ischemia is the vertical steal [3]. The regional coronary flow in the ischemia-producing 
vessel remains unchanged when dipyridamole doses are increased from subischemic to 
ischemic [16], suggesting that an ischemic dysfunction develops for a transmural flow 
redistribution, causing hypoperfusion of the subendocardial layer. The flow increase is 
also considered to be important for the inotropic response of viable myocardium. In 
fact, the increased coronary flow reserve of hibernating myocardium is mirrored by the 
myocardial inotropic reserve in segments with resting dysfunction [17]. The cardiopro-
tective effect on viable myocardium can also be evoked by very low, subhyperemic doses 
[18]. The three effects – viability, hyperemia, and ischemia – are elicited with different, 
increasing doses [19] observed one after the other during a single stress with dose titra-
tion [19]: Fig. 13.3. The exposure of vulnerable myocardium to the sunlight of coronary 
blood flow leads to three separate or sometimes overlapping effects: the “cold light” of 
the viability effect, the “warning” of regular-dose hyperemia, and the “burning” with 
high-dose ischemia.
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13.3
Methodology

The standard or regular dipyridamole protocol consists of an intravenous infusion of 
0.84 mg kg−1 over 10 min, in two separate infusions: 0.56 mg kg−1 over 4 min (standard 
dose), followed by 4 min of no dose and, if still negative, and additional 0.28 mg kg−1 over 
2 min. If no end point is reached, atropine (doses of 0.25 mg up to a maximum of 1 mg) 
is added, as recommended by the guidelines of the American Society of Echocardiogra-
phy for a decade [20, 21]. The same overall dose of 0.84 mg kg−1 can also be given over 
6 min, as currently suggested by the 2008 recommendations of the European Association 
of Echocardiography [12]. Aminophylline (240 mg IV) should be available for immediate 
use in case an adverse dipyridamole-related event occurs and routinely infused at the end 
of the test, regardless of the result.

For a selective assessment of myocardial viability, a very low dose of dipyridamole 
(0.28 mg kg−1) has the same diagnostic accuracy as low-dose dobutamine [18, 22]. In spe-
cial subsets of patients in whom a very high sensitivity for the diagnosis of coronary artery 
disease is required, high-dose dipyridamole (0.84 mg kg−1) can be followed by maximal 
exercise [23, 10] or – less safely – by high-dose dobutamine [24]. Whenever suitable technology 

Coronary
Vasodilation

Coronary
Anatomy

Fig. 13.3 The pathophysiological effects of dipyridamole at different dose windows and as a function 
of the underlying coronary anatomy in the individual patient. The proischemic, myocardial burning 
effects dominate at the higher doses; the cardioprotective, cold light effect at very low doses, and the 
warming hyperemic effect at intermediate doses. (From [37])
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and dedicated expertise are available, it is recommended to perform dual imaging vasodila-
tor stress echocardiography with combined wall motion and coronary flow reserve assess-
ment with pulsed Doppler velocity imaging on the left anterior descending coronary artery 
[11, 12] (Fig. 13.4).

All caffeine-containing foods (coffee, tea, chocolate, bananas, and cola drinks) should 
be avoided for 12 h before testing, and all theophylline-containing drugs (aminophylline) 
should be discontinued for at least 24 h.

13.4
Feasibility and Safety

Minor but limiting side effects preclude the achievement of maximal pharmacological 
stress in less than 5% of patients [25]. In order of frequency, they are hypotension and/or 
bradycardia, headache, dizziness, and/or nausea. Roughly two-thirds of patients studied 
with the high-dose dipyridamole protocol experience minor side effects such as flushing 
and headache, which reflect the systemic vasodilatory effect of the drug. These side effects 
usually disappear following administration of aminophylline at the end of testing. On rare 
occasions, dipyridamole-induced ischemia becomes resistant to aminophylline [26]. In 
these cases, the marked late rise in the rate–pressure product during the test, which is due 
to sympathetic excitatory reflexes triggered by ischemia, exceeds the ischemic thresh-
old on effort, maintaining ischemia when the flow maldistribution has been reversed by 
administration of aminophylline. In these cases, the administration of nitrates is necessary 
to reverse ischemia. Aminophylline is routinely given at the end of testing, also in negative 
cases, but on rare occasions it may trigger coronary vasospasm in about one-third of patients 
with variant angina: transient ST-segment elevation is the usual pattern, and nitrates (not 
further aminophylline or beta-blockers!) should be given immediately to relieve spasm 
[27]. Major life-threatening complications – i.e., myocardial infarction, third-degree atrio-
ventricular block, cardiac asystole, sustained ventricular tachycardia, or pulmonary edema 
– occur in about 1 in 1,000 cases, as shown by series encompassing over 35,000 patients-
with high-dose stress echocardiography techniques [26, 28, 29]. The test induces major 
complications three times less frequently than dobutamine [28–30] (Table 13.2).

13.5
Diagnostic Results for Detection of Coronary Artery Disease 

The accuracy in detecting angiographically assessed coronary artery disease has been con-
sistently shown to be high, with sensitivity and specificity 72% and 95%, respectively, in 
a meta-analysis of 58 studies (all generations of protocols included) [31]. The diagnostic 
accuracy is similar to other forms of stress testing, such as exercise echocardiography or 
stress SPECT [31]. When state-of-the-art protocols are used for both stresses [32–36], the 
sensitivity, specificity, and accuracy of fast (or atropine-potentiated) high-dose dipyridamole 
is identical to dobutamine stress echocardiography, as shown by a meta-analysis including 
five studies with 435 patients [37]: Fig. 13.5.
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Fig. 13.5 Sensitivity (upper panel) and  specificity (lower panel) for 5 individual studies and cumula-
tive analysis of dipyridamole vs dobutamine stress echocardiography. Asterisk indicates fast dipyri-
damole protocol; no asterisk is the high dose plus atropine protocol
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Table 13.2 Safety profile of pharmacologic stress echocardiography

Dobutamine Dipyridamole

% Submaximal tests 10% 5%

Side effects 1/300 exams 1/1,000

VT, VF ++ +

High-grade AV block + ++

Death 1/5,000 1/10,000

VT ventricular tachycardia, VF ventricular fibrillation
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13.6
Viability

Very-low-dose (0.28 mg kg−1) dipyridamole recognizes myocardial viability with high spe-
cificity (higher than dobutamine) [18], good sensitivity (lower than dobutamine) [22], and 
excellent prognostic value (comparable to dobutamine) [38] (Fig. 13.6).

13.7
Prognostic Value

The prognostic value of dipyridamole stress echocardiography based on wall motion 
abnormalities has been extensively proven, confirmed, and reconfirmed in different sub-
sets of patients with chronic coronary artery disease [39–42], recent myocardial infarction 
[43–49], or major noncardiac vascular surgery [50–55]. The prognostic value has been 
extensively demonstrated in special patient subsets, including hypertensives [56, 57], eld-
erly patients [58], women [59], patients with left bundle branch block [60], with right 
bundle branch block and/or left anterior hemiblock [61], outpatients [62], patients with 
single-vessel disease [63], and in a chest pain unit [64, 65]. Dipyridamole stress results 
can predict subsequent cardiac death, mainly on the basis of two parameters: dipyridamole 
time (i.e., the interval between test onset and appearance of obvious dyssynergies) and 
peak wall motion score index (Fig. 13.7). The prognostic value of dipyridamole stress 
echocardiography is independent of and additive to simpler clinical and laboratory vari-
ables such as resting echocardiography and exercise electrocardiography testing, and it has 
also been confirmed by prospective large-scale multicenter studies [45, 49] (Table 13.3). 

Fig. 13.6 Kaplan–Meier survival curves (with the end point as death only) in patients undergoing coro-
nary revascularization. Myocardial viability could be distinguished by the number of segments which 
had improved, using as a cut-off value the difference between the resting wall motion score index 
and the low-dose dipyridamole wall motion score index (delta WMSI) set at 0.20. A small amount of 
viable myocardium is associated with a greater incidence of cardiac death (p<0.01). (From [38])
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Ongoing ischemic therapy at the time of testing not only lowers the diagnostic sensitivity in 
a way somewhat symmetrical to the effects on exercise testing [66], but also heavily modu-
lates the prognostic value of pharmacological stress echocardiography. In the presence of 
concomitant anti-ischemic therapy, a positive test is more prognostically malignant, and a 
negative test less prognostically benign [67]. The prognostic value of dipyridamole stress 
echocardiography has also been evaluated in direct head-to-head comparisons with other 
forms of stress testing, and it was shown to be similar to dobutamine echocardiography 
[55, 68–70] and probably better than perfusion scintigraphy [47, 53].

The prognostic information supplied by vasodilator stress echocardiography based on 
wall motion (functional) imaging has been recently expanded with the systematic use of 
dual imaging and with combined wall motion and coronary flow reserve imaging [11, 
71–74]. The use of coronary flow reserve as a stand-alone diagnostic criterion suffers from 
many structural limitations that render it little more than an academic toy: firstly, only the 

Table 13.3 Life-threatening complications in multicenter studies (EPIC) and multicenter 
registries for dipyridamole stress (scintigraphy or echocardiography)

Author, year Patients Complications

Multicenter registry

Picano et al. 1992 10,451 1 cardiac death, 1 asystole, 2 acute myocardial 
infarctions, 1 pulmonary edema, 1 sustained 
ventricular tachycardia

Varga et al. 2006 24,599 19 (1 death)

Total 108,856 60

Fig. 13.7 Kaplan–Meier survival curves free of cardiac death in patients with negative and posi-
tive dipyridamole echocardiography tests (DIP). Survival is worse in patients with positive DIP. In 
patients with positive DIP, progressively worse survival is identified with positivity after atropine of 
high and low dose. DIP + low dose vs. DIP negative, p<0.0001. Cardiac death (n = 18); follow-up 38 
± 21 months. (Modified from [75])
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left anterior descending (LAD) artery is sampled, and secondly, the coronary flow reserve 
cannot distinguish between microvascular and macrovascular coronary disease [75, 13]. 
Therefore, it is more interesting (and clinically plausible) to evaluate the additive value 
over conventional wall motion for prognostic stratification. From the pathophysiologic 
viewpoint, wall motion positivity requires ischemia and epicardial artery stenosis as a 
necessary prerequisite, whereas coronary flow reserve can be normal only if microvascular 
integrity is also preserved. The combination of conventional wall motion analysis with 
2D echocardiography and coronary flow reserve with pulsed Doppler flowmetry of the 
mid-distal left anterior descending (LAD) artery has been shown to provide an added and 
complementary power of prognostication in patients with known or suspected coronary 
artery disease [76–78], normal coronary arteries [79, 80], diabetes [81, 82], and idiopathic 
dilated cardiomyopathy [83, 84]. A reduced coronary flow reserve is an additional param-
eter of severity in the risk stratification of the stress echocardiographic response, whereas 
patients with a negative test for wall motion criteria and normal coronary flow reserve have 
a favorable outcome during dipyridamole stress echocardiography (Fig. 13.8).

13.8
Indications and Contraindications

Fast, high-dose dipyridamole stress echocardiography is an appropriate choice for phar-
macological stress echocardiography used for the detection of coronary artery disease, 
especially in patients with inability to exercise or contraindications to exercise, or with 

Fig. 13.8 The additive prognostic value of wall motion and coronary flow reserve. (Modified 
from [77])
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resting images of borderline quality, making exercise echocardiography especially chal-
lenging. It is technically easier than exercise or dobutamine, since the image quality is less 
degraded by tachycardia, hyperventilation, and hypercontractility [85, 86]: “from the tech-
nical viewpoint, dipyridamole is the elementary school, dobutamine the secondary school, 
and exercise the university in the stress echo cursus studiorum” [86]. It is equally accurate, 
and technically easier [85, 86] and safer, than dobutamine stress echocardiography: as 
clearly stated by the 2008 EAE recommendations, “exercise is safer than pharmacological 
stress. Among pharmacological stresses, dipyridamole is safer than dobutamine” [12]. It 
is subjectively better tolerated by the patients than adenosine [87]. Dipyridamole stress 
echocardiography is also appropriate in intermediate-risk patients undergoing elective 
high-risk noncardiac surgery. Appropriateness is uncertain in intermediate-risk patients 
undergoing intermediate-risk noncardiac surgery (Table 13.4). For the identification of 
myocardial viability in patients in whom low-dose dobutamine is unsafe or not tolerated, 
low-dose dipyridamole can be an effective alternative, although the appropriateness of 
the specific indication is restricted by limited experience. Patients with second- or third-
degree atrioventricular block or with sick sinus syndrome should not receive dipyridamole 
(unless they have a functioning pacemaker). Also, patients with bronchial asthma or a ten-
dency to bronchospasm are not indicated for dipyridamole testing. Patients using dipyrida-
mole chronically should not undergo adenosine testing for at least 24 h after withdrawal of 
therapy, because their blood levels of adenosine could be unpredictably high. Withdrawal 
of long-term theophylline or caffeine for at least 24 h is also required in order to have ade-
nosine receptors free. The main differences between dipyridamole and dobutamine stress 

Table 13.4 Indications to dipyridamole stress echocardiography

Appropriate Uncertain Inappropriate

Diagnosis of CAD in patients unable to 
exercise

Ö

Diagnosis of CAD in patients with 
sufficient image quality

Ö

High-risk noncardiac surgery in 
intermediate risk patients

Ö

Need to evaluate therapy efficacy in 
patients unable to exercise

Ö

Intermediate-risk noncardiac surgery 
in intermediate-risk patients

Ö

Diagnosis of viability in EF<35% and 
intolerant to dobutamine

Ö

First-line test in patients capable to 
exercise and good acoustic window

Ö

Asthma, theophylline therapy Ö

Chronic dipyridamole therapy, recent 
(<12 h) coffee, tea, chocolate ingestion

Ö

EF ejection fraction, CAD coroany artery disease
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echocardiography are reported in Table 13.5. Inotropic and vasodilator stresses should both 
be used in a stress echocardiography laboratory, for several reasons. Basically, each test 
has different limitations and specific advantages: a versatile use of both makes it possible 
to tailor the stress to the individual patient. Whatever type of stress is the laboratory’s first 
choice, in the case of submaximal results due to limiting side effects, the second choice 
should be used, to avoid the inaccuracies of nondiagnostic submaximal testing.
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Adenosine Stress 
Echocardiography

Eugenio Picano, Miodrag Ostojic, and Rodolfo Citro

14.1
Historical Background

Adenosine stress testing is a procedure in which patients are exposed to intravenous 
infusion of adenosine with simultaneous monitoring of symptoms, hemodynamic param-
eters, electrocardiogram, and imaging [1]. It is a second-generation vasodilator adenosinergic 
stress, evolving from the first-generation prototype dipyridamole stress, which acts through 
the accumulation of endogenous adenosine [2]: Table 14.1. Perfusion imaging with scin-
tigraphy is the dominant application of adenosine stress. Of the 8.4 million myocardial 
perfusion studies conducted in the USA in 2006, pharmacological stress was used in 3.7 
million tests, including infusion of adenosine in 63%, dipyridamole in 30%, and dobutamine 
in 7% [3]. Radionuclide scintigraphy [4], positron emission tomography [5], or magnetic 
resonance imaging [6] can be utilized for myocardial perfusion imaging. The conventional 
stress echocardiography approach is based on functional imaging, which recognizes 
regional wall motion abnormalities as a diagnostic criterion and ischemia as the necessary 
end point [7]. Similarly to what happens with dipyridamole [2], high doses of adenosine 
are required in this case to have high diagnostic sensitivity [8]. Perfusion imaging is also 
potentially applicable in the stress echocardiography laboratory with myocardial contrast 
echocardiography [9] and with greater feasibility with coronary flow velocity imaging 
[10], which is currently recommended in combination with wall motion during vasodilation 
stress echocardiography [11]. With adequate dosing, adenosine stress echocardiography 
therefore also has the potential “to kill two birds with one stone,” i.e., to assess wall 
motion and coronary flow reserve simultaneously in one sitting, with a single stress [12], as 
it is the currently recognized state-of-the-art standard for dipyridamole stress echocardio-
graphy [13], also recommended by the European Association of Echocardiography [11]. 
The clinical appeal of adenosinergic stress may be further enhanced by third-generation 

14

E. Picano, Stress Echocardiography,  207
© Springer-Verlag Berlin Heidelberg 2009



208 14 Adenosine Stress Echocardiography

14

adenosinergic stresses, i.e., selective A2A adenosine agonists, such as regadenoson [14]. 
Regadenoson (CVT-3146, Cardiovascular Therapeutics, Palo Alto, CA, USA) is a short-
acting third-generation adenosinergic stress agent currently being evaluated in two phase-3 
randomized, double-blind clinical trials enrolling more than 2,000 patients worldwide. The 
affinity of regadenoson for human adenosine A2A receptors exceeds that for adenosine 
A1 receptors by more than ninefold, and its affinity for A2B and A3 receptors is minimal. 
Given its selectivity, this A2A receptor agonist has the potential to increase the safety 
and tolerability of adenosine stress, especially in asthmatic patients. In fact, adenosine 
accumulates in inflamed bronchial mucosa under conditions of cell stress and hypoxia, and 
contributes as a mediator of bronchoconstriction in both acute and chronic asthma, mainly 
through stimulation of A2B receptors.

14.2 
Pharmacology and Pathophysiology

Adenosine is a nucleoside, i.e., a purine-based adenine bound to sugar ribose [15] acting 
through its specific receptors located on the outer surface of the cell membrane. It is 
produced inside the cell, so it is diffused, driven by the concentration gradient, to extracel-
lular space to activate its receptors, which can be divided into two major subtypes: (1) A1 
inhibitory receptors and (2) A2 stimulatory receptors. The A1 receptors predominate in 
the myocardium, whereas the A2 receptors are found in the coronary arteries (endothelial 
and smooth muscle cells). Probably the chemistry signal that induces adenosine synthesis 
is the oxygen supply/demand ratio via the variation of the potential of phosphorylation. 
In fact, in case of insufficient oxygen supply, there is a reduction in the potential of phos-
phorylation and the consequent increment of free AMP in the cytoplasm that is avail-
able as a substrate of 5′-nucleotidase [16]. The increment of 5′-nucleotidase determines an 
increased production of adenosine. A2A receptors play a key role in mediating inappropriate 
arteriolar vasodilation leading to hyperemia and – in presence of critical coronary stenosis 
– to subendocardial ischemia for vertical and horizontal steal phenomena and regional 
wall motion abnormality [2]. The human adenosine A2A receptor gene has been local-
ized on chromosome 22q and several genetic polymorphisms have been identified [17] as 

Table 14.1 Three generations of adenosinergic stress

Prototype
First clinical 
application Mediator

Stimulated 
receptors Half-life

First generation Dipyridamole 1980 Endogenous 
adenosine

A1, A2A, 
A2B, A3

Hours

Second 
generation

Adenosine 1990 Exogenous 
adenosine

A1, A2A, 
A2B, A3

Seconds

Third generation Regadenoson 2000 Selective 
adenosine agonist

A2A (A1) Minutes
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potentially responsible, at least in part, for the heterogeneity in response to coronary flow 
during stress imaging [18] (Fig. 14.1).

When adenosine binds with phosphate it becomes a nucleotide, i.e., adenosine mono-
phosphate, adenosine diphosphate, and adenosine triphosphate. Actually, one of the pathways 
of adenosine generation is degradation of those nucleotides, which under normal conditions 
contribute only up to 10% of the endogenous adenosine in the heart. Approximately 90% 
of adenosine in the heart is created by the S-adenosylhomocysteine hydrolase pathway 
[4]. A certain amount is also generated by degradation of extracellular AMP. Extracellular 
adenosine returns into the cell by reuptake through cell membrane by facilitated diffusion, 
where in a very short time it is degraded by enzyme adenosine deaminase to inosine, which 
is biologically inactive. It is the end stage of adenosine degradation in myocytes, but in the 
endothelial cells adenosine is broken down from inosine to hypoxanthine and uric acid. 
At physiological concentrations, adenosine is predominantly salvaged, i.e., metabolized to 
adenosine 5-monophosphate (AMP) by the enzyme adenosine kinase. At higher concen-
trations such as those following administration of diagnostic doses, adenosine is deami-
nated to inosine [4]. Dipyridamole blocks adenosine reuptake with a resultant increase of 
adenosine in extracellular space and greater activity on the receptor site. Theophylline and 
other methylxanthines (such as caffeine) block adenosine receptors in a dose-dependent 
manner [4] (Fig. 14.2). The main physiological effects of endogenous adenosine, classified 
according to involvement of A1, A2, or A3 receptors are presented in Table 14.2. When 
patients receiving adenosine (140 μg kg−1 per min) for controlled hypotension were 
pretreated with clinical doses of dipyridamole (to reduce the dose requirements of adenosine), 

Fig. 14.1 The molecular structure of adenosine receptors
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Fig. 14.2 Metabolism and mechanisms of action of adenosine in the coronary arteries. ADO adeno-
sine, AMP adenosine monophosphate, ADP adenosine diphosphate, ATP adenosine triphosphate. 
(Modified from [4])

ADO
ADO-receptor blocker
(theophylline, caffeine)

Cell membrane

Facilitated transport
blocked by dipyridamole

AMP ADP ATP

Inosine Homocysteine+ADO

Table 14.2 Adenosine receptors: a view from the imaging laboratory

Receptor Effect
Desired diagnostic 
end point

A1 Atrioventricular block
Bradycardia
Preconditioning

A2A Coronary vasodilation

A2B Bronchoconstriction due to mast cell degranulation

A3 Anti-inflammatory effects (peripheral blood mono-nuclear 
cells)

Table 14.3 Cardiovascular effects of exogenous adenosine administered intravenously in humans

• Vagal inhibition (low doses), increase in heart rate

• Inhibition of the sinus node and AV conduction in high doses, bradycardia, AV block

• Antiadrenergic effect

•  Vasodilatation in all arteriolar beds, except vasoconstriction in renal preglomerular arterioles; 
decrease in reperfusion injury

• Hyperventilation (explained by interaction with carotid chemoreceptors)

the arterial plasma concentration was 2.5 μM, a level ten times the normal level [19]. The 
adenosine effects listed in Table 14.3 substantiate the proposed potential clinical uses of 
adenosine listed in Table 14.4. Cardiac stress imaging is the most important diagnostic 
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application of adenosine infusion. The intravenous infusion of adenosine induces a slight 
increase in heart rate and cardiac output, and a slight decrease in systemic pressure. The 
mild tachycardia occurs in spite of the direct, negative chronotropic and dromotropic effects 
of adenosine for stimulation of A1 myocardial receptors; it is a consequence of adrenergic 
activation, occurring either through direct stimulation of sympathic excitatory arterial 
chemoreceptors [20] or indirectly, through systemic vasodilation. In normal subjects, the 
coronary blood flow increases to four to five times the baseline flow following adenosine – 
an increase comparable to that caused by high-dose dipyridamole and substantially higher 
than that induced by exercise or dobutamine, during which coronary blood flow increases 
about three times the baseline value [21]. The maximal coronary dilatory effect is reached 
within 2 min of adenosine administration and wears off rapidly within 2.5 min after the 
infusion is stopped. Adenosine can induce elevation in pulmonary capillary wedge pressure 
and/or left ventricular end-diastolic pressure only in presence of myocardial ischemia [22]. 
The power and time course of the coronary vasodilator effect of adenosine and other newer 
synthetic adenosine-receptor agonists are shown in Fig. 14.3 [14].

Table 14.4 Potential clinical uses of adenosine

• Paroxysmal supraventricular tachycardia

•  Exercise-induced ventricular tachycardia

• Controlled hypotension during intracranial vascular surgeries

• Afterload reduction in congestive heart failure

• Antiplatelet aggregation (cardiopulmonary bypass, hemodialysis)

• Reduction of reperfusion injury

• Diagnosis and prognosis of coronary artery disease (13)

Fig. 14.3 The vasodilatory effect of adenosine and newer selective A2A receptor agonists. (Adapted 
from [33])
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14.3
Methodology

For echocardiographic imaging, the dose is usually started at 100 μg kg−1 per minute and 
is increased gradually up to 200 μg kg−1 per minute [8] (Fig. 14.4). When side effects are 
intolerable, down-titration of the dose is also possible. Similar to dobutamine, administration 
of adenosine requires an infusion pump, whereas dipyridamole may be injected with a 
handheld syringe. As with dipyridamole, test sensitivity can be potentiated using a hand-
grip [23], which can be added to adenosine or to ATP infusion [24]. Some authors suggest 
infusing adenosine for no more than 90 s, taking into account that the maximal hyperemic 
effect is already reached at 30–60 s [25, 26]. The adenosine injection of 2.5 mg bolus 
produces an increment in coronary flow reserve similar to that obtained a by 3-min venous 
infusion and has no significant side effects [27]. The short adenosine infusion seems to be 
effective, safer, and better tolerated than the standard dosage, but it has the disadvantage 
that there is not enough time to assess contemporary left ventricular wall motion.

14.4
Tolerability and Safety

Side effects are very frequent and are limiting in a significant number of patients – up to 
20% [28]. The most frequent limiting side effects include high-degree atrioventricular block, 
arterial hypotension, intolerable chest pain (sometimes unrelated to underlying ischemia, 

Fig. 14.4 Protocol of adenosine stress echocardiography
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possibly induced for direct stimulation of myocardial A1 adenosine receptors), shortness 
of breath, flushing, and headache. All side effects disappear upon termination of adenosine 
infusion. On very rare occasions, an infusion of aminophylline is required. The quality 
of side effects is similar to that experienced by the same patients during dipyridamole 
stress, but these effects are quantitatively more pronounced during adenosine stress. In one 
study [26], it was found that among adenosine, dipyridamole, and dobutamine, adenosine 
was the test most disliked by the patients. Although side effects are frequent, the inci-
dence of major life-threatening complications (such as myocardial infarction, ventricular 
tachycardia, and shock) has been shown to be very low, with only one nonfatal myocardial 
infarction in approximately 10,000 cases. Among pharmacological stress tests [25–29], 
adenosine is probably the least well tolerated subjectively, but at the same time possibly 
the safest (see Table 14.5).

14.5 
Diagnostic Accuracy for Detection of Coronary Artery Disease 
and Myocardial Viability

The full range of sensitivities has been reported [33–37, 7, 8, 26], with higher values 
coming from expert centers evaluating patients with previous myocardial infarction and 
multivessel disease (Table 14.6). Higher adenosine dose [8] and/or the combination with 
a handgrip [22] showed higher sensitivity without significant loss in specificity. On the 
basis of a recent meta-analysis on 11 studies, adenosine stress echocardiography, based on 
wall motion abnormalities, showed the same sensitivity (79%), specificity (91.5%), and 
accuracy as exercise echocardiography, dipyridamole echocardiography, and dobutamine 
echocardiography, with superior specificity when compared to SPECT stress imaging [38]. 
With last-generation (wall motion and coronary flow reserve, 11) three basic patterns can 
be identified during dual imaging adenosine stress echocardiography (Fig. 14.5): a normal 
response, with increased regional function and preserved coronary flow reserve (>2.0); 

Table 14.5 Side effects of pharmacological stress protocols

Stress protocol
Dipyridamole 
0.56 mg kg−1

Dipyridamole 
0.84 mg kg−1

Adenosine 
140 mcg kg−1

 per min

Dobutamine 
40 mcg kg−1 per 
min ± atropine

Reference Lette et al Picano et al Cerqueira et al Picano et al

No. of patients 73,806 (9,066 
with 0.75 or 
0.84 mg kg−1)

10,451 9,256 2,949

Major side effects 0.04% 0.07% <0.10% 0.4%

Fatal MI 0.01% 0.01% 0% 0%

Nonfatal MI 0.017% 0.02% 0.01% 0.07%
VT/VF 0.008% 0.01% 0% 0.05%

MI myocardial infarction, VT sustained ventricular tachycardia, VF ventricular fibrillation
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Authors Reference Year Patients Dose
Sensitivity 
(%)

Specificity 
(%)

Zoghbi et al. 33 1991 73 100–140 85 92

Edlund et al. 34 1991 54 60–200 89 Na

Martin et al. 35 1992 37 140 76 60

Marwick et al. 36 1993 97 180 86 71

Case et al. 37 1994 26 140 96 100

Takeishi et al. 38 1994 61 140 51 Na

Tawa et al. 39 1995 67 180 64 91

Djordievic al. 40 1996 58 200 92 88

Fig. 14.5 Response patterns during dual imaging adenosine stress echocardiography: normal (hyperki-
netic wall motion; greater than twofold increase in diastolic coronary flow velocity); mildly abnormal 
(normal wall motion but reduced hyperemic response); markedly abnormal (wall motion abnormali-
ties that can be made even more malignant by concomitant reduction in coronary flow reserve in 
LAD territory)
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an abnormal response, with reduction in coronary flow reserve (<2.0) but with normal 
wall motion response (indicative of microvascular disease or moderate epicardial coronary 
artery stenosis); and a markedly abnormal response with inducible wall motion abnormali-
ties, suggestive of anatomically significant epicardial artery stenosis. Some initial data 
suggest that adenosine infusion may elicit an inotropic response in viable myocardium 
with resting dysfunction [39], thereby representing an alternative to dobutamine for the 
recognition of viability through pharmacological stimulation.

14.6
Prognostic Value

Data on the prognostic value of adenosine stress echocardiography findings are conspicu-
ously lacking to date. By extrapolation from the wealth of data available with dipyridamole 
stress echocardiography [11, 40] and from more recent data with adenosine scintigraphy 
[40] and adenosine magnetic resonance imaging [41], it is reasonable to expect adenosine-
induced wall motion abnormalities to identify troublemakers in the short run (within 
months), whereas isolate reduction in coronary flow reserve, without associated wall 
motion abnormalities, may identify troublemakers in the long run (years).

14.7 
Indications and Contraindications

The merits and limitations of adenosine in comparison with the prototype vasodilator 
dipyridamole are shown in Table 14.7. The list of indications and contraindications to 
adenosine is identical to that for dipyridamole (Table 14.8). Exogenous adenosine has 
an even more pronounced negative chronotropic and dromotropic effect than endogenous 
adenosine [14], making the appearance of advanced atrioventricular blocks more frequent 
with adenosine than with dipyridamole for equivalent doses. Adenosine is a direct alterna-
tive to dipyridamole – the prototype of vasodilator adenosinergic stress. Like dipyridamole, 
antianginal drugs lower adenosine stress echocardiography sensitivity, whereas concomitant 

Table 14.7 Adenosine versus dipyridamole for vasodilator stress testing

Dipyridamole Adenosine

Half-life Hours Seconds

Aminophylline requirement Always Almost never

Echocardiographic difficulty Mild Mild to moderate

Limiting side effects 5% 10–20%

Patient tolerance Good Beta-blockers

Prognostic value Proven Unknown
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therapy with oral dipyridamole potentiates the cardiovascular effects of adenosine. The 
safety record and short half-life make adenosine especially indicated in patients with 
severe aortic stenosis [42] or elderly patients [43], who may be especially vulnerable to 
complications during dipyridamole or dobutamine stress. In some countries, an additional 
limitation of adenosine is its exorbitant cost: in the USA, adenosine costs $ 179, dipyrida-
mole $ 95, and dobutamine $ 1 per exam. In Europe, adenosine costs € 100, dipyridamole 
€ 3, and dobutamine € 9. However, it is also possible to have a galenic formulation of adeno-
sine from the hospital pharmacy at a very low cost of around € 1. Possibly, more expensive 
third-generation selective A2A agonists may find a selective indication in patients with 
moderate and severe chronic obstructive pulmonary disease [44], who have an indication 
to stress imaging and may want to avoid adenosine-induced bronchoconstriction and 
respiratory compromise, although in these patients the use of the bronchodilator dobutamine 
might be more reasonable.
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Pacing Stress Echocardiography
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15.1
Historical Background

High-rate pacing is a valid stress test to be used in conjunction with echocardiography; it is 
independent of physical exercise and does not require drug administration. It has evolved 
over the last 20 years, starting from an invasive (intravenous) right atrial pacing modality, 
combined with an ionizing imaging technique such as radionuclide ventriculography [1], 
moving to a semi-invasive modality combined with two-dimensional (2D) echocardiog-
raphy, using a transnasal [2] or transoral [3] catheter for transesophageal left atrial pac-
ing, and finally evolving to a totally noninvasive modality with external programming in 
patients with a permanent pacemaker for right atrial or ventricular pacing [4].

15.2
Pathophysiology

Pacing can be atrial or ventricular (Table 15.1). The paced chamber is the left atrium in 
transesophageal pacing and the right atrium or the right ventricle in permanent pacemaker 
stimulation. The pathophysiological rationale of pacing stress is obvious, with the stress 
determined by a controlled increase in heart rate, which is a major determinant of myocardial 
oxygen demand, and thereby tachycardia may exceed a fixed coronary flow reserve in the 
presence of hemodynamically significant coronary artery disease. Cardiac volumes decrease 
[5] and blood pressure does not change significantly during pacing, whereas contractility 
increases only minimally, possibly due to the Bowditch-Treppe or staircase phenomenon [6], 
i.e., the increase in contractility due to the increase in heart rate [7, 8]. At increased heart rate, 
the coronary flow is decreased through reduction in diastolic duration in the presence of cor-
onary stenosis [9]. Heart rate is a major factor influencing transmural blood flow distribution 
and regional function, because when coronary vasodilation is maximal there is an inverse 
relationship between the heart rate level and subendocardial perfusion [10]. The drop in the 
subendocardial-to-subepicardial flow ratio associated with rapid atrial pacing in the presence
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of a tight coronary stenosis [10] is critical to the development of regional dysfunction, 
because regional percent systolic thickening is linearly and tightly related to subendocardial, 
but not to transmural flow. In patients with permanent right ventricular pacing, perfusion 
defects can often be found in the inferior and apical wall, which are probably the earliest 
activated sites under right ventricular apical pacing [11, 12]. The regional coronary flow 
reserve can be impaired in the dominant coronary artery perfusing these regions, whereas it 
is usually normal in the left anterior descending coronary artery. This abnormality is at least 
partially responsible for the uncertain specificity of stress myocardial scintigraphy [13]. In 
patients with permanent pacemakers, chronic right ventricular pacing also induces asym-
metric thickness of the left ventricular wall and redistribution of left ventricular mass [14]. 
In fact, asynchronous electric activation of the left ventricle decreases mechanical load in 
early vs. late activated regions of the ventricular wall. Accordingly, chronic right ventricular 
pacing induces redistribution of left ventricular mass, with thinning of early vs. late activated 
myocardium. Septal motion during right ventricular pacing can vary according to the site of 
stimulation and heart rate. Pre-ejection septal beaking is observed – similarly to what can 
be found in other patients with relatively delayed left ventricular activation, caused by left 
bundle branch block or type B Wolff–Parkinson–White syndrome (Fig. 4.4 in Chap. 4). The 
pre-ejection period septal beaking is not due to early activation and unopposed contraction of 
the interventricular septum, but rather it occurs in response to an altered transseptal pressure 
gradient. When pacing causes the right ventricle to be activated before the left, right ventricu-
lar pressure begins to increase in systole before left ventricular pressure, altering the normal 
left-to-right transseptal pressure gradient [15]. Coincident with the early unopposed increase 
in right ventricular pressure, the septum abruptly moves posteriorly toward the left ventricle. 
With the subsequent onset of left ventricular contraction, left ventricular pressure increases, 
the normal transseptal pressure gradient is restored, and the septum returns in the anterior 
direction toward its end-diastolic position. In the ejection phase, a ventricularly paced left 
ventricle can show a normal posterior motion and thickening (more frequent with pacing 
from the right ventricular apex) or a flat or paradoxical (anterior) motion (more frequent with 
pacing from right ventricular outflow or right ventricular inflow) [11]. The interpretation can be 

Table 15.1 Pacing mode and contractile pattern in pacing stress echocardiography

Paced 
chamber

Non-
invasiveness

Septal 
movement

Simplicity of 
echocardiographic 
reading

Permanent PM 
atrial mode

Right atrium ++ Normal ++

Permanent PM 
ventricular mode

Right 
ventricle

++ Paradoxical 
(60%)

±

Permanent PM 
biventricular

Right and left 
ventricle

++ Normal ++

Transesophageal Left atrium ± Normal ++

Transvenous Right atrium − Normal ++

++ excellent, + good, − poor



15.3 Methodology 223

easier in the first case than in the second case, especially considering that in 30% of patients, 
a normal or flat motion can become paradoxical at high pacing rates over 120 per min.

15.3
Methodology

The main features of different pacing techniques are summarized in Table 15.1. All have good 
diagnostic results. However, intravenous atrial pacing [1] requires catheterization, which nul-
lifies its utilization in the echocardiography laboratory. Utilization of the transesophageal 
approach as a stress test for ischemia has become possible thanks to recent improvements 
in this technique, enabling effective atrial capture at a relatively low threshold, which has 
reduced patient discomfort [2], and transoral stimulation with 10-French catheters [3]. The 
results reported have been good, but semi-invasiveness substantially limits the applicabil-
ity of this approach. In a more clinically plausible approach, the presence of a permanent 
pacemaker can be exploited to conduct a pacing stress test in a totally noninvasive way by 
programming the pacemaker to increasing frequencies [4]. The paced chamber is the right 
atrium in atrial stimulation and the right ventricle in ventricular stimulation mode. The diffu-
sion of biventricular pacing also expands the domain of application of pacing stress echocar-
diography, since this pacing mode induces a physiological contraction of the septum, making 
echocardiography interpretation easier. The interpretation must consider that regional wall 
motion in the septum is differently affected by the pacing mode (Fig. 15.1).

Fig. 15.1 Determinants of myocardial oxygen supply and demand in normal subjects referred for pac-
ing stress echocardiography. The coronary flow reserve is normally around 250% (lower values than 
those obtained with dipyridamole or adenosine stress echocardiography). Heart rate (HR) increases 
two- to threefold, end-diastolic volume (EDV) remains stable or decreases slightly, systolic arterial 
pressure (SAP) does not change to any significant extent, and myocardial contractility (noninvasively 
measured as elastance, or systolic arterial pressure, end-systolic volume (ESV) ratio), increases by 
only 30%, probably as a result of Bowditch-Treppe or staircase phenomenon
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In the atrial and biventricular stimulation mode, the normal, physiological electrical 
activation sequence is preserved; therefore the septal wall motion is normal and there 
are no special interpretation problems. Roughly two out of three patients with permanent 
pacemakers are studied in the right ventricular pacing mode. In approximately 30% of right 
ventricular-paced patients, the septal wall motion is normal [14, 15], but in the majority 
of them an anterior systolic interventricular septal motion (paradoxical motion) is present 
at baseline (Fig. 15.2). In this case, it is necessary to focus on wall thickening rather than 
endocardial excursion, and on nonseptal regions of the left anterior descending territory to 
identify left anterior descending stenosis, but this interpretation will always be a challenge, 
especially at high heart rates. Pacemaker stress echocardiography can only be used with 
patients with a permanent pacemaker, a large and expanding population in today’s cardi-
ology practice [4]. In addition, this test is especially useful in patients with a permanent 
pacemaker. In fact, the noninvasive diagnosis of coronary artery disease in patients with 
a permanent pacemaker is an extremely difficult task, since the induced rhythm by right 
ventricular pacing makes the electrocardiogram uninterpretable and stress scintigraphy is 
plagued by an exorbitant number of false-positive results [8].

With external programming of the pacemaker, pacing is started at 110 bpm and increased 
every 2 min by 10 bpm until 85% of the target heart rate (220 minus years of age for men; 200 
minus years of age for women) is achieved (Fig. 15.3) or until other standard end points are 

Fig. 15.2 Different types of baseline septal motion and stress-induced ischemia according to the pac-
ing-mode (AAI vs. VVI) and (in VVI) according to the site of stimulation. RV right ventricle, IVS 
interventricular septum. LA = left atrium; LV = left ventricle; RA = right atrium; AAI = atrial stimula-
tion mode; VVI = ventricular stimulation mode
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reached. The same protocol can also be followed in an accelerated fashion, with faster steps 
(20–30 s each) up to the target heart rate. The examination is done with the patient supine or in 
left lateral decubitus position. 2D echocardiographic images are obtained before pacing and 
throughout the stress test, the last recording being obtained after 3 min pacing at the highest 
rate reached (usually 150 bpm) or the target heart rate. Blood pressure and the electrocardio-
gram are monitored throughout the examination. Left ventricular wall motion abnormalities 
are evaluated at rest, during pacing, and immediately after pacing interruption.

15.4
Clinical Results and Comparison with Other Stress Echocardiography Tests

Good diagnostic results have been obtained with invasive pacing stress echocardiography, 
with good sensitivity and specificity [16–19]. As with other stress echocardiography tests, 
the positivity can be effectively titrated in the time and space domain [4], and more severe 
degrees of underlying coronary artery disease are associated with a lower heart rate, nec-
essary to induce ischemia and with more extensive wall motion abnormality (Fig. 15.4). 
Pacing-induced ischemia is also helpful in risk stratification of the patient with known or 
suspected coronary artery disease [20, 21].

15.5
Limitations and Indications

Myocardial oxygen consumption as high as that reached with exercise is not obtained 
by atrial pacing because cardiac volumes decrease and blood pressure does not change 
significantly, such that in some patients with mild coronary artery disease, wall motion 

Fig. 15.3 Protocol of pacing stress echocardiography: standard (left) or accelerated (right)
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abnormalities may not develop. At a high rate, there are fewer video frames during the ejec-
tion period and less time to appreciate a regional wall motion abnormality. Only one-half 
of patients can be stressed in an atrial stimulation or biventricular mode that preserves the 
physiological sequence of contraction of the left ventricle [22]. In patients with ventricular 
stimulation of long duration, specificity can perhaps be lowered. The external program-
ming of the permanent pacemaker is simple and fast, but it requires technology (external 
programmer) and expertise not readily available in the echocardiography laboratory – also 
requiring minimum cooperation and coordination with the pacemaker laboratory – which 
is usually, but not always and anywhere, easy to obtain. Noninvasive pacemaker stress 
echocardiography has several advantages in comparison to conventional diagnostic tech-
niques. The relative merits and limitations of noninvasive pacemaker stress echocardiog-
raphy vs. pharmacological stress echocardiography are reported in Table 15.2. The ability 

WMSI vs. DUKE score
r = 0.67 (p < 0.001)
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Fig. 15.4 Extent and severity of coronary artery disease (expressed by the prognostically validated Duke 
score) is predicted by peak Wall Motion Score Index (WMSI) during pacing stress echocardiography

Table 15.2 Pacing vs. pharmacologic stress echocardiography

Pacemaker Pharmacological

Patient tolerability Very high High

Stress imaging time 5–10 min 10–20 min

Safety Very high High

Intravenous line Usually not required Required

Clinical experience Initial Extensive

Applicability Patients with permanent pacemaker All patients
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to instantly lower the rate and terminate stress results in high test safety. Pacemaker stress 
echocardiography is rapid and can be conducted at bedside and is therefore well tolerated 
by the patient and user-friendly for the physician. In contrast to physical stress, it does 
not require patient capability to exercise; contrary to pharmacological stress, it does not 
require an intravenous line and the additional cost (and risk) of drug administration. Imag-
ing time is also shorter, because the median time of pacing is less than 10 min with the 
accelerated protocol, which compares favorably with the approximately 10 min of imaging 
time for dipyridamole and about 20 min for dobutamine–atropine. In patients with a per-
manent pacemaker, 2D echocardiography during pacing is a useful tool in the detection of 
coronary artery disease. Because of its safety and repeatability, noninvasive pacing stress 
echocardiography can be the first-line stress test in patients with permanent pacemakers 
(Table 15.3), especially if the stimulation can be performed in the most physiological and 
less technically challenging atrial or biventricular mode.
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Ergonovine Stress Echocardiography
for the Diagnosis
of Vasospastic Angina

Jae-Kwan Song and Eugenio Picano

Coronary artery spasm has been considered one of the major mechanisms causing dynamic 
stenosis of epicardial coronary arteries, which can evoke acute myocardial ischemia. 
Vasospastic angina caused by coronary artery spasm has a wide clinical spectrum: one 
of its typical clinical manifestations is variant angina. Coronary vasospasm has also been 
documented to contribute to the development of unstable angina or acute myocardial inf-
arction [1]. Classically, coronary artery spasm is diagnosed by an invasive provocative 
procedure during diagnostic coronary angiography. Since various noninvasive diagnostic 
tests for fixed atherosclerotic stenosis of epicardial coronary arteries (exercise ECG, stress 
echocardiography, and nuclear tests) are being used in routine daily practice, it would be 
useful to establish a reliable, noninvasive, and safe diagnostic method to document coro-
nary artery spasm in the management of patients with vasospastic angina.

The rare episodic nature of coronary artery spasm makes it extremely difficult to docu-
ment spontaneous coronary vasospasm in clinical practice. The noninvasive stress tests 
currently used are ergonovine [2], acetylcholine [3], and systemic alkalosis by hyperven-
tilation [4]. Of these, spasm-provocation testing using ergonovine is considered the gold 
standard for diagnosis of coronary artery spasm because of its high sensitivity and specifi-
city. Acetylcholine seems to have comparable diagnostic validity for intracoronary admin-
istration, but its short half-life for the abundant pseudocholinesterase in human plasma 
makes intravenous injection inadequate for spasm provocation.

16.1
Basic Considerations

Ergonovine maleate is an important oxytocin alkaloid and a member of the ergobasine 
group, an amine alcohol derivative of lysergic acid. This drug can induce coronary vaso-
constriction in patients who have undergone heart transplantation, which suggests that it 
does not act via the central nervous system. This drug is believed to stimulate α-adrenergic 
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and 5-hydroxytryptamine (serotonin) receptors [5]. After intravenous injection, the half-
life of the distribution phase is between 1.8 and 3 min, and the half-life of the disappear-
ance phase is between 32 and 116 min [6]. This rapid mode of action explains why coronary 
spasm most often occurs between 2 and 4 min after the injection. The use of ergonovine in 
incremental doses starting with an intravenous injection of 0.05–0.1 mg followed by small 
increments of 0.1–0.15 mg at 5-min intervals up to a maximum cumulative dosage of 0.35 
or 0.4 mg is generally recommended [1]. This general guideline is based on the finding that 
the cumulative doses (0.1 + 0.2 + 0.3 + 0.4 mg) at 5-min intervals have the same effects as 
a single dose of 0.4 mg [1]. The provocative test with ergonovine performed in the cardiac 
catheterization laboratory has a high sensitivity (98%) and specificity (98.7%) [7].

16.2
Protocol

For a diagnosis of vasospastic angina, the possibility of significant fixed atherosclerotic 
stenosis of major epicardial coronary arteries is usually ruled out by means of the exer-
cise stress test and/or pharmacological stress echocardiography. All cardioactive drugs 
(β-receptor blocker, calcium channel blocker, and nitrates) should be discontinued for at 
least five half-lives; however, nitroglycerin should be administered sublingually as 
necessary. Resting hypertension is usually controlled using angiotensin-converting enzyme 
inhibitors; uncontrolled hypertension is a contraindication of this test.

It should be remembered that some drugs, especially long-action calcium channel 
blockers, may have persistent effects on coronary vasomotor tone as long as 2–3 weeks 
after discontinuation [8, 9].

Figure 16.1 shows the classic protocol of ergonovine echocardiography. A bolus injec-
tion of ergonovine (50 μg) is administered intravenously at 5-min intervals until a positive 

Fig. 16.1 Classic (left) and modified (right) protocols for ergonovine echocardiography
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response is obtained or a total dose of 0.35 mg is reached. The 12-lead ECG is recorded 
after each ergonovine injection and left ventricular wall motion is monitored continuously. 
Positive criteria for the test include the appearance of transient ST-segment elevation or 
depression greater than 0.1 mV at 0.08 s after the J point (ECG criteria) or reversible wall 
motion abnormality by two-dimensional echocardiography (echocardiographic criteria). 
The criteria for terminating the test are as follows: positive response defined as ECG or 
echocardiographic criteria, total cumulative dose of 0.35 mg ergonovine, or development 
of significant arrhythmia or changes in vital signs (systolic blood pressure>200 mmHg 
or <90 mmHg). An intravenous bolus injection of nitroglycerin is administered as soon 
as an abnormal response is detected; sublingual nifedipine (10 mg) is also recommended 
to counter the possible delayed effects of ergonovine. These drugs can be administered as 
needed. The protocol can be modified just to decrease the test time (Fig. 16.1), with bolus 
doses of 50, 100, 100, and 100μg every 5 min up to a cumulative dose of 350 μg.

16.3
Noninvasive Diagnosis of Coronary Artery Spasm: Clinical Data

Bedside ergonovine echocardiography has been reported to be accurate and safe [8–18] 
(Figs. 16.2, 16.3). The sensitivity of echocardiographic criteria (detection of reversible 
regional wall motion abnormalities) is higher than 90%,which is far greater than that of 
ECG criteria (ST-segment displacement, 40–50%). Characteristic ST-segment elevation 
during ergonovine testing occurred in about one-third of patients with variant angina 
[16]; the lower sensitivity with ECG criteria can be partially explained by an earlier 
development of regional wall asynergy during myocardial ischemia in the so-called 
pre-electrocardiographic phase rather than a true false-negative finding [10–13]. The 
earlier detection of ischemia with higher sensitivity is very important from the safety 
point of view, as the vicious cycle of the ischemic cascade can be terminated earlier and 
the risk associated with prolonged ischemia reduced. According to the recent report of 
ergonovine echocardiography performed on 1,372 patients [16], the test showed very 
high feasibility (99.1%); transient arrhythmias – including sinus bradycardia (n = 10), 
ventricular premature beats (n = 10), short-run ventricular tachycardia (n = 2), and atrio-
ventricular block (n = 4) – developed in 1.9% (26/1,372) of the patients studied. All 
of these arrhythmias were transient and promptly reversed with the administration of 
nitroglycerin and nifedipine, as described earlier. Although intracoronary nitroglycerin 
could not be used to reverse coronary vasospasm in this protocol, there were no serious 
complications such as development of myocardial infarction or fatal arrhythmia during 
the test [8, 9].

Unlike other stress tests for fixed atherosclerotic stenosis of coronary artery, this test 
shows high sensitivity even in patients with single-vessel spasm [16]; the transmural nature 
of supply ischemia due to coronary artery spasm may explain this difference.

As this test also showed very high specificity (>90%) for the diagnosis of coronary 
artery spasm before coronary angiography, invasive coronary angiography and spasm-
provocation testing can be avoided for the diagnosis of vasospastic angina [16, 18].
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16.4
Special Safety Considerations

Issues regarding the safety of spasm-provocation testing are summarized in Table 16.1.
Ergonovine echocardiography testing, undertaken either in the catheterization labora-

tory or at the bedside, is a risky and challenging procedure, demanding a high degree of 

Fig. 16.2 Representative examples of a–d ergonovine stress echocardiography and e, f coronary an-
giography in a 53-year-old man with early-morning chest pain. Treadmill test results were negative 
up to stage 4 of the Bruce protocol, and ergonovine echocardiography was done. Left ventricular 
wall motion at end-systole recorded in the parasternal short-axis view was demonstrated in quad 
screen format. a Basal status. b Left ventricular wall motion after injection of 0.05 mg ergonovine. c 
Regional loss of systolic myocardial thickening in the mid-inferior segment with an ergonovine dose 
of 0.1 mg and d recovery of regional wall motion abnormality with nitroglycerin, a finding suggestive 
of myocardial ischemia in the region of the right coronary artery due to coronary vasospasm. e Coro-
nary angiogram taken 2 days later revealed a normal right coronary artery. f Intracoronary injection 
of acetylcholine (ACH) provoked total occlusion of the proximal right coronary artery, which was 
compatible with coronary vasospasm. (From [9], with permission)
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skill on the part of the operator [8]. Angiographic demonstration of reversible total occlu-
sion of one of the major epicardial coronary arteries is in itself enough for a diagnosis of 
coronary vasospasm. If, however, angiography reveals only moderate vasoconstriction, as 
occurs more frequently in the daily clinical practice of provocation testing, other indexes 
of myocardial ischemia are necessary before a definite diagnosis of coronary vasospasm 

Fig. 16.3 Representative example of ergonovine echocardiography (a, b) and invasive spasm provoca-
tion testing during diagnostic coronary angiography (c, d) in a 47-year-old man. Left ventricular wall 
motion at end-systole recorded in the apical two-chamber view was demonstrated (a, b). Compared with 
the basal status (a), prominent loss of systolic thickening in the inferior wall developed with an ergono-
vine dose of 0.15 mg (b, white arrow), which was compatible with myocardial ischemia due to coronary 
artery spasm in the right coronary artery territory. Coronary angiogram taken 3 days later revealed no 
significant fixed disease. Intravenous injection of ergonovine (E1) provoked total occlusion of the distal 
right coronary artery (C), and the angiogram after injection of nitroglycerin (N) showed completely nor-
mal right coronary artery and relief of total occlusion (d). (Adapted from [16], with permission)
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can be made. In the catheterization laboratory, the development of chest pain and electro-
cardiographic changes, well known as relatively late events in ischemic cascade, are classic 
markers of myocardial ischemia. The usual 3- to 4-min wait after each injection of the drug 
before repeat angiography without sensitive monitoring of ischemic cascade in the cath-
eterization laboratory may also contribute to the potential danger of the procedure. This is 
because the development of serious arrhythmia or myocardial infarction depends on the 
duration of the preceding myocardial ischemia during spasm provocation.

In addition to concerns about disturbing vasomotor tone with the catheter, injecting a 
contrast agent into the coronary circulation during a severe ischemic episode may increase 
the risk of the procedure. Myocardial imaging rather than angiography has been proposed 
as a more sensitive, more specific, and safer method of identifying coronary vasospasm 
by some physicians. The importance of intracoronary nitroglycerin for reversing an intractable 
vasospasm that is not responsive to sublingual and intravenous nitroglycerin has been 
reported [19, 20], but other published investigations indicate that intracoronary nitroglycerin is 
not a prerequisite for spasm-provocation testing [8–18].

The most important advantage of ergonovine echocardiography is its capacity for 
detecting regional wall motion abnormalities, which are sensitive and specific mark-
ers of myocardial ischemia, even before the appearance of chest pain or electrocardio-
graphic changes. During ergonovine echocardiography, the wall of the left ventricle can be 

Table 16.1 Potential advantages and disadvantages of spasm-provocation testing in the catheteriza-
tion laboratory and at the bedside

Advantages Disadvantages

Provocation test during 
angiography

Angiographic demonstration
of reversible vasoconstriction

Relatively late and insensitive 
ischemic markers (chest pain, 
electrocardiographic changes)

Direct intracoronary injection
of nitroglycerin

Invasive, perturbs vasomotor 
tone

Temporary pacemaker backup Injecting contrast agent into 
coronary circulation

Continuous monitoring of 
whole ischemic process 
impossible

Bedside ergonovine 
echocardiography

Detection of regional wall 
motion abnormalities: sensi-
tive and specific marker of 
myocardial ischemia, continuous 
monitoring, early detection and 
termination of ischemic cascade

Intracoronary injection of 
nitroglycerin impossible

Noninvasive, does not perturb 
vasomotor tone

Temporary pacemaker backup 
impossible

Repeat and follow-up studies Dependent on acoustic 
window
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 continuously monitored, with early termination of myocardial ischemia based on the detec-
tion of regional wall motion abnormality; this is a potential and theoretical advantage of 
the test. In our study [8, 16], less than half of the patients with definite wall motion abnor-
malities showed ECG changes suggestive of myocardial ischemia, which is compatible 
with the premise described above. Further multicenter investigation is needed to determine 
whether early detection and termination of myocardial ischemia based on regional wall 
motion abnormalities can completely obviate the need for temporary pacemaker backup.

16.5
Clinical Impact

Noninvasive ergonovine stress echocardiography is an effective and reasonably safe way 
of diagnosing coronary vasospasm in routine clinical practice for patients visiting the 
outpatient clinic [16] or for those admitted to the coronary care unit under the clinical 
impression of unstable angina pectoris [15]. Although clinical usage of spasm provo-
cation testing has decreased significantly in Western countries and spasm provocation 
testing is no longer a routine diagnostic procedure, recent investigation [21] reveals 
significantly higher mortality and event rates with a positive result of ergonovine stress 
echocardiography (Fig. 16.4) in patients with near normal coronary angiogram or in 
those with negative stress test results for significant fixed stenosis. These results dem-
onstrate the powerful prognostic implication of noninvasive ergonovine stress echocar-
diography in routine daily practice for differential diagnosis of chest pain syndrome. 
As this test provides an effective and powerful means of risk stratification on the basis 

Fig. 16.4 Survival (a) and event-free survival rates (b) according to the results of ergonovine 
echocardiography (Erg Echo) in patients with near normal coronary angiogram or negative 
stress test results for significant fixed stenosis. (−), negative test; (+), positive test. (Adapted 
from [21])
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of the presence of provocable ischemia in patients with no evidence of significant 
fixed coronary stenosis, either by direct invasive or noninvasive (by 64-slice computed 
tomography) coronary angiography or by noninvasive stress testing, consideration of 
ergonovine stress echocardiography for complete differential diagnosis of mechanisms 
of myocardial ischemia should be encouraged in various clinical scenarios involving 
patients with chest pain syndrome [22], such as patients with angiographically normal 
coronary arteries and a history of angina at rest, aborted sudden death [23], flash pul-
monary edema [24], or suspected left ventricular apical ballooning syndrome [25]. The 
usefulness of the ergonovine test in monitoring the efficacy of antianginal therapy has 
been documented [26], but its clinical value remains uncertain. It is probably inappro-
priate to use the test in patients in whom the diagnosis is already established by clini-
cal history or with concomitant ischemia in presence of angiographically documented 
coronary artery disease. The test can be less safe in patients with uncontrolled hyper-
tension and previous stroke [27]. It is also important to consider vasospasm – and, if 
appropriate, vasospasm testing – in several clinical settings remote from the cardiology 
ward when ergometrine-containing or serotonin-agonist drugs are routinely given and 
may occasionally precipitate “out-of the-blue” cardiological catastrophes mediated by 
coronary vasospasm: ergometrine given in the obstetric clinic to reduce uterine blood 
loss in the puerperium phase [28–33] or bromocriptine given for milk suppression [34, 35], 
sumatriptan or ergometrine used in neurology for migraine headaches [36–39], 5-fluorouracil 
and capecitabine (an oral 5-fluorouracil prodrug) given as chemotherapy in (breast and 
colon-rectal) cancer [40–44], and, with increasing frequency, cocaine as a cause of chest 
pain in the ER [44–45]. In all these conditions, it is essential to think of vasospasm so as 
to recognize it (Table 16.2).

Table 16.2 Indications to ergometrine stress echocardiography

Appropriate Uncertain Inappropriate

Patients with angina at rest 
and normal or near normal coronary 
arteries

√

Patients with chest pain assuming 
cocaine, 5-FU, capecitabine, ergometrine, 
bromocriptine, sumatriptan

√

Patients with suspected Tako-Tsubo 
syndrome

√

Patients with unexplained flash pulmonary 
edema with normal coronary arteries

√

Patients with known variant angina 
to test therapy efficacy

√

Patients with known variant angina √

Patients with uncontrolled hypertension 
or previous stroke

√
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Hyperventilation Test

Eugenio Picano

Hyperventilation tests have been mainly used in clinical practice as a provocative test for 
coronary artery vasospasm in patients with suspected or documented vasospastic angina 
[1–4]. The rationale for the use of hyperventilation testing for this purpose is based on the 
demonstration that, in susceptible patients, hyperventilation may trigger a vasospasm of a 
major epicardial coronary artery associated with chest pain and ischemic electrocardiographic 
changes similar to those observed during spontaneous anginal attacks [1].

17.1
Pathophysiology

Prolonged, vigorous overbreathing decreases plasma hydrogen ion concentration, leading 
to metabolic alkalosis, which can trigger coronary artery spasm [1]. The increase in arte-
rial blood pH reaches the peak at the end of hyperventilation, while ST-segment elevation 
usually develops during the recovery phase early after the end of the test, when arterial pH 
is already decreasing toward baseline but is still significantly elevated compared to basal 
values [4].

Another mechanism of coronary spasm in this setting can ensue, with increases in 
intracellular concentration of calcium ions following a decrease in the concentration 
of hydrogen ions, which compete with calcium for active transmembrane transport [5] 
(Fig. 17.1). The increase in intracellular calcium concentration can in turn elicit a vasospastic 
constriction of smooth muscle cells in susceptible coronary epicardial arteries [5].

17.2
Protocol

The patient hyperventilates for 5 min, with increased frequency (30 per min) and depth of 
breathing (Fig. 17.2). The time window of positivity usually occurs 1–5 min after the end of 
hyperventilation, therefore without degrading the quality of echocardiographic imaging.
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Fig. 17.1 The mechanism of contraction induced by alkalosis in smooth muscle cell. With a 
reduced concentration of hydrogen ions, more calcium enters the cell from the outside and more 
intracellular calcium reaches the regulatory troponin site, triggering contraction. (Modified 
from [5], with permission)

TIDAL VOLUME

BASELINE HYPERVENTILATION RECOVERY

0’ 5’ 10’

30 breaths/min

Fig. 17.2 Protocol of the hyperventilation stress echocardiography test

17.3
Diagnostic Value

The sensitivity of the test is markedly affected by the spontaneous activity of the disease; 
when spontaneous attacks occur frequently, a positive response to hyperventilation is 
observed in more than 80% of patients, while the sensitivity of the test decreases to 50% or 
less in patients with less active disease [1, 3, 4, 6–10]. Since hyperventilation may produce 
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chest pain and pseudoischemic changes in vasospasm, echocardiographic monitoring during 
the test can be particularly useful to demonstrate normal regional wall motion and thickening 
and therefore rule out the diagnosis of vasospastic myocardial ischemia. In patients with 
variant angina, hyperventilation can also be used to predict the ability of antianginal drugs 
to prevent spontaneous attacks and to select an effective medical treatment [8]; moreover, if 
the test yields negative results during long-term follow-up, this may indicate a spontaneous 
remission of the disease [8].

17.4 
Diagnostic Value and Clinical Guidelines

The hyperventilation test has shown excellent safety and satisfactory feasibility associated 
with good sensitivity (slightly lower than ergometrine) and specificity for the diagnosis 
of vasospastic angina (Table 17.1). It is considered slightly safer than the ergonovine test 
because the stimulus to vasospasm wanes as soon as the intracellular pH returns to normal; 
however, one should be aware that consequences of ischemia are largely independent of 
the form of provocation [11, 12]. Both total duration of the test and the imaging time are 
shorter with hyperventilation (about 10 min) than with ergonovine (approximately 20 min) 
(Table 17.1).

It can therefore be a useful test for the diagnosis of vasospastic angina in outpatients 
and in patients with contraindications to ergometrine such as arterial hypertension or 
previous stroke (Table 17.1). It may unmask the vasospastic origin of symptoms in patients 
with syncopal angina [13, 14]. However, hyperventilation is demanding for the patient 
who may not be able to complete it and is contraindicated in epilepsy. In patients with 
typical symptoms, a positive response to hyperventilation is diagnostic, thus avoiding the 
need to perform ergometrine testing. In patients with a negative or nondiagnostic response 
to hyperventilation but with symptoms suggesting vasospastic angina, ergonovine testing 

Table 17.1 Tests for coronary vasospasm

Hyperventilation Ergometrine

Sensitivity ++ +++

Specificity +++ +++

Safety +++ ++(+)

Imaging time 10 min 20 min

Arterial hypertension Yes No

Epilepsy No Yes

Previous stroke Yes No

Physically deconditioned No Yes
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should be performed since the sensitivity of the hyperventilation test in patients with 
sporadic symptoms is suboptimal and a negative response cannot rule out the presence 
of vasospastic angina. Our policy is to perform ergometrine testing only in inpatients, 
whereas hyperventilation is also performed in outpatients.

Hyperventilation testing can also be used to assess the efficacy of medical therapy, such 
as endothelium-protective estradiol supplementation in variant angina [15] or atrial natriuretic 
peptide (ANP) [16] infusion. Novel, promising approaches combine mild hyperventilation 
followed by exercise [17] or the cold pressor test [18–21] to enhance the test sensitivity for 
vasospasm detection. Conceptually, this approach is similar to the combined stress approach for 
the diagnosis of minor forms of fixed coronary artery stenosis. In the latter case, a vasodilator 
stress reducing subendocardial flow supply through steal phenomenon (dipyridamole) is 
administered and, if the stress is negative, a second additive stressor (exercise or dobutamine), 
with a different mechanism of action, is administered on the shoulder of the first one to 
increase myocardial oxygen demand [22, 23]. In the diagnosis of coronary vasospasm, 
there is a hierarchy of testing for stressor potency with ergometrine being the most potent, 
hyperventilation the intermediate, and exercise and cold pressor the least potent stressor 
[9] (Fig. 17.3). Since hyperventilation acts in a different fashion than exercise and cold, the 
sensitivity for vasospasm critically increases with the combination of hyperventilation and 
either the cold pressor or exercise test (Fig. 17.3).
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Fig. 17.3 The hierarchy of test sensitivity for the diagnosis of coronary artery disease. The con-
tinuous transverse line indicates the fixed ceiling of coronary flow reserve, which is not reduced 
in this ideal case of pure vasospastic angina. The dashed lines indicate the fluctuations of 
coronary tone. They occur spontaneously (far left, variant angina) or can be provoked by stress 
testing. The power of stress testing is indicated by the depth of the dashed line. Only tests 
arriving below the line of oxygen consumption at rest evoke ischemia. Cold and exercise are 
relatively weak stressors when used alone, but they can critically potentiate the sensitivity of 
hyperventilation
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Grading of Ischemic Response

Eugenio Picano

The need for a dichotomy (yes/no) classification of the results of both provocative tests 
(positive or negative) and coronary angiography (disease present or absent) in conventional 
sensitivity/specificity analysis of test results has at least three important limitations [1]:

1. Coronary artery disease is not an all-or-nothing condition; a binary classification re-
quires arbitrary threshold criteria and creates artificial distinctions in coronary artery 
disease, which in reality shows a continuous spectrum of severity.

2. Sensitivity and specificity values tend to be affected by the disease’s distribution in the 
study population; a sample distribution with a high frequency of mild disease will be 
placed centrally near the threshold values, where scatter is more likely to lower sensitiv-
ity and specificity [2].

3. Percent diameter narrowing is not an adequate standard for quantifying stenosis se-
verity in clinical studies [3]; in unselected populations, this anatomical parameter has 
a poor correlation with the coronary flow reserve. Thus coronary artery disease is a 
complex phenomenon that cannot be described adequately by means of a simple nor-
mality versus disease paradigm; there are in fact significant differences as regards the 
degree and the extent of disease that carry important implications for both therapy and 
prognosis. A stress test should not only predict the presence or absence of coronary 
disease, but should also stratify disease severity. The diagnosis of myocardial ischemia 
by stress echocardiography should be delimited by time and space coordinates of the 
circumferential (horizontal) extent of ischemia (x-axis), the transmural (vertical) depth 
of ischemia (y-axis), and the ischemia-free stress time (i.e., the time from the start of 
stress to the appearance of ischemia; z-axis) (Fig. 18.1).

The anatomical–functional degree of coronary artery disease is related to the area included 
in this three-axis system. From the theoretical point of view, poststress imaging (e.g., pos-
texercise echocardiography) emphasizes the importance of the extent of asynergy. Time to 
ischemia is more informative in pharmacological tests in which continuous monitoring of 
images during stress is obtained and the appearance of asynergy is the absolute end point; 
this usually makes it impossible to observe the effect of coronary stenoses that are less 
severe than the one that first provoked ischemia. Both parameters – time and space – can 
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Fig. 18.1 Space and time coordinates of the ischemic response during stress echocardiography: x-axis, 
the number of segments in which the left ventricle is dyssynergic; y-axis, the severity of dyssynergy that 
is correlated to the degree of coronary flow impairment; z-axis, ischemia-free stress time
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Fig. 18.2 Relationship between stress-induced asynergy and the extent of coronary artery disease. 
The extent of disease is best reflected by the extent of dyssynergy. A greater extent of coronary artery 
disease is mirrored by a greater extent of asynergy during stress. LAD left anterior descending artery, 
LCx left circumflex artery
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be usefully combined to describe the test’s degree of positivity: the extent of dyssynergy 
reflects the extent of coronary artery disease (Figs. 18.2 and 18.3), whereas the time to 
ischemia is better related to the degree of stenosis in the ischemia-producing vessel (Figs. 
18.4 and 18.5). Another less common sign of disease severity is represented by slow and/
or incomplete recovery after interruption of the stress and by the appearance of stress-
induced arrhythmias. Other signs of disease severity, apart from short stress time and slow 
recovery (antidote resistance), include dyskinesis, heterozonal positivity (multiple coro-
nary regions), and left ventricular dilatation.

18.1
Degree of Asynergy

The degree of subendocardial hypoperfusion and the transmural effect of ischemia are 
reflected in the severity of regional dyssynergy and hypokinesis indicating a milder and 
transmurally less extensive ischemia in comparison to akinesis and dyskinesis [4].

18.2
Extent of Asynergy

The extension of the risk zone can be identified and quantified by evaluating the number of 
asynergic segments during stress. The wall motion score index in resting conditions and at 
peak stress represents an integrated estimation of spatial extent and of the severity of asyn-
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Fig. 18.3 Relationship between angiographically assessed coronary artery disease (x-axis) with dob-
utamine stress (y axis) and extent and severity of the perfusion defect during sestamibi scintigraphy 
or wall motion dysfunction during simultaneous echocardiographic imaging with dobutamine stress. 
Solid line scintigraphic score, dashed line echocardiographic score. (From [7], with permission)
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ergy. Also, it is linearly correlated to the extent and severity of angiographically assessed 
coronary artery disease (Fig. 18.2) and to the perfusion defect simultaneously assessed 
with radionuclide scintigraphy [5–7] (Fig. 18.3). In patients with previous myocardial 
infarction, the appearance of homozonal asynergy during stress (in the site of necrosis) 
suggests that a critical residual stenosis is present in the infarct-related vessel [8, 9], 
whereas the presence of heterozonal asynergy identifies multivessel coronary artery 
disease [10–12]. However, a low wall motion score index or homozonal positivity cannot 
rule out multivessel coronary artery disease. This may be due to the test protocol employed 
in stress echocardiography, since the development of a new wall motion abnormality is 
an absolute end point of the test, chosen in order to prevent potential complications from 
severe or prolonged ischemia.

Rest Stress

Time1 Time2

LAD LCx LAD LCx LAD LCx

LAD LCx LAD LCx LAD LCx

Septum Lateral wall

Septum Lateral wall Long stress time

Short stress time

Single vessel 
stenosis = 80%

Single vessel 
stenosis = 95%

Fig. 18.4 Relationship between time of appearance of asynergy and the severity of coronary artery 
disease. The sensitivity of disease is best reflected by the timing of dyssynergy. Higher degrees of 
stenosis are mirrored by an earlier appearance of synergy during the test. LAD left anterior descend-
ing artery, LCx left circumflex artery
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18.3
Ischemia-Free Stress Time

The most important diagnostic information extracted from the exercise test is the cardiac 
workload capable of inducing electrocardiographically [13] or echocardiographically [14] 
assessed myocardial ischemia. For a given extent and severity of induced ischemia, patients 
with more severe coronary artery disease and worse prognosis are identified on the basis of 
exercise time, corresponding to the level of stress necessary to provoke ischemia.

The positive response on the basis of ischemia-free stress time (i.e., the time lag between 
the start of stress and the onset of echocardiographically detected ischemia) can also be 
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Fig. 18.5 Relationship between regional coronary flow reserve (ordinates) and either dipyridamole 
time (abscissae, top) or peak wall motion score index (MWMSI; abscissae, bottom) in patients with 
coronary artery disease and positive dipyridamole echocardiographic test. The relationship is signifi-
cant only with dipyridamole time. (From [21], with permission)
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stratified by exercise-independent tests. From the theoretical point of view, the step-by-step 
increase in heart rate induced by atrial pacing or the administration of scalar doses of a 
drug represent a graduated stress, similar to a multistage exercise test. The amount of stress 
capable of provoking myocardial ischemia (expressed as doses of drugs, heart rate, duration 
of exercise, or – for all stresses – ischemia-free stress time) is inversely related to the sever-
ity of coronary artery disease [15–22]. An early positivity with the lower dose of the drug 
indicates a more severe coronary artery disease from the anatomical [18, 19], functional 
[20–22], and prognostic points of view [23], as compared to late positivity with a higher 
dose. In single-vessel disease, severity of coronary stenosis and impairment in regional flow 
reserve are greater when the stress-induced dyssynergy appears earlier during the test (Fig. 
18.4). In patients with a positive dipyridamole echocardiography study, regional coronary 
flow reserve (measured by dynamic positron emission tomography) correlated well with 
dipyridamole time, but not with the peak wall motion score index [21] (Fig. 18.5). For 
dobutamine and exercise or pacing, the shorter the ischemia-free stress time was, the more 
severe the underlying stenosis provoking ischemia was [17–20]. Patients with low-dose 
positivity are also at higher risk for subsequent cardiac events (Fig. 18.6). Clearly, for proper 
recognition of the ischemia-free stress time, continuous echocardiographic monitoring is 
needed in order to obtain a cinematographic representation of ischemic stress. Poststress 
imaging cannot provide any information on the timing of asynergy during stress; the repre-
sentation of ischemia in this case is photographic rather than cinematographic. In fact, two 
images are compared, one in basal conditions and the other after stress. The lack of the time 
coordinate reduces the overall diagnostic information provided by the stress test. 
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Fig. 18.6 Cumulative survival rates in patients free of cardiac events in group A (negative dipyridamole 
echocardiographic test), group B (positive high-dose echocardiographic test, i.e., with ischemia-free 
stress time longer than 8 min), and group C (positive low-dose dipyridamole echocardiographic test)
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The stress time is also a useful parameter to assess the effects of both antianginal therapy 
and revascularization procedures. These therapeutic procedures might determine a full neg-
ativity of a previously positive test, but when the test remains positive after the intervention, 
the potential beneficial effects can be assessed on the basis of a reduction in the peak wall 
motion score index and an increase in ischemia-free stress time. During both exercise and 
pharmacological stress, the echocardiographic evaluation of the wall motion score index 
and particularly of ischemia-free stress time allows an objective evaluation of either phar-
macological [24–28] or mechanical [29–32] therapy. In addition, serial assessment of stress 
echocardiographic response on repeated testing allows one to separate angiographic pro-
gressors and nonprogressors efficiently, simply by taking into account the presence, timing, 
extent, and severity of stress-induced abnormalities of wall motion [33]. The prediction of 
angiographic progression is substantially more accurate with stress echocardiography than 
with exercise electrocardiography [34].

18.4
Slow or Incomplete Recovery

In 5–10% of tests, the interruption of stress – cessation of exercise or, in the case of phar-
macological tests, antidote administration – fails to reverse the induced ischemia. A longer 
recovery time (i.e., the time from the end of stress to the return to basal function) indicates 
more severe coronary artery disease. A possible explanation for a slow recovery may be 
the prolonged ischemia or greater severity of the coronary lesions underlying reperfusion. 
From the clinical point of view, this phenomenon is almost always associated with severe 
or extensive coronary artery disease [35].

18.5
False Friends of Stress-Induced Ischemia Severity: 
Arrhythmias and Hypotension

The administration of stress may induce arrhythmias for the stress per se or secondary to 
the induced ischemia. For example, adenosine and dipyridamole, albeit rarely, can provoke 
atrial standstill up to asystolia for the depressor effect of adenosine on the impulse formation 
and conduction [36]. Other stresses, such as dobutamine, have significant arrhythmogenic 
effects independently of ischemia [37–39] and can induce transient atrioventricular block 
for a neurally mediated vagal reflex [40]. These primary arrhythmic phenomena have no 
diagnostic value in the assessment of coronary artery disease; however, they may be useful 
ancillary markers to identify arrhythmic tendencies, which should be confirmed by other 
diagnostic evidence (such as Holter monitoring or the head-up tilting test). For instance, 
in patients with transient atrioventricular block during a negative dobutamine stress, the 
head-up tilting test is frequently positive [40].

The significance of stress-induced hypotension is different for exercise and pharmaco-
logical stress: during exercise, a fall in blood pressure implies the presence of acute cardiac 
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insufficiency and is very often associated with advanced forms of coronary artery disease 
[13, 14]. In contrast, during pharmacological stress, hypotension can be induced without 
implying pump failure and is not related to the presence and severity of coronary artery 
disease. During dipyridamole, hypotension is probably caused by hypersensitivity to nega-
tive chronotropic effects of adenosine (hypotension and bradycardia) and/or to peripheral 
vasodilatory effects of adenosine (isolated hypotension). During dobutamine, the two main 
hypothesized ischemia-independent mechanisms are vasodepressor reflex triggered by left 
ventricular mechanoreceptor stimulation due to excessive inotropic stimulation [41] and 
the development of dynamic intraventricular pressure gradient mirrored by the increased 
left ventricular outflow tract velocity [42–44]. While mild (20 mmHg) hypotension dur-
ing dobutamine is frequent (20%) and probably prognostically benign, profound (drop in 
systolic pressure >50 mmHg) hypotension during dobutamine is rare (3% of cases) and has 
been associated with a worse prognosis for subsequent cardiac events [45, 46].

18.6 
The Fourth Coordinate: Perfusion and/or Coronary Flow Reserve

The classic model of stratification on the basis of three spatial and temporal coordinates 
shown in Fig. 18.1 has been expanded in recent years by the ability to include a further 
severity stratification on the basis of the type of positivity: reduction of coronary flow 
reserve (or perfusion changes) or wall motion abnormality. In the last 5 years, coronary 
flow reserve on the left anterior descending artery has become routine added information 
in the clinical setting of vasodilatory stress echocardiography [47]. In this way, the stress 
echocardiography response can be stratified on the basis of ischemic cascade, as occurs 
with other imaging techniques such as cardiovascular magnetic resonance [48]. In the 
absence of regional wall motion abnormalities, a reduced coronary flow reserve makes 
the wall motion negativity less prognostically benign [49, 50]. In presence of wall motion 
positivity, a reduced coronary flow reserve makes the wall motion positivity more prog-
nostically malignant [51]. This introduces a further, fourth dimension (type of positivity) 
in the coordinates of stress echocardiographic stratification.

18.7 
Conclusion

The presence (or absence) of inducible wall motion abnormalities separates patients with 
different prognosis. A normal stress echocardiogram yields an annual risk of 0.4–0.9%. 
Thus in patients with suspected coronary artery disease, a normal stress echocardiography 
implies excellent prognosis and coronary angiography can safely be avoided. The positive 
and negative responses can be further stratified with interaction with clinical parameters 
(diabetics, renal dysfunction, and therapy at test time), resting echocardiography (global 
LV and additive stress echocardiography parameters, especially coronary flow reserve on 
the left anterior descending artery during vasodilation stress testing) [52]. A positive stress 
echocardiography result is more prognostically malignant (Table 18.1), and a negative 
stress echocardiography result less prognostically benign (Table 18.2), if one considers 
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simple variables in addition to regional wall motion. In patients with positive stress 
echocardiography results, the timing and extent of wall motion abnormalities powerfully 
stratify the prognostic risk. In patients with a negative stress echocardiography result, a 
reduced coronary flow reserve helps to identify the “wolf in sheep’s clothes,” in whom 
prognosis is less good, in spite of the falsely reassuring negativity of wall motion.
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Diagnostic Results and Indications

Eugenio Picano

The relationship between the data obtained from provocative tests and  angiographically 
 assessed coronary artery disease is usually expressed in terms of sensitivity and spe-
cificity, where sensitivity is the frequency of a positive test result in a population of 
patients with coronary artery disease and specificity is the frequency of a negative test 
result in a population of patients without disease. In a given population, sensitivity 
and specificity values are affected by a constellation of factors (some of which – more 
relevant to stress echocardiography – are summarized in Tables 19.1 and 19.2) related 
to the angiographic standard, patient population, stress methodology, and interpreta-
tion criteria. In the presence of more severe and extensive coronary artery disease, any 
stress echocardiography test will give higher sensitivity values [1]. For any given level 
of stenosis, angiographic coronary lesions of the complex type (i.e., with intraluminal 
filling defects and/or irregular margins suggestive of thrombus and/or ulcers) will 
give higher sensitivity values for vasodilator stresses [2], but not inotropic stresses 
[3]. Abundant coronary collateral circulation makes the myocardium more vulnerable 
to ischemia during vasodilator stresses [4], whereas exercise or inotropic stress results 
are independent of angiographically assessed collateral circulation [5]. All stresses 
yield better sensitivity results in populations with previous myocardial infarction and 
in patients studied while off antianginal therapy, which lowers the sensitivity of both 
physical and pharmacological stresses [6, 7]. The evaluation of patients with variant 
angina inflates sensitivity since stresses such as exercise or dobutamine may elicit va-
sospasm – and therefore ischemia – independently of the underlying organic stenosis. 
Stress-related factors are also important. Submaximal stresses sharply lower test sen-
sitivity (to a greater extent than perfusion imaging sensitivity) [6]. During exercise, a 
peak stress acquisition yields better sensitivity than poststress imaging such as the one 
performed after treadmill exercise. The use of more aggressive test protocols leads to 
higher sensitivities; however, the user-friendliness of the test declines. For pharmaco-
logical tests, the best trade-off between accuracy and feasibility for primary diagnostic 
purposes is probably a high dose with atropine for dobutamine and an accelerated high 
dose for dipyridamole (Fig. 19.1).
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Table 19.1 Factors affecting stress echocardiography sensitivity

Increases sensitivity Decreases sensitivity

Previous myocardial infarction Present Absent

Antianginal therapy Absent Present

Stenosis severity >75% 50–75%

Stenosis extent Multivessel disease Single-vessel disease

Stenosis morphology Complex Simple

Stenosis location LAD LCx

Stress intensity Maximal Submaximal

Variant (vasospastic) angina Yes No

Echocardiography interpretation 
criteria

Lack of hyperkinesia Marked hypokinesia

Echocardiography reader Expert Beginner

LAD left anterior descending artery, LCx left circumflex artery

Table 19.2 Factors affecting stress echocardiography specificity

Increases sensitivity Decreases sensitivity

Resting wall motion abnormalities Absent Present

Left ventricular hypertrophy, left bundle 
branch block

Absent Present

Stress intensity Submaximal Maximal

Variant (vasospastic) angina No Yes

Echocardiography interpretation criteria Marked hypokinesia Lack of hyperkinesia

Interpreting the basal third of the inferior 
wall

No Yes

Echocardiography reader Expert Beginner

LAD left anterior descending artery, LCx left circumflex artery

The interpretation criteria also affect sensitivity. The lack of hyperkinesis will pro-
vide a higher sensitivity when compared with the more specific criterion of transient 
regional dyssynergy. An expert reading and high-quality two-dimensional (2D) imag-
ing using a top-quality instrument will obviously improve the diagnostic accuracy. 
Digital acquisition capabilities do not increase accuracy compared to videotape re-
cordings, but they probably do make the reading more reproducible. Specificity is also 
affected by many factors, some of which – not surprisingly – are the same as those 
affecting specificity. As a rule, several factors increasing sensitivity symmetrically 
lower specificity.
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19.1
Stress Echocardiography Versus Other Diagnostic Tests

Given the many factors affecting the values of diagnostic accuracy, reliable information 
on the relative value of different tests can only be gained by studying an adequate number 
of patients in head-to-head comparisons under the same conditions. On the basis of these 
studies and meta-analyses, some conclusions on the relative value of various stress tests 
can be drawn.

When compared to standard exercise electrocardiography testing, stress echocardiogra-
phy has an advantage in terms of sensitivity and a particularly impressive advantage in terms 
of specificity [7]. Compared to nuclear perfusion imaging, stress echocardiography at least 
has similar accuracy, with a moderate sensitivity gap, especially in patients with single-vessel 
disease of mild severity (50–80% stenosis) evaluated under antianginal therapy with sub-
maximal stresses [6]; this sensitivity gap is virtually filled by state-of-the-art protocols (with 
atropine coadministration) and is more than balanced by a marked specificity gap in favor 
of stress echocardiography, which is particularly striking in populations with left ventricular 
hypertrophy, syndrome X, hypertension, and hypertrophic cardiomyopathy [8]. The sensitiv-
ity gap in favor of nuclear vs. echocardiography is slightly more pronounced with adenosine 
(often stopped at a submaximal level in order to limit side effects [8]) since it is less well 
tolerated subjectively than dipyridamole [9]. The extent and severity of the perfusion deficit 
by nuclear imaging is paralleled by the extent and severity of the wall motion dyssynergy 

Fig. 19.1 Pharmacological test protocols for the detection of coronary artery disease (CAD). The vari-
ous protocols can be ranked according to their different abilities to pick up different levels of CAD 
severity, the high-dose test protocol with atropine coadministration being the most sensitive, high-
dose protocols (up to 40 μg kg−1 per min for dobutamine, up to 0.84 mg kg−1 for dipyridamole) of in-
termediate sensitivity, and low-dose protocols (up to 20 μg kg−1 per min for dobutamine, up to 0.56 mg 
kg−1 for dipyridamole) being the least sensitive

Low dose

High dose

+ atropine/accelerated

Coronary
Flow
Reserve

Epicardial
Coronary
Artery

Normal 20% 50% 75% 90% 100%

5 5
3

2
1.5 1.0



262 19 Diagnostic Results and Indications

19

during stress [8–10], and both perfusion and functional defects are correlated to the extent 
and severity of angiographically assessed coronary artery disease. Exercise, dipyridamole, 
and dobutamine stress echocardiography have similar overall accuracy [11, 12] comparable 
to stress perfusion scintigraphy [13]. Dipyridamole has a higher feasibility than dobutamine 
(Fig. 19.2). With dobutamine, the most frequent side effects are tachyarrhythmias and hyper-
tension, whereas during dipyridamole infusion bradyarrhythmias and hypotension are fre-
quent. Dipyridamole has more often symptomatic, and dobutamine asymptomatic limiting 
side effects. Dipyridamole–atropine and dobutamine–atropine stress echocardiography have 
similar sensitivity and specificity (Fig. 19.3) and a similar capability to stratify the ischemic 
response according to ischemia-free stress time and peak wall motion score index (Fig. 19.4) 
[14]. Dipyridamole and dobutamine stress echocardiography also have a comparable prog-
nostic value [15] and similar accuracy for identification of myocardial viability [16]. As far 
as subjective tolerance is concerned, dipyridamole and dobutamine are similarly well toler-
ated and both are significantly better tolerated than adenosine [17]. Some data are also avail-
able concerning the direct assessment of the relative intrinsic echocardiographic difficulty of 
the two tests. It has been said that “from the technical viewpoint, dipyridamole represents the 
primary school, dobutamine the secondary school, and exercise the university in the stress 
echo cursus studiorum” [18]. Another report semiquantitatively addressed the issue of image 
degradation during stress and described that image quality worsened significantly more fre-
quently during dobutamine stress than with dipyridamole stress [19]. Also, for the recogni-
tion of myocardial viability, both tests in principle have a comparable diagnostic accuracy for 
predicting spontaneous or revascularization induced functional recovery, with dipyridamole 
being slightly more specific and dobutamine slightly more sensitive. Dobutamine is the only 
one extensively validated and accepted by guidelines with this indication [20–22]. From the 
practical viewpoint, both tests should be used to optimize the diagnostic performance of 

DOBASEDIPASE

n=5 patients n=26 patients 

Diagnostic test

Symptomatic side effects

Asymptomatic side effects

Fig. 19.2 Feasibility of dobutamine–atropine test (DOBASE, right) vs. dipyridamole–atropine 
(DIPASE, left). EPIC–EDIC study group. (From [22], with permission)
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Fig. 19.3 (a) Sensitivity and (b) specificity of the dobutamine–atropine test (DOBASE) vs. dipyridamole–
atropine (DIPASE). EPIC-EDIC study group. ns Not significant. (From [22], with permission)

the stress echocardiography laboratory – a policy that is justified for several reasons. Each 
patient referred for stress evaluation might suffer from relative or absolute contraindications 
to either stress modality. For instance, a patient with severe hypertension and/or a history of 
significant atrial or ventricular arrhythmias is more reasonably subjected to the dipyrida-
mole stress test, which, unlike dobutamine, has no arrhythmogenic or hypertensive effect. 
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In contrast, a patient with severe conduction disturbances or advanced asthmatic disease 
should undergo the dobutamine stress test, since adenosine has a negative chronotropic and 
dromotropic effect, as well as a documented bronchoconstrictor activity. Patients either tak-
ing xanthine medication or under the effect of caffeine contained in drinks (tea, coffee, cola) 
should undergo the dobutamine test. Both dipyridamole and dobutamine have excellent over-
all tolerability and feasibility [21]. Nevertheless, submaximal nondiagnostic tests do occur 
in some patients because of side  effects: less than 5% of patients with dipyridamole infusion 
and about 10% (20% of normal patients) of patients with dobutamine infusion [14, 21]. 
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Fig. 19.4 Stratification of the stress echocardiography response in (a) the time domain and (b) the 
space domain. EPIC–EDIC study group. DOBASE dobutamine atropine test, DIPASE dipyridamole–
atropine test, WMSI wall motion score index. (From [22], with permission)
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 Obviously, the negative predictive value for both diagnostic and prognostic standards is much 
lower when the peak dose is not achieved, as with a submaximal exercise stress test. Patients 
with a submaximal pharmacological stress should be switched over to the other stress. In 
addition, for the detection of minor, less extensive forms of coronary artery disease or of 
minor forms of myocardial viability, a combined pharmacological stress procedure may be 
needed. Dipyridamole and dobutamine are good options for the diagnosis of coronary artery 
disease, with dipyridamole having better feasibility and a more reassuring safety record [21]. 
The choice of one test over the other depends on patient characteristics, clinical issues, local 
drug cost, and the physician’s preference. It is important for all stress echocardiography labo-
ratories to become familiar with both stresses to achieve a flexible and versatile diagnostic 
approach that allows the best stress to be tailored to individual patient needs.

19.2
Stress Echocardiography and the Effects of Medical Therapy

Patients may be undergoing various forms of antianginal therapy at the time of testing, 
both an advantage and a disadvantage for stress echocardiography testing. The disadvan-
tage is that antianginal therapy reduces sensitivity, since stress-induced wall motion abnor-
malities are caused by the development of obligatory myocardial ischemia. The advantage 
is that the effect of therapy can be assessed using an objective, primary ischemic end point 
such as changes in stress-induced wall motion abnormalities. The presence of ischemia can 
be titrated on the basis of the ischemic-free stress time and the extent and severity of the 
induced dyssynergy. The various forms of stress are differently affected by various forms 
of therapy (Table 19.3). Antianginal therapy lowers the sensitivity of exercise echocardiog-
raphy, as it does with vasodilator stress testing [20, 21]. The beneficial effect of therapy 
on dipyridamole time parallels variations in exercise time, providing the possibility of an 
exercise-independent assessment of efficacy of medical therapy (Fig. 19.5). Interestingly, 
the positive effects of β-blockers on dipyridamole stress are largely independent of the 
effect on heart rate, possibly involving a direct antisteal effect [22, 23]. Monotherapy with 
a calcium antagonist and nitrates also protects the patient from dipyridamole-induced 
ischemia [22, 24]. Angiotensin-converting enzyme inhibitors have no effect on dipyridamole 
stress echocardiography results [25]. Aminophylline obviously blunts dipyridamole-induced 

Table 19.3 Effects of oral therapy on stress testing sensitivity

Stress exercise Dipyridamole Dobutamine

β-Blockers ↓ ↓ ↓↓

Calcium channel blockers ↓ ↓ ↓↔

Nitrates ↓ ↓ ↓↔

ACE inhibitors ↔ ↔ ↔

Aminophylline ↓↔ ↓↓ ↔

ACE angiotensin-converting enzyme, ↓ decreased sensitivity, ↓↓ markedly decreased sensitivity, ↔ no 
effect on sensitivity, ↓  ↔ mild decrease in sensitivity
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ischemia, whereas concomitant oral dipyridamole therapy might potentiate it. The sensi-
tivity of dobutamine is heavily affected by concomitant β-blocker therapy. Beta-blockers 
effect a rightward shift in the dose–response curve to dobutamine and sharply lower test 
sensitivity, unless atropine is used [26]. Calcium antagonists and/or nitrates only mildly 
reduce dobutamine stress sensitivity [21, 27] and they do so in a manner unrelated to 
changes induced in exercise tolerance [27]. Concomitant antiischemic therapy at the time 
of testing heavily modulates the prognostic value of pharmacological stress echocardiogra-
phy. In presence of concomitant antiischemic therapy, a positive test is prognostically more 
malignant, and a negative test prognostically less benign. However, the decision to remove 
a patient from β-blocker therapy for stress testing should be made on an individual basis 
and should be done carefully to avoid a potential hemodynamic rebound effect, which can 
lead to accelerated angina or hypertension [28].

19.3
Contraindications to Stress Testing

The absolute and relative contraindications to stress testing are summarized in Table 19.4. 
Obviously, a poor acoustic window makes any form of stress echocardiography unfeasible. 
However, a difficult resting echocardiography greatly increases the probability of obtaining 
no interpretable study results during exercise and should be an indication for the less techni-
cally demanding pharmacological stress echocardiography to be used (Table 19.5). Specific 
contraindications to dipyridamole (or adenosine) echocardiography include the presence 
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Table 19.4 Absolute and relative contraindications to stress testing

To all forms 
of stress testing
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Absolute Relative

Acute myocardial 
infarction (<2 days)

√

Unstable angina not stabilized √

Uncontrolled cardiac 
arrhythmias

√

Severe aortic stenosis √

Uncontrolled symptomatic 
heart failure

√

Acute pulmonary embolism √

Acute myocarditis 
or pericarditis

√

Acute aortic dissection √

Left main coronary stenosis √

Moderate aortic stenosis √

Electrolyte abnormalities √

Severe arterial hypertension 
(SAP>200; DAP 110 mmHg)

√

Tachyarrhythmias or
 bradyarrhythmias

√

High degree of 
atrioventricular block

√

Poor acoustic window (obesity) √

Inability to exercise adequately √

Moderate hypertension, 
ventricular ectopy

√

2nd–3rd degree A-V block √

Relative hypotension √ √

Unstable carotid disease √ √ √

Glaucoma, severe prostatic 
disease

√

SAP systolic arterial pressure, DAP diastolic arterial pressure

of severe conduction disturbances, since adenosine can cause transient block at the AV 
node, and severe bronchopneumopathic disease requiring chronic xanthine therapy, since 
adenosine is a powerful bronchoconstrictor. Patients with resting systolic blood pressure 
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under 100 mmHg generally should not receive dobutamine or dipyridamole.  Dobutamine 
causes an increase in systolic blood pressure in the majority of patients but can also cause 
a significant decrease in systolic blood pressure in a substantial minority of patients. Dipy-
ridamole usually causes a modest decrease in systolic blood pressure of 10–20 mmHg, but 
occasionally causes a more severe decrease. Adenosine is the preferred option because of its 
rapid half-life (<10 s) in patients with unstable carotid artery disease. Significant hyperten-
sion and prolonged hypotension should be avoided in these patients, making adenosine the 
agent of choice. Patients who do not achieve the target heart rate with dobutamine alone or 
inducible ischemia with dipyridamole alone, are commonly administered atropine. Atropine 
use in this setting is a risk only for closed-angle glaucoma patients, a minority of patients 
with glaucoma. If eye pain occurs the patient should call an ophthalmologist within the day 
[2]. Severe prostatic disease is also a contraindication to atropine use.

19.4
Indications for Stress Testing

Indications for stress echocardiography can also be grouped in very broad categories, which 
eventually could encompass the overwhelming majority of patients: diagnosis of coronary 
artery disease; prognosis and risk stratification in patients with established diagnosis, for 
instance, after myocardial infarction; assessment of preoperative risk; evaluation for car-
diac etiology of exertional dyspnea; evaluation after revascularization; and localization of 
ischemia [20–22]. As a rule, the less informative the exercise ECG test is, the stricter the 

Table 19.5 Pretest probability of coronary artery disease by age, gender, and symptoms (adapted 
from [31])

Age 
(years) Gender

Typical/ 
definite angina 
pectoris

Atypical/
probable 
angina 
pectoris

Nonanginal 
chest pain Asymptomatic

30–39 Men Intermediate Intermediate Low Very low

Women Intermediate Very low Very low Very low

40–49 Men High Intermediate Intermediate Low

Women Intermediate Low Very low Very low

50–59 Men Intermediate Intermediate Intermediate Low

Women Intermediate Intermediate Low Very low

60–69 Men Intermediate Intermediate Intermediate Low

Women Intermediate Intermediate Intermediate Low

Typical or definite angina pectoris can be defined as (1) substernal chest pain or discomfort that is 
(2) provoked by exertion or emotional stress and (3) relieved by rest and/or nitroglycerin. Atypical or 
probable angina can be defined as chest pain or discomfort that lacks one of the three characteristics of 
definite or typical angina pectoris
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indication to stress echocardiography is. Out of five patients, one is unable to exercise, one 
exercises submaximally, and one exercises maximally but the ECG is uninterpretable [21]. 
The three main specific indications for pharmacological stress echocardiography can be 
summarized as follows [21]:

1. Patients in whom the exercise stress test is contraindicated (e.g., patients with severe 
arterial hypertension)

2. Patients in whom the exercise stress test is not feasible (e.g., those with intermittent 
claudication)

3. Patients in whom the exercise stress test was nondiagnostic or gave ambiguous results: 
inability to achieve the target heart rate response; presence of chest pain in the absence 
of significant electrocardiographic changes; a concomitance of conditions lowering the 
reliability of the ECG marker of ischemia (female sex, arterial hypertension, repolari-
zation abnormalities on ECG under resting conditions or after hyperventilation, and 
the need to continue drugs such as digitalis or antiarrhythmics that potentially induce 
ST-T changes)

The published evidence in this field is rapidly growing and may possibly change some of 
the present indications in the near future. In more general terms, evaluation of the clini-
cal utility of a diagnostic test is far more difficult than assessment of the efficacy of a 
therapeutic intervention, because the diagnostic test cannot have the same direct effect on 
patient survival or recovery. Furthermore, there are no double-blind, randomized studies to 
prove the usefulness of the technique in a given situation [21]. As always, the appropriate-
ness of the indication should be found in the point of balance between published evidence, 
personal experience, available resources, and common sense.

19.5
Inappropriate Use of Stress Testing

Whatever the stress test used, some common rules in stress test indication and/or interpre-
tation should be considered [21, 29].

1. All available information (clinical, stress, and imaging data) should be considered when 
interpreting the test. In the Bayesian analysis, the probability of the patient having the 
disease before the test is considered the a priori (pretest) likelihood, since it can be 
estimated by retrospective observations (Table 19.5). The Bayes theorem states that the 
probability of a patient having the disease after the test is performed will be the product 
of the disease probability before the test and the probability that the test provided a true 
result. After the test, the new value of the probability of the patient having the disease 
will be the posttest likelihood. For instance, a positive exercise electrocardiography 
test indicates a probability of coronary artery disease of 90% in a patient with typical 
angina, 80% in a patient with atypical chest pain, and 35% in an asymptomatic subject. 
The clinician often makes this calculation intuitively, for instance, when he or she sus-
pects a false result when a 30-year-old woman with atypical angina has an abnormal 
exercise test result (low pretest probability).
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The same abnormal response would be intuitively considered a true-positive result in a 60-
year-old man with typical angina pectoris (high pretest probability) [29].

2. Most patients with a normal or near normal resting ECG who are able to exercise 
adequately should undergo standard exercise treadmill testing rather than exercise or 
pharmacological imaging. Standard exercise ECG tests are currently underutilized in 
favor of more expensive imaging tests. However, in patients with normal ECG, the 
negative predictive value of exercise ECG is almost as good as that of a stress imaging 
test. Exercise ECG should be the first-line test in these patients.

All forms of stress echocardiography (or stress imaging) testing are inappropriately ap-
plied as a first-line test in lieu of exercise ECG testing, for instance when screening asympto-
matic patients with low pretest likelihood of disease and/or when doing routine assessment 
of asymptomatic patients after revascularization [21].

3. The prescribing physician should decide which stress imaging study to order. Expertise 
with the various imaging modalities should be the most important factor determining 
selection of a specific modality in an individual patient [21]. If more than one technique 
is available in a given practice or institution, the technique that has been found to be 
most accurate should generally be the modality of choice [29].

4. Useless testing should be avoided. Every test has a cost and a risk. If the physician’s 
decision will be the same whatever the result of the test, the test should not be ordered. 
If the physician will in any case go to angiography in view of an anatomy-guided revas-
cularization, the imaging test is useless. Compared with the treadmill exercise test, 
the cost of stress echocardiography is at least 2.1 times higher, stress single-photon 
emission computed tomography myocardial imaging is 5.7 times higher, and coronary 
angiography is 21.7 times higher [28].
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Myocardial Viability

Luc Piérard and Eugenio Picano

20.1
Historical Background

When facing dangerous environmental situations, most animal species react with a sym-
pathoadrenergic fight or flight activation; others, such as the opossum, react with a va-
gal sympathoinhibitory discharge, or the play dead reaction, which discourages possible 
predators. The myocardium reacts to dangerous situations with opossum-like behavior. In 
several altered myocardial states (ischemia, hibernation, stunning), when the local supply–
demand balance of the cell is critically endangered, the cell minimizes expenditure of 
energy used for development of contractile force, accounting at rest for about 60% of 
the high-energy phosphates produced by cell metabolism, and utilizes whatever is left for 
the maintenance of cellular integrity. The echocardiographic counterpart of this cellular 
strategic choice is the regional asynergy of viable segments [1]. Both viable and necrotic 
segments show a depressed resting function [2], but the segmental dysfunction of viable 
regions can be transiently normalized by proper inotropic stimulus. From the pathophysi-
ological and experimental viewpoint, stunning and hibernation are sharply separated enti-
ties (Table 20.1). Between fully reversible ischemia and ischemia lasting more than 15–
20 min, invariably associated with necrotic phenomena, there is a blurred transition zone. 
Within this gray zone, ischemia is too short to cause myocardial necrosis but long enough 
to induce myocardial stunning: a persistent contractile dysfunction lasting for hours, days, 
and even weeks after the restoration of flow [1].

The stunned myocardium differs from the “hibernated” myocardium (Table 20.1). In 
the hibernating myocardium, myocardial perfusion is chronically reduced (for months or 
years), but remains beyond the critical threshold indispensable to keep the tissue viable, 
albeit with depressed performance. While in the stunned myocardium a metabolic altera-
tion causes an imbalance between energy supply and work produced [3], the hibernating 
myocardial cell adapts itself to a chronically reduced energy supply, and its survival is 
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guaranteed by a reduced or abolished contractile function [4, 5]. Rahimtoola referred to 
the hibernating heart as a “smart heart” [6], appropriately downregulating its biochemical 
and physiological activity as an act of self-preservation aimed at ensuring the long-term 
survival of the anatomical and physiological integrity of its constituent cardiac cells. Cur-
rently hibernation is not viewed as a simple consequence of an oxygen deficit, but as an 
adaptive response to maintain cardiomyocyte viability in the setting of reduced blood flow. 
Reduced calcium responsiveness and alterations in adrenergic receptor density have been 
proposed as mechanisms for decreased contractility. Morphologically, hibernating myo-
cardium displays features of dedifferentiation, with loss of cardiomyocytes and myofibrils, 
and of degeneration with increased interstitial fibrosis [6].

Persistent but reversible postischemic dysfunction was initially an experimental ob-
servation described by Heyndrickx [1], later popularized with the successful term “myo-
cardial stunning” by Braunwald in 1982 [2]. Conversely, myocardial hibernation was a 
clinical impression – copyrighted by a cardiac surgeon, Rahimtoola – describing hearts 
with severely depressed resting preoperative function that spectacularly recover follow-
ing revascularization [4]. While myocardial stunning might be referred to as a laboratory 
phenomenon [1] in search of a clinical manifestation, hibernation would seem to be a 
clinical condition in search of a good laboratory model [3]. Although their separation is 
clear-cut from the conceptual and pathophysiological viewpoint, stunning and hibernation 
are sometimes indistinguishable in the clinical setting. They can coexist in the same patient 
in space (with islands of hibernated and stunned tissue interspersed with necrotic and/or 
normal cells) and in time (with early phenomena of acute stunning progressively leading 
to chronic hibernation, as may occur after an acute myocardial infarction with critical re-
sidual stenosis of the infarct-related artery). What is clinically important is the distinction 
between asynergic viable and asynergic but necrotic segments (Table 20.2).

20.2
Pathophysiology Behind Viability Imaging

The clinical cardiologist can address the viability issue with a variety of imaging tech-
niques, including nuclear, magnetic resonance, and echocardiographic methods. The 
markedly hypokinetic or akinetic regions, which are the target of our diagnostic efforts to 

Table 20.1 Altered myocardial states

Stunned Hibernated

Resting function Depressed Depressed

Flow Normal/increased Decreased/normal

Coronary anatomy Any Severe stenosis or occlusion

Duration Hours to days Days to months

Recovery Spontaneous After revascularization

Clinical significance Prognostic Therapeutic

Clinical models Acute myocardial infarction Ischemic cardiomyopathy
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recognize myocardial viability, can have a continuous spectrum of damage, from mild to 
irreversible (Table 20.3). The different diagnostic probes sample different markers of the 
viability cascade. If a function is strictly essential to cell survival, e.g., cell membrane in-
tegrity, it will be lost only for advanced, close to irreversible degrees of damage (Fig. 20.1). 
Conversely, other functions such as functional response to low-level inotropic stimulation 
indicate that the damage is limited and the segment is highly likely to recover. Hiberna-
tion has different depths similar to sleep stages that correspond to increasing levels of 
myocardial damage and decreasing chances of functional recovery upon revascularization 
(Table 20.3). The initial stages of dysfunction are probably caused by chronic stunning. 
These stages are characterized by normal resting perfusion but reduced flow reserve, mild 
myocyte alterations, maintained membrane integrity (allowing the transport of both thal-
lium and glucose), preserved capacity to respond to an inotropic stimulus, and little or 
no tissue fibrosis. After revascularization, functional recovery will probably be rapid and 
complete. On the other hand, the more advanced stages of dysfunction are likely to cor-
respond to chronic hibernation. They usually are associated with reduced rest perfusion, 
increased tissue fibrosis, more severe myocyte alterations (degeneration, apoptosis), and a 
decreased ability to respond to inotropic stimuli. Nonetheless, membrane function and glu-
cose metabolism may remain preserved for a long period of time. After revascularization, 

Table 20.2 Differentiation between viable and necrotic myocardium

Viable Necrotic

Myocyte Normal to altered Absent

Fibrosis Normal Increased

Coronary flow reserve Usually present Absent

Inotropic response Usually present Absent

Recovery Usually present Absent

Th, MIBI, FDG uptake Yes No

End-diastolic thickness Normal Normal to reduced

Microvascular integrity Present Absent

Th thallium scintigraphy, MIBI Tc 99m-sestamibi, FDG fluorodeoxyglucose

Table 20.3 Viability cascade

Levels of 
damage DOB

Thallium, 
FDG DE-CMR

Chance of 
recovery

% Viable 
myocytes

Mild + + 25% High >75%

Moderate − + 25–75% Moderate 25–75%

Severe − − >75% Low <25%

DE-CMR delayed enhancement cardiovascular magnetic resonance, DOB dobutamine, FDG fluorode-
oxyglucose
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functional recovery, if there is any, will probably be quite delayed and mostly incomplete. 
The possibility of recruiting the inotropic reserve might appear paradoxical in the pres-
ence of hibernation. The traditional concept is that a decrease in resting coronary blood 
flow indicates that coronary vasodilating reserve was exhausted. However, hibernating 
segments have some vasodilatory reserve, which is mirrored by contractile reserve [7]. The 
hibernating myocardium acts like King Lear, the Shakespearean character: once rich and 
now poor in coronary supply for the presence of a severe flow-limiting coronary stenosis, 
precluding a normal myocardial function even at rest. However, even the most stunned or 
hibernating myocardium has some superfluous flow reserve, which can be recruited by the 
appropriate pharmacological stimulus: “Oh! Reason not the need: our basest beggars are 
in the poorest thing superfluous” (Shakespeare, King Lear, II, IV, 262–263). The increase 
in flow will lead to increased function [8], since the physiology of myocardium is that an 
“erectile” organ [9], and the augmentation of flow is paralleled – in the low flow range – by 
a parallel increase not only in stiffness, but also in function, both in experimental animals 
and in humans [10]. As stated by Salisbury in the original description in 1960, quoting 
Webster’s unabridged dictionary, “erection in physiology indicates a becoming or being 
hard and swollen by filling with blood,” and myocardium fills these requirements. In a 
physiologic sense, vasodilation (primarily achieved with adenosine, or secondarily with 
dobutamine) is a “Viagra test” of the viable but hibernating heart.

20.3
Nuclear and Magnetic Resonance Techniques for the Identification 
of Myocardial Viability

Nuclear medicine long had a monopoly on the diagnosis of myocardial viability. The viable 
myocardial cell does not move, but still maintains a series of biochemical and metabolic 
activities that are critical for cell survival and are highly useful markers for the clinical 
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Fig. 20.1 The viability cascade. Higher degrees of cellular damage correspond to progressive loss of cellu-
lar functions. Mild damage is associated with preserved inotropic response and thallium uptake. Moder-
ate damage can be identified as a loss of contractile response with preserved thallium uptake. Severe pre-
terminal damage is expressed by loss of contractile response, no thallium uptake, and transmural scar
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identification of viability using nuclear techniques [11] (Fig. 20.2). The viable cells have 
a residual coronary flow, which can be visualized with a flow tracer such as technetium 
sestamibi (gamma-emitting and therefore detectable by a gamma camera) or rubidium 
(positron-emitting and therefore detectable by positron emission tomography). The viable 
cell has membrane integrity and intact function of ionic pumps and is therefore capable of 
taking up 201-thallium, a potassium analog, and storing it intracellularly. The viable cell 
can also metabolize glucose, which can be traced with fluorodeoxyglucose, a positron-
emitting glucose analog. It competes intracellularly for phosphorylation by means of cel-
lular exokinase. Phosphorylated fluorodeoxyglucose cannot be further metabolized and 
remains trapped with the cell as a viability marker. With a completely different approach, 
cardiovascular magnetic resonance (CMR) with a delayed gadolinium enhancement (DE) 
technique [12] directly visualizes myocardial scar as hyperenhanced areas in T1-weight-
ed images. The imaging study is performed at rest (no stress required) and after several 
 minutes from contrast medium injection, since the redistribution phase of the tissue 

FUNCTION

METABOLISMSTRUCTURE

FDG uptake = 69%

0.51 ml/min/g

CORONARY RESERVE 2.5
1.27 ml/min/g

Rest Dob

Rest FLOW
Dip

Lactate Sestamibi

18FDG

Glucose Glucose-6P

Glycolysis

Pyruvate

Glycogen

K
+

201TI+

ATP ADP
Na

+

Fig. 20.2 Echocardiographic, nuclear, and magnetic resonance markers of myocardial viability. Cell 
viability can be identified by 201-thallium, a potassium analog requiring integrity of ionic pumps, 
by technetium sestamibi, which is trapped intracellularly, or by fluorodeoxyglucose (FDG) uptake, 
which images the glycolytic pathway (central panel). With echocardiography (upper panel), viability 
is imaged through its functional fruit of contractile reserve. With magnetic resonance (left panel), 
myocardial structure is imaged through the roots of the transmural extent of the scar, visualized with 
the delayed enhancement technique: scar tissue is bright
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(and not the first pass effect of the vessels) is the diagnostic target [12]. Summarizing 
the versatility of diagnostic markers of viability, we might say that of the viability plant, 
DE-CMR evaluates the structural roots, contrast echocardiography (or scintigraphy) the 
lymph, and stress echocardiography the fruit (functional response). If the fruit is present, 
the roots (normal structure) and the lymph (microcirculatory integrity) must be present. If 
roots are destroyed (wall thickness<6 mm or delayed enhancement>50% of wall thickness) 
the lymph and the fruit will generally be absent.

20.4
Resting Echocardiography

Echocardiography can provide a reasonably accurate detection of myocardial viability 
with several parameters derived from different techniques, i.e., resting echocardiography, 
contrast echocardiography, tissue characterization and myocardial velocity imaging, and 
pharmacological stress echocardiography (Table 20.4). Each of these techniques detects 
a separate variable of the myocardial segments with resting dysfunction, i.e., connective 
tissue increase, microvascular integrity, intramural function, and contractile reserve. The 
echocardiographic appearance of a markedly thinned myocardial wall, with an  end- diastolic 
thickness of less than 6 mm and obviously increased echocardiographic reflectivity [13], 
possibly with a thrombus adhering to the asynergic wall, is a poorly sensitive but highly 
specific marker of necrosis, because of the extensive replacement of myocytes with  fibrous 
tissue determining thinning and increased wall brightness (Fig. 20.3) [14].

Table 20.4 Ultrasonic assessment of viable myocardium

Rest 2D 
echocardiog-
raphy

Pharmaco-
logical stress 
 echocardiography

Contrast 
 echocardiography

Myocardial 
velocity

Sign Dyskinetic, 
thinned, 
hyperechoic 
region

Functional 
improvement

Contrast 
opacification

Preserved 
subendocardial 
strain

Physiological 
variable

Transmural 
extent of 
necrosis

Contractile 
reserve

Microvascular 
integrity

Sarcomere 
shortening

Advantages Simple Fast Simultaneous 
flow–function 
assessment

No intervention 
needed

Limitations Insensitive Stress 
 echocardiography 
know-how

Catheter for 
intracoronary 
injection, inad-
equate evidence 
for intravenous

Inadequate/
unsatisfactory 
evidence 
for clinical use

Clinical value Mild Excellent Unsatisfactory Unsatisfactory
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20.5
Myocardial Contrast Echocardiography

Microvascular integrity is a prerequisite for myocardial viability detection by contrast 
echocardiography. Viability is associated with the presence of collateral blood flow within 
the infarct bed, and this preserved flow can be detected with intracoronary [15–18] and – 
less accurately – with intravenous contrast echocardiography [19–21]. Echocontrast nega-
tivity is invariably associated with no response to dobutamine and no functional recovery,
whereas echocontrast positivity can be found with and without dobutamine-induced 
response [18]. The combination of inotropic response and echocontrast information may be 
useful to titrate the sensitivity of damage, with mild degrees of damage (echocontrast with 
dobutamine response) associated with prompt recovery, moderate degrees (echocontrast 
with no dobutamine response) associated with possible, but unlikely recovery, and severe 
degrees (no echocontrast and no dobutamine response) virtually never associated with 
recovery, the specific marker of irreversible microvascular and myocyte damage. In the 
viability cascade (Table 20.3), the loss of microvascular integrity corresponds to levels of 
damage very close to irreversibility. If there is no lymph in the plant of viability, it is useless to 
look for the fruit of inotropic reserve. It is also true that lymph (microcirculatory  integrity) 

Fig. 20.3 M-mode resting echocardiogram of a previous old anteroseptal myocardial infarction, sug-
gesting no residual viability. The posterior wall shows normal thickness, texture, motion, and thicken-
ing, whereas the necrotic septum is thinned and hyperechoic, with no active systolic thickening. There 
is a slight passive systolic movement due to tethering from adjacent normally contracting myocar-
dium. IVS interventricular septum, LVPW posterior (inferolateral) wall of left ventricle
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can be present, without the fruit of functional integrity: the myocardial region may show 
contrast echocardiography positivity, with no improvement after revascularization.

20.6
Tissue Characterization and Myocardial Velocity Imaging

The myocardial wall has an echoreflectivity that is not stable during the cardiac cycle, 
showing a physiological systolic-to-diastolic cyclic variation. Myocardial echodensity 
decreases with contraction. This quantitative parameter can be translated into the more 
familiar gray-level codification: the image of a normal wall is darker during end-systole and 
brighter during end-diastole. The systodiastolic excursion of echodensity is due, in a very 
complex way, to wall thickening and intramural function. After a few minutes of ischemia, 
systodiastolic variation is abolished, but is promptly restored in the case of effective reper-
fusion for the preserved intramural function, when regional wall motion is still compromised. 
The usefulness of this index has been demonstrated in the research and clinical settings 
[23]. Necrotic regions do not show cyclic gray-level variation, which is preserved in asyn-
ergic but viable segments. With a conceptually similar approach, in myocardial infarction, 
transmural extension of scar distribution in the infarct zone is proportionally related to the 
reduction in systolic function measured by the radial transmural velocity gradient or strain-
rate imaging or peak radial strain using the speckle tracking technique [24–26].

20.7
Dobutamine Stress Echocardiography

Ten years before the description by Rahimtoola of hibernated myocardium [4], several 
clinical and experimental studies had recognized the inotropic reserve as a marker of re-
versible myocardial dysfunction after revascularization during cardiac catheterization (ante 
litteram hibernation). Regional wall motion was evaluated at ventriculography and the ino-
tropic stimulus was either postextrasystolic beat or adrenaline [27–29]. After many years, 
the same mechanism was employed for the recognition of myocardial viability through 
pharmacological stress echocardiography. Asynergic, but viable myocardium preserves a 
contractile reserve, which may be evoked by an appropriate stimulus (Prince Charming’s 
kiss) awakening the seemingly dead myocardium. The recovery of function may take place 
either through a primary inotropic stimulus (determining a secondary increase in flow 
to meet the augmented metabolic demands) or through a primary vasodilatory stimulus 
(determining the increment of regional function) [10]. The prototype of an inotropic stress 
for viability assessment is low-dose dobutamine [30], originally proposed by Luc Pierard 
in 1990 and today the reference standard for the recognition of viability by stress echocar-
diography. Dobutamine is usually employed as an ischemic stress at a dosage of 5–40 μg 
kg−1 per min. The viability assessment is usually performed at a dose of 5–10 μg kg−1 per 
min. In fact, the effects on myocardial receptors can be obtained at a very low dose of do-
butamine, which does not elicit major increases in either heart rate or blood pressure, with 
the consequent modification of regional function by extrinsic mechanisms.
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Following the pioneering observation by Pierard [30], several groups have confirmed 
that low-dose dobutamine can identify viable myocardium both early after an acute myo-
cardial infarction (stunning) [31–35] and in chronic coronary artery disease (hibernation) 
[36–45]. Dobutamine-induced functional recovery correlates well with other, more com-
plex imaging techniques, including fluorodeoxyglucose uptake with positron emission 
tomography (PET) and thallium scintigraphy. In a population of asynergic segments, thal-
lium uptake occurs more frequently than a dobutamine-induced response [40–42]. Thal-
lium demonstrates the ability of the myocardium to take up a cation by an active process 
that takes place at the cell membrane level. Stress echocardiography assesses the ability of 
the cardiac muscle to increase its contraction in response to an inotropic stimulus, which 
requires the functional integrity of the cell’s contractile machinery. These different cellular 
functions are not all simultaneously and equally present in the viable myocardium, but are 
hierarchically ranked according to a sequence outlining a viability cascade (Fig. 20.1), 
conceptually similar to the well-known ischemic cascade. In the viability cascade, a pre-
served inotropic response to dobutamine expresses a mild level of damage, which will usu-
ally allow prompt restoration of function following revascularization (Table 20.3). For pre-
sumably more severe levels of damage, a segment can be unresponsive to inotropic stress 
and still be capable of taking up a significant amount of thallium [36]. This is likely to 
correspond to a more advanced form of cellular damage, in which only those cellular func-
tions that are strictly essential to cell survival (such as membrane integrity) are preserved. 
From the pooled analysis of available studies using functional recovery following revascu-
larization as a gold standard [42], thallium has a sensitivity superior to stress echocardiog-
raphy, but a lower specificity, with similar overall accuracy [11, 39–43] (Fig. 20.4). Thus 
a significant number of myocardial segments with baseline systolic  dysfunction will lack 
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Fig. 20.4 Sensitivity and specificity of nuclear techniques and dobutamine echocardiography in pre-
dicting functional recovery. (From a meta-analysis conducted by Bax et al [42].) Low-dose dob-
utamine echocardiography has a clearly better specificity and a slightly lower sensitivity than nuclear 
techniques
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inotropic reserve during dobutamine administration in spite of preserved thallium uptake. 
Only a minority of these dobutamine-nonresponsive and thallium-uptaker segments are 
destined to recover following revascularization [11, 39].

In general, there is an excellent correlation between PET and dobutamine echocar-
diography results [47, 48]. The increased sensitivity of PET compared with dobutamine 
echocardiography occurs at the expense of lower specificity regarding the recovery of 
function. In quantitative terms, contractile reserve evidenced by a positive dobutamine 
response requires at least 50% viable myocytes in a given segment, whereas scintigraphic 
methods also identify segments with less viable myocytes [47]. Minor levels of viability, 
characterized by scintigraphic positivity and dobutamine echocardiography negativity, are 
often unable to translate into functional recovery, but may contribute to an improvement in 
exercise capacity after revascularization, which is better correlated to the extent of viability 
by PET than to the extent of viability by dobutamine echocardiography [48].

When compared to DE-CMR, dobutamine stress echocardiography has similar overall 
accuracy, although for regions with less than 25% scar, it is possible that dobutamine 
may provide a higher positive predictive value than DE-CMR [49–51]. Both dobutamine 
echocardiography and DE-CMR require intravenous access, but the latter does not require 
infusion of pharmacological stress agent. Thus, DE-CMR is safer, requires less intensive 
monitoring, and is also somewhat easier to interpret. However, it is more expensive, less 
widely available, and cannot be performed at bedside [52]. In poorly echogenic patients, 
the dobutamine test can be coupled with CMR [49]. An advantage of dobutamine echocar-
diography is its ability to distinguish between presumably stunned myocardium and pre-
sumably hibernating myocardium using both low and high doses of dobutamine. Sustained 
improvement corresponds in the setting of acute coronary syndrome to stunned myocar-
dium – improvement of contractility in dyssynergic segments until peak dose without de-
terioration – than can recover its function progressively without revascularization. In the 
setting of chronic coronary artery disease, sustained improvement implies the presence of 
nontransmural necrosis and preserved coronary flow reserve. A biphasic response – initial 
improvement of contractility at low-dose dobutamine followed by subsequent worsening at 
high-dose dobutamine – implies viable but jeopardized myocardium with blunted flow re-
serve. Timely revascularization is required in this condition. Too early follow-up echocar-
diography may result in underestimation of the extent of possible functional improvement 
which can continue to progress.

20.8
Alternative Stress Echocardiography Methods

Dobutamine is widely used to assess myocardial viability in both acute and chronic postin-
farction patients. However, it does have limitations:

1. In a certain number of patients, even at low doses, it induces myocardial ischemia, 
which obscures the recognition of viability. Such percentages have been reported to be 
especially consistent in patients with chronic coronary artery disease evaluated before 
bypass surgery [37]. For some patients, a more selective stress is needed for viability 
that will not induce ischemia.
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2. Concomitant β-blocker therapy blunts the inotropic response to low-dose dobutamine. 
Although good results have been reported in populations largely on β-blocker thera-
py [21], β-blockers may conceivably alter the ability to detect contractile reserve at 
low-dose testing [35]. This problem becomes clinically relevant since patients with 
acute myocardial infarction or chronic coronary artery disease are largely on chronic 
β-blocker therapy, and withdrawal may be impractical and possibly dangerous.

3. Even in the ideal conditions of selected patients without inducible ischemia and off 
therapy, dobutamine has a suboptimal sensitivity for predicting recovery. If a segment 
shows improved wall motion with dobutamine, it is likely to be viable and move bet-
ter with revascularization but viability is still possible even if wall motion does not 
improve with dobutamine.

These limitations have led to the identification of alternative stresses to evoke an inotropic re-
sponse in viable segments. Enoximone is a phosphodiesterase inhibitor increasing cyclic ad-
enosine monophosphate (cAMP) concentration independently of β-receptor activation [53]. 
Dipyridamole evokes a vasodilation through A2-adenosine receptor stimulation, although 
a flow-independent effect due to direct stimulation of A1-myocyte adenosine receptors has 
also been suggested [54]. These stresses have a lower ischemic potential than low-dose do-
butamine and are unaffected by β-blocker therapy. Low-dose dipyridamole stress (0.28 mg 
kg−1 over 4 min) for viability has a diagnostic accuracy comparable to that of dobutamine 
for predicting spontaneous and revascularization-induced functional recovery [55]. In ad-
dition, low-dose dipyridamole can be used in combination with low-dose dobutamine for 
recruiting inotropic reserve [56] in segments which are thallium-uptakers, nonresponders to 
dobutamine, and destined to recover following revascularization [57]. It has an impressive 
prognostic value in identifying patients with severe left ventricular dysfunction who can 
benefit more from revascularization [58]. Also, low-level exercise can recruit a contractile 
reserve in viable myocardium through production of endogenous catecholamines and with an 
accuracy comparable to low-dose dobutamine [59]. An exercise test with continuous moni-
toring of regional function can also identify a biphasic response [60].

20.9
The Clinical Value of Myocardial Viability: Critical or Luxury Information?

The recognition of myocardial viability is associated with a higher incidence of unstable 
angina in patients evaluated early after an acute myocardial infarction [54].

If patients with severe resting dysfunction are considered, myocardial viability is associated 
with a better survival rate, both in medically treated patients after acute myocardial infarction 
(Fig. 20.5) [60–63] and in patients with chronic coronary artery disease submitted to revascu-
larization procedures [64–67] (Fig. 20.6). The quest for myocardial viability is per se prognosti-
cally and therapeutically critical in patients with ischemic  cardiomyopathy (Table 20.5), with 
the clinical picture dominated by heart failure symptoms (Fig. 20.7), the coronary anatomy 
suitable for revascularization, and no spontaneous or  inducible ischemia. The indication for 
revascularization is stronger in those patients with severe left ventricular dysfunction, but with 
preserved myocardial viability and suitable coronary anatomy. When viability is restricted to 
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Fig. 20.5 Kaplan–Meier survival curves (considering only death as an end point) in patients with ab-
sence (no viability) and presence (viability) of myocardial viability. Patients with myocardial viability 
are separated on the basis of the number of segments showing improvement by use of an arbitrary cut-
off value for the difference between rest WMSI (wall motion score index) and low-dose dobutamine 
WMSI (ΔWMSI) set at 0.25. Absence of myocardial viability is associated with greater incidence of 
cardiac death (p<0.05). Survival in patients with little myocardial viability is comparable to patients 
without myocardial viability. (Adapted from [63])
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Fig. 20.6 Kaplan–Meier curves showing survival free of cardiac events (including death, nonfatal MI, 
unstable AP requiring hospitalization, and hospitalization for heart failure) in groups A (viability in 
more than five segments), B (viability in fewer than five segments), and C (no viability) patients. 
Event-free survival was significantly better in group A than in group B or group C, both being p<0.05. 
(Adapted from [64])
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only certain coronary areas, selective revascularization (usually with angioplasty) can be per-
formed, targeted at stenotic coronary arteries feeding asynergic, yet viable regions. In patients 
with markedly reduced resting function (ejection fraction<35%) and chronic coronary artery 
disease, the stress echocardiography documentation of myocardial viability is associated with 
a much lower mortality rate in revascularized patients than in medically treated patients [68]. 
The absence of viable myocardium downstream from a critical coronary artery stenosis in the 
absence of inducible ischemia substantially weakens the indication for revascularization and 
directs the clinical decision toward medical therapy or, if possible, cardiac transplantation.

These conclusions apply to the recognition of myocardial viability by virtually all 
methods, including thallium-perfusion imaging, fluorodeoxyglucose metabolic imaging, 

Table 20.5 Clinical relevance of myocardial viability

Luxury information Critical information

Global left ventricular 
function

Preserved Impaired

Typical history Single recent infarction Multiple previous infarctions

Prognostic significance 
of viability

Predicts angina Predicts death

Prevailing pathophysiological 
substrate

Stunned Hibernated

Method of choice Stress for ischemia 
and viability (high-dose 
pharmacological stress 
echocardiography)

Selective assessment 
of viability (low-dose 
pharmacological stress 
echocardiography)

Angina I-II/Suitable for partial revascularization

Heart failure/Coronary anatomy suitable for complete revascularization

Unstable Angina/
Not suitable for revascularization
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Fig. 20.7 Clinical and angiographic variables modulating the clinical impact of viability testing, which 
is higher in patients with heart failure symptoms, little or no anginal symptoms, and with coronary 
anatomy suitable for complete revascularization
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or dobutamine echocardiography, with no measurable performance difference for predict-
ing revascularization benefit between the three testing techniques [68]. In patients with 
viability, there is a direct relationship between severity of left ventricular dysfunction and 
magnitude of benefit with revascularization [68]. In patients with viability, revasculariza-
tion was associated with 80% reduction in annual mortality (16% vs. 3.2%) compared to 
medical treatment (Fig. 20.8).

20.10
The Prognostic Value of Myocardial Viability: A Moonlight Serenade

Viability information is like a moon in the sky of prognosis: in the daytime of a preserved 
global left ventricular function (ejection fraction>35%) the sun shines, and the moon – 
even if present in the sky – gives no additional prognostic light. The prognosis is linked to 
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Fig. 20.8 Algorithm for the diagnosis of myocardial viability. A sequential application of rest-
ing echocardiography, dobutamine echocardiography, and delayed enhancement-cardiac magnetic 
resonance provides a very accurate diagnosis of myocardial viability at very reasonable cost and 
without the long-term risks due to radiation burden of scintigraphy and positron emission tomogra-
phy. EDT = end-diastolic thickness; DE-CMR = delayed enhancement cardiac magnetic resonance; 
TTE = transthoracic echocardiography
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the clouds of ischemia, which obscure the sun of preserved resting function. In these good 
ventricles, with ejection fraction greater than 35%, the documentation of ischemia should 
dictate a revascularization oriented by the results of physiological testing. In the prognostic 
night light of a reduced left ventricular function (ejection fraction<35%), the adverse prog-
nostic effects of ischemia are magnified and ischemia, per se, warrants revascularization. 
For any given level of inducible ischemia, the prognosis worsens with the worsening of 
the left ventricular function. The documentation of a large amount of viable myocardium 
reduces the risk of revascularization and viability-oriented revascularization determines 
a survival advantage in comparison to medically treated patients. It is important, how-
ever, that the “viability moonlight” can direct the cardiologist only when a “full moon” is 
present, i.e., a considerable amount of viable myocardium. Similar to ischemia, viability 
response should also be titrated. Viability is not a binary, dichotomous response, but it is 
a continuous response that should be stratified in different shades of gray. The prognostic 
protection conferred by viability is only detected when it exceeds a critical threshold of 
at least four segments or 20% of the total left ventricle [11, 68]. The beneficial impact of 
viability on survival is observed only in revascularized patients.

20.11
Myocardial Viability in Context

At present various problems increase the difficulty of clinical assessment of myocardial 
viability and clinical decision making based on the recognition of myocardial viability. We 
evaluate diagnostic tests in terms of their capacity to predict functional recovery, and this 
is the best available gold standard. However, we now know that not all segments destined 
to recover do so early after revascularization. Moreover, some partially viable segments do 
not recover at all. In addition, functional improvement can occur during inotropic stimula-
tion in the absence of salvageable myocardium.

– Not all segments destined to recover do so in days or weeks. Functional recovery is 
frequently used for comparison in studies evaluating different techniques to assess 
myocardial viability. It is the gold standard against which the sensitivity and spe-
cificity of the various techniques are assessed. In fact, recovery of ventricular func-
tion depends on many factors, including quality of the revascularization procedure, 
perioperative ischemia, and recurrence of obstruction in native or graft vessels. The 
time course of recovery can be extremely variable, since recovery of ventricular 
function depends on the quality and completeness of the revascularization proce-
dure and the severity of histological abnormalities: the higher the dedifferentiation 
of myocytes, the longer the time needed for recovery. In the later stages of hiberna-
tion, intracellular glycogen accumulates and myofibrillar units drop out, offering 
a morphological substrate to the reduced or absent inotropic response to low-dose 
dobutamine infusion. Therefore, the time course of recovery can be highly variable; 
assessment too early may underestimate the prevalence and degree of functional 
improvement.

– Viability can be present without late functional improvement. Even if tissue is  viable 
preoperatively, the revascularization is complete, and the follow-up is appropriately 
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long, the myocardium can remain asynergic and still the restoration of flow can 
produce beneficial clinical effects [69]. In fact, systolic thickening occurs largely 
as a result of subendocardial thickening. The presence of viable myocardium in the 
outer layers of the ventricular wall may induce greater thickening during inotropic 
stimulation for transmural tethering. Perfusion may actually improve in a large 
amount of viable myocardium, outside the subendocardial layer, and this may not 
necessarily translate into an improved resting function. However, the beneficial ef-
fects may extend above and beyond functional recovery [70]; viable, well-perfused 
tissue may exert an antiremodeling effect, contributing to maintaining left ventricu-
lar shape and size by preventing infarct expansion and subsequent heart failure. In 
patients with acute myocardial infarction and ischemic cardiomyopathy, a substan-
tial amount of viable myocardium prevents ongoing left ventricular remodeling 
after revascularization and is associated with persistent improvement of symptoms 
and better outcome [71, 72, 73]. Exercise capacity may improve, and substrate for 
arrhythmias may change with a possible antiarrhythmic effect of improved per-
fusion, without functional recovery.

– Functional improvement can occur during inotropic stress without viability. An ino-
tropic stress can induce improvement in an asynergic region even in the absence of 
significant viability; this occurs because of transmural or horizontal tethering in non-
transmural infarctions [63]. This effect is more prominent when the inotropic stimu-
lus is also exerted in normal myocardium and when it is of a moderate to marked 
degree. This may explain the declining specificity associated with increasing doses 
of dobutamine. In spite of these theoretical, pathophysiological, and clinical limita-
tions, pharmacological stress echocardiography can now be considered the technique 
of choice for the recognition of myocardial viability. Its major advantage is the simul-
taneous insight it provides into resting function, which determines the overall clinical 
relevance of the viability issue, and into myocardial ischemia, which integrates the 
prognostic impact of viability and can be assessed at high doses of the drug. The ac-
curacy is high and comparable to scintigraphy and CMR techniques (Table 20.5), but 
the cost is lower [74] and, similarly to CMR, there is no radiation dose and biologi-
cal burden increasing long-term cancer risk [75–77]. This is especially important in 
patients with heart disease who undergo multiple imaging tests with high and cumu-
lative radiation exposure [78] of which neither the cardiologist [79] nor the patient 
[80] are fully aware. No new technologies (including contrast echocardiography or 
myocardial velocity imaging) can be proposed for a clinically oriented use today [81, 
82] (Table 20.6).

Despite the absence of published randomized trials (the results of the STICH study are 
not yet available), extensive myocardial viability can be considered a factor strongly 
supporting coronary revascularization in itself only in patients with severe resting left 
ventricular dysfunction, absence of spontaneous or induced ischemia, chronic coronary 
artery disease, and suitable coronary anatomy. The currently accepted appropriate (and 
less appropriate) indications for clinically driven testing of myocardial viability [83] are 
summarized in Table 20.7.
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In patients with known or suspected coronary artery disease, diagnosis and risk stratification 
can be aided by noninvasive tests for myocardial ischemia. Guidelines for choosing among 
the different stress testing approaches have been published [1–5], but the use of these tests 
by physicians varies widely according to diagnostic yields, cost, and convenience. Some 
general principles should be considered. First, no single test or strategy has been proven to 
be overall superior [5]. Second, all published research consistently demonstrates that stress 
testing with radionuclide scintigraphy and echocardiography provides more information 
than exercise electrocardiography alone [1–4].

However, the fact that a test provides more information does not mean that it is the most 
appropriate test. Other important issues are whether the additional information is suffi-
cient to change patient care in ways that would be expected to improve outcomes [5]. Third, 
regardless of which test is used, a normal test result should never be considered a guarantee 
that the patient does not have coronary artery disease or has no risk of cardiovascular 
events [3]. The rational diagnostic approach can be divided into four successive steps, 
progressing from the clinical picture to exercise electrocardiography, then to the imaging 
stress test. In highly selected cases, testing for coronary vasospasm can be considered.

21.1
Step 1: Clinical Picture

Simple ECG and resting echocardiography can integrate the clinical picture sufficiently to 
identify patients with a higher probability of severe disease, warranting coronary angiog-
raphy. In such patients, the good cardiologist needs hardly any help to place the patient on 
the fast-track of coronary angiography. Early after myocardial infarction associated with 
ischemic, mechanical, or arrhythmic complications, patients with unstable angina that is 
not alleviated by maximal therapy, or patients with malignant arrhythmias associated with 
spontaneous episodes, should be referred directly for coronary angiography (Table 21.1). 
The guidelines from the American College of Cardiology and of the American Heart 
Association consistently indicate exercise electrocardiography as the appropriate first test 
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[1–4] in the initial assessment of a patient with known or suspected stable coronary artery 
disease, who is capable of exercising and has an interpretable baseline ECG. Exercise elec-
trocardiography is of little diagnostic value in patients with particular electrocardiographic 
abnormalities at rest, including left bundle branch block, electronically paced ventricular 
rhythm, and ST-segment depression greater than 1 mm (Table 21.1). In such patients, and 
in patients who are unable to exercise, and/or with poor left ventricular function if viability 
is critical, noninvasive testing with some forms of imaging is indicated by default [5].

21.2
Step 2: Exercise Electrocardiography Stress Test

The high feasibility, excellent safety record, ease of application, and low cost make exer-
cise electrocardiography a first-line tool for screening patients with known or suspected 
coronary artery disease. The rate of acute myocardial infarction or death for this test is 
about 1 in 2,500 [6]. Compared to stress echocardiography and stress single photon emis-
sion computed tomography, the cost of exercise electrocardiography is at least two to five 
times lower, respectively. In addition, the exercise test provides information not only on 
the coronary reserve, but also on cardiovascular efficiency (i.e., the way in which coronary 
reserve can be translated into external work). Both these variables (coronary reserve and 
cardiovascular efficiency) concur in determining exercise tolerance and, therefore, quality 
of life in the individual patient [7, 8]. A negative exercise electrocardiography test result is 
associated with 99.3% survival at 5-year follow-up in patients with normal resting func-
tion [9]. Survival is only slightly lower in patients with previous myocardial infarction. 
It is hard to believe that one can improve on this extraordinarily good prognosis with any 
form of intervention. Therefore, in a patient capable of adequate physical effort and with 

Table 21.1 Indications for the use of stress imaging rather than exercise electrocardiographya

Coronary angiography first EET first
Stress imaging first (rather than 
exercise electrocardiography)

Complicated myocardial 
infarction

After uncomplicated 
myocardial infarction

Complete LBBB

Unstable coronary syndromes 
after maximal therapy

Stable chest pain 
syndrome

Electronically paced ventricular 
rhythm

Aborted sudden death, etc. Capability to exercise More than 1 mm ST-segment 
depression on resting ECG

No contraindications 
to exercise testing

Unable to exercise

Interpretable ECG Poor left ventricular function if 
viability is critical

EET exercise electrocardiography, ECG electrocardiography, LBBB left bundle branch block
a Modified and adapted from the guidelines developed by the American College of Cardiology, the 
American Heart Association, the American College of Physicians, and the American Society of Internal 
Medicine [1–5]
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interpretable ECG, exercise electrocardiography should be the first step in the diagnostic 
sequence and, in case of negativity for both electrocardiographic criteria and chest pain at 
a maximal load, should also be the last (Fig. 21.1). The exercise electrocardiography test can 
also show a high-risk response (Fig. 21.1), including at least one of the following signs [10]:

1. Early positivity (with an exercise time of less than 4 min)
2. Prolonged positivity with slow recovery (>8 min)
3. Marked positivity (>3 mm of ST-segment depression or ST-segment elevation in the 

absence of resting Q waves)
4. Global ST-segment changes
5. Associated hypotension, which may indicate either left main or advanced triple-vessel 

coronary artery disease over underlying left ventricular dysfunction
6. Reproducible malignant arrhythmias

In patients with these or other markers of adverse prognosis, angiography is warranted 
without any further imaging testing (Fig. 21.1).

ExECG 

? + 

Unfeasible 
Submaximal 

Uninterpretable 

Chest pain and no ST depression 
ST depression in women 

ST depression in HPT 
ST depression and no chest pain 

Exercise-time <4 min 
ST depression ≥3 mm 

ST segment elevation (no q wave) 
Slow recovery

Stress echo 

Low risk
Medical therapy 

High risk
Coronary angiography 

+ 

+ 

Stable patient 

(Capable to exercise) Normal or near-normal resting ECG (no LBBB; no WPW; no PM)

Fig. 21.1 In stable patients with known or suspected coronary artery disease and normal or near-
normal resting ECG, the diagnostic algorithm should start with the exercise electrocardiography test. 
This remains the first noninvasive test to be done and often the last one: a maximal negative test 
result is associated with an extremely good prognosis; at the other end of the spectrum, a response 
of severe ischemia warrants coronary angiography without further investigations. In patients with 
ambiguous or uninterpretable results during exercise electrocardiography or patients in whom exer-
cise is submaximal or contraindicated, stress echocardiography is an excellent choice. A normal stress 
echocardiogram identifies a low-risk group. A positive finding on a stress echocardiogram warrants 
a more aggressive therapeutic approach. HPT, hypertensives; LBBB, left bundle branch block; PM, 
pacemaker; WPW, Wolff-Parkinson-White 
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21 21.3
Step 3: Stress Imaging Testing

Exercise electrocardiography positivity at an intermediate to high load, as well as negativity 
at a submaximal workload, or negativity in the presence of chest pain, warrants a stress 
echocardiography test. The latter should establish the diagnosis of ischemia with a higher 
reliability and should define its extent and severity. Stress echocardiography test negativity 
makes the presence of a prognostically important organic coronary disease unlikely. The 
excellent outcome associated with this response does not support the decision to proceed 
with coronary angiography.

Stress echocardiography test positivity identifies a group of patients at higher risk in 
whom coronary angiography is warranted (Fig. 21.1). However, as discussed in Chap. 17, 
stress echocardiography positivity should be titrated, since the associated risk may range 
anywhere between 2 and 20% mortality per year, depending on the time, space, extent, 
severity, recovery of inducible wall motion abnormalities, and concomitant therapy at the 
time of testing (Table 21.2).

In the choice of an imaging technique (as detailed elsewhere; see Chaps. 1 and 36) 
stress echocardiography has to be preferred for logistic and economic reasons. However, 
nuclear perfusion imaging can still be a viable alternative in four basic situations, which 
can be related to the institution, the patient, or the stress used. These situations can 
be minimized, but not totally abolished, and therefore access to a high-quality nuclear 
laboratory remains an important resource for the clinical cardiologist. The situations in 
which nuclear perfusion imaging can be performed are the following: no stress echocar-
diography activity, stress echocardiography activities but semi-random results, patients 
with a poor acoustic window, and ambiguous stress echocardiography results, which 
can occur even in technically satisfactory studies (Chap. 36). In all these conditions, 
perfusion imaging can help considerably in patient work-up. In institutions with cardiac 
magnetic resonance facilities, this is the imaging test of choice as an alternative to stress 
echocardiography (Chap. 35).

Table 21.2 Stress echocardiography risk titration

Risk Low (2% year) High (20% year)

Dose/workload High Low

Resting EF >50% <40%

Antiischemic therapy Off On

Coronary territory LCx/RCA LAD

Peak WMSI Low High

Recovery Fast Slow

Positivity on baseline dyssynergy Homozonal Heterozonal

ESV increase at peak stress No Yes

EF ejection fraction, WMSI wall motion score index, ESV end-systolic volume, LCx left 
circumflex, RCA right coronary artery, LAD left anterior descending
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It is important to choose the right stress echocardiography test for the right patient. 
Table 21.3 and Fig. 21.2 summarize the relative indications and contraindications to each 
of the major stresses according to the evidence more extensively discussed on Chap. 18. 

Table 21.3 Stress echocardiography: which test for which patient

Patient characteristics Exercise Dipyridamole Dobutamine

Inability to exercise 3 1 1

Contraindication to exercise 3 1 1

Positive EET at ≤6 min of exercise 
in hypertensives, women, baselne 
ECG changes

1 2 2

Asthmatic patient 2 3 1

Under theophylline therapy 1 3 1

Severe hypertension 3 1 3

Well-controlled hypertension 2 1 2

Relative hypotension 1 3 3

Malignant ventricular ectopy 1 1 3

2nd- to 3rd-degree AV block 1 3 2

Suboptimal acoustic window 3 1 2

Evaluation of antiischemic 
therapy efficacy

1 1 2

Unstable carotid disease 2 2 2

Permanent pacemaker Pacemaker stress 
echocardiography

1, Especially indicated; 2, relatively contraindicated; 3, contraindicated
EET exercise electrocardiography, ECG electrocardiography, AV atrioventricular

Exercise-echo
Inconclusive
exercise-ECG

LBBB,
WPW 

PM

PM
stress echo 

Submaximal
exercise-ECG

Dip Echo

Inability to exercise

Contraindications
to exercise

Submaximal
DipEcho

Dob Echo

Contraindications to Dp:
asthma, severe COPD,

2nd and 3rd degree AV block 

Theophylline therapy

Viability identification
in EF <30%

Fig. 21.2 The right type of stress echocardiography (exercise, dipyridamole, dobutamine, or pacemaker 
stress echocardiography) can be chosen according to several clinical, resting electrocardiography, 
resting echocardiography, and exercise electrocardiography test variables
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Exercise echocardiography can, and should, be the first-line test, skipping the exercise 
electrocardiography test in patients with conditions making ECG uninterpretable, such 
as left bundle branch block or Wolff-Parkinson-White syndrome or baseline ST-segment 
abnormalities [1–4] (Fig. 21.2). Instead of pharmacological stress echocardiography, it 
may also be wise to choose exercise echocardiography in patients with an ambiguous posi-
tive result during an exercise electrocardiographic test at a workload of 6 min or less. This 
kind of patient (typically, a middle-aged hypertensive woman with ST-segment depression 
at a peak rate pressure product below 20,000) can have either angiographically normal or 
severely diseased coronary arteries. Exercise has the advantage of being the safest test and 
also being highly feasible and less technically demanding for low levels of exercise.

21.4
Step 4: Testing for Vasospasm

The possibility of testing for coronary vasospasm should be considered after complete 
negativity of maximal exercise stress testing or imaging stress at the end of the diagnostic 
evaluation (Fig. 15.4 in Chap. 15). Vasospasm testing is the last resort if chest pain is 
present and a coronary origin is sought. Before angiography, coronary vasospasm can be 
suspected in patients with angina at rest, particularly at night or in the early morning, and 
good or extremely variable effort tolerance. After angiography, the suspicion of spasm 
should be raised if coronary arteries are normal or mildly diseased, paradoxically in con-
flict with severe ischemia (Fig. 21.3). Clinically, the suspicion of vasospasm is also high 

Fig. 21.3 The indication for coronary vasospasm testing in Pisa echocardiography laboratory. EET, 
exercise-electrocardiography testing; 5-FU, 5-fluorouracil
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in patients with syncopal angina [11–14] or aborted sudden death [15, 16]. In susceptible 
patients, coronary vasospasm can be triggered by noncardiological medications such as 
the chemotherapeutic agent 5-fluorouracil in patients with cancer [17–19], sumatriptan 
in migraine sufferers [20, 21], or ergometrine given to young mothers in the puerperium 
phase [22–24] to reduce uterine blood loss through arterial vasoconstriction [23, 24], or 
bromocriptine, which is also given in obstetric clinics for milk suppression [25, 26]. In all 
these conditions, the diagnosis and treatment are easy and potentially life-saving only if 
one thinks of it in clinical scenarios far from the classic cardiological stage.

In properly selected patients, vasospasm testing (either with ergometrine or hyperven-
tilation) can be performed safely and practically outside the cardiac catheterization labo-
ratory. Testing for vasospasm is the only way to make a diagnosis that can be missed by 
conventional testing, imaging stress, and even coronary angiography. After all, according 
to Maseri [20], the single most important factor affecting the frequency with which variant 
angina is recognized depends on the physician’s awareness of its existence.
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Eugenio Picano

According to Maseri, “Identification of patients with known ischemic heart disease 
who are at low risk is important, first, because it is reassuring for the patient; second, 
because in such a group the prognostic accuracy of any diagnostic test becomes very low; 
third, because it is difficult to demonstrate that even the most aggressive treatments can 
increase life expectancy when the latter is not reduced appreciably” [1]

Echocardiography is most useful for the identification of these patients. In fact 
resting left ventricular function, myocardial viability and stress-induced ischemia showed 
their prognostic impact in the preechocardiographic era, when evaluated by different 
tools, i.e., radioisotopic techniques for ventricular function [2], fluorodeoxyglucose up-
take for viability [3], and exercise electrocardiography [4] and myocardial scintigraphy 
[5] for inducible ischemia. Only echocardiography allowed all these pieces of informa-
tion – previously scattered among several diagnostic techniques – to be put together in a 
synoptic way.

22.1
Left Ventricular Function

The risk increases hyperbolically with the reduction in ventricular function [2], with rela-
tively moderate increments of mortality for values of ejection fraction between 50 and 
30% and with marked increments below 30% [6] (Fig. 22.1). In the steep segment of the 
curve, a reduction of 10% of ejection fraction (from 30 to 20%) results in an 8–16% in-
crease in mortality at 6 months; in the flat part of the curve, the same reduction in ejection 
fraction (from 60 to 50%) leads to an undetectable, nonsignificant increase in mortality, 
from 1 to 1.5%.

The asynergic regions might be viable and therefore may potentially recover to normal 
function. The more dysfunctional myocardium there is, the more important the search for 
viability will be (see Chap. 20).
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22.2
Myocardial Viability

In patients with good ventricles (dashed line in Fig. 22.1), viability is basically neutral for 
survival, and cardiac death can be predicted only on the basis of the extent and severity of 
induced ischemia [7]. However, myocardial viability detected with low-dose dobutamine 
tends to be associated with unstable angina and nonfatal reinfarction (Fig. 22.2). In patients 
with severe chronic left ventricular dysfunction (solid line in Fig. 22.1), the presence of 
myocardial viability is associated with a better survival rate in revascularized patients [8–13] 
(Fig. 22.3) (see also Fig. 22.4 of Chap. 11 and Fig. 22.7 of Chap. 12). These data may be 
considered consistent with the finding of the Coronary Artery Surgery Study, which 20 
years ago – well before myocardial viability entered the clinical scene – showed improved 
survival after bypass grafting (vs patients randomized to medical therapy) in the subgroup 
of patients with three-vessel disease and low ejection fraction [14]. A likely explanation 
is that a proportion of patients had hibernating myocardium with preserved viability and 
functional recovery after surgery. Also, in patients with severe left ventricular dysfunction 
evaluated early after an acute myocardial infarction, myocardial viability is associated with 
better survival both in revascularized and in medically treated patients [15, 16].

Fig. 22.1 Hyperbolic curve relating 6-month mortality and values of ejection fraction in patients re-
covering from an acute myocardial infarction. Beyond 40%, even large increases in ejection fraction 
determine only a mild increase in mortality; this is the “flat” arm of the curve, where the impact of 
viability is probably minimal. Below 40%, even small changes in ejection fraction determine marked 
changes in mortality; this is the “steep” arm of the curve, where the impact of viability is probably 
critical to survival. (Redrawn and modified from [6], with permission)
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Fig. 22.2 Cumulative survival rates free of spontaneously occurring events (including death, reinf-
arction, and unstable angina) in patients with absence (top curve) and presence (bottom curve) of 
myocardial viability, recognized as functional improvement in a segment with rest wall motion abnor-
malities after low-dose dobutamine. The presence of myocardial viability is associated with a greater 
incidence of events (p < 0.05). (From [7], with permission)

Fig. 22.3 Effect of revascularization on mortality in patients with severe left ventricular dysfunction 
with (viable, left side) and without (nonviable, right side) myocardial viability, assessed with one of 
the three main techniques: low-dose dobutamine, thallium or PET FDG scintigraphy. (From [13], 
with permission)
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22.3
Inducible Ischemia

Tests provoking ischemia, such as exercise electrocardiography and stress scintigraphy, 
yield more accurate prognostic information when the result is stratified in the space and/
or time domain. The ischemic workload, i.e., the stress time necessary to induce a diag-
nostic modification, is the most useful prognostic information during exercise electrocar-
diography [4]. The severity and extension of the perfusion defect is the most important 
information with stress scintigraphy [5]. Stress echocardiography provides information 
in the time (ischemic load) and space domain (extension and severity of asynergy) [17]. 
The timing, extent and severity of the induced wall motion abnormality are the main de-
terminants of the prognostic impact of stress echocardiography positivity (see also Table 
22.1 of Chap. 18). As for rest function, the presence of inducible ischemia increases the 
risk hyperbolically with the progression of severity (Fig. 22.4). The shorter the ischemia-
free stress time and the higher the wall motion score index are, the lower is the survival 
rate (Fig. 22.4). The prognostic effects of inducible ischemia are additive to resting left 
ventricular function (Fig. 22.5). However, prognosis is not destiny, and the natural history 
may be dramatically changed by revascularization interventions guided by the results of 
physiological testing. Indeed, in patients with positive stress echocardiography, ischemia-guided 
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Fig. 22.4 Prognostic impact of inducible ischemia rises hyperbolically with increasing values of peak 
wall motion score index (WMSI) and decreasing doses necessary to evoke ischemia. The higher the 
wall motion score index, the lower the ischemic dose and the worse of prognosis
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revascularization reduces the risk of death by a factor of 11, while, paradoxically, the 
risk is three times higher in patients with negative tests and anatomy-guided revasculari-
zation [18–21] (Fig. 22.6). For pharmacological stress echocardiography, effectiveness 
studies (Table 22.1) have also been performed with large scale, multicenter, prospective, 
observational design. The Echo Persantine International Cooperative (EPIC) and Echo 
Dobutamine International Cooperative (EDIC) trials recruited thousands of patients, en-
rolled mostly by primary care cardiology centers employing stress echocardiography in 
their daily work for diagnostic, not academic purposes. As this large and simple clinical 
trial study design is produced and interpreted by cardiologists working in primary care 
centers, most likely dealing with real patients, real doctors, and real problems, it is more 
likely to provide data directly relevant to clinical practice [22].

Table 22.1 Single-center versus large-scale design in prognostic studies

Design Small Large scale

Enrollment sites Single center Multicenter

Patient sample size Tens (hundreds) Thousands

Main events considered Revascularization Cardiac death

Recruiting centers Tertiary care Primary care

Echocardiography reading Centralized Peripheral (quality controlled)

Domain of application Virtual reality True life

0
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15

<1.6 >1.6 <1.6 >1.6
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Fig. 22.5 Combined effect of resting function and inducible ischemia (with stress echocardiography) 
on the incidence of mortality in early postinfarction (10 days after acute myocardial infarction). 
Follow-up, 14.6 ± 10.2 months. WMSI, wall motion score index; DET, dipyridamole echocardiography 
test. EPIC update (n = 995). (EPIC data, adapted from [8], with permission)
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22.4
Pathophysiological Heterogeneity of Different Events

In the assessment of risk stratification, disparate events such as coronary revascularization, 
recurrence of angina, nonfatal reinfarctions, and cardiac death are often pooled together 
for statistical reasons. Nevertheless, they have very heterogeneous pathophysiological 
mechanisms and a different clinical impact. Studies on large populations, with an adequate 
number of events, have pointed out that the broad definition of the term “predictor of 
risk” relates to widely different kinds of risk. Early after myocardial infarction, myocardial 
viability identifies patients at higher risk for subsequent unstable angina [7], but at lower risk 
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of cardiac death [15, 16], since the negative impact on events related to residual ischemic 
instability is offset by the beneficial impact on functional recovery. Resting function is an 
excellent predictor of cardiac death, but it does not predict recurrence of angina, which 
is less frequent in conditions of more extensive dysfunction. On the other hand, induc-
ible ischemia effectively predicts recurrence of angina (with a relative risk of 3:1) and 
cardiac death (with a relative risk of 4:1), but it only weakly predicts nonfatal reinfarction 
marginally (relative risk 2:1) [23]. These data might appear contradictory in the light of 
the classical theory of the progressive worsening of ischemic plaque as a cause of angina, 
moving from angina at rest to myocardial infarction with total occlusion. In fact, from a 
pathophysiological standpoint, angina and reinfarction are qualitatively different events. 
As for reinfarction, the occlusion of a critical, ischemia-producing plaque is asympto-
matic in 50% of patients; it is often an angiographic, not a clinical event (Fig. 22.7). The 
occlusion of a critical coronary stenosis is the mechanism underlying 15% of infarctions; 
in this subgroup, the predictive power of the test might be very high, but it is diluted by 
the remaining 85% of reinfarctions, which occur at previously noncritical stenoses (i.e., 
transparent to stress echocardiography). In agreement with pathophysiological premises, 
the event reinfarction (which in 80% occurs independently of stenosis significance) is 
predicted by stress echocardiography, with a relative risk of 2.0. The ratio of fatal to nonfatal 
reinfarction is higher in the presence of a positive stress. Induced ischemia (imaged as 
the area at risk showing transient dyssynergy by stress echocardiography) inconsistently 
identifies the site of future infarction, although most infarctions occurring within 1 year of 
stress testing are in the area identified as ischemic during stress testing. When the predic-
tion of site of infarction is the reference, stress echocardiography results are wrong in four 
out of ten cases (infarction occurring in a patient with a previously negative test), right in 
four cases (infarction occurring in the area identified as ischemic during previous stress), 
and right for the wrong reason in the remaining two cases (infarcted zone different from 
the ischemic zone identified as at risk during stress) [24]. These discrepancies cannot be 
considered surprising if one considers that plaque rupture, inflammation, and embolization 
are largely independent of plaque size, which limits coronary flow reserve and determines 
stress echocardiographic results. Vulnerable plaques are often angiographically invisible, 
and a significant number of disruption episodes that precipitate infarction occur in coronary 
arteries that were normal or mildly stenotic on a previous angiogram [25]. The recognition 
of these vulnerable, but hemodynamically subcritical plaques is out of reach even for third-
generation (atropine) stress echocardiographic testing [24].

22.5
Practical Implications

Clinical evaluation will readily identify patients at high-risk: patients with complicated 
acute myocardial infarction (with arrhythmic, mechanical, or ischemic complications); 
patients with unstable angina refractory to maximal medical therapy; and patients with 
ischemic modification during angina suggestive of extensive multivessel coronary disease. 
In these patients, a good cardiologist needs little help. For most patients, on the other hand, 
even the best clinician will need instrumental support for an adequate risk stratification 
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Fig. 22.7 Possible mechanisms of reinfarction. According to this theoretical model, the stress echocar-
diography positivity of the index test is associated with more extensive coronary artery disease, with 
critical stenosis in the coronary artery feeding the myocardial region with stress induced dyssynergy 
(left upper panel); coronary artery disease is more often noncritical in patients with test negativity 
(right upper panel). In keeping with angiographic data, two out of three infarctions are linked to the 
occlusion of a previously noncritical stenosis incapable of provoking ischemia during stress; in the 
patient with a positive test (scenario 1, left panel), a coronary stenosis different from the ischemia-
producing stenosis can become occluded, with the infarction paradoxically occurring in a region different 
from the area at risk identified during stress. Also, in the patient with a negative stress echocardiog-
raphy test, the coronary occlusion will provoke the infarction in an area with no inducible ischemia 
during stress (scenario 1, right panel). The second possibility (occurring in one-third of infarctions) 
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(Fig. 22.8). Resting echocardiography helps to identify patients with severe baseline dys-
function who are at high risk and in whom the search for myocardial viability becomes 
critical. Exercise electrocardiography is the next stress test. It is less sensitive and feasible 
than stress echocardiography, but the negative predictive value of a maximal test is high 
and the combination of a maximal exercise electrocardiographic test with a good echocar-
diographic function identifies a large group of patients at low risk, with an annual death 
rate of 1–2% [25]. It is very difficult for an imaging test to add further information to this 
subset [26–28]. Markedly positive exercise electrocardiography test results (see Fig. 22.3 
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Step 2
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Fig. 22.7 (continued) is the occlusion of a coronary artery with a previously critical stenosis capable 
of provoking ischemia during stress; this clinical and pathological pattern occurs more frequently 
in patients with a previously positive stress (scenario 2, left panel). Another possible outcome of 
the critical ischemia-producing coronary stenosis is occlusion without clinical signs of myocardial 
infarction or regional dysfunction (scenario 3, left panel); the myocardium region fed by the occluded 
coronary keeps contracting normally

Fig. 22.8 The four-step prognostic algo-
rithm, starting from clinical evaluation 
(step 1) and moving to resting echocardiog-
raphy (step 2), exercise electrocardiography 
(step 3), and, when necessary, pharmaco-
logical stress echocardiography (step 4). 
Black, high risk; gray shading, intermediate 
risk; white, low risk; EF, ejection fraction
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in Chap. 20) identify a group at high risk in which an imaging test might be redundant and 
hazardous. This subset of patients must be treated aggressively. In the rest of the patients 
with moderate- to high-workload positivity or equivocal or submaximal results the com-
bined information provided by rest and pharmacological stress echocardiography results 
in an integrated view of the most important prognostic determinants (resting function and 
ischemia) that identify different subsets of patients, with an annual death risk ranging from 
about 1% (good resting function, no inducible ischemia) up to 20% (severe rest dysfunc-
tion, low dose, extensive inducible ischemia). A high-risk response points to the need for 
more invasive procedures. In the early postinfarction phase, revascularization increases 
the risk of death if undertaken in patients without inducible ischemia on the basis of an 
anatomical indication, whereas it markedly reduces this risk in patients with inducible 
ischemia. In patients with poor prognosis, a coronary angiography is warranted in view of 
a revascularization. As a rule, the steeper the decline of annual survival in the medically 
treated control group, the greater the benefits of revascularization [1].

22.5.1
Comparison of Invasive and Noninvasive Approaches

In the field of prognostic stratification, in the absence of carefully controlled studies, any 
strategy currently reflects a philosophy rather than a scientifically based method [27]. 
The invasive philosophy considers coronary angiography as the only essential tool; the 
noninvasive strategy uses a noninvasive test to indicate access to catheterization in clini-
cally stable patients. In the invasive approach, stress echocardiography is considered as a 
possible candidate to break open the vicious circle of chest pain: coronary angiography 
revascularization; in the noninvasive approach, it is considered capable of offering insight 
into the main determinants of survival, i.e., function, viability, and ischemia. The noninva-
sive strategy can be preferred by necessity when there is restricted access to cardiac cath-
eterization facilities, but it remains a questionable choice in the presence of unrestricted 
access to coronary angiography. When there is access to the invasive procedure, the ques-
tion arises as to whether all patients should be catheterized and all stenoses revascularized 
(“angiography in all, and dilate what you can”) or whether a simple stress test procedure 
is preferable, avoiding the further risks and discomfort of any additional procedure (“a 
noninvasive stress test, and back home safely”) [29–31]. Risk stratification can be carried 
out aggressively (and expensively) or in a low-profile, less expensive manner with nonin-
vasive testing first and medical therapy in all patients with negative stress. Only then can 
the noninvasive stratification strategy centered on stress echocardiography be accepted as 
a way of saving resources, and above all of providing patients with better treatment. Obser-
vational studies have suggested that the noninvasive method not only saves money, but may 
actually result in a longer survival time [18, 28]. Randomized trials show a worse outcome 
in patients with anatomy-guided revascularization when compared to those with ischemia 
guided revascularization [32–35]. For any given level of coronary anatomical angiographic 
disease, the impact of revascularization on survival is impressive, especially when 
inducible ischemia is present (see also Chap. 39). In the absence of inducible ischemia, 
anatomy-guided revascularization has neutral or detrimental effect on survival [36], 
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although this may change in the era of drug-eluting stents. Nevertheless, only 9% of 
patients with recent myocardial infarction undergo stress testing before coronary interven-
tion [29], but more than 40% of patients undergo angioplasty after receiving thrombolytic 
therapy [30]. In spite of accumulating evidence and recommendations of guidelines, the 
risk stratification strategy is often the result of a costly philosophical opinion rather than 
an evidence-based behavior.
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New Ultrasound Technologies 
for Quantitative Assessment 
of Left Ventricular Function
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Stress echocardiography is an established and mainstream method for the diagnosis and 
risk stratification of patients with known or suspected coronary artery disease [1, 2]. While 
the overall accuracy of echocardiography-based stress echocardiography techniques is 
high, these methods are inherently limited by the subjective, eyeballing nature of image 
interpretation [3] and the learning curve [4] with relatively wide interinstitutional variability 
[5], unless conservative reading criteria are developed a priori through consensus [6]. 
In addition, the current diagnosis is based on visual assessment of systolic thickening 
and endocardial motion, estimating radial function, which is theoretically less sensitive 
to ischemia than the longitudinal and circumferential function [7]. Electrical activation 
disturbances (such as left bundle branch block or right ventricular pacing), hemodynamic 
conditions (such as right ventricular overload), or extracardiac factors (such as cardiac 
surgery or constrictive physiology) may affect wall motion independently of systolic thick-
ening, making the analysis based on systolic thickening alone technically challenging [8]. 
Tachycardia and an increase in blood pressure may mimic ischemia, inducing a reduction 
of regional wall motion and thickening [9] and ventricular unloading, caused, for instance, 
by mitral insufficiency, which may mask ischemic wall motion abnormalities [10]. On a 
segmental basis, we evaluate the transmural contraction, without a selective assessment of 
the subendocardial function, more sensitive to ischemia than the subepicardial layer [8]. 
Furthermore, the current application of stress echocardiography is certainly “intelligent” 
(full of useful clinical information), but the results cannot be easily reduced to a “beautiful” 
graphical display, perceivable at a glance also by a nonspecialist of imaging. The develop-
ment of an objective, quantitative method for wall motion analysis during stress testing 
would overcome these limitations, translating the inducible wall motion abnormality from 
an opinion into a number (Table 23.1). This would improve accuracy, shorten the learning 
curve, and improve communication of stress echocardiography results with cardiologists, 
ultimately strengthening the current clinical and scientific role of the technique. In addition, 
the quantitative assessment of left ventricular function would allow a more comprehensive 
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assessment of the complex physiology of left ventricular function, which is not thoroughly 
described with a simple assessment of radial transmural function through endocardial 
motion and thickening at a single end-diastolic and end-systolic time point during the 
cardiac cycle. Strenuous efforts have been made in the last 30 years by bioengineers, industry, 
and researchers to reach the ambitious, yet elusive, target of quantitative assessment of 
ventricular function. Different waves of new ultrasound technologies such as M-mode for 
longitudinal function assessment with mitral annular plane systolic excursion (MAPSE), 
anatomical M-mode, tissue characterization, color kinesis (CK), tissue Doppler echocar-
diography (TDE), tissue Doppler strain-rate imaging (TDSRI), two-dimensional speckle 
tracking imaging (2D-ST), and real-time three-dimensional echocardiography (RT3D) 
have been proposed to overcome the limitations of conventional echocardiography [11]. 
Each approach can be broadly assigned to one of the four technological generations of 
ultrasound imaging: M-mode, 2D, tissue Doppler, and 3D (Table 23.2). Many quantitative 
echocardiographic techniques for regional and global contractility assessment have had 
promising starts, but none of them has been incorporated to date into standard praxis.

23.1
Spatial and Temporal Heterogeneity of Left Ventricular Contraction

The contraction of the heart is a complex phenomenon involving a deformation (strain) 
along three coordinates: radial thickening (centripetal squeeze), longitudinal (base-to-apex 
shortening), and circumferential shortening (torsional twist) (Fig. 23.1). Strain is a unitless 
quantity, and typical values of end-systolic radial, longitudinal, and circumferential defor-
mation for normal volunteers are approximately 0.35, −0.15, and −0.20, respectively, in the 
midventricle, with good agreement between cardiovascular magnetic resonance (CMR) 
tissue tracking and quantitative echocardiographic techniques [11]. The complexity of this 
movement is further magnified by the physiological spatial and temporal heterogeneity 
observed in humans among different left ventricular segments both in resting conditions 
[12–14] and during stress [15, 16]. The radial strain is highest in apical and lowest in basal 
segments. Longitudinal strain shows the largest excursion in proximal and the mildest in 
apical segments. The left ventricular rotation (or circumferential strain) as viewed from the 

Table 23.1 Present reality and future promises in stress echocardiography

What we have What we need

Regional function Thickening, motion Strain

Ventricular function Radial Longitudinal and circumferential

Segmental function Transmural Subendocardial

Graphical display “Intelligent” “Beautiful”

Operator-dependence High Low

Learning curve Long Steep

Diagnostic gold standard Expert opinion Automatic number
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Table 23.2 The four main approaches to quantification

M-mode 2D Doppler RT3D

Biosignal Mitral annulus Gray-scale 
B-mode

Tissue Doppler Segmental 
volume

Variable Annulus motion Endocardial 
motion

Myocardial 
velocity

Regional EF

Main function Longitudinal Radial 
(circumferential)

Longitudinal Composite

Angle dependence No No Yes No

Eyeballing feedback +++ +++ − +++

Graphical display Sober Elegant Complex Intuitive

All segments ± ++ − +++

First generation MAPSE Color kinesis TDI Offline 3D

Second generation Anatomical 
M-mode

Speckle tracking SRI RT3D

Imaging/Analysis 
time

Seconds A few minutes Several minutes A few 
minutes

RT3D real-time three-dimensional echocardiography, MAPSE mitral annular plane systolic excursion, 
TDE tissue Doppler echocardiography, SRI strain-rate imaging

Fig. 23.1 A schematic representation of the three coordinates of left ventricular contraction: radial, 
longitudinal, circumferential (upper panels). Note the physiological heterogeneity of left ventricular 
contraction (expressed by the length of arrows). Radial thickening is higher in anterior and septal 
than in inferior and lateral segments. Longitudinal shortening is highest in basal and lowest in api-
cal segments. Circumferential shortening is highest (clockwise) in basal, counterclockwise in apical 
segments (right panel). All three can be altered in stress-induced ischemia (lower panels), which 
provokes both a reduction and a delay (dyssynchrony) of contraction in involved segments

CIRCUMFERENTIAL RADIAL LONGITUDINAL 

55 
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apex is clockwise in basal segments, and counter-clockwise in apical segments, creating the 
torsion or twisting motion. Toward the end of systole, a negative torsion velocity or untwisting 
begins, possibly as a result of the release of elastic energy accumulated in systole [11]. 
Systolic rotation, as a component of torsion, winds the heart muscle like a spring, setting 
up recoil for early diastole. Within each segment, there is also a clear vertical (transmural) 
gradient, with the subendocardial layers contributing to the majority of systolic thickening 
(radial function) [17], longitudinal shortening [18], and segmental twisting [19].

The complex 3D deformation of the heart during the cardiac cycle may not be 
adequately captured by investigating only radial, transmural function with regional wall 
thickening and motion. The presence of stress-induced ischemia reduces, up to abolishing, 
all three components of deformation – radial [20], longitudinal [21], and circumferential 
[22] – (Fig. 23.1, lower panel), but not all of them simultaneously and symmetrically. 
Experimentally, a reduction in overall systolic thickening (which is an index of radial func-
tion) is not the most sensitive mechanical manifestation of local ischemia: subendocardial 
fibers that support ventricular long-axis function are more sensitive to ischemia than the 
circumferential ones responsible for normal radial myocardial thickening (Fig. 23.2, right 
panel) [23]. This is also true in chronic heart failure, characterized by an initial phase when 
the longitudinal function can be reduced and the radial function supernormal, for compen-
satory function, yielding a normal ejection fraction, which averages longitudinal and radial 
function [24, 25], and is correlated only weakly with percent systolic thickening and more 
closely with circumferential strain [26]. This same concept may apply, in the single 
segment, to systolic thickening and motion, which can be normal at an initial stage when 
the subendocardial function is already markedly impaired (Fig. 23.3, right panel).

The ischemic cascade The mechanical cascade
(contractile dysfunction)

Contractile dysfunction

ECG changes

Pain

Perfusion heterogeneity

Longitudinal (and
circumferential) function 

Subepicardial (transmural) 
radial function

Fall EF

Subendocardial radial function

Events Events
REST REST

Stress time Stress timeREST ISCHEMIA

(? torsion/ 
relaxation/dyssynchrony)

Fig. 23.2 On the left, the ischemic cascade, with a well-defined sequence of events, where 
perfusion heterogeneity is an earlier marker than regional contractile dysfunction, classically 
evaluated on the basis of segmental wall thickening. On the right, the mechanical cascade 
shown in its increasingly recognized complexity and heterogeneity. Segmental function in-
dices (displayed on the right side of the cascade) tend to appear earlier than global function 
indices, with subendocardial dysfunction being earlier and more profound than subepicardial 
dysfunction. Among global indices, longitudinal (and probably circumferential) indices oc-
cur before radial indices. Ejection fraction reduction can appear only downstream in the 
cascade, since at initial stages the early depression of longitudinal function can be masked 
by normal, compensatory supernormal radial function
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In clinical echocardiography, we usually rely on ejection fraction (an index of global 
function) and percent systolic thickening (an index of regional function). Regional ejec-
tion fraction can be viewed as a composite measure of the local contribution to ejection, 
determined by the increased motion and deformation (circumferentially and longitudi-
nally) of the endocardium. The regional ejection fraction increases significantly from base 
to apex, and remarkably, in normal hearts the regions with the highest ejection fraction 
show the least wall thickening [26]. On simple pathophysiological ground, we might achieve 
better diagnostic sensitivity for more subtle, initial myocardial disease if we also assess 
longitudinal function, for the global assessment, and subendocardial function, for regional 
segmental assessment. In the ischemic or cardiomyopathy cascade, left ventricular 
dysfunction might be sampled upstream of the classical, conventional markers of global 
and regional dysfunction used in standard conventional echocardiography [24]. The differ-
ent technologies proposed for quantitative assessment of left ventricular function focus 
on different aspects of this functional heterogeneity (Table 23.2).

Longitudinal

Transducer

Lateral mitral
annulus

Septal mitral
annulus

RV LV

MVTV

Fig. 23.3 The downward motion of the base of the ventricle toward the transducer can be im-
aged with mitral annular plane systolic excursion (left). On the right, the synchronous assess-
ment of longitudinal function by M-mode (upper panel), tissue Doppler (middle panel), and 
strain-rate imaging (lower panel). (Adapted and modified from [7, 14])
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M-mode Echocardiography and Longitudinal Function

The assessment of longitudinal function can be obtained not only with last-generation 
technology, but also – and probably with even greater reproducibility – by simple M-mode 
echocardiography, measuring the mitral annulus systolic amplitude excursion (Table 23.2). 
Mitral ring echoes are of high amplitude and can be recorded in the large majority 
of patients [25]. The technical basis, M-mode echocardiography, is simple and widely 
available. The printed records can be measured directly, thus avoiding the requirement for 
consensus and establishing clear unities (Fig. 23.3). Values greater than 25 mm are normal, 
and below 20 mm are clearly abnormal. Use of different sites around the atrioventricular 
ring may allow the effect of induced ischemia to be localized, although not to the same 
extent as with the standard method. The technique detects the physiological heterogeneity 
of longitudinal function of the normal heart [14], the ischemia-induced alterations in lon-
gitudinal function during stress [27, 28], and the early changes in left ventricular function 
during cardiomyopathy [23, 24], with an accuracy similar to more trendy techniques such 
as TD or TDSE. No colors, no 3D reconstruction, no fancy tracings and numbers support 
the interpretation. As a result, the technique suffers from the widespread perception that it 
is in some ways out of date. Yet, according to Derek Gibson [29], older techniques should 
be continuously kept under review, since reintegrating them into the mainstream often 
brings surprising dividends.

Specifically regarding stress applications, stress ventricular long-axis demonstrates the 
mechanical behavior of the subendocardial layer of the myocardium. The myocardial fibers 
of this layer are longitudinal in orientation. They originate from the ventricular apex and 
insert around the circumference of the mitral and tricuspid valve rings. In systole, as they 
contract they bring the insertion site (mitral and tricuspid annulus) toward their origin 
(the apex) and in diastole they move in the opposite direction, bringing the annuli back 
toward the atria in early diastole and again in late diastole, during atrial contraction. Having 
the ability to record the long-axis function from the valve annulus movement (fibrous 
landmark) makes the technique highly reproducible. The same principle can be used for 
studying the free wall function of the right ventricle, which cannot be assessed by other 
stress techniques. During stress, the normal ventricle increases the amplitude and velocity 
and long-axis function, whereas in presence of a coronary artery stenosis the amplitude 
is reduced, the time to peak delayed, and some degree of incoordination appears during 
stress. Disturbances of the anterior and septal segments of the mitral annulus represent left 
anterior descending coronary artery disease. The left segments represent the circumflex 
artery disease, and the posterior and right ventricular free walls represent the right coro-
nary disease. The technique has also proved useful outside coronary artery disease, for 
instance, in children with Mustard repair for great vessel transposition. In these patients, 
the right ventricular long-axis contractile reserve of the systemic right ventricle mirrors 
the exercise capacity [30].

There is little doubt that this simple approach has suffered from the mispercep-
tion that it is in some way out of date. Unlike the competing technologies, there are 
no colors, no 3D reconstruction, and no fancy tracings! Nonetheless, there are some 
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problems. First, because the test measures displacement, the percentage error may 
be large when the maximal displacement in a failing ventricle is ambiguous. Second, 
although the use of different sites around the atrioventricular ring may allow the effect 
of induced ischemia to be localized, annular displacement is a function of the response 
in the entire wall. As four of the six walls have a different coronary supply to the 
apical and basal segments, ischemia in one zone may be obscured by hyperkinesis in 
another. Third, the time course of contraction is at least as important (probably more 
so) as displacement in the recognition of ischemia. Finally, the reproducibility of this 
measure is not well defined.

23.3
Anatomical M-mode

The M-mode format is undoubtedly well suited to assess left ventricular regional function 
for several reasons. First, it objectively displays the motion of myocardial segments; 
second, it simultaneously evaluates endocardial excursion and myocardial thickening, the 
true marker of myocardial contraction; and third, it facilitates measurements of wall 
motion and thickening for quantitative analysis of function. Yet despite all these advan-
tages, the conventional M-mode technique is not used in clinical stress echocardiography 
because its application is restricted to a limited portion of the left ventricular myocardium, 
namely the anterior septum and the posterior wall in the parasternal long and short axis 
view. Only these two walls, in fact, can be orthogonally cut by the ultrasound beam for 
correct M-mode representation of their motion. Anatomical M-mode is a postprocessing 
technique of 2D echocardiographic images designed to overcome the limitations of the 
conventional M-mode methodology (Table 23.2). A line of M-mode analysis can be freely 
oriented within the 2D sector angle regardless of the direction of the ultrasound beam. In 
this way, all myocardial segments can be reconstructed and displayed in M-mode format 
and their motion and thickening quantified [30]. At present, with the very high velocity 
of data processing and 2D frame rates provided by the current digital echocardiography 
scanners, the M-mode reconstruction can be obtained in real time, with a high degree of 
temporal resolution, and can be applied to multiple myocardial segments simultaneously. 
Specifically, the anatomical M-mode approach has been employed to characterize function 
in lateral and apical segments, which are off-axis with the standard M-mode approach [31]. 
The amount and the time to peak systolic thickening is also different in normal individuals 
among the six myocardial segments studied in the short-axis view, with an earlier systolic 
peak of the inferior and anterior septum, and the anterior wall. In the stress echocardiogra-
phy setting, anatomical M-mode has been shown to precisely quantify the degree of myo-
cardial ischemia [32], making it easier to measure the endocardial excursion and identify 
the pattern of wall motion abnormalities and incoordination [16]. However, the penetration 
of this technology has been limited for several reasons. Firstly, the same advantages but 
also the same limitations of M-mode apply to the technique, and one needs to visualize the 
wall endocardium and epicardium in systole and diastole to measure systolic thickening. 
Secondly, the frame rate is best in the axial rather than in the perpendicular line of view 
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(250 fps, as in conventional M-mode) and in transverse views (100 fps), leading to poorer 
resolution for instance in the lateral wall in the apical four-chamber approach, and particu-
larly during stress when heart rate increases. Thirdly, the display of the technique is not so 
different from the old, standard, not so exciting display of the ultrasound image.

23.4
Tissue Characterization

Interest in ultrasound tissue characterization during stress echocardiography stems from 
experimental studies showing that transient myocardial ischemia is associated with an 
increased myocardial reflectivity and a blunting of the physiologic systolic–diastolic 
variation [33], whose amplitude mirrors the subendocardial function (Table 23.2). In 
accordance with the experimental background, an increased myocardial echodensity – 
detectable by simple videodensitometric analysis of conventionally acquired images – has 
been observed in several models of transient acute myocardial ischemia, induced with 
angioplasty, ergonovine, dipyridamole, exercise, or pacing [34, 35]. The regional gray-
level amplitude increased and the blunting of cyclic gray-level (or backscatter) changes is 
detected well before the regional dyssynergy. The cyclic variation is of great potential inter-
est as an ancillary marker of myocardial ischemia, since it is affected symmetrically with 
regional wall thickening and, compared to wall motion analysis, is less operator-dependent 
and therefore more quantitative. Cyclic variation is independent of motion abnormalities, 
which may impair the evaluation of regional wall motion in certain conditions, such as left 
bundle branch block or postcardiac surgery [36]. Cyclic variation can also be preserved in 
dyssynergic but viable myocardium, offering a clue to the identification of viable segments 
in ischemic cardiomyopathy [37].

In spite of the promising experimental and initial clinical results, the technique never 
gained clinical relevance for several reasons. First, the cyclic variation can only be observed 
in some myocardial regions orthogonal to ultrasound beam such as septum and inferola-
teral (formerly called posterior) in the parasternal short axis. Second, the technique is 
exquisitely sensitive to artifacts, and great care is needed in image acquisition and analysis 
to obtain stable data. Third, tissue characterization data change monotonously in the same 
way – with increased echodensity and blunting of cyclic variation – in a variety of condi-
tions, from ischemia to fibrous conditions to hypertrophy [33], and are profoundly affected 
by heart rate changes, making it difficult to assess these parameters fruitfully during stresses 
associated with tachycardia.

23.5
Color Kinesis

Color kinesis (CK) is a method that evolved from acoustic quantification, which uses 
ultrasonic integrated backscatter to track endocardial motion in real time and to create an 
image with an improved signal-to-noise ratio [38]. CK offers an objective and automated 
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assessment not only of global function as acoustic quantification does, but also regional 
function. Employing a user-defined threshold, pixel transitions between blood and tissue 
are detected in real time based on differences in backscatter or signal strength, allowing the 
automatic detection and tracking of the endocardial boundary in real time on a frame-by-
frame basis and then color-encoded. Each color represents a distinct time interval within 
the ejection period (33 ms). The thickness of the color bands represents the degree of endo-
cardial wall motion during that systolic interval. The end-systolic frame, therefore, provides 
an integrated snapshot of both the magnitude and timing of systolic wall motion [39] 
(Table 23.2). Qualitatively, hypokinetic segments are depicted by a thinning of the color 
band in the affected region (Fig. 24.9 in Chap. 24). In contrast to other more time-consuming 
methods, analysis of CK images takes less than 2 min per echocardiographic view.

Color kinesis has been effectively used to detect regional wall motion abnormalities at 
rest and during stress, both in standard images and on contrast-enhanced images, allowing a 
simultaneous assessment of function and perfusion [40]. While both tissue Doppler imaging and 
color kinesis provide quantitative information on the magnitude of regional wall motion, 
color kinesis can also explore apical function (where tissue Doppler velocities are too 
low) and adds information regarding the timing of endocardial motion in both systole and 
diastole and may also have a role in the assessment of regional diastolic function. Regional 
left ventricular delayed outward wall motion or diastolic stunning after exercise-induced 
ischemia can last 1 h after stress, when normal regional systolic function was completely 
restored [41]. However, the image quality is significantly degraded during increased heart 
rate, and – as always – an optimal signal is required since the image quality affects the quality 
of data. The method’s overall accuracy and intertechnique variability are comparable to 
the standard conventional gray-scale image interpretation by expert readings. The method 
shows a modest degree of interbeat variability due to cardiac translation and respirophasic 
changes in image quality. Its sensitivity to careful adjustments in the lateral and time gain 
compensations to obtain accurate endocardial tracking makes it highly dependent on the 
technician’s experience. There are no clear advantages over the standard black-and-white 
format and gray-scale reading – except for the sexier display.

23.6
Tissue Doppler Imaging

Tissue Doppler imaging color maps the tissue velocities rather than the blood velocities 
and is mainly used in the cardiac muscle. Myocardial velocities are considerably lower 
(0–30 cm s−1) than blood velocities, but the amplitude of the echocardiography signal is 
approximately 40 dB larger than that of the blood flow. The signal processing is similar 
to color flow imaging, but the clutter filter is bypassed so the signal component from 
the relatively slow moving myocardial tissue is not removed. The imaging parameters are 
optimized differently and the PRF is lower in tissue Doppler imaging than in color flow 
imaging due to the lower velocities in the tissue compared to the blood. Color tissue 
Doppler imaging is therefore a new cardiac ultrasound technique, which in its current high 
frame rate format (>120 frames s−1) can resolve all mean myocardial velocities along its 
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scan lines [42]. The technique evaluates longitudinal function, rather than radial function 
as anatomical M-mode. The functional impairment induced by infarction and ischemia is 
mirrored in a reduction of peak velocity of S (systolic) wave in involved wall, although 
basal segments are also affected by global contractility changes. Peak systolic velocity 
brings back in the clinical arena the important variable of long-axis function, which is also 
expressed by the good old MAPSE. It is a potentially sensitive marker of ischemia, since 
the long axis is mostly affected by subendocardial ischemia (Table 23.2).

In addition to the physiological insight into longitudinal function of the left ventricle, 
the advantage of tissue Doppler would be the display, quantification, and regionality [43]. 
Experimental results were encouraging, proving that tissue Doppler imaging permits subtle 
segmental assessment of myocardial function during the cardiac cycle, is accurate com-
pared to reference methods such as sonomicrometry [44], and is sensitive to inotropic 
stimulation and ischemic challenge [45]. Clinical studies show the feasibility of the TDSE, 
but the reproducibility of the method has been suboptimal [46], the accuracy no better than 
expert eye reading [47, 48], and the regional assessment is difficult in medial regions and 
impossible in apical regions [49].

Clinical data made clear to physiologists and bioengineers that the interrogation of 
regional myocardial velocities alone has major drawbacks. Firstly, as with any Doppler-
derived method, the velocities measured are angle-dependent, limiting this technique to 
the apical views. Angle issues may be circumvented by narrowing the sector and imaging 
single walls. Image collection is duplicated as TDE images are collected in addition to 
standard B-mode images. These issues make TDE challenging and time-consuming, thus 
reducing its wider application. In addition, the longitudinal systolic wall motion at the 
apex is minimal, and therefore myocardial velocities are too low and variable to reliably 
detect apical wall motion abnormalities. Because of the physiologic base-to-apex gradient, 
there is a need for different regional cut-off values, which can be implemented into the 
software of the echocardiography machine. Tissue Doppler is further limited by cardiac 
translation and rotation, which may cause the myocardial segment interrogated to move 
away from the Doppler sample volume [50]. In order to reduce the effects of translation, 
strain-rate imaging, or in other words, rate or speed of deformation, has been developed by 
estimating spatial gradients in myocardial velocities.

23.7
Strain-Rate Imaging

Strain and strain-imaging techniques can be derived from color-coded TDI. Strain and 
strain-rate (rate of shortening) imaging measures the rate of myocardial deformation and 
has the advantage of differentiating between active and passive myocardial motion [51]. 
Strain and strain rate are less tethering- and translation-dependent than tissue Doppler 
imaging and provide better assessment of myocardial contraction with almost homogeneous 
values within the different segments. This is particularly important in regions with extensive 
infarction and scar formation, where passive motion occurs. From strain-rate curves, local 
strain can be extracted. Longitudinal strain can be measured in all left ventricular segments 
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using the apical views. However, radial and circumferential strains can only be assessed in 
some segments, e.g., radial strain in the posterior wall and circumferential strain in the 
lateral wall using a parasternal short axis view (Table 23.2). Experimental studies show that 
parameters derived from strain-rate imaging can be helpful in identifying and quantifying 
ischemia-induced myocardial abnormalities and in identifying viable myocardium, whose 
strain rate is normalized in stunned areas following inotropic challenge with dobutamine 
or dipyridamole [52, 53]. These studies also suggest that indices of deformation (strain and 
strain rate) are better than those of displacement (myocardial velocity) in the evaluation of 
regional myocardial function, as they might avoid the limitations of velocity (overall heart 
motion, influence of adjacent segments, etc.). Unfortunately, clinical studies (Fig. 23.4) do 
not confirm the clear advantage suggested by experimental studies and show comparable 
values of strain rate and tissue velocity imaging for diagnosis of coronary artery disease 
and myocardial viability, and comparable accuracy compared to expert reader eyeballing 
interpretation [54, 55]. Only the sophisticated analysis of strain and strain-rate values, plus 
postsystolic shortening (which is not always pathologic under stress), plus time to onset of 
regional relaxation together have been shown to be accurate markers of ischemia [56]. The 
combination of strain and anatomic M-mode might be a promising alternative technique 
with prognostic value [57, 58]. The combination allows the expression of strain rate as 
magnitude (color-coded images instead of complex and less robust wave forms), location 
(apex-base direction), and timing.

The major limitation of TDSE, as for TDE, is that peak amplitudes, and to some extent 
phase (timing), of velocity and strain variables are influenced by the angle of the incident 
beam with the myocardial wall. This restricts imaging to the apical projections wherein the 
operator attempts to align the myocardial wall parallel to the ultrasound beam; however, 
this is not always possible. The technique is heavily dependent on the sonographer’s exper-
tise, has a limited reproducibility even in expert hands, loses stability with high heart rates 
and degraded image quality, and is unable to image apical segments (5 out of the total 17 
of the left ventricle) [59]. Even in the ideal condition of patient selection, technology, and 
expertise, the accuracy is comparable to expert reader eyeballing interpretations [54]. In 
more general terms, the relatively unsatisfactory discriminating power of TDSE and TDE 
may stem from the very basic biophysical roots of the technique. In fact, the word “tissue 
Doppler” is a misnomer, since it gives the impression that only myocardial tissues are 
studied. The appropriate term would be “low-velocity Doppler” [50]. Any movement in 
the low-velocity range will be detected by tissue Doppler, and myocardial tissue movement 
is just one of them. In the cardiac motion there are translational, rotational, and defor-
mational movements. Moreover, many tissues near the heart move – due to transmitted 
cardiac motion, vessel pulsation, respiratory motion, and involuntary muscle movements – 
and these interact with cardiac motion further and cause false Doppler shifts [50]. Velocity 
is a vector quantity and so Doppler interrogation at one point will determine the velocity 
of the resultant of all these movements projected in the line of the Doppler beam with 
angle corrections. Similarly, at a particular point there are movements in several axes and 
we can never predict the sum resultant vector. Even if known, the resultant is accurately 
recorded only if it is in line with the Doppler beam because of the inherent problems of 
directional bias.
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23.8
Speckle Tracking

Two-dimensional speckle tracking (also called velocity vector imaging) is based on 2D 
gray-scale imaging, which is angle-independent, differently from TDI and SRI. Thus, they 
can be used in any projection and without paying much attention to the orientation of the 
heart in the imaging sector. Speckles are natural acoustic markers, seen as small and bright 
elements in conventional gray-scale ultrasound images. A speckle is a unique acoustic 
pattern resulting from the interaction of ultrasound energy with tissue. These unique 
patterns can be tracked automatically over periods of the cardiac cycle, thus providing infor-
mation about motion and displacement of that particular region of the myocardium. The 
distance between selected speckles is measured simultaneously from multiple regions of 
interest and is a direct measure of myocardial deformation, used to derive strain and strain 
rate. Speckle-derived strain has obvious advantages in stress imaging. B-mode images can 
be collected as in usual clinical practice; therefore, there is no duplication of image acqui-
sition. The technique eliminates the angle dependency of Doppler-based modalities. Other 
advantages of 2D, non-Doppler-derived strain imaging include high reproducibility and 
the fact that it is an automated tracking method (especially important for inexperienced 
observers).

It evaluates the longitudinal and circumferential, and to a lesser extent radial, dynam-
ics of the left ventricle, differently from TDI and SRI, which mainly assesses longitudinal 
function [59, 60]. Speckle-derived strain has been validated experimentally with excellent 
results, especially for the sensitivity and reproducibility of longitudinal and circumferen-
tial strain [61]. The first clinical studies showed a high feasibility during handgrip stress 
[62], and with dobutamine a similar accuracy to TDI strain in the anterior, but not in the 
posterior circulation [63]. Some disadvantages are the lower frame rate in comparison with 
TDI, influenced by image quality, examination of strain rather than strain rate, and reduced 
combination with contrast echocardiography for enhancement of border detection [64]. As 
additional limitations, speckle-derived methods measure systolic strain, but not diastolic 
strain rates, which are evaluated by tissue Doppler techniques and may in theory be useful 
in detecting ischemia [64].

23.9
Three-Dimensional Echocardiography

Left ventricular volumes and LV ejection fraction can be assessed with great accuracy 
using real-time three-dimensional (3D) echocardiography, which has clear advantages over 
standard 2D echocardiography, both conceptually and practically. The technique is a major 
development in echocardiography over the last decade, having evolved from slow and 
labor-intense offline reconstruction to real-time volumetric imaging. The major advantage 
of this technique over more conventional 2D echocardiography is the improvement in the 
accuracy of the evaluation of cardiac chamber volumes, which is achieved by eliminat-
ing the need for geometric modeling and the errors caused by foreshortened views [65]. 
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Another fundamental advantage of the 3D format is the advantage communicating with 
the patient, the other imaging specialists, and the cardiological community at large. The 
patient will finally leave the echocardiography laboratory with a “beautiful” picture (easy 
to understand for nonechocardiographers), which is also “intelligent” (full of information 
summarized in seductive color-coded, reasonably quantitative information), and speaking 
the common 3D Esperanto of all competing and complementary imaging techniques [65]. 
You do not need to be a radiologist to understand a 3D picture of the heart from MSCT 
or MRI, but you need to be a dedicated echocardiographer to try to understand a TD and 
TDSE. Eventually, the new technique will be faster to learn, easier to implement, and less 
operator-dependent in the interpretation, also based on a robust quantitative package of 
excursion, synchronicity, shape, and volumes.

Two types of imaging modes, full-volume and multiplane mode, can be used to acquire 
and analyze stress echocardiography. Both modes have their particular benefits and lim-
itations [66]. The multiplane mode is suitable for regional wall motion analysis, since 
regional function can be represented as a function of time, and a series of plots is obtained 
representing the change in volume for each segment throughout the cycle. In the presence 
of ischemia, minimum volume will be reached for each segment at different times and 
ischemic segments will have higher end-systolic regional volumes (Fig. 23.5). A complete 
3D cardiac ultrasound image acquisition can be obtained in a shorter time than with 2D 
echocardiography and this is a valuable advantage, especially when imaging children and 
adults during stress [66]. Parametric polar map displays (of the 2D data) of the timing and 
extent of regional contraction have been developed to simplify interpretation of results. The 
positive stress echocardiography response is characterized by higher dyssynchrony, greater 
heterogeneity, and larger end-systolic volumes than the negative stress echocardiography 
responses (Fig. 23.6) [67–72]. However, and in spite of this exciting potential, the overall 
accuracy of 3D stress echocardiography is at present no better, and the feasibility markedly 
lower, than 2D echocardiography [67–72]. The 3D version has a lower spatial resolution 
than 2D, and the resolution becomes even worse when you need it more, at faster heart 
rates during stress (because of 3D echocardiography’s frame rate of 40 fps, compared to 
100 fps for 2D). However, the 3D evaluation of volumes (plus standard assessment of heart 
rate and blood pressure) is ideally suited for a quantitative and accurate calculation of a 
set of parameters allowing a complete characterization of cardiovascular hemodynamics 
(including cardiac output and systemic vascular resistance), left ventricular elastance (an 
immaculate index of left ventricular contractility, theoretically independent of afterload 
and preload changes heavily affecting the ejection fraction) [73], arterial elastance [74] 
(essential to characterize the distal impedance of the arterial system downstream of the 
aortic valve), ventricular–arterial coupling (a central determinant of net cardiovascular 
performance in normal and pathological conditions), and diastolic function (through the 
diastolic mean filling rate). All these parameters were previously inaccessible or inac-
curate or labor-intensive and now become, at least in principle, available in the stress 
echocardiography laboratory since all of them need an accurate estimation of left ventricu-
lar volumes and stroke volume, both easily derived from 3D (Table 23.3). It is expected 
that the technology will improve present critical areas of the technique, such as the need 
for transducers with higher frequencies, smaller footprints, full Doppler capabilities, and 
higher frame rates, especially important for stress echocardiography applications.
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23.10
Protechnology Bias: A Word of Caution

At times it seems that there is a mismatch between the space devoted to new technologies 
in major journals and meetings and the lesser coverage of everyday practice. To a certain 
extent, this is inevitable if new technology is to be trialed sufficiently to understand its 
benefits and limitations. Nonetheless, it also risks encouraging a cult of technology – all 
of us, as clinical cardiologists, researchers, and scientists have a major bias in favor of 

Basal EF 67% Low dose: EF59%

High dose: EF 47%

Fig. 23.5 A 3D positive stress echocardiography test. The positive test result is characterized 
by an area of reduced regional and global ejection fraction at peak stress (right panel) when 
compared to rest (left panel) and low dose (middle panel). A quantitative assessment of left 
ventricular volumes and stroke volume is possible at each stage
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technology. What we need to ensure is that technology in medicine is tested scientifically, 
that it is applied with data relating to cost and benefit, and that it is driven by patient needs 
rather than market forces [75]. Efficacy studies should be considered the “seed,” typically 
very selected patients are evaluated by a dedicated person, devoted (often full-time) to the 
technology, in a research-oriented setting where resources are frequently granted by the 
manufacturer of the technology under scrutiny. This stage – while critical to the develop-
ment of new technologies – should be followed by effectiveness studies, from which the 
clinician should be able to discern whether the technology provides clinically relevant 
information that is independent of, and incremental to, simpler and less expensive tests. 
In the current economic and cultural milieu, the seed of effectiveness obtained under ideal 
conditions should not be mistaken for the “fruit” of efficacy: the value of the technique 
when deployed in the field [76] (Table 23.4).

Basal: SDI 6% Low dose: SDI 7.4%

High dose: DSI 12 %

Fig. 23.6 A 3D positive stress echocardiography test with dyssynchrony assessment. The 
positive test result is characterized by an area of greater segmental dyssynchrony at peak 
stress (right panel) when compared to rest (left panel) and low dose (middle panel). During 
ischemia, the peak of contraction is reached by different segments at different time points
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Any emerging biomarker should, like a new drug, withstand a chain of validation before 
arriving at clinical impact [77]. With new technologies, like new drugs, large-scale experi-
ence should be gathered before accepting the catchy definition promoted by the marketing 
offices as proven. The additional merits of the new technique should be weighted against 
the established and more easily accessible methods, and the new technologies should be 
assessed against other competitive imaging tools (Fig. 23.7). Only at that point will an 
innovation in engineering be valid in physiological terms and will it give patients the prom-
ised diagnostic help, changing an attractive technological gadget into a medical advance 
[78]. Some of these techniques already have a clear clinical role outside stress echocardi-
ography applications. Tissue characterization may allow a clinically relevant characteriza-
tion of “soft” (more vulnerable, lipid-rich) vs. “hard” (fibrocalcific) plaques, which can 
be imaged by ultrasound [79, 80]. Tissue velocity imaging is helpful for characterizing 
diastolic function through E/E  [81, 82]. Strain-rate imaging holds promise for assessing 
intraventricular dyssynchrony and echocardiography-driven selection of candidate to CRT, 
although in this case the large-scale validation has been frankly disappointing to date [83]. 
RT3D is now the clinical gold standard for left ventricular mass and volume calculations 

Table 23.4 New technologies between efficacy and effectiveness

Effectiveness Efficacy

Dictionary definition Deployed in the field Ideal conditions

Responsible physician Wise, gray-haired Research fellow in training

Scientific interest Absent Present

Patient The protagonist Part of the method

Technology Validated Under validation

Results True, but unpublishable Published, but true?

Economic induction Absent Present

Validated
gatekeeperDevelopedDeveloping

Critical path of an Imaging Biomarker

The research
seed

The clinical
fruit

Tissue characterization

Anatomical M-mode

TDE – SRE – 2D Speckle tracking - CK RT3D- Wall motion and Ejection Fraction

Promising

Fig. 23.7 The natural history of a new technology from initial seed of efficacy to established fruit of 
effectiveness
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and is extremely helpful in complex congenital and valvular disease [64]. However, when 
we come to the clinically driven practice of stress echocardiography, no technique can be 
considered clinically useful today, as concordantly stated by US and European guidelines 
[84, 85].

23.11
Conclusion – Technology and Teaching

Unfortunately, there is no easy solution to the continuing need to quantify regional func-
tion, the problem being complicated by issues of translational motion, tethering, torsional 
movements, image quality, and so on [86]. As stated by one of the founding fathers of 
modern echocardiography, Arthur Weyman, 20 years ago, “the discriminatory power of 
the human eye which naturally integrates space and time is very difficult to equal, and 
virtually impossible to surpass” [10]. This also remains true today for most modern new 
technologies [87]. There are important consequences for learning and research.

The first relates to the learning curve. Given the profound physiological heterogeneity of 
myocardial contraction, in space and time, at rest and during stress, it must be recognized 
that in some segments, mild-to-moderate hypokinesia is a normal variant, especially for 
specific segments such as inferobasal and inferior basal septum. These should not be 
read aggressively as a pathological finding in resting conditions and even more so during 
stress. Aggressive reading of mild hypokinesia, relative hypokinesia, or lack of hyper-
kinesia, albeit used in the past, should be abandoned since they have a slippery patho-
physiological basis and, pragmatically, will lead to an exorbitant number of false-positive 
results [4–6].

Second, all quantitative methods have matched and rarely outperformed the accuracy 
and reproducibility of qualitative expert reading for stress echocardiography. They have 
been shown to help the less expert reader, but should be considered a means of diagnostic 
support rather than a replacement for expert training. However, in routine work, an eyeball 
reading by a trained observer remains the best, and only, way to diagnose wall motion 
abnormalities during stress echocardiography performed in the clinical arena. As summa-
rized by the American Society of Echocardiography and European Association of Echocar-
diography recommendations [84, 85], visual assessment of left ventricular wall thickening 
and motion remains the standard method of interpretation of stress echocardiography, 
albeit with relevant interobserver and interinstitutional variability. In contrast, under rest-
ing conditions, the quantitative approach can offer obvious advantages when compared to 
standard eyeballing analysis for the detection of changes in longitudinal, circumferential, 
and radial function (e.g., in the serial assessment of changes induced by cardiotoxic inter-
ventions such as chemotherapy).

The attempt as old as echocardiography itself to translate the wall motion abnormality from 
an opinion into a number remains a dream for the clinical cardiologist and a nightmare for 
the researcher. Maintenance of a critical attitude on the part of the clinical cardiologist and 
sonographer faced with the forest of new technologies proposed every year by the manu-
facturers is essential. What has been said about Internet might be echoed by sonographers 
struggling with new technologies: “The adventure starts now but it is not the one that the 
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marketing experts are talking about. It is the one that you will build with your own hands. 
How? First, learn to use the new machines. Second, beware of those who are saying they 
traced the way for you. Third, avoid the traps and pitfalls, and identify the routes. No one 
will do it for you” [88].
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Contrast Stress Echocardiography

Mark J. Monaghan and Eugenio Picano

24.1
Historical Background

Echocardiographic contrast agents are an important new advance in the practice of echocar-
diography [1, 2]. Initial attempts to better delineate endocardial borders used agitated 
saline, indocyanine green dye, or radiologic contrast agents. The history of myocardial 
contrast echocardiography (MCE) began in 1968, when an accidental injection of saline 
solution in the ascending aorta during an angiography examination caused the production 
of microbubbles that led to better echographic signals in the aorta lumen and cardiac 
chambers [3]. A major limitation was the large and variable size of the air bubbles, which 
could not transit the pulmonary circulation and opacify the left heart. The early 1990s saw 
the development of commercial agents with air- or gas-filled microbubbles, similar in 
size to red blood cells with a distribution similar to blood flow. Exciting reports described 
the potential of contrast echocardiography in diagnosis of coronary artery disease, the 
extent of risk area in acute myocardial infarction, infarct artery patency after thrombolytic 
therapy, microvascular integrity, myocardial viability, and coronary flow reserve. In the 
year 2000, three agents had been approved and at least 13 other agents were undergoing 
evaluation [4]. At that time, more than $ US 1 billion had been spent worldwide to develop 
these agents and bring them to market.

While contrast echocardiography has many important applications, the greatest utility 
and benefit from this technique is expected from stress echocardiography. The information 
provided by contrast during stress echocardiography is potentially important and tremen-
dously versatile: from improved border recognition (Fig. 24.1a) to myocardial perfusion 
(Fig. 24.1b), from coronary flow velocity enhancement (Fig. 24.1c) to potentiation of 
regurgitant tricuspid jet velocity to analyze pulmonary artery systolic pressure 
(Fig. 24.1d). The addition of contrast may improve the image quality in all cases; however, 
it demonstrates unique advantages only in the assessment of myocardial perfusion, which 
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has the highest potential value but unfortunately has been least convincingly validated in 
the clinical arena.

As a consequence, and in striking mismatch with the enormous potential, echocar-
diographic contrast agent perfusion analysis is today performed in only a small minority 
of stress studies. The main clinically driven application of contrast is the left ventricular 
endocardial border delineation allowing the rescue of procedures that do not provide 
results of diagnostic quality, especially in patients with obesity and lung disease [5]. At 
present three agents are licensed for left ventricular opacification and endocardial defini-
tion: Sonovue (Bracco, Italy), Definity (called Luminity in Europe, Lanthaeus medical 
imaging, previously Bristol-Myers Squibb, New York, NY, USA), and Optison (General 
Electric, Fairfield, CT, USA). In October 2007, the US FDA decided to alter the labeling 

2D Contrast-enhancement

Endocardial borders

Myocardial perfusion

Coronary flow velocity

Regurgitant jet velocity

/

Fig. 24.1 The main potential clinical applications of contrast in the stress echocardiography laboratory: 
improved endocardial border definition (first row), myocardial perfusion (second row), pulsed-
Doppler signal enhancement on left anterior descending coronary artery (third row), and enhancement 
of tricuspid regurgitant jet velocity for analyzing pulmonary artery systolic pressure (last row). On the 
left, the noncontrast 2D image; on the right, the contrast-enhancement image. Myocardial perfusion 
imaging is only possible with contrast. (Courtesy of Dr. Ana Cristina Camarozano)
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of Perfluoro-containing contrast agents (perflutren lipid microspheres, Definity, and per-
flutren protein-type A microspheres for injection, Optison) to include a black-box warning, 
contraindicating the use of echocontrast agents in patients who were acutely unwell (e.g., 
acute myocardial infarction or worsening congestive cardiac failure). This followed the 
report of 199 serious cardiopulmonary reactions, including 11 deaths, either during or 
shortly after the administration of contrast agents [6]. This raised strong reactions in 
specialist societies, strongly arguing against this FDA warning, regarded as potentially 
damaging to the quality of diagnosis in the echocardiography laboratory, which requires 
liberal use of contrast to provide the best care to each patient every day [7]. In May 2008, 
the FDA approved less restrictive language for the labeling of the echocardiographic 
perflutren-containing contrast agents. Experts vehemently disagreed with the agency’s 
interpretation of the evidence and lamented that it would prevent use of the contrast agents 
in the very patients who would most benefit from them. The FDA’s 2008 rewording now 
suggests 30 min of monitoring only in patients with pulmonary hypertension or unstable 
cardiopulmonary conditions, as compared with the previous label, which included moni-
toring for all patients. In addition, current contraindications include only “patients with 
known or suspected right-to-left, bidirectional or transient right-to-left cardiac shunts, or 
hypersensitivity to perflutren.” All other contraindications (“unstable cardiopulmonary 
status, including unstable angina, acute myocardial infarction, respiratory failure, and recent 
worsening of congestive heart failure”) have been removed. Stress MCE has remained on 
the threshold of widespread clinical acceptance for at least 20 years, and it is still there, at 
the crossroads between success and failure. For decades, stress MCE has been “next year’s 
breakthrough,” and we are still waiting for it to fulfill the clinical promises of bringing 
together wall motion and perfusion in a simple, fast, cost-effective, and user-friendly way. 
It should also reduce the struggle time, the time taken to obtain an adequate image in the 
technically challenging patient.

24.2
Pathophysiology of MCE

The pathophysiological rationale of MCE is simple and strong. The use of regional myo-
cardial perfusion is a potentially useful diagnostic and prognostic marker of myocardial 
ischemia. Myocardial ischemia results in a typical cascade of events in which the various 
markers are hierarchically ranked on a well-defined time sequence [8]. Flow heterogeneity, 
especially between the subendocardial and subepicardial perfusion, is the forerunner of 
ischemia, followed by regional systolic dysfunction, and only at a later stage by electro-
cardiographic changes and anginal pain (Fig. 24.2). The best way to unmask a perfusion 
defect is the use of a hyperemic stress. An epicardial coronary artery stenosis reduces 
the maximal flow achievable in the related territory, although the blood flow in resting 
conditions can be equal to that observed in regions supplied by normal coronary arteries. 
During hyperemia, perfusion heterogeneity will occur with lower blood flow increase in 
the regions supplied by the stenotic artery, even in the absence of regional ischemia 
(Fig. 24.3). The criterion of positivity is the presence of a reduced perfusion signal (flow 
tracer uptake) between different regions of the left ventricle, or in the same region between 
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The pathophysiological basis of MCE
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Fig. 24.2 The ischemic cascade. Perfusion abnormalities consistently precede wall motion abnormali-
ties, theoretically supporting the use of MCE as a more sensitive diagnostic marker than systolic thick-
ening in stress echocardiography

Fig. 24.3 Schematic illustration of the principle underlying myocardial perfusion imaging for the di-
agnosis of coronary artery disease. At rest, myocardial perfusion is homogeneous, with no differences 
between the territory of the normal coronary artery (LAD left anterior descending artery) and the 
diseased coronary artery territory (Cx left circumflex, with 80% stenosis). The resting flow image 
(obtained, for instance, with thallium-201 scintigraphy or contrast echocardiography) does not show 
any inter-region variation. However, the perfusion in the territory of the stenotic coronary artery is 
maintained at the price of a partial exhaustion of coronary reserve, with partial dilatation of the arte-
riolar bed, represented by larger circles located downstream from the epicardial coronary arteries. 
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rest and stress. The excellent spatial resolution of echocardiography makes it an ideal tool 
for this technique which can even detect small subendocardial perfusion defects. The use 
of MCE will therefore increase the sensitivity of the noninvasive diagnosis of coronary 
artery disease simply based on wall motion [9–13]. In addition, it will also expand the 
power of prognostic stratification, since the long-standing experience with other imaging 
methods [including cardiovascular magnetic resonance (CMR) stress and stress echocar-
diography with CFR assessment with pulsed-Doppler imaging of LAD)] has proved that 
stress-induced wall motion changes identifies those with a short-term prognosis. However, 
an isolated reduction in coronary flow reserve, occurring without wall motion abnormalities, 
may identify patients with a poorer long-term prognosis [14, 15]. In these patients, the 
underlying coronary anatomy may range anywhere from mild to moderate epicardial coro-
nary artery disease (relatively frequent when patients are studied on ischemia-masking 
antiischemic therapy) or normal coronary anatomy but with functionally important 
coronary microvascular disease. These patients have prognostically important forms of 
microvascular disease and are often found in syndrome X, hypertension, diabetes, and also 
cardiomyopathy and heart transplant rejection settings [16]. It has been demonstrated in 
some studies that myocardial contrast positivity adds prognostic information over and 
above wall motion abnormalities seen during stress echocardiography [17, 18]. Obviously, 
the strong pathophysiological roots will generate clinically useful fruits only if the method 
to assess perfusion is sensitive enough, reproducible, safe, and not vulnerable to artifacts. 
It is also essential to use perfusion not as a “stand-alone” but rather as a “running-mate” 
criterion, to be added to regional wall motion assessment. In fact, perfusion (or the con-
ceptually germane assessment of coronary flow reserve from Doppler assessment with 
the coronary flow velocity method) per se is unable to separate epicardial coronary artery 
disease from coronary microvascular disease, and if used alone will be plagued by an 
exorbitant number of false-positive results [16].

24.3
Physics of Microbubbles and Modalities of Administration

Today, ultrasound contrast agents may be hospital-produced or commercially produced. 
We now have the third-generation of commercial agents available (Table 24.1). In hospital-
generated agents, contrast is used for right heart opacification and consists of an agitated 

Fig. 24.3 (continued) The normal arteriolar tone is represented by smaller circles (normally vasocon-
stricted arterioles). During vasodilation obtained with a metabolic stimulus, such as exercise, or with 
a pharmacological stimulus, such as dipyridamole, the arteriolar tone is lost, causing an increase in 
flow that will be greater in the normal coronary artery (which, at rest, has a preserved tone in the 
entire arteriolar district) than in the stenotic coronary artery (with lower coronary flow reserve). 
Perfusion imaging will see the stenosis mirrored in the myocardium as a region with relative under-
concentration of flow tracer when compared with the normal contralateral region. The septal and 
anterior wall appear brighter (due to greater echocontrast concentration) when compared with the 
darker inferoposterior wall (lower echocontrast concentration)
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saline solution containing air bubbles, which is intravenously injected. The right heart 
contrast is impressive, but the air quickly dissolves into the blood (Fig. 24.4, first row). 
The smaller bubbles that are capable of crossing the lung capillary bed do not survive 
long enough for imaging the left heart because the air quickly dissipates into the blood. 
In commercial contrast agents, persistence is achieved using an impermeable shell or a 
higher-density encapsulated gas that is relatively insoluble in blood (Table 24.2). In fact, 
gas composition is one of the most important factors in maintaining microbubble size in 
the circulation. First-generation commercial agents (such as Levovist) contained room air, 
which is 78% nitrogen; since nitrogen rapidly diffuses in blood, these microbubbles survive 
only a few seconds. To overcome this problem, slowly diffusing, insoluble gases (such 
as octofluoropropane) were incorporated into second-generation microbubbles, providing 
greater stability and contrast effect duration.

An exciting further development in microbubble engineering has been obtained by 
modifying the shell, so that it can be loaded with drugs or genes [19]. This “Trojan horse” 
is unloaded by destroying the microbubble in the target organ through external ultrasound. 
Another emerging application is the chemical remodeling of the passive external shell, 
which can become active, with smart ligands that can bind selectively to specific antigens 
or cells. This can be used with positive molecular or cellular imaging, for instance to image 
atherosclerotic or apoptotic cells.

Contrast agents can be administered either via a bolus injection or continuous infusion. 
Bolus injections have the advantages of using lower contrast volumes and are simple to 
administer. However, they offer result in attenuation in the image plane for a transient 
period and there is often only a short period, during the decay phase, when the contrast 
agent concentration is appropriate for analysis of myocardial blood volume. Infusions of 

Table 24.1 Characteristics of echocardiography contrast agents

Production Composition Use Clinical use

Agitation, zero 
generation

Saline solution/Emagel 
mixed with room air

Enhance Doppler 
(tricuspidal 
regurgitation) 
signal

Routine

Commercial, 
first generation

Polysaccharide + air One pass only Abandoned

Commercial, 
second generation

Lipid + octofluoropropane Stable, long-lasting Enhanced 
endocardial 
border delineation

Plus albumin or poly-
saccharide shells and 
sulfur–hexafluoride gas

Commercial, 
third generation

Vehicle for genes 
and drugs

Local therapy 
delivery

Investigational

Commercial, 
fourth generation

Ligands as microbubble 
shells

Cells and molecular 
imaging

Investigational

Commercial, 
fifth generation

Nanotechnologies Passive and active 
targeting

Investigational
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contrast agents are more complex to administer and usually require a larger volume of 
agent. However, they need less operator involvement during the stress study and it is easier 
to adjust the infusion rate to optimize myocardial opacification without excessive attenuation. 
A constant contrast concentration is better suited to quantification of myocardial blood 
flow [20] and for 3D echocardiography image acquisition, which needs to be performed 
over several consecutive cardiac cycles.

24.4
MCE Methodology

MCE imaging technology attempts to detect contrast microbubbles in the very small quanti-
ties with which they occur in the myocardium, while suppressing the myocardial tissue signal 
[21]. The three main technical approaches are summarized in Table 24.3. In summary, we can 
use destructive high ultrasound power (high Mechanical Index, MI) power techniques, which 

Agitated saline

Commercial 
first generation

Commercial
second generation

Commercial
third generation

Commercial
fourth generation

Right 
ventricle

Left-sided
target tissue

Diagnostic
end-point

= Drugs or genes No-contrast Contrast

TR jet

LV borders

Myocardial
perfusion

Cell
targeting

Local drug
delivery

Fig. 24.4 The five different generations of contrast. The agitated preparation still has a role in right 
heart enhancement, for instance with tricuspid regurgitation signal for pulmonary artery systolic 
pressure testing in primary pulmonary hypertension during exercise. With commercial first-generation 
contrast, bubbles had a more uniform size and passed the pulmonary circulation, facilitating left ven-
tricular border recognition. Stability and homogeneity were further enhanced in second-generation 
contrast agents, designed for myocardial contrast perfusion imaging. With third-generation agents, 
“smart” bubbles are aimed with regards to specific antigens, in principle allowing cellular or receptor 
imaging. In the fourth-generation agents, therapeutic bubbles act as Trojan horses filled with drugs 
and genes that can be released through external ultrasound irradiation in the target organ
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are very sensitive to contrast but provide no simultaneous wall motion information. Alterna-
tively, we can use low-power real-time imaging, which is slightly less sensitive for myocardial 
contrast, but does provide wall motion information and excellent left ventricular opacification. 
Real-time perfusion imaging has many potential advantages. The technique is relatively easy 
to use, many artifacts can be avoided, and wall motion information is obtainable alongside 
perfusion, making this technique particularly valuable during stress echocardiography.

Myocardial perfusion can be evaluated both semiquantitatively and quantitatively. 
A semiquantitative contrast score is generally used: 0 = no enhancement, 1 = patchy 
enhancement, 2 = homogeneous enhancement (Fig. 24.5). A contrast score index may be 
calculated by dividing the sum of the contrast scores for each segment by the number of 
segments analyzed. Quantitative software programs can be used to obtain off-line analysis 
of the refilling curves [22]. Once injection of a myocardial contrast agent has occurred, 
within a few seconds, the agent will be present within the myocardial capillaries, and 
once a steady state is achieved the signal intensity represents the myocardial blood vol-
ume (A). The rate of increase in intensity following bubble destruction with several high-
energy pulses represents red blood cell velocity (β) and the product of A×β is proportional 

Table 24.2 The currently available second-generation microbubble contrast agents (adapted from [6])

Sonovue Optison
Luminity (Definity in 
the USA)

Gas Sulfur hexafluoride Perfluoropropane Perfluoropropane

Shell composition Predominantly 
phospholipid

Human albumin Predominantly 
phospholipid

Mean bubble size 2–8 μm 3.0–4.5 μm 1.1–2.5 μm

Patients with side 
effect

11% 17% 8%

Most frequent side 
effects

Headache, 
chest pain

Headache, nausea Headache, back pain

Manufacturer Bracco General Electric Bristol-Myers Squibb

Table 24.3 Contrast imaging methods

Methods Synonymous
Output 
power (MI)

Bubble 
destruction

Left ventri-
cular borders Wall motion

Harmonic 
power 
Doppler

Angiopower High (>0.5) + − −

Gray-scale 
harmonics

Power pulse 
inversion; 
ultra-harmonics

Low 
(0.2–0.5)

+ + −

Real-time 
contrast 
imaging

Power modula-
tion; power pulse 
inversion; coherent 
imaging

Very low 
(<0.1)

− + +

MI mechanical index
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Analysis of MCE 

Qualitative 

Quantitative 

pre-MCE MCE: 
normal 

MCE: 
Mildly abnormal 

MCE: 
Very abnormal 

ROI 
time 

Intensity 

Fig. 24.5 The two possible types of analysis of MCE signal: qualitative (upper row) or quantitative 
(lower row). The qualitative analysis focuses on the presence and homogeneity of opacification. The 
quantitative analysis creates a time–intensity curve based on a region of interest in the myocardium, 
and estimates flow from the steepness of the filling phase and amplitude of the signal (higher flows 
identified by steeper rise and brighter intensity)

to myocardial blood flow (Fig. 24.6). Dedicated software can automatically construct 
background-subtracted plots of peak myocardial contrast intensity, A, and the slope of 
the replenishment curve depicting mean microbubble velocity, β reserve, and myocardial 
blood flow, can be derived. Coronary flow reserve (i.e., stress myocardial blood flow/rest 
myocardial blood flow) can then be calculated from regions of interest in segments 
perfused by each of the three coronary arteries.

Stress testing with MCE requires consideration of the choice of the stress. Ideally, the 
technique needs a maximal vasodilatory stimulus to expand the dynamic range of differen-
tiation between normally perfused and hypoperfused regions. This clearly favors vasodi-
lators when compared to dobutamine or exercise, since the former creates a three- to 
fourfold increase in coronary flow reserve, as opposed to only a two- to threefold with 
dobutamine or even maximal exercise [23]: Fig. 24.7. The adopted stressor should also 
optimize the ischemic potential of the simultaneous wall motion assessment, and therefore 
high doses are required [24, 25]. Vasodilatory stresses also have the clear advantage of 
minimally degrading the image quality, which is significantly reduced by dobutamine [26] 
and, to a greater extent, by exercise [27]. This is always important in stress echocardiography, 
since image quality is the major determinant of test accuracy and reproducibility [28, 29]. 
It is even more important with stress contrast, since the technique is exquisitely sensitive 
to artifacts, due to attenuation, variable ultrasound scan planes, and heart rate increase. 
During stress, a regional wall motion abnormality accompanied by a transient perfusion 
defect unequivocally localizes myocardial ischemia (Fig. 24.8). The superior image quality 
of contrast pharmaceutical stress echocardiography is also ideally suited for the combination 
of wall motion, perfusion, and quantitation with new technologies such as color kinesis 
(Fig. 24.9), 3D, or speckle tracking, all techniques in which the signal-to-noise ratio must 
be excellent for robust endocardial border recognition during stress [30, 31].
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Fig. 24.6 a Time to filling of myocardium by bubbles, in resting conditions and without significant 
obstruction. b Relationship between blood volume and flow velocity with quantitative estimation of 
myocardial blood flow through a combination of beta (flow velocity) and A (blood volume)
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Fig. 24.7 The vasodilatory effect (ordinates, times resting flow = 1) over time (x-axis) for four differ-
ent stressors. Vasodilators (adenosine or dipyridamole, which accumulates endogenous adenosine) are 
stronger hyperemic stressors than exercise or dobutamine
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24.5
Limitation of Stress MCE

Minor limitations include the need for an intravenous line, usually not required for base-
line studies or exercise stress echocardiography but already present in pharmacological 
stress echocardiography. To analyze contrast, considerable expertise is needed as well as 
additional software, and it takes time and diligence to learn how to use them. It is said that 
30% of stress echocardiographic studies are nondiagnostic, and this may be true with post-
treadmill exercise, but certainly it is not the common experience with semisupine exercise 
or pharmacological stress echocardiography, when native second harmonic or contrast 
imaging is used [32]. The major limitations can be grouped into economic, methodological, 
clinical, and safety reasons.

Patent issues, cost, reimbursement, difficult regulatory issues, and a smaller market 
than originally envisaged has led a number of contrast agent manufacturers to review their 
position. Some agents have been withdrawn from development and some put on hold. 
Instrument manufacturers have been reflecting on their substantial investment in contrast 
imaging technology.

The cost of contrast varies, but in Europe is around €50 and in the USA around $ 100 per 
exam. It is reimbursed in some states in the USA, but not in others; however, the possibility 
of reimbursement is not per se a reason to do it. Finally, it is true that contrast improves 
endocardial border detection, but it may create disturbing noise and blooming if you want 
to add to wall motion the evaluation of coronary flow reserve in the left anterior descending 
coronary artery [24]. It is not separately reimbursed in most countries and this makes the 
stress echocardiography (receiving a flat reimbursement of €150–400) less  economical 
if contrast is added. In addition, new ultrasound technology such as native tissue harmonic 
imaging has reduced the need for contrast for border enhancement in technically difficult 
patients, and the use of coronary flow reserve evaluation with pulsed Doppler techniques 

Angio Base Stress

Fig. 24.8 An example of an inducible inferior and apical myocardial perfusion defect (arrowheads) 
during dobutamine stress echocardiography following a 0.3-ml bolus intravenous injection of Optison. 
These images were obtained in real time at frame rates of more than 25 Hz and pulse inversion Doppler. 
The subsequent coronary angiogram (left main injection) demonstrates that the right coronary artery 
fills from the left main injection because of a 100% right coronary stenosis. In addition, there is a long 
left anterior descending stenosis (arrows). (Courtesy of Dr. Thomas Porter)
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Fig. 24.9 Simultaneous quantitative assessment of myocardial perfusion and function during an 
adenosine stress test. Top left: The presence of uniform intramyocardial contrast enhancement and 
color kinesis (CK) bands of uniform thickness qualitatively indicate normal myocardial perfusion and 
function at rest, respectively. Right: Diminished intramyocardial contrast in the apex together with 
thinning of the CK color bands in the same segments qualitatively indicate a dipyridamole-induced 
apical perfusion defect and wall motion abnormality. Bottom: Videointensity curves and CK histo-
grams obtained from the above images. Left: Quantitative assessment of normal myocardial perfusion 
and function at rest. The videointensity curve demonstrates rapid intramyocardial contrast replenish-
ment after a high energy ultrasound impulse, while the CK histogram demonstrates normal RFAC in 
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has allowed a convenient dual CFR and wall motion imaging without contrast. Further-
more, in some centers – including Pisa and London – the easy access to CMR makes 
stress-CMR a very convenient and reliable option in patients who would otherwise have 
been candidates for MCE stress [33].

The routine utilization of MCE contrast has been hampered by a number of factors. 
These include what can appear to be a bewildering array if contrast administration tech-
niques, imaging techniques, and analysis techniques, combined with a paucity of adequate 
training available to help ensure operators maximize the potential use of the methodology. 
Furthermore, there has been a lack of large multicenter studies providing the clinical 
evidence to support the routine use of myocardial contrast. Two perfusion agents are cur-
rently undergoing evaluation by the FDA and both have been subjected to multicenter studies 
involving approximately 800 patients each. The data on one of these agents (Imagify-
Acusphere) have been presented in abstract format and will soon be published. The study 
demonstrates that the agent has almost identical accuracy to SPECT for the detection of 
obstructive coronary artery disease when angiography is used as the comparator. Once 
agents like this have a product license for perfusion imaging, it will make vasodilative stress 
MCE an easy and rapid functional test that will change the face of stress echocardiography.

Finally, it has become increasingly clear that ultrasound contrast, like all contrast agents, 
is not completely safe [34, 35]. Clinical studies also show that contrast injection can be 
accompanied in 10–20% of cases by increased subclinical release of cardiac biomarkers,
especially when high mechanical index contrast echocardiography is used, while low-
mechanical index real-time imaging appears to be safer [36–38]. Recent studies (Mann 
2008, JACC) in over 8,000 patients have clearly demonstrated that the risk–benefit ratio 
of contrast use strongly favors its utilization in appropriate patients. The risks were clearly 
overstated in the FDA original 2007 warning [6, 7, 39]; however, it is appropriate that the 
risk and medical and legal aspects be considered in the final balance of using MCE in 
stress echocardiography [40].

24.6
Contrast Stress Echocardiography: The Current Indications

The current consensus on the appropriate and inappropriate indications for contrast in 
the stress echocardiography laboratory is summarized in Table 24.4. An additional useful 
application of contrast is the potentiation of tricuspid regurgitation signal in patients in 
whom the pulmonary artery systolic pressure has to be evaluated during stress, for ins tance, 
in patients with valvular disease during exercise. For this application, it is sufficient to 

Fig. 24.9 (continued) all myocardial segments. Right: Dipyridamole-induced an apical myocardial per-
fusion defect with corresponding apical and septal hypokinesis. The segmental videointensity curve 
demonstrates a slow rate of intramyocardial contrast replenishment following high-energy ultrasound 
destruction, reflecting a perfusion abnormality. The CK histogram below quantifies the percentage re-
duction in RFAC in the apex and septum. (Courtesy of Dr. Roberto Lang) RFAC, Regional Fractional 
Area Change; REDA, Regional End-Diastolic Area
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use agitated saline contrast, since no transpulmonary crossing of the agent is required. 
The recommended application of commercial contrast to stress echocardiography is for 
endocardial border enhancement, which should be used whenever there are suboptimal 
resting or peak stress images [41, 42]. According to the recent 2008 recommendations 
on stress echocardiography appropriateness criteria released by the American College of 
Cardiology Foundation, the use of contrast is appropriate when two or more contigu-
ous segments are unreadable on a stress echocardiogram [43]. Intravenous contrast for 
left ventricular opacification improves endocardial border definition and may salvage 
an otherwise suboptimal study. Left-sided contrast agents are also helpful to improve 
measurement reproducibility for suboptimal studies and correlation with other imaging 
techniques.

A few caveats regarding the clinically oriented use of contrast agents deserve mention, 
as suggested by the American Society of Echocardiography [44]. The mechanical index 
should be lowered to decrease the acoustic power of the ultrasound beam, which reduces 
bubble destruction. The image should be focused on the structure of interest. Excessive 
shadowing may be present during the initial phase of bubble transit and often the contrast 
imaging occurs some time after the first appearance of contrast in the left ventricle during 
bolus administration. Some centers have reported the routine use of contrast in almost 
90% of stress studies [45], mainly because of the consistent improvement in endocardial 
definition and interpreter confidence when contrast is used. The most appealing appli-
cation of stress echocardiography is myocardial contrast perfusion imaging – where we 
await the licensing of agents specifically manufactured for this purpose. Theoretically, it 
might have greater sensitivity, but certainly lower specificity, than wall motion analyses 
unless both techniques are used together [46]. Its use instead of SPECT scintigraphy 
would reduce the radiation burden to the individual patient, consisting in 500–1,250 chest 
X-rays per scintigraphy, with a cancer risk of 1 in 1,000: 1 in 500 exposed subjects [47, 
48]. This would also have a very favorable impact on the population risk [49], since 10 
million stress scintigraphy procedures per year only in the US implies 20,000 new cancers 
per year due to stress SPECT perfusion imaging [48, 49]. The sonic, medical and eco-
nomic advantage of ultrasound perfusion imaging would be immense. However, it is not 
recommended for clinical use by either the 2007 American Society of Echocardiography 
[41] or the 2008 European Association of Echocardiography [42]. Other exciting appli-
cations of contrast for cell or molecular imaging [50] or for drug or gene delivery [51] 
remain investigational at present.

Table 24.4 Appropriate and inappropriate use of contrast in stress echocardiography

Appropriate Uncertain Inappropriate

≥2 Contiguous segments unreadable ÷
Pulsed-Doppler CFR velocity, 
perfusion imaging

÷

<2 Contiguous segments unreadable ÷
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Diastolic Stress Echocardiography

Maurizio Galderisi and Eugenio Picano

Stress echocardiography is an established and mainstream method for the diagnosis and 
risk stratification of patients with known or suspected coronary artery disease [1, 2]. While 
the accuracy and clinical usefulness of echocardiography in assessment of regional and 
global systolic function is undisputed, the assessment of diastolic function is important, 
but it remains difficult by echocardiography at rest [3, 4], and even more during stress [5, 6]. In 
spite of the many unsolved conceptual and methodological issues, there are three reasons 
for the still high interest of the cardiological and echocardiography community in diastolic 
stress echocardiography: (1) experimental [7–9] and clinical [10–12] studies clearly show 
that acute diastolic dysfunction is an early event in the ischemic cascade, even earlier than 
regional systolic dysfunction, which remains the cornerstone of clinical diagnosis with 
stress echocardiography [13]; (2) diastolic dysfunction can accompany systolic dysfunc-
tion, but its presence and severity adds risk to the negative prognostic value of resting 
[14] or stress-induced systolic dysfunction [15]; and (3) in a high proportion of patients, 
“diastolic” heart failure is the dominant form of dysfunction, without any detectable systo-
lic dysfunction at rest and during stress [16].

According to European Society of Cardiology 2007 guidelines, in presence of clinical 
symptoms, mainly dyspnea, and normal left ventricular (LV) systolic function with normal LV 
volumes, the diagnosis can be achieved by combining standard transmitral Doppler (transmi-
tral E velocity), pulsed tissue Doppler of the mitral annulus (early diastolic velocity = e¢ ) and 
clinical biochemistry criteria. Diastolic heart failure will be diagnosed in the presence of the 
E/e¢  ratio >15 + BNP >300 and excluded with E/E¢  ratio <8 and BNP <200 [17]. However, it 
is not infrequent for the patient to fall within a gray zone of indeterminate values (Fig. 25.1). 
In these patients, resting echocardiography may help with indirect, supportive signs show-
ing structural changes frequently associated with LV diastolic dysfunction, such as left atrial 
dilation (left atrial volume index>28 mL m−2) [18] and LV hypertrophy, but obviously a more 
direct documentation of diastolic dysfunction would be most helpful. These patients are the 
main clinical target of diastolic stress echocardiography.
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25.1
Pathophysiological Basis of Diastolic Dysfunction

From a pathophysiological standpoint, LV diastolic function should always be viewed 
as a two-dimensional (2D) problem, including not only LV filling pressures but also LV 
volumes. ESC criteria establish a cut-off value of wedge pressure greater than 15 mmHg 
and LV end-diastolic pressure (LVEDP) greater than 15 mmHg to clearly document LV 
diastolic heart failure [17]. However, for any given pressure, LV end-diastolic volume is 
also important. In fact, at normal LV filling pressure, the normal heart shows end-diastolic 
volumes necessary to grant the adequate stroke volume. The stiff heart of diastolic dys-
function has similar volumes at higher pressures or, alternatively, normal pressures and 
smaller volumes. Any stress on the heart, including a simple tachycardia, is also a 

DYSPNOEA 

BNP>200
E/E’ >15

BNP<100 
E/E’ <8 

LIKELY DIASTOLIC 
DYSFUNCTION 

UNLIKELY DIASTOLIC 
DYSFUNCTION  

BNP 100-200 
E/E’ 8-15 

“Gray zone” 

ECHO AT REST 

Left atrial volume 

LV hypertrophy 

++ 

++ 

- 

- 

Normal 2D Echo  

EF >50% 

Fig. 25.1 The diagnostic algorithm for diastolic heart failure proposed by the European Society of 
Cardiology in 2007. Transthoracic echocardiography has a central role and is the imaging test of 
choice in excluding systolic dysfunction (normal ejection fraction and left ventricular volumes) and 

in including diastolic dysfunction, through direct, specific signs (E/e¢  increase) and indirect, support-
ive signs (left atrial dilation and left ventricular hypertrophy). (Modified from [17])



25.1 Pathophysiological Basis of Diastolic Dysfunction 363

powerful diastolic stress, since the same filling must be achieved in a much shorter time 
(Fig. 25.2). The positive lusitropic (improved myocardial relaxation) effects of adrenergic 
stress (or exercise) determine better filling in a shorter time, and in fact the normal diastolic 
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Fig. 25.2 The reduction of diastolic time (black dots) is much steeper than the reduction in systolic 
time (red dots) during tachycardia associated with exercise (upper left panel), dipyridamole (middle 
left panel), or pacing (lower left panel). The ratio between systolic and diastolic tissue increases dur-
ing exercise (right upper panel), dipyridamole (middle right panel) and pacing (lower right panel)
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response to stress is a reduction of LV end-systolic volume (due to an increase in con-
tractility) and an increase in end-diastolic volume, normally occurring in the early phases 
of exercise, and then a plateau at intermediate to high levels of stress, up to a point when 
the diastolic reserve is exhausted and LV filling declines [19] (Fig. 25.3). This decline in 
LV filling can occur at lower heart rates in ventricles with diastolic dysfunction. The lower 
the diastolic filling, the lower the stroke volume, and, for any given level of systolic dys-
function, the worse the prognosis.

Fig. 25.3 Changes in left ventricular volume during exercise in controls, dilated cardiomyopathy patients 
with relatively good (Group I) and relatively poor (Group II) prognosis with exercise. The end diastolic 
volume is increased only in normal and Group I dilated cardiomyopathy patients. (Modified from [19]) 
DCM, dilated cardiomyopathy; EF, Ejection Fraction; ESVi, end-systolic volume index; EDVi, end-
diastolic volume index; Stroke Volume i, stroke volume index; PFR, peak filling rate
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25.2
The Echocardiography Assessment of Diastolic Function

The four grades of LV diastolic function can be summarized as in Fig. 25.4 [20]. The 
assessment of diastolic function has been made easier, simpler, and more accurate by com-
bining the transmitral E velocity with the E¢  derived from pulsed tissue Doppler, i.e., 
the E/e¢  ratio [21], which is obtained more often, more rapidly, and more easily than 
pulmonary blood flow and transmitral flow during Valsalva [22], which are alternative 
ways to separate a normal from a pseudonormal pattern. Left atrial volume is also useful 
as a marker of the severity and duration of diastolic dysfunction [18, 23], perhaps obviat-
ing the need for more complex characterization of diastolic function and filling pressures 
with Doppler echocardiography. Doppler indexes reflect LV filling pressures at one point 
in time, whereas increased left atrial size may better reflect the memory of the same filling 
pressures, i.e., the cumulative effect of filling pressures over time, in a way conceptually 
similar to glycated hemoglobin in diabetes. As a single assessment of glycemia is affected 
by dietary factors such as the sugar intake immediately prior to testing, Doppler index 
changes are affected by loading conditions unrelated to true LV diastolic dysfunction, and 
an increase in heart rate or a preload increase induced for instance by nitrates may induce a 
pseudorestrictive pattern. The integration of structural, 2D-based parameters on left atrial 
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Fig. 25.4 The severity of diastolic dysfunction (from 0 = absent to 3 = severe) titrated by a combina-
tion of transthoracic echocardiography assessed with Doppler, tissue Doppler, and 2D indices. (Modi-
fied from [20])
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remodeling and functional, Doppler-based markers of altered filling offers a comprehen-
sive picture of diastolic dysfunction.

The assessment of LV diastolic function at rest has independent and additive prognostic 
value [24] over resting and stress-induced systolic dysfunction. The worse combination 
is represented by a LV diastolic restrictive pattern [25] with lack of contractile reserve in 
dilated cardiomyopathy patients [26] or a dilated left atrium with inducible ischemia in 
coronary artery disease patients [27].

The abnormal diastolic stress echocardiographic response is characterized by lower LV 
cavity dilation, higher E/e¢  values, and possibly increases in pulmonary arterial systolic 
pressure (PASP) and ultrasound lung comet (ULC), surrogate signs of diastolic dysfunc-
tion mirrored in backward failure with pulmonary congestion up to interstitial lung edema 
[28, 29]. However, the clinical data supporting this framework are scanty to date. In a 
more advanced phase of LV diastolic restrictive dysfunction, the stress should be aimed at 
unloading the ventricle and improving the lusitropic properties: a viability test of diastole. 
For this purpose, the nitroprusside test can be useful [30].

25.3
Clinical Results

The ratio of transmitral E (peak early diastolic velocity) to pulsed tissue Doppler-derived 
e¢  of the mitral annulus can be used to estimate LV filling pressures at rest and during 
exercise. Healthy individuals will show a similar increase in mitral E and annular e¢ , such 
that the ratio has no or minimal change with exercise. Patients with impaired LV relaxation 
develop an increase in LV filling pressures with exercise as a result of tachycardia and the 
abbreviated diastolic filling period. Accordingly, transmitral peak E velocity increases. 
However, given the minimal effect of preload on annular e  in the presence of impaired 
relaxation, annular e¢  remains reduced. Therefore, the E/e¢  ratio increases with exercise 
in patients with diastolic dysfunction [31, 32]. Diastolic stress echocardiography has been 
demonstrated to be feasible using supine bicycle exercise [31] and is based on the assump-
tion that the ratio of early diastolic transmitral velocity to early diastolic tissue velocity 
correlates with invasively measured LVDP during exercise [31, 32]. The algorithms to 
interpret the exercise-induced changes of the E/e¢  ratio are summarized in Fig. 25.5 [31]: 
the three different responses to exercise have a different meaning and the passage from 
normal to abnormal LV filing pressure is crucial to unmask patients who cannot be appro-
priately defined by simple Doppler assessment at rest. Diastolic stress echocardiography 
has been applied in several clinical settings, including patients with normal systolic func-
tion [33] and with myocardial diastolic relaxation at rest [34], patients with ischemic heart 
disease [35], diabetic patients [36], and those with hypertrophic cardiomyopathy [37].

The methodological approach during stress is less clearly standardized and issues remain 
on feasibility, accuracy, and prognostic value. The parameters should be the same as at rest, 
but the two-key signal of transmitral flow and annular velocities are extremely sensitive to 
tachycardia, which leads to diastolic wave fusion making the tracings impossible to read and 
to loading condition changes that can make them difficult to interpret (Figs. 25.6 and 
25.7). The E/e¢  ratio is somewhat correlated to increase in LV end-diastolic pressure, but it 
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Fig. 25.5 The three possible changes of the E/e¢  ratio during exercise. (Modified from [31])
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can usually be measured only at submaximal levels of stress or in the recovery phase. The 
ventricular volumes are easy to obtain from 2D apical 4- and 3-chamber views with the 
Simpson biplane method, and may benefit substantially from real-time three-dimensional 
(RT3D) technology, which provides more information (avoiding geometric assumptions and 
foreshortened views inherent to the 2D approach) in less imaging time. However, they 
have been virtually ignored to date in the assessment of diastolic function during stress 
echocardiography, whereas they are a known key player in diagnosis with radionuclide 
angiography [38].

According to ASE guidelines on stress echocardiography released in 2008, diastolic 
stress echocardiography might be useful “for the evaluation of patients with dyspnea of 
possible cardiac origin” [39]. This evaluation is especially important in patients without 
inducible wall motion abnormalities, in whom dyspnea can be an angina equivalent, and 
in patients in whom the diagnosis of diastolic heart failure can be ascertained by the find-
ings of resting transthoracic echocardiography, as described above. When stress testing is 
needed, the recommended stress is exercise, which is necessary to evoke dyspnea inde-
pendent of inducible ischemia, and the semisupine approach allows the acquisition of Dop-
pler recordings during exercise. Doppler assessment of the mitral inflow velocities should 
be assessed at rest, during exercise, and in the recovery when the E and A velocities are no 
longer fused. Doppler recordings should be acquired at a sweep speed of 100 mm s−1.

Fig. 25.7 Tissue Doppler imaging of mitral annulus (septal side). The 2 E¢  and A¢  waves are clearly 
distinguishable at rest and in the recovery phase, but are fused (and uninterpretable) at peak stress
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There are conceptual and practical limitations to the above methodology. They include 
atrial fibrillation, technically challenging imaging windows, and limited validation. It 
remains to be seen how abnormalities in regional function influence the accuracy of 
a single site measurement (septal or lateral) of e¢ . Using pulsed tissue Doppler, early 
diastolic velocities are usually lower at the septal portion of the mitral annulus, where the 
alignment of the Doppler scan is optimal, and higher at the lateral corner where the Dop-
pler alignment is suboptimal, but the signal is free of the influence of right ventricular lon-
gitudinal motion [40, 41]. More importantly, the value of reduced LV end-diastolic volume 
reserve, coupled with E/e¢ , remains to be evaluated as a marker of diastolic dysfunction. 
This approach requires two coordinates (volume and pressures) instead of one to be cor-
rectly described. Also PASP might offer ancillary, supportive information, since diastolic 
failure during stress induces a backward failure with pulmonary congestion. PASP is also 
important per se in the work-up of patients with dyspnea of unknown origin, since for 
instance a rise in PASP in the absence of diastolic dysfunction and valvular or other pulmo-
nary disease can be found in patients with primary or secondary pulmonary hypertension 
as an initial stage of the disease, when resting values are still normal [29].

At present, we still need more data collected in a more comprehensive fashion in 
patients where they are more meaningful. To document diastolic dysfunction in patients 
with established resting systolic or diastolic dysfunction is probably of limited value. It 
would be more important to establish the diagnostic and prognostic correlates, and the true 
feasibility, of integrated (ventricular pressures and volumes, PASP and ultrasound lung 
comets) diastolic stress echocardiography in the subset of challenging patients such as 
those in the present diagnostic gray zone of diastolic heart failure. These studies are con-
spicuously missing to date but will determine the ultimate clinical role of the promising, 
challenging, yet innovative diastolic stress echocardiography.

25.4
A Roadmap to the Future

It is now possible, at least in theory, to test an array of candidate markers prospectively for 
the characterization of LV diastolic function during stress (Table 25.1). It is also possible to 
outline for diastolic dysfunction different stages of natural history, corresponding to different 
stages of severity, as clearly coded with stress echocardiography for systolic dysfunction: 
normal (at rest and during stress), initial damage (normal at rest, abnormal during stress), 
advanced damage (abnormal at rest; fixed abnormality during a diastolic unloading stress), 
and irreversible damage (abnormality at rest, fixed with an unloading stress) (Table 25.2). 
At most advanced stages of overt diastolic dysfunction, stress echocardiography may help 
in unmasking fixed vs. reversible patterns, the latter being less prognostically malignant. 
A restrictive fixed pattern is more dangerous than a restrictive reversible pattern, which 
can be at least partially normalized by nitroprusside infusion [42].

Compared to the conceptually germane systolic dysfunction, the pathophysiological 
basis of diastolic dysfunction is more complex, the technical approach more difficult, 
stresses less well standardized, and clinical experience largely immature. Still, there is 
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little doubt that diastolic dysfunction exists: it is clinically and prognostically important in 
CAD and in many other patients such as cardiomyopathy, valvular, and congenital heart 
disease patients, and echocardiography must find a better way to study it.
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Endothelial Function in the Stress 
Echocardiography Laboratory

Eugenio Picano

26.1
Introduction

Endothelial dysfunction is an early stage of atherosclerotic disease [1], which may progress 
to impairment in coronary flow reserve in the intermediate stage and then to stress-induced 
dysfunction in the advanced stages (Fig. 26.1). The challenge of endothelial function can 
be obtained through a physical (postischemic dilation) and a pharmacological (nitrate-
induced vasodilation) challenge. Technologically, the assessment of endothelial function 
employs the same basic echocardiography hardware of stress echocardiography testing, 
with a higher frequency transducer [1]. Similar know-how and training are also required 
for accurate measurements of two-dimensional (2D) echocardiography images and 
Doppler signals from the brachial artery. The additional technological and cultural burden 
required to implement the technique is high for a hypertension specialist or a cardiologist 
without echocardiography training and only modest for a cardiologist already skilled in 
echocardiography. The endothelial function is attractive for a cardiologist because of the 
potential it has to supply important pathophysiological, diagnostic, and prognostic infor-
mation currently missed by our noninvasive testing modalities. Endothelial dysfunction 
is a key factor in the onset and development of atherosclerosis, hypertension, and heart 
failure, as it is also a serious candidate to bridge the gap between hemodynamic atheroscle-
rotic burden and occurrence of clinical events [2]. It is placed exactly in the physiological 
scotoma of stress echocardiography, which somewhat measures the functional or hemo-
dynamic impact of a coronary stenosis [3] but is unable to assess the status of endothelial 
function, allegedly responsible for many catastrophic cardiovascular events.

Endothelial dysfunction is also and mainly a biomarker of atherosclerosis. In 2001, a 
working group of the National Institutes of Health standardized the definition of a bio-
marker as a “characteristic that is objectively measured and established as an indicator of 
normal biological pathologic processes, pathogenic processes, or pharmacologic responses 
to a therapeutic intervention” [4]. A biomarker may be measured on a biosample (such as 
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a blood test, for instance, the D-dimer as a biomarker of vulnerable blood) or it may be an 
imaging test (for instance, echocardiogram for vulnerable myocardium). A simplistic way to 
think of biomarkers (including endothelial dysfunction) is as indicators of a disease trait (risk 
factor or risk marker), a disease state (preclinical or clinical), or a disease rate (progression). 
Biomarkers may also serve as surrogate end points. Although there is limited consensus on 
this issue, a surrogate end point is one that can be used as an outcome in clinical trials to 
evaluate the safety and effectiveness of therapies in lieu of measurements of true outcome of 
interest. Surrogate end points (for instance, endothelial dysfunction in hypertensives in lieu 
of major cardiovascular events) have the advantage that they may be gathered in a shorter 
time frame and with less expense than end points such as morbidity and mortality, which 
require large clinical trials for evaluation. A biomarker will be of clinical value only if it is 
accurate, it is reproducibly obtained in a standardized fashion, it is acceptable to the patient, 
it is easy to interpret by the clinician, it has high sensitivity and specificity for the outcome 
it is expected to identify, and it explains a reasonable proportion of the outcome independent 
of established predictors (in case of atherosclerosis, Framingham Heart Study risk score) [4]. 
As a biomarker of atherosclerosis, endothelial dysfunction assessed by brachial ultrasound 
meets only some of these criteria (Table 26.1), and the deceptively simple methodology and 
pathophysiologically sweet appearance of the technique may harbor, at the present stage of 
technology and knowledge, substantial inaccuracies.

26.2
Historical Background

Endothelial surface totals about 27,000 m2, an extension similar to a football field, and 
represents the largest epithelial surface of the body. It was long considered “little more 
than a sheet of nucleated cellophane,” according to the definition of Florey, the Nobel 
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Fig. 26.1 The timeline of atherosclerosis. Endothelial dysfunction occurs early in the natural history 
of atherosclerosis
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Prize winner for medicine for his work on penicillin. Actually, the endothelium not only 
serves as a nonthrombogenic diffusion barrier to the migration of substances in and out 
of the bloodstream, but also as the largest and most active paracrine organ of the body, 
producing potent vasoactive, anticoagulant, procoagulant, and fibrinolytic substances [4]. 
In 1992, the journal Science dedicated the cover page to nitric oxide (NO), referring to it 
as the molecule of the year. In that very same year, Celermejer proposed a novel method to 
assess endothelial function in a totally noninvasive way through ultrasound assessment of 
postischemic hyperemia in the forearm [5]. This postischemic flow-mediated vasodilation 
is largely mediated by NO. Clinical assessment of endothelial function shifted from the 
venous occlusion plethysmographic method, exclusively used by a few research-oriented 
centers mostly interested in hypertension and clinical pharmacology, to the widespread 
availability of the echocardiography laboratory, crowded by cardiologists, who expect 
clinically relevant information from the technique [6]. The plethysmographic technique is 
complex, time-consuming, technically demanding, and invasive, requiring highly skilled 
expertise and intra-arterial scalar administration of acetylcholine (to assess endothelial 
function) and nitroprusside (to assess endothelium-independent vasodilation) [6]. The 
ultrasonic technique immediately showed potential for much broader applications, repeated 
assessment and large-scale diagnostic and prognostic validations. Both plethysmographic 
and ultrasonic techniques assess endothelial function in the brachial artery. With invasive 
cardiac catheterization, endothelial function can be assessed in the coronary artery 
segments by measuring the vasoconstrictor response to intracoronary acetylcholine 
administration [4] (Table 26.2).

Table 26.1 Ultrasound biomarkers for identifying the vulnerable patient (adapted and modified 
from [4])

Methodology 
standardized

Methodology 
available/
convenient

Linked to 
disease 
progression

Addictive 
to FHS 
risk score

Tracks with 
disease 
treatments

Arterial vulnerability

 •  Structural markers 
(carotid IMT)

++ + ++ + +

 •  Functional markers 
(endothelial 
dysfunction)

+ + ? ? +

Myocardial vulnerability

 •  Structural markers 
(LVH, LV 
dysfunction)

++ ++ ++ ? ++

 •  Functional markers 
(stress echo)

++ ++ ++ ++ ++

++ Good evidence, + some evidence, ? unknown or ambiguous data
LVH left ventricular hypertrophy, LV left ventricle, FHS Framingham heart study
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26.3
Physiology of Normal Endothelium

The endothelium lies between the lumen and the vascular smooth muscle (Fig. 26.2). 
Although it is only one cell layer thick, it senses changes in hemodynamic forces, or blood-
borne signals by membrane receptor mechanisms, and is able to respond to physical and 
chemical stimuli by synthesis or release of a variety of vasoactive and thromboregulatory 
molecules or growth factors [7]. These are secreted into the lumen or abluminally toward 
the smooth muscle, affecting vessel tone and growth (Fig. 26.2). In addition to its universal 
functions, the endothelium may have organ-specific roles (such as control of myocardial 
contractility by coronary artery and endocardial endothelium) that are differentiated for 
various parts of the body [7]. As a result of their unique location, endothelial cells experi-
ence three primary mechanical forces: pressure, created by the hydrostatic forces of blood 
within the blood vessel; circumferential stretch or tension, created as a result of defined 
intercellular connections between the endothelial cells that exert longitudinal forces on 
the cell during vasomotion; and shear stress, the dragging friction force created by blood 
flow [8]. Of these forces, shear stress appears to be a particularly important hemody-
namic force because it stimulates the release of vasoactive substances (including NO) and 
changes gene expression, cell metabolism, and cell morphology (Fig. 26.3). Many blood 

Table 26.2 Methods to assess endothelial function in humans

Intracoronary 
angiography

Brachial artery 
ultrasound

Venous occlusion 
plethysmography

Target endothelium Coronary Systemic Systemic

Arterial catheterization Yes (coronary) No Yes (brachial)

Radiation exposure Yes No No

Intra-arterial 
acetylcholine

Yes (intracoronary) No Yes (intrabrachial)

Endothelium-
dependent stimulus

Pharmacological 
(acetylcholine)

Physical (postis -
chemic hyperemia)

Pharmacological 
(acetylcholine)

Intra-arterial nitrates Yes (intracoronary) No Yes (intrabrachial)

Endothelium-
independent stimulus

Coronary nitrates Sublingual nitrates Intra-arterial 
nitroprusside

Risk Yes No Yes

Dedicated hardware No No Yes

Cost Very high Low High

Time required Hours Minutes Hours

Key parameter Coronary diameter Brachial diameter Brachial resistance

Setting Catheterization lab Echocardiography 
lab

Clinical 
pharmacology

Interest Pathophysiology Clinical and 
Pathophysiology

Pathophysiology
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vessels respond to an increase in flow, or more precisely shear stress, by dilating (Fig. 
26.3). This phenomenon is designated flow-mediated dilation. The principal mediator of 
flow-mediated vasodilation is endothelium-derived NO produced by endothelial nitric ox-
ide synthase (eNOS), although other mediators such as endothelium-derived prostanoids 
or the putative endothelium-derived hyperpolarizing factor can cause vasodilation if NO 

Vessel 
tone

Vessel 
growth

Myocardial
contractility

Smooth
muscle
cells

Endothelial
cells

Coagulation Fibrinolysis
Leucocyte
adherence

Platelet 
interaction

Vascular
permeability

Fig. 26.2 The functional versatility of the endothelial cell. Factors secreted into the lumen (upward 
arrows) include prostacyclin and t-PA, which influence coagulation. Cell surface adhesion mole-
cules (such as intercellular adhesion molecules-1, ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1) regulate leukocyte adhesion. Factors secreted abluminally (toward the smooth muscle, 
downward arrows) may influence vessel tone and growth. Coronary artery and endocardial endothelium 
may also influence myocardial contractility. (From [7], with permission)
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Fig. 26.3 A radical view of endothelial dysfunction. In the presence of certain risk factors, endothelial 
cells may produce less nitric oxide (NO) or more oxygen-derived free radicals (such as O

2
−) or both. 

This may lead to a variety of proischemic or proatherogenic effects. (From [7], with permission)
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is deficient. The biological link between endothelial damage and atherosclerosis may be 
related to the decreased arterial bioavailability of NO. In the presence of certain risk 
factors, endothelial cells may produce less NO or more oxygen-derived free radicals (such 
as O

2
), or both. These changes may in turn result in certain proischemic or proatherogenic 

effects (Fig. 26.4). The reduced bioavailability of NO translates into impaired flow-
mediated vasodilation, which becomes a biomarker of depressed endothelial function.

26.4
Methodology of Endothelium-Dependent Flow-Mediated Vasodilation

The ultrasound technique for assessing endothelial function is attractive because it is non-
invasive and allows repeated measurements. However, it also has technical and interpretative 
limitations [9, 10]. Until recently, the clinical instability of the technique had been magnified 
by absolute methodological deregulation on how to collect and interpret data. When evalu-
ating endothelial function, these important factors should be taken into consideration:
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Fig. 26.4 Endothelial cell biology and shear stress. Steady laminar shear stress promotes release of 
factors from endothelial cells that inhibit coagulation, migration of leukocytes, and smooth muscle 
proliferation, while simultaneously promoting endothelial cell survival. Conversely, low shear stress 
and flow reversal favor the opposite effects, thereby contributing to the development of atherosclero-
sis. (From [8], with permission)
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 1. Location of the occlusion device (upper vs. lower arm)
 2. Duration of the brachial artery occlusion (5 min vs. 10 min)
 3. Timing for detection of peak hyperemia
 4. Portion of cardiac cycle during which brachial diameter should be measured
 5. Time of day
 6. Dominant or nondominant arm testing
 7. Ongoing vasoactive medications
 8. How best to evaluate vessel diameter
 9. What form of nitrates should be used
10. Which are the normal reference values

In 2002, this methodological tower of Babel was replaced by the guidelines issued by the In-
ternational Brachial Artery Reactivity Task Force [9], which aimed to minimize the sources 
of variability associated with patient, acquisition, analysis, and interpretation (Fig. 26.5). 
Because the magnitude of brachial artery diameter change is a fraction of a millimeter, the 
technique requires extreme accuracy in the methodology. According to these guidelines, 
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Fig. 26.5 Schematic drawing of the ultrasound imaging of the brachial artery. Upper panel: Timeline 
of events. Middle panel: Ultrasound imaging of the brachial artery. Lower panel: Cuff and transducer 
position. (Modified from [10], with permission)
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the patient should fast for at least 8 h before the study. All vasoactive medications should 
be withheld for at least four half-lives, if possible. A linear array transducer with a mini-
mum frequency of 7 MHz is used to acquire images with sufficient resolution for subse-
quent analysis. The brachial artery is imaged above the antecubital fossa in the longitudinal 
plane. A segment with clear anterior and posterior intimal interfaces between the lumen 
and vessel wall is selected for continuous 2D gray-scale imaging. After baseline rest image 
acquisition, arterial occlusion is created by cuff inflation to suprasystolic pressure, typi-
cally 50 mmHg above systolic pressure for 5 min. Lower-arm occlusion is preferred, since 
upper-arm occlusion is technically more challenging for accurate data acquisition, because 
the image is distorted by collapse of the brachial artery and shift in soft tissue. At least 
10 min of rest is needed after reactive hyperemia before another image is acquired to reflect 
the reestablished baseline conditions. An exogenous NO donor, such as a single high dose 
(0.4 mg) of nitroglycerin spray or sublingual tablet is administered. Peak vasodilation occurs 
3–4 min after nitroglycerin administration. Nitroglycerin should not be given to individuals 
with clinically significant bradycardia or hypotension. Variability during analysis is lowest 
when there is an average of three diameter measurements along a segment of the vessel. 
Such measurements should be obtained at baseline, during hyperemia (at least at 60 s, better 
every 30 s from 30 to 120 s after release, to circumvent the problem of temporal variability 
of response), again at baseline and 4 min after exogenous nitrates. The available technology 
now also makes it possible to acquire multiple images of the brachial artery automatically, 
using the ECG signal as a trigger. Arterial diameter is measured automatically using com-
puter edge-detection techniques, making it possible to examine the entire time course of 
brachial dilation in response to reactive hyperemia (Fig. 26.6). In addition to errors related 
to improper techniques, it is important to be aware of a host of factors that cause intrinsic 
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Fig. 26.6 Showing the automated edge-detection system (a), with on-line visual feedback on the qual-
ity of the detected signal. Brachial artery flow-mediated vasodilation is obtained with a brachial 
artery diameter measured using an operator-independent, automated software (Prototype by Marcello 
Demi, Institute of Clinical Physiology, Pisa, Italy). In panel b, two examples are shown, of a normal 
(upper panel) and an abnormal (lower panel) endothelial function
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variability in flow-mediated vasodilation, including mental or physical stress, recent intake 
of a meal, medications including vitamins, exogenous hormones, cyclic changes related to 
the menstrual cycle in females, age, and body weight [10].

26.5
Diagnostic Value of Endothelial Dysfunction for Detection 
of Coronary Artery Disease

The integration of endothelial function in the stress testing laboratory has already pro-
vided some clinically relevant information. The electrocardiographic ischemic response 
during stress testing is in fact highly predictive of an altered systemic endothelial 
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dysfunction. This endothelial dysfunction can occur with normal (Fig. 26.7) or stenotic 
(Fig. 26.8) coronary arteries. The electrocardiographic information is therefore consid-
ered a misleading false-positive response compared to an angiographic standard, but a 
true-positive result when a physiologically relevant gold standard such as endothelial 
dysfunction is considered [11–16]. However, the diagnostic accuracy of endothelial dys-
function for noninvasively predicting coronary artery disease is poor, and there is no 
correlation between presence and extent of angiographically assessed coronary artery 
disease and percent flow-mediated vasodilation (Fig. 26.9). This cannot be surprising 
since flow-mediated vasodilation is impaired, independently of underlying coronary 
artery disease, in patients with coronary risk factors such as hypercholesterolemia [17], 
hypertension [18], smoking [19], diabetes mellitus [20], hyperhomocysteinemia [21], and 
aging [22]. In addition, lipid-lowering therapy [23], antioxidants [24], estrogen replace-
ment [25], and treatment with angiotensin-enzyme inhibitors or receptor blockers [26] 
have each been shown to improve the flow-mediated vasodilation response, but cannot 
affect anatomically significant coronary artery disease.

Fig. 26.7 Illustrative example of a typical pattern of test results in a patient with significant proximal 
stenosis of the left anterior descending artery (right upper panel). Exercise stress echocardiography 
testing (with representative end-systolic frames) reveals a dyskinetic septoapical segment (left upper 
panel) and significant ST-segment depression at peak stress (lower left panel); depressed brachial 
artery flow-mediated vasodilation (FMD) is also displayed on the lower right panel. (From [13], with 
permission)
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26.6
Prognostic Value of Endothelial Dysfunction

The prognostic value of endothelial dysfunction is founded on a strong pathophysiological 
basis but supported, at present, by only weak clinical evidence, at least in patients with 
known or suspected coronary artery disease. From the pathophysiological viewpoint, the 
mechanism by which endothelial dysfunction may lead to cardiac events is multifactorial. 
One possible mechanism is myocardial ischemia secondary to endothelial dysfunction, 
even in the absence of obstructive coronary artery disease. Patients with abnormal coro-
nary endothelial function often show a positive stress perfusion scintigraphy [14, 27, 28]. 
Another possible mechanism by which coronary endothelial dysfunction may contribute 
to cardiac events is through acceleration of coronary atherosclerosis, as evidenced by 
the development of obstructive coronary artery disease. This is also supported by the 
observation that in cardiac transplant patients, coronary endothelial dysfunction precedes 
the development of coronary atherosclerosis [29]. A number of studies have examined the 
prognostic value of endothelial assessment in predicting subsequent cardiovascular event 
risks, and ten of them were pooled in a 2005 meta-analysis [30] (Fig. 26.10). Studies have 

Fig. 26.8 Illustrative example of a typical pattern of test results in a patient with an anginal syndrome 
and normal coronary angiogram (right upper panel). Dipyridamole stress echocardiography testing 
(with representative end-systolic frames) reveals hyperkinetic wall motion response at peak stress (left 
upper panel), but significant ST-segment depression at peak stress (left lower panel); brachial artery 
FMD confirmed systemic endothelial dysfunction (right lower panel). (From [13], with permission)
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Fig. 26.9 Scatter plot diagram for angiographically assessed Duke score (y-axis) and percent flow 
mediated vasodilation (% FMD, x-axis) fails to show any significant relationship. (From [13], with 
permission)

Fig. 26.10 A 2005 meta-analysis showing the capability of endothelial dysfunction to predict future 
cardiovascular events. In parenthesis, number of patients in each study (From [30])
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differences in the method (brachial artery ultrasound, venous plethysmography with intra-
brachial injection, or intracoronary Doppler flow wire), cohort of patients studied (those 
with established atherosclerosis vs. those with risk factors for cardiovascular disease), and 
design (with or without comparison with established clinical or echographic risk predic-
tors, such as stress-induced wall motion abnormalities or carotid intima-media thickness). 
Taken together, these studies suggest the presence of a pathogenetic and prognostic link 
between (coronary or systemic) endothelial dysfunction and cardiovascular disease. In 
particular, the patients with relatively preserved endothelial function have a very low risk, 
a finding consistent with the growing evidence that endothelial dysfunction contributes 
to the pathogenesis of cardiovascular disease. However, these studies have also revealed 
that, in general, measures of endothelial function do not have additional prognostic yield 
in patients at high risk [31–45] (Fig. 26.11).

The ability of flow-mediated vasodilation to provide prognostic information in indi-
viduals of intermediate to low risk, independent of more standard risk-specific approaches, 
remains to be established. As a matter of fact, there are conceptual and pragmatic limi-
tations in the use of endothelial dysfunction as a marker of risk. First, there is only a 
weak (r = 0.36), albeit significant, relationship between endothelial function (assessed 
by ultrasound in the brachial artery) and coronary endothelial function (assessed inva-
sively by intracoronary acetylcholine and quantitative coronary angiography) [46]. Second, 
endothelial responses are heterogeneous within the same coronary artery or within the 

Fig. 26.11 Kaplan–Meier survival curves in patients with known or suspected coronary artery disease, 
whose prognosis cannot be separated on the basis of FMD values (a), but is clearly distinguished on 
the basis of echocardiographically assessed left ventricular hypertrophy (LVH, b) and ejection 
fraction (FE, c). (Adapted from [45])
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same patient [47], and a brachial artery endothelial function cannot be realistically con-
sidered a good predictor of endothelial function of the entire coronary tree, and much 
less of the endothelial function in the vulnerable coronary plaque. In the football field 
of endothelial layer, we are not measuring the endothelial function in the box, which is 
the critical region for events, but rather near the sidelines, far away from the core of the 

p < 0.001

77.1%

46.4%

E
ve

n
t-

fr
ee

 s
u

rv
iv

al
 %

months

30

40

50

60

70

80

90

100
b

0 12 24 36

LVMI<125 gr/m2

LVMI>125 gr/m2

p < 0.0039

70.9 %

39.8 %

30

40

50

60

70

80

90

100
c

0 12 24 36

FE>50%

FE<50%

E
ve

n
t-

fr
ee

 s
u

rv
iv

al
 %

months

Fig. 26.11 (continued)



26.7 Clinical Implications and Future Perspectives 389

clinical action. Third, some of these studies were retrospective in nature [33]; others included 
highly selected patient populations with a high number of adverse events when compared 
to the population usually enrolled in trials [34]; in still others the same prognostic value 
of coronary endothelial dysfunction was shown by much simpler – and theoretically much 
less robust – assessment of endothelium-independent vasodilation by nitrates [31]. In one 
study, the prognostic value of systemic endothelial dysfunction was lost after adjusting for 
presence and extent of angiographically assessed coronary artery disease [35]. In another 
study [39], there was no prognostic difference between patients with severely (<4%) to 
only mildly (4–8%) depressed flow-mediated vasodilation, although both these groups 
had worse prognosis than patients with preserved (>8%) endothelium-dependent vasodila-
tion. Fourth, at present, there is no clear prospective evidence for prognostic benefit after 
improving endothelial function, although a recent study in postmenopausal hypertensive 
women shows that a significant improvement in endothelial function may be obtained after 
6 months of antihypertensive therapy and clearly identifies patients who possibly have a 
more favorable prognosis [37].

26.7
Clinical Implications and Future Perspectives

Much more data are needed at this point to establish the clinical place, if any, of endothe-
lial function in our diagnostic and prognostic flow charts. Despite its simple appearance, 
ultrasound assessment of brachial artery reactivity is technically challenging and has a 
significant learning curve [10]. The technique has the potential to offer an individual 
biological dosimeter of risk exposure through endothelial function [48], to identify early 
stages of atherosclerotic process [49], and to monitor interventions or therapy-induced 
changes in endothelial function in patients with heart disease [50], but it also skill- and 
labor-intensive and not easily used in routine clinical practice. Furthermore, interreader 
variability has led to difficulties replicating data and quantifying the real magnitude of the 
response [10]. For the clinical purpose of identifying asymptomatic patients at high risk 
who might be candidates for more intensive, evidence-based medical interventions that 
reduce cardiovascular disease risk, the evaluation of carotid intima-media thickness [51] 
might be a more robust option in the setting of carotid ultrasonography, which is already 
established in the cardiovascular ultrasound laboratory, traditionally used to evaluate the 
presence of obstructive atherosclerosis in the setting of symptomatic cerebrovascular 
disease or asymptomatic carotid bruit [10]. The carotid scan is presently recommended 
for risk assessment on patients at intermediate cardiovascular risk, i.e., patients with a 
6–20% 10-year risk of myocardial infarction or coronary heart disease who do not have 
established coronary heart disease. In the near future, an effort should be made in order 
to study endothelial function in clinically critical districts, such as coronary, cerebral, 
and pulmonary circulation. This will make the base of the current diagnostic pyramid of 
atherosclerosis even more solid and attractive (Fig. 26.12), which makes it possible to 
track the natural history of atherosclerosis at an early stage [52, 53], certainly more sus-
ceptible to a reversal than a flow-limiting, ischemia-producing plaque determining stress 
echocardiographic positivity.
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Special Subsets of Angiographically 
Defined Patients: Normal Coronary 
Arteries, Single-Vessel Disease, 
Left Main Coronary Artery Disease, Patients 
Undergoing Coronary Revascularization

Eugenio Picano and Rosa Sicari

27.1
Normal Coronary Arteries

In patients undergoing coronary angiography for investigation of chest pain, the incidence 
of normal or near-normal coronary arteriographic findings varies between 10 and 20% 
[1]. In general, patients without significant epicardial coronary artery disease have an 
excellent prognosis, but not all nonsignificant stenoses are created prognostically equal, 
since coronary events are rare in patients with smooth, normal arteriograms, sixfold more 
frequent in patients with mild (0–20% stenosis) and 15-fold more frequent in patients 
with moderate (20–40%, and still nonsignificant) lesions [2]. Even with most conserva-
tive reading criteria, stress echocardiography positivity occurs in 10–20% of patients with 
angiographically nonsignificant coronary artery disease [3]. The presence of minor, non-
significant coronary angiographic abnormalities is four times more frequent in patients 
with an abnormal stress echocardiogram than in patients with a normal one (Fig. 27.1). 
At long-term (9 years) follow-up, hard events are ten times more frequent in patients with 
positive stress echocardiographic results than in those with negative stress echocardio-
graphic results [3]. The “anatomical lies” of stress echocardiography, i.e., false-positive 
responses occurring in patients with nonsignificant epicardial coronary artery disease, can 
be turned into “prognostic truths” when long-term outcome is considered. Milder forms 
of reduction in regional coronary flow reserve and/or abnormal coronary microcirculatory 
function may occur in patients with angiographically normal coronary arteries and may 
give rise to a positive perfusion scan [4], as described in the alternative ischemic cascade [5]. 
More advanced degrees of reduction in coronary flow reserve may lead to subendocardial 
underperfusion above the threshold necessary to trigger a critical ischemic mass evok-
ing the transient dyssynergy. The prerequisite of stress echocardiography positivity is true 
myocardial ischemia.
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27.2
Single-Vessel Disease

The natural history of patients with single-vessel disease is generally benign, but heteroge-
neous [6]. The 4-year infarction-free survival rate is higher for a negative stress echocardi-
ography than for a positive stress echocardiography result in medically, but not invasively 
treated patients (Fig. 27.2). Moreover, a significant higher 4-year infarction-free survival 
rate is found in invasively vs. medically treated patients with a positive, but not in those with 
a negative stress echocardiography test result [7]. The prognostic value of stress echocardi-
ography test results outperforms the impact of the degree of stenosis (50, 75, 90 or 100%) 
and location of disease (left anterior descending, left circumflex, or right coronary artery), 
which are recognized as powerful prognostic predictors. These data conflict with the prac-
tice of performing coronary revascularization on the basis of coronary anatomical findings 
only, without preprocedural evaluation of the patient by noninvasive stress testing. This 
practice is a very frequent and particularly disturbing therapeutic option, overloading the 
health care system [8] and conflicting with the recommendation of the American College 
of Cardiology/American Heart Association Guidelines. According to these guidelines a 
preprocedural demonstration of myocardial ischemia is necessary, since to date there is no 
evidence that coronary revascularization is effective in reducing either mortality or subse-
quent myocardial infarction in patients with single-vessel disease [9].

Fig. 27.1 Cumulative rates of survival free of hard cardiac events (death and nonfatal infarction) in 
patients with single-vessel disease treated medically (n = 494) or invasively (n = 260). Patients had 
pharmacological stress echocardiography with dipyridamole (n = 576) or dobutamine (n = 178). 
Among medically treated patients, event-free survival was worse in those with positive results on 
pharmacological stress echocardiography than in those with negative results; this indicates 
the usefulness of pharmacological stress echocardiography in risk stratification of patients in an 
angiographically benign subgroup. No difference in survival was seen between invasively treated 
patients with positive results and invasively treated patients with negative results, which suggests that 
ischemia-guided revascularization can exert a maximal prognostic beneficial effect in these patients. 
(Modified from [7])
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27.3
Left Main Coronary Artery Disease

Significant left main artery stenosis is the single most prognostically important lesion 
involving the coronary arteries. In patients with left main coronary artery stenosis, regard-
less of the presence of symptoms, surgery can significantly improve survival as compared 
to medical therapy. Left main coronary artery disease is a formal contraindication to any 
further form of stress testing (see Table 27.1 of Chap. 18). Nevertheless, since testing is 
often done before coronary angiography, several series have reported on stress echocar-
diography results in this subset of patients. The overall picture is that pharmacological 
stress testing is reasonably safe with dipyridamole [10], dobutamine, or exercise [11], and 
although no pathognomonic response for left main coronary artery disease can be rec-
ognized, the stress echocardiography pattern in the time and space domain is character-
ized by a shorter stress time, greater extent and severity of the induced dyssynergy, more 
frequent antidote resistance, and longer recovery time. All these conditions should raise 
the suspicion of left main equivalent coronary artery disease and warrant urgent coronary 
angiography.

Timing

Severity

Extent

Pre PTCA     
PTCA
Post PTCA

Fig. 27.2 A completely successful percutaneous transluminal coronary angioplasty (PTCA). Following the 
intervention, the stress echocardiography test result becomes completely negative, ideally placed at the 
origin of the system of coordinates localizing the stress-induced ischemia. (Modified from [50])
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27.4
Patients Undergoing Coronary Revascularization

Coronary artery revascularization with either coronary artery bypass surgery or percuta-
neous transluminal coronary angioplasty is an effective therapeutic procedure in the man-
agement of properly selected patients with coronary artery disease. For patient selection 
and assessment of procedure efficacy, a functional evaluation of stenosis is mandatory. 
As stated by Gruntzig at the dawn of the angioplasty era, “imaging postcatheterization 
permits evaluation of the physiologic significance of an observed lesion and to deter-
mine the potential effect of dilatation on perfusion distal to the lesion” [31]. In addition, 
a preangioplasty imaging evaluation “provides a baseline for noninvasive postangioplasty 
monitoring of the procedure’s success. As with the patient who has undergone bypass sur-
gery, subjective symptoms are usually a good guide, but are not sufficient for the longitu-
dinal evaluation of the procedure” [31]. The practical impact of stress echocardiography 
in assessing revascularization procedures has been shown both in coronary artery bypass 
surgery [32–36] and in coronary angioplasty [37–49]. The main tasks of physiological testing 
in revascularized patients can be summarized as follows:

1. Anatomical identification of disease and geographical localization, with physiological 
assessment of stenosis of intermediate anatomical severity and identification of target 
lesion in multivessel disease

2. Risk stratification to identify asymptomatic patients more likely to benefit, in terms of 
survival, from a revascularization procedure

3. Identification of myocardial viability in region with dyssynergy at rest
4. Identification of restenosis or graft occlusion or disease progression

According to the conceptual framework outlined in Fig. 17.1 in Chap. 17, it is also easy to 
assess the results of the revascularization procedure, which may be completely successful 
(with disappearance of inducible ischemia; Fig. 27.3) or partially successful (with per-
sisting inducible ischemia; Fig. 27.4). The timing of postangioplasty stress echocardiography 

Table 27.1 Indications to stress echocardiography after coronary revascularization (PCI or 
CABG)

Appropriate Uncertain Inappropriate

Symptomatic:

• Evaluation of chest pain syndrome √

• Not in the early postprocedure period √

Asymptomatic:

• ≥5 years after CABG √

• ≥2 years after PCI √

• <2 years after PCI √

• <5 years after CABG √

PCI percutaneous coronary intervention, CABG coronary artery bypass graft
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Fig. 27.3 A partially successful percutaneous transluminal coronary angioplasty (PTCA). The severity 
of the ischemic response is proportional to the area of the triangle, whose vertices are placed on the 
coordinates of ischemia. The area obviously shrinks following intervention, but the test remains posi-
tive, suggesting a primary failure, an incomplete revascularization, or an early restenosis. (Modified 
from [50])

Fig. 27.4 Kaplan–Meier hard event-free survival curves for symptomatic and asymptomatic patients 
with multivessel and single-vessel disease, separated on the basis of the presence (SE+) and absence 
(SE−) of inducible ischemia. Number of patients per year is shown
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varies widely, ranging from 24 h to 1 week in the various studies [36–49]. All of these 
studies demonstrated a comparable reduction in stress echocardiography positivity rates, 
ranging from 70 to 100% before and from 10 to 30% after angioplasty [50]. Stress echocar-
diography testing performed early after percutaneous transluminal coronary angioplasty 
does not seem to suffer from the reduced specificity that limits the usefulness of perfusion 
stress testing in this setting [51] and can be linked to the transient reduction in coronary 
flow reserve for reversible microvascular damage [5].

The possible physiological benefit on the regional coronary reserve determined by 
revascularization appears to be the most likely explanation for the improvement in stress 
test results. A consistently positive stress echocardiography test after angioplasty has an 
unfavorable prognostic implication, placing the patient in a subset at high risk for recur-
rence of symptoms [43, 47]. After a successful percutaneous coronary intervention, stress 
echocardiography positivity (with exercise, dobutamine, or dipyridamole) adds prognos-
tic information to clinical and resting echocardiography parameters both in symptomatic 
and asymptomatic patients, independently of underlying coronary anatomy (Fig. 27.4). 
The limited, or even total, lack of improvement in the test response after angiographically 
successful angioplasty may have several explanations [50]. The residual stenosis may be 
anatomically insignificant and yet hemodynamically important because there is a poor cor-
relation between the percentage of lumen reduction and regional flow reserve, particularly 
very early after angioplasty. Restenosis may be difficult to recognize on postangioplasty 
angiograms because of the apparent improvement in luminal dimensions secondary to 
extravasation of contrast into the media to the plaque, with fissuring and dissection.
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Special Subsets 
of Electrocardiographically Defined 
Patients: Left Bundle Branch Block, 
Right Bundle Branch Block, Atrial Fibrillation

Eugenio Picano and Lauro Cortigiani

28.1
Left Bundle Branch Block

Left bundle branch block is a frequent, etiologically heterogeneous, clinically challeng-
ing, and diagnostically hostile entity. Approximately 2% of patients referred for cardiac 
stress testing show stable or intermittent left bundle branch block [1]. Although left 
bundle branch block is a recognized predictor of unfavorable cardiac outcome [2–4], the 
prognosis is primarily determined by the underlying cardiac pathology, including coro-
nary artery disease, hypertension, idiopathic dilated cardiomyopathy, and aortic valve 
stenosis [5, 6]. The presence of left bundle branch block makes the ECG uninterpret-
able for ischemia and, therefore, a stress imaging technique is necessary. The presence 
of an abnormal sequence of left ventricular activation determines increased diastolic 
extravascular resistances in left bundle branch block [7] (Fig. 28.1), with lower and 
slower diastolic coronary flow, accounting clinically for the observed reduction in coro-
nary flow reserve in patients with left bundle branch block [8] (Fig. 28.2), or reasonable 
pathophysiological substrate of the stress-induced defect often observed by perfusion 
imaging in patients with normal coronary arteries [9]. The altered electrical activation 
also affects septal wall motion, which may range anywhere between a normal and a 
paradoxical movement (Fig. 28.3). Normal thickening is observed in the presence of a 
less abnormal activation sequence (QRS duration<150 ms) and preserved contraction 
capability. The paradoxical wall motion is more frequent, with a markedly abnormal 
activation sequence (QRS>150 ms) and/or septal fibrosis (Fig. 28.3). In spite of the dif-
ficulty posed by the abnormal wall motion, stress echocardiography is the best option 
for the diagnosis of coronary artery disease [10–12] (Fig. 28.4): it is more specific than 
perfusion imaging [10, 12] and its sensitivity is good, albeit reduced in the left anterior 
descending territory only in presence of a dyskinetic septum in the baseline echocardio-
gram [11]. The prognostic value of stress echocardiography is excellent, additive when 
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compared to clinical and resting echocardiography variables, and especially pronounced 
in patients without previous myocardial infarction [13] (Fig. 28.5).

28.2
Right Bundle Branch Block

Right bundle branch block is present in 2% of patients with chronic coronary artery dis-
ease and in 3% of subjects referred for noninvasive assessment of coronary artery disease 
[1]. Although patients with right bundle branch block and no clinical evidence of cardio-
vascular disease generally have a favorable outcome [3, 6, 9], right bundle branch block in 
subjects with chronic coronary artery disease is predictive of a more severe left ventricu-
lar dysfunction, extensive coronary artery disease, and a mortality rate that is approxi-
mately twice as high [4]. Stress echocardiography is an excellent diagnostic choice since 
right bundle branch block does not affect regional wall motion. In addition, it provides 
an efficient prognostic stratification, additive to simple resting electrocardiogram param-
eters such as left anterior fascicular block [14]. In populations referred to pharmacological 
stress echocardiography testing, three levels of risk are identified on the basis of stress 
echocardiography results and presence or absence of left anterior fascicular block: a low 
risk, in the case of no ischemia and no left anterior fascicular block (almost 50% of the 
entire population); an intermediate risk in the case of ischemia or left anterior fascicular 
block only; and a high risk in the case of both ischemia and left anterior fascicular block 
(Fig. 28.6) [14].

Fig. 28.1 The experimental data obtained with intramyocardial pressure (IMP) monitoring and left 
anterior descending (LAD) flowmetry in the dog. With normal conduction (left panel), the coronary 
flow is mostly diastolic, during the phase of cardiac cycle when extravascular resistances (expressed 
by intramyocardial pressure) are lowest. The induction of left bundle branch block (LBBB) increases 
diastolic resistances and reduces coronary flow. S, systolic; D, diastolic (Modified from [7])
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28.3
Atrial Fibrillation

The prevalence of atrial fibrillation increases with the age of the population, being less 
than 1% in subjects under the age of 60 and greater than 5% in those over the age of 70 
[15, 16]. Approximately 70% of individuals with atrial fibrillation are between 65 and 85 
years old [17]. Coronary artery disease is one of the most common cardiovascular condi-
tions associated with atrial fibrillation, present in 18% of chronic cases [18]. Although 
exercise electrocardiography is the cornerstone of noninvasive diagnostic techniques, in 
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Fig. 28.2 The clinical data obtained with Doppler flowmetry in the left anterior descending coronary 
artery at baseline (upper panels) and following hyperemia (lower panels) with adenosine. Compared 
to normal conduction (left panel), the presence of left bundle branch block (LBBB) is associated with a 
lower and slower diastolic coronary flow velocity, especially during hyperemia. (Modified from [8])
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the presence of atrial fibrillation it shows several limitations. In particular, advanced age 
and other clinical conditions that limit the patient’s functional capacity (including heart 
failure and bronchopulmonary disease) can reduce the feasibility of the test in patients 

Fig. 28.3 The two major determinants of interventricular septal motion in left bundle branch block: 
contraction capability and activation sequence. Paradoxical wall motion is more frequent with wide 
QRS and/or septal fibrosis. Small arrow indicates early systolic septal beaking; large arrow indicates 
peak systolic thickening

Fig. 28.4 Different types of wall motion response during stress (lower panels) in a patient with left 
bundle branch block, showing early systolic downward septal motion or beaking with normal wall 
motion at rest (upper panel). During stress, the response can be negative (lower left panel), with 
normal to increased septal motion and thickening. The stress can induce an ischemic response on 
the septum (middle panel): in this case, both motion and thickening are reduced. The stress can also 
induce ischemia in a region different from the septum (lower right panel). This location of ischemia 
does not raise special interpretation problems in patients with left bundle branch block. Induced 
ischemia depending on the pacing mode (arterial vs. ventricular pacing), in ventricular pacing mode 
depending on the site of stimulation
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Fig. 28.5 Kaplan–Meier survival curves according to the absence (−) or presence (+) of ischemia at 
stress echocardiography (SE) and the absence (left panel) or presence (right panel) of previous myo-
cardial infarction. (Modified from [13], with permission)

Fig. 28.6 Kaplan–Meier survival curves according to the absence (−) or presence (+) of ischemia at 
stress echocardiography (SE) and the absence (−) or presence (+) of left anterior fascicular block 
(LAFB) on the resting electrocardiogram. All patients had right bundle branch block. (Modified 
from [14])

with atrial fibrillation. In addition, atrial fibrillation is often associated with factors low-
ering the specificity of exercise-induced ECG changes, such as hypertension [18], left 
ventricular hypertrophy [19], and digitalis therapy [20, 21].
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Very short diastolic intervals can contribute to false-positive responses during exercise 
testing in atrial fibrillation, since the diastolic perfusion of the subendocardium is impaired 
[22]. Stress echocardiography is an effective modality for investigating atrial fibrillation 
patients. In spite of the pronounced chronotropic response and, therefore, the lower doses 
administered [23, 24], dobutamine stress echocardiography provides useful diagnostic 
[23] and prognostic [23, 24] information in these patients. Moreover, the prognostic value 
of the test is comparable in patients with atrial fibrillation and sinus rhythm [24]. As for 
the safety of dobutamine stress in atrial fibrillation, conflicting results have been reported. 
While no dobutamine-induced adverse effects were observed in a series of 92 patients 
[23], a significant greater occurrence of cardiac arrhythmias was described in 69 patients 
with atrial fibrillation compared to controls with sinus rhythm [24]. No data are available 
at this time on stress echocardiography using vasodilator agents in atrial fibrillation.
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Special Subsets of Clinically Defined 
Patients: Elderly, Women, 
Outpatients, Chest Pain Unit, 
Noncardiac Vascular Surgery

Rosa Sicari, Gigliola Bedetti, and Eugenio Picano

29.1
Elderly Patients

Individuals over 65 years of age account for 12% of the total population in the USA, 
twice the proportion 20 years ago. This group is expected to increase by 20% in the 
next decade and is predicted to constitute more than 20% of the population in the year 
2030. Coronary artery disease accounts for two-thirds of all deaths in subjects over 
65 years of age. More than 50% of all patients admitted to the hospital with acute 
myocardial infarction are older than 65. Therefore, identifying patients at high risk 
for future cardiac events is a particularly important and recurrent clinical problem 
[1]. Pharmacological stress echocardiography, with dipyridamole [2–4], dobutamine 
[4–7], or adenosine [6], has proved to work efficiently in elderly patients both for 
diagnosis and prognosis. Nevertheless, elderly patients with positive stress echocar-
diography test results tended to receive less coronary angiography and fewer revas-
cularization procedures when compared to the overall population [2]. The prevalence 
of revascularization procedures in the group with a positive dipyridamole echocar-
diography was 28% in the overall study group, but only 15% in the elderly group. A 
relatively advanced age seems to exert a protective effect in the physician’s decision 
concerning intervention, but this policy in time may adversely affect outcome, since a 
dramatic change in the natural history can be achieved by properly targeted interven-
tions strategically oriented by the results of physiological testing. With current advances 
in surgical techniques and intraoperative myocardial protection, elderly patients with 
multivessel disease and even significant baseline dysfunction can undergo coronary 
artery bypass surgery with a low in-hospital mortality rate and an excellent short-
term survival rate. Therefore, one may never be too old for risk stratification [1]: such 
risk stratification can safely and effectively be achieved by pharmacological stress 
echocardiography [4].
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29.2
Women

The diagnostic accuracy of the exercise electrocardiographic stress test is definitely lower 
in women than in men, mostly for the low specificity (Fig. 29.1). In other words, a negative 
maximal test result in a woman with an interpretable ECG is reasonably accurate in excluding the 
possibility of coronary artery disease, but a positive test result is not sufficient to include 
the diagnosis. To make the diagnosis of coronary artery disease in women even more 
challenging, perfusion imaging also suffers from frequent false-positive results, due to 
physiological facts (reduction of flow reserve in syndrome X, mostly affecting female 
patients) and artifacts (breast attenuation) [8]. In contrast, stress echocardiography has 
proven equally diagnostically efficient in male and female subjects when combined with 
dipyridamole [9], exercise [10, 11], or dobutamine [12–14]. The prognostic value of 
stress echocardiography is high in women [15–19] and higher than exercise ECG, espe-
cially in the subset with positive or ambiguous response [20]. In contrast to ECG stress 
test and perfusion imaging, stress echocardiography is an “equal opportunity” test, with no 
difference in diagnostic and prognostic accuracy between males and females. When exercise 
electrocardiography gives positive or ambiguous results, stress echocardiography is war-
ranted [19]. For the diagnosis of coronary artery disease, stress echocardiography is more 
specific than perfusion imaging and provides an accurate prognostic stratification, additive 
and incremental over clinical and exercise electrocardiography variables [20]. Prognosis is 
at least comparable in men and women with ischemia compared to those without ischemia 
at stress echocardiography (Fig. 29.2) [21]. The proposed policy to screen asymptomatic 
women at risk (for instance, diabetics) with perfusion scintigraphy and/or with 64-slice 
multislice computed tomography (MSCT) [22, 23] is questionable, since it ignores the 
radiation burden (500–1,500 chest X-rays) and the cancer risk (1 in 400 to 1 in 1,000) of 
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Fig. 29.1 Graphic display of the analyzed variables for the exercise electrocardiography test (black 
bars) and the dipyridamole echocardiography test (white bars) in a group of 68 women without previ-
ous myocardial infarction. (From [9])
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radiation. This risk is 37% higher in women than in men, mainly because of the high radio-
sensitivity of breast [24]. Guidelines and good clinical practice should incorporate the long-
term cancer risk in the risk–benefit assessment of various diagnostic options in all patients at 
all ages of life, but especially in women of younger age [24–26].

29.3
Outpatients

In industrial countries, outpatient investigations account for more than 85% of the increas-
ing costs of the total workload. Also in these patients, exercise electrocardiography testing 
remains the most effective and safest diagnostic exam. For both clinical and economic 
reasons, stress echocardiography should not in general replace stress ECG as a screening 
method [27]. In patients with nondiagnostic or ambiguous test results, stress echocardiog-
raphy testing in properly selected patients can be effectively performed in outpatients, with 
excellent safety and risk stratification capability [28–30] (Fig. 29.3).

29.4
Chest Pain Unit Patients

A patient arrives at the emergency room complaining of chest pain. After careful physical 
examination, serial ECG, and blood chemistry testing, the patient is discharged home. In 
one out of ten cases, the patient suffers from cardiac death and/or myocardial infarction 
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within the next month. Another patient arrives at the same emergency room complain-
ing of chest pain. Physical examination, serial ECG, and blood chemistry testing are not 
sufficient to exclude myocardial ischemia. He is admitted to the hospital and discharged 
after 1 week with the diagnosis of anxiety. Every day, these two characters play their part 
on the stage of the emergency department. In the United States, approximately six million 
people annually undergo evaluation at the emergency department for acute chest pain: 
more than 50% of them are admitted to the hospital [31]. Roughly 2–10% of patients 
with acute myocardial infarction (AMI) are inadvertently discharged from the emergency 
department. The missed diagnosis accounts for 20% of indemnities for malpractice in the 
United States. On the other hand, inappropriate admission of noncardiac chest pain is 
an enormous, avoidable cost for society and loss of time for the patient. Unnecessary 
admission to coronary care units costs over 2,000 per day, and imposes both undue stress 
and potential morbidity on patients [31]. To help the cardiologist (and the patient) find 
the narrow pathway between risks of inappropriate discharges and the cost of aggressive 
admission policy, stress testing before discharge can be helpful. Patients who are more 
likely to benefit from testing are those with low to intermediate probability of angina on 
clinical grounds (Fig. 29.4), since those with typical chest pain should be admitted anyway 
and referred to coronary angiography. In those patients with low-to-intermediate prob-
ability, stress testing is an effective choice (Fig. 29.5). Stress testing can be performed 
with exercise electrocardiography, which is, as always, an excellent option with a very 
good negative predictive value for events in patients who can exercise maximally and who 
have an interpretable ECG [32], not a frequent finding in the chest pain unit. Nuclear 
perfusion imaging can be an alternative, but it is always complex and it can be logistically 
demanding in the emergency department [32]. The nuclear isotopes are strictly regulated 
by the Nuclear Regulatory Commission. The emergency physician may only inject the iso-
topes provided that he or she has undergone the necessary radiation training. Additionally, 
the patient has to be moved from the emergency department to a radioisotope-approved 

Fig. 29.3 Kaplan–Meier survival curves (considering hard events as an end point) in patients strati-
fied according to presence (ischemia) or absence (no ischemia) of wall motion abnormalities during 
pharmacological stress echocardiography (with either dipyridamole or dobutamine). The separation is 
more obvious in patients with intermediate risk on the basis of clinical presentation (left panel), when 
compared to patients with high risk (right panel). (Modified from [30])
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Fig. 29.4 Chest pain score in chest pain unit. Patients with low to intermediate score are suitable 
candidates for stress echocardiography. Patients with typical chest pain (score>10) should be directly 
admitted to the coronary care unit. AMI, acute myocardial infarction (From [55])
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negative serial cardiac markers, negative electrocardiogram, negative resting and stress echocardiog-
raphy can be discharged. Patients with positivity of at least one of these markers should be admitted 
with high probability of acute coronary syndrome
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area for the duration of the scan. The simple resting echocardiography can be performed 
at bedside and can by itself clarify the diagnostic problem by showing a newly onset 
regional wall motion dysfunction (often detectable in the absence of diagnostic electrocar-
diographic changes) or other noncoronary causes of chest pain, such as aortic dissection, 
hypertrophic cardiomyopathy, mitral valve prolapse, pulmonary embolism, or pericardial 
effusion [33]. After the resting echocardiography has ruled out a possible cause of chest 
pain, stress echocardiography can be performed on-line, since the technology and know-
how of echocardiography are already available at the bedside [34]. Patients with positive 
stress echocardiography results are admitted to the coronary care unit and almost invari-
ably they are found to have coronary artery disease at angiography. An ischemia-guided 
revascularization with angioplasty is the most frequent therapeutic choice. The majority of 
patients had a negative stress echocardiography test result (i.e., with no inducible ischemia 
and no wall motion abnormalities) and were discharged home, usually without experienc-
ing cardiac events in the subsequent 1 year of follow-up (Table 29.1). In other words, out 
of ten patients – who were otherwise ready for discharge – at least one has true myocardial 
ischemia detected by stress echocardiography. This patient can be identified and referred 
to coronary angiography to be revascularized. The remaining nine patients have a negative 
test result and can be discharged, with a probability lower than 1% of having a heart attack 
in the following 12 months [34–42].

In the chest pain unit, the cardiologist can find the narrow pathway between inappropri-
ate discharge and inappropriate admissions by adding resting and stress echocardiography 
to the conventional clinical electrocardiography and blood chemistry testing. This would 
be an economically convenient, biohazard-free, and ecologically compatible imaging tech-
nique making it possible to abate costs and improve quality of health care in the critical 
setting of the emergency department [42].

Patients with chest pain and equivocal or normal ECGs and negative cardiac enzyme 
studies may be considered for stress perfusion scintigraphy [43], Coronary Artery Calcium 
Score assessment [44, 45], or noninvasive coronary angiography by MSCT [46–48]. The 
high sensitivity and negative predictive value may allow early discharge of those patients 
with nondiagnostic ECG and negative scans. However, the radiation burden would be 

Table 29.1 Stress echo in chest pain unit

Author, year
Stress of 
choice

Patients 
(n)

Mean follow-
up (months)

NPV 
(%)

Rate of 
positivity

Trippi et al. (1996) Dobutamine 139 3 98.5 8/139 (5%)

Colon et al. (1998) Exercise 108 12.8 99 8/108 (7%)

Gelejinse et al. (2000) Dobutamine 80 6 95 36/80 (45%)

Orlandini et al. (2000) Dipyridamole 177 6 99 5/177 (%)

Buchsbaum et al. (2001) Exercise 145 6 99.3 5/145 (3%)

Bholasingh et al. (2003) Dobutamine 377 6 96 26/377 (7%)

Bedetti et al. (2004) Dipyridamole 552 13 98.8 50/552 (10%)

Conti et al. (2005) Exercise 503 6 97 99/503 (20%)

NPV negative predictive value
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considerably different for individual patients [24, 25] and the population [28] for each of 
the four different imaging strategies. Each year, roughly 6 million patients arrive at the 
emergency room for chest pain in the United States only [31]. Therefore, the (not insig-
nificant) radiation dose and cancer risk for the individual patient become a significant 
population burden. A stress scintigraphy with thallium gives a dose of 1,250 chest X-rays, 
and with sestamibi a does of 600 X-rays. A coronary artery calcium scan and a 64-slice 
MSCT expose the patient to a dose of 100 and 750 chest X-rays, respectively. The corre-
sponding cancer risk per exam for a 50-year-old patient is 1 in 500 for thallium, 1 in 1,000 
for a sestamibi, 1 in 5,000 for a coronary artery calcium scan, and 1 in 750 for MSCT. The 
individual risk multiplied for 6 million admissions each year translates into a population 
risk of around 1,000 (Coronary Artery Calcium Score), 6,000 (sestamibi), 10,000 (MSCT) 
to 15,000 (thallium) new cancers each year [23–26, 51, 52]. The recent White Paper of the 
American College of Radiology identified the ER as a key setting for inappropriate and 
exorbitant radiation exposure [53, 54]. The efficiency of our diagnostic strategies should 
be weighted against the long-term risks, which is part of the very same definition of appro-
priateness [55]. If this is done, there is little doubt that stress echocardiography has deci-
sive advantages for playing a central role in the noninvasive strategy in the ER. Also for 
stress echocardiography, however, the ER is a frequent source of inappropriate indications 
[56, 57] (Table 29.2). The most appropriate indication remains the patient with low-to-
intermediate pretest probability [31, 47, 52]: MSCT might be chosen as a second-line 
noninvasive test, as proposed in Fig. 29.5, for intermediate-risk patients in whom stress 
echocardiography is unfeasible or gives ambiguous results. In high-risk patients, direct 
referral to coronary angiography is warranted. Cardiac magnetic resonance is promising 
in patients with acute coronary syndrome in the emergency department [58], but its appli-
cation is currently limited by restricted access. In perspective, it would become an ideal 
choice in patients with nondiagnostic or ambiguous stress echocardiography results.

Table 29.2 Stress echocardiography in acute coronary syndrome

Appropriate Uncertain Inappropriate

Intermediate pretest probability (no dynamic 
ST changes and serial cardiac enzymes 
negative)

√

Risk assessment without recurrent symptoms 
or signs of heart failure

√

Pt with prior positive perfusion scintigraphy 
or positive MSCT

√

Low pretest probability, ECG interpretable 
and able to exercise

√

Routine evaluation prior to hospital 
discharge (in asymptomatic post-PCI patient)

√

High pretest probability of CAD √

ECG ST elevation √

MSCT multislice computed tomography, ECG electrocardiogram, PCI percutaneous coronary inter-
vention, CAD coronary artery disease
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29 29.5
Noncardiac Vascular Surgery

Perioperative ischemia is a frequent event in patients undergoing major noncardiac vas-
cular or general surgery. From a clinical standpoint, it is well known that multidistrict 
disease, especially at the coronary level, is a severe aggravation of the operative risk. From 
a pathophysiological point of view, surgery creates conditions able to unmask coronary 
artery disease. Prolonged hypotension, hemorrhages, and hemodynamic stresses caused 
by aortic clamping and unclamping during major vascular surgery are the most relevant 
factors endangering the coronary circulation with critical stenoses. From the epidemiolog-
ical standpoint, coronary disease is known to be the leading cause of perioperative mortal-
ity and morbidity following vascular and general surgery [59]. The diagnostic/therapeutic 
corollary of these considerations is that coronary artery disease – and therefore the periop-
erative risk – in these patients has to be identified in an effective way preoperatively. This 
is not feasible in an accurate way with either clinical scores (such as Detsky’s or Goldman’s 
score) or rest echocardiography. It is necessary to perform ischemic-provocative tests and, 
of these, pharmacological stress echocardiography appears to be the ideal first choice (more 
feasible than exercise electrocardiography, less expensive but more accurate than nuclear 
scintigraphy) [60]. The experience with either dipyridamole [61–66] or dobutamine [67–73] 
univocally indicates that these tests have a very high and comparable negative predictive 
value (between 90 and 100%); a negative test result is associated with a very low incidence 
of cardiac events and allows a safe surgical procedure [74–76]. The positive predictive 
value is at least comparable with stress echocardiography when compared to perfusion 
imaging (Fig. 29.6). The risk stratification capability is high for perioperative events and 

Fig. 29.6 Forest plot depicting the odds ratio (OR) for hard cardiac events (death and myocardial 
infarction) of three meta-analyses comparing (dobutamine or dipyridamole) stress echocardiography 
and myocardial perfusion imaging. (Modified from [60])

Shaw, 1996

Kertai, 2003

Beattie, 2006

1010.1

OR (95%CI)

Stress echocardiography
Myocardial perfusion imaging



29.5 Noncardiac Vascular Surgery 421

also remains excellent for long-term follow-up [77, 78]. To date, it appears reasonable to 
perform coronary revascularization before peripheral vascular surgery in the presence of a 
markedly positive result of stress echocardiography. A more conservative approach – with 
watchful cardiological surveillance coupled with pharmacological cardioprotection with 
β-blockers – can be adopted in patients with less severe ischemic responses during stress 
[79]. Risk stratification with pharmacological stress echocardiography should be probably 
targeted to patients over 70 years of age, with current or prior angina pectoris, and previous 
myocardial infarction and heart failure (Table 29.3). In other patients, the event rate under 
β-blocker therapy is so low that an indiscriminate risk stratification policy with stress 
echocardiography is probably untenable (Table 29.4). Interestingly, clearly inappropriate 
indications for preoperative risk stratification before noncardiac surgery (intermediate risk 

Table 29.3 Noncardiac surgery: procedural and patient’s risk

Surgery risk

High risk Intermediate risk Low risk

Predictors Unstable coronary 
syndromes
Decompensated heart 
failure

Mild angina
Prior myocardial 
infarction
Compensated heart 
failure

Advanced age
Rhythm other than 
sinus
Low functional 
capacity

Procedures Aortic and peripheral 
artery surgery
Prolonged surgical 
procedures

Carotid endarterectomy
Orthopedic surgery
Prostate surgery
Chest or abdomen

Breast
Cataract
Endoscopic

Risk level (cardiac 
death or myocardial 
infarction)

>5% 1–5% <1%

Table 29.4 Stress echocardiography in noncardiac surgery

Appropriate Uncertain Inappropriate

High-risk surgery + intermediate-risk patient 
(poor exercise tolerance ≤4 METS and/or >3 
risk factors)

√

Intermediate-risk surgery + intermediate-risk 
patient (poor exercise tolerance ≤4 METS and/
or ≥3risk factors)

√

Intermediate-risk surgery + low-risk patient 
(good exercise tolerance)

√

Low-risk surgery + intermediate-risk patient √

High-risk surgery + asymptomatic up to 1 year 
after normal catheterization, noninvasive test, 
or previous revascularization

√

METS maximal exercise tolerance
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29
surgery in patients with good exercise capacity, and low risk surgery) account for 25% of 
all inappropriate testing in large-volume stress echocardiography laboratories [53, 54], 
and therefore this field provides a key opportunity for quality improvement and targeted 
educational programs to achieve measurable improvements in results.
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30.1 
Background

The link between myocardial ischemia and obstructive atherosclerosis of the epicardial 
coronary arteries is well established, and coronary angiography has proven the relation-
ship between the severity and extent of coronary artery disease and patient survival. More 
recently, however, coronary microvascular abnormalities have been described in patients 
with normal coronary angiograms and different clinical conditions (Table 30.1). In some 
of these conditions, the abnormalities of the microvasculature represent important markers 
of risk and may even contribute to the pathogenesis of myocardial ischemia, thus becoming 
therapeutic targets [1]. Currently, no technique allows the direct visualization of the 
coronary microcirculation in vivo in humans. Several measurements that rely on the quan-
tification of blood flow through the coronary circulation are commonly used to describe the 
function of the microvasculature in patients with normal coronary angiograms. These methods 
include positron emission tomography (PET), cardiovascular magnetic resonance (CMR), and 
echocardiography methods. The latter measure blood flow ultrasonographically, accord-
ing to the Doppler principle, in an invasive, semi-invasive, or totally noninvasive way with 
intra coronary, transesophageal, or transthoracic Doppler echocardiography, respectively. 
In patients with coronary artery disease, the extent of the reduction in coronary/myocardial 
blood flow and flow reserve is directly, albeit only grossly, related to the severity of steno-
sis, whereas in subjects with angiographically normal arteries it is a marker of microvascu-
lar dysfunction. With last-generation ultrasound technology and advanced expertise, dual 
imaging (function and flow) stress echocardiography provides simultaneous insight into 
regional and global left ventricular function and coronary flow reserve, both necessary for 
the diagnostic and prognostic characterization of the heterogeneous population of patients 
with chest pain and angiographically normal coronary arteries [2].

Clinically, the term “chest pain with normal coronary angiogram” has been used to 
encompass a broad range of conditions. Patients often had coronary artery disease ranging 
from minimal disease to coronary stenosis up to 50% of luminal diameter and differ-
ent comorbidities including diabetes and arterial hypertension [3]. A more homogeneous 
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set of patients would be defined if the following exclusion criteria are employed (Table 
30.2): absence of even minimal irregularities on the arteriogram (since these patients 
have minor forms of coronary artery disease, and the prognosis of even a 20% stenosis is 
clearly worse than a normal coronary angiogram) [4]; absence of regional or global wall 
motion abnormalities on resting echocardiogram or of left bundle branch block either on 
the resting or exercise electrocardiogram (which identify patients who may develop dilated 
cardiomyopathy during follow-up) [5]; no evidence of diabetes mellitus, arterial hyperten-
sion, hyperlipidemia, valve disease (including mitral valve prolapse), and epicardial artery 
spasm. Clinical history electrocardiogram and resting transthoracic echocardiogram are 
therefore essential for identifying patients with true cardiac syndrome X that probably 
represent no more than 10% of all patients with chest pain and supposedly normal coronary 
arteries. The term “syndrome X” (originally the Group X in the 1973 paper by Arbogast 
and Bourassa) was coined to stress the uncertainty over the pathophysiology of chest pain 
[6]. This name is still appropriate, since from the pathophysiological point of view things 
are far from clear, and it remains unclear whether the chest pain in these patients is ischemic 
or nonischemic in nature.

Table 30.1 The pathophysiological and clinical spectrum of microvascular disease (adapted 
from [1])

Alterations Causes

Structural Luminal obstruction Microembolization in ACS or after 
revascularization

Infiltrative heart disease (e.g., 
Anderson-Fabry cardiomyopathy)

Vascular wall infiltration

Vascular remodeling HCM, arterial hypertension

Aortic stenosis, arterial hypertension

Vascular rarefaction

Aortic stenosis, arterial hypertension

Perivascular fibrosis

Systemic sclerosis

Functional Endothelial dysfunction Smoking, hyperlipidemia, diabetes

Dysfunction of smooth muscle cell HCM, arterial hypertension

Autonomic dysfunction Coronary recanalization

Extravascular Extravascular compression Aortic stenosis, HCM, arterial hyper-
tension, acute transplant rejection

Reduction in diastolic perfusion time Aortic stenosis

ACS acute coronary syndrome, HCM hypertrophic cardiomyopathy



30.1 Background  431

Ta
bl

e 
30

.2
 C

he
st

 p
ai

n 
w

it
h 

“n
or

m
al

” 
co

ro
na

ry
 a

rt
er

ie
s:

 m
or

e 
th

an
 s

yn
dr

om
e 

X

A
pp

ro
pr

ia
te

 
no

so
gr

ap
hy

N
on

sm
oo

th
 

co
ro

na
ry

 
ar

te
ri

es
)

R
es

ti
ng

 
re

gi
on

al
 o

r
gl

ob
al

 L
V

 
dy

sf
un

ct
io

n,
 

L
B

B
B

C
or

on
ar

y 
va

so
sp

as
m

LV
 h

yp
er

tr
o-

ph
y,

 M
V

P,
 

di
ab

et
es

, 
hy

pe
rt

en
si

on
LV

O
T

 
ob

st
ru

ct
io

n
N

or
m

al
 

C
F

R
C

F
R

 Ø
 

(<
2.

0)

M
et

ab
ol

ic
 o

r 
m

ec
ha

ni
ca

l 
is

ch
em

ia

M
in

or
, i

ni
ti

al
 C

A
D

 
(3

0%
)

√

E
ar

ly
 p

os
si

bl
e 

ca
rd

io
m

yo
pa

th
y

√

V
ar

ia
nt

 a
ng

in
a

√

S
ec

on
da

ry
 m

ic
ro

va
s-

cu
la

r 
di

se
as

e
√

LV
O

T
O

 (
dy

na
m

ic
 L

V
 

ob
st

ru
ct

io
n)

√

N
or

m
al

 C
F

R
 (

m
ic

ro
-

va
sc

ul
ar

 d
is

ea
se

 
di

sp
ro

ve
n)

√

M
ic

ro
va

sc
ul

ar
 d

is
ea

se
 

(c
ar

di
ac

 s
yn

dr
om

e 
X

)
√

T
ru

e 
is

ch
em

ia
 w

it
h 

m
ic

ro
va

sc
ul

ar
 d

is
ea

se
√

LV
 l

ef
t 

ve
nt

ri
cl

e,
 L

B
B

B
 l

ef
t 

bu
nd

le
 b

ra
nc

h 
bl

oc
k,

 M
V

P
 m

it
ra

l 
va

lv
e 

pr
ol

ap
se

, 
LV

O
T

 l
ef

t 
ve

nt
ri

cu
la

r 
ou

tf
lo

w
 t

ra
ct

, 
C

F
R

 c
or

on
ar

y 
fl

ow
 r

es
er

ve
, 

C
A

D
 

co
ro

na
ry

 a
rt

er
y 

di
se

as
e,

 L
V

O
TO

 le
ft

 v
en

tr
ic

ul
ar

 o
ur

fl
ow

 tr
ac

t o
bs

tr
uc

ti
on



432 30 Microvascular Disease

30 30.2 
Pathophysiology of Microvascular Angina

Several conditions can be clustered together in the syndrome of microvascular disease, 
characterized by normal epicardial coronary arteries and reduction in coronary flow 
reserve, in the absence of epicardial coronary artery vasospasm [1]. Microvascular disease 
may also coexist with epicardial coronary artery stenosis, since a reduced vasodilator 
response in nonstenosed coronary arteries has been observed in patients with single-
vessel disease [7] and in normal, non-infarct-related coronary arteries early after an acute 
myocardial infarction [8]. Therefore, abnormalities of small distal coronary vessels may 
contribute to determining an altered coronary flow reserve in patients with ischemic heart 
disease, independent of atherosclerotic coronary stenoses, and may at least partially 
account for the elusive link between the anatomical severity of coronary stenoses and 
clinical symptoms [1]. Reversible alterations in the coronary microcirculation have also 
been described soon after coronary angioplasty, where they may account for the relatively 
high rate of false-positive results on electrocardiography and perfusion imaging testing 
[9]. Microvascular disease can also be a codeterminant of the reduced coronary flow 
reserve found outside coronary artery disease, in dilated cardiomyopathy [10], hypertrophic 
cardiomyopathy [11], or in patients with secondary left ventricular hypertrophy, e.g., 
hypertension and aortic stenosis [12]. In all these conditions, coronary flow reserve 
impairment is often independent of the degree of left ventricular hypertrophy and the typical 
behavior of microvascular disease during stress testing is the frequent induction of chest 
pain, ST-segment depression, and perfusion abnormalities without regional or global wall 
motion changes (Fig. 30.1). The sequence of events is therefore strikingly different from the 

Fig. 30.1 The features of microvascular disease consist of normal epicardial coronary arteries (even 
when observed by intravascular ultrasound: lower row) and reduced coronary flow reserve (by Doppler 
tracing showing a spectrum of coronary hyperemic responses, from normal – left – to abolished – far 
right). Chest pain and ECG changes are frequent during stress, especially when flow reserve is reduced, 
whereas echocardiography changes (dashed lines) are only very rarely observed. (Modified from [2])

Normal Normal Normal

ECG

Coronary
Flow
Reserve
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Coronary
Artery

Normal

Malperfusion

Function
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classic ischemic cascade found during stress testing in the presence of a coronary stenosis 
(Table 30.3). The alternative ischemic cascade is illustrated in Fig. 30.2 and is derived from 
pragmatic clinical experience [2]. It integrates, in diagnostic practice, the classical mono-
lithic concept of ischemic cascade. While the classic ischemic cascade was a clear laboratory 
phenomenon that waited 30 years for a clinical application, which became obvious in the era 
of cardiac imaging, the alternative ischemic cascade is a clear clinical finding disclosed by 
cardiac imaging techniques and still in search of a good laboratory model [2].

As Kemp wrote 30 years ago, many findings in syndrome X “like the clues in the first 
half of an Agatha Christie novel, may not be readily understandable, but we can be certain 
they are important” [13]. The very same ischemic nature of chest pain and ST-segment 
depression in cardiac syndrome X patients remains uncertain [14–17]. In theory, true ischemia 

Fig. 30.2 In the model of microvascular disease (reduction in coronary flow reserve with normal epi-
cardial arteries), such as that found in syndrome X or left ventricular hypertrophy, anginal pain and ST-
segment changes usually appear in the absence of any detectable wall dysfunction. (Modified from [2])

Table 30.3 Classic and alternative cascade during stress testing

Classic Alternative

Clinical models Coronary stenosis Microvascular disease

Epicardial coronary anatomy Stenotic Normal

Coronary flow reserve Depressed Depressed

Stress: chest pain Present Present

Stress: ST depression Present Present

Stress: dyssynergy Present Usually absent

Experimental model Yes No
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might develop in spite of normal coronary arteries. Maseri et al. have proposed that in these 
patients focal ischemia in small myocardial regions scattered throughout the myocardium 
and caused by prearteriolar dysfunction might explain the paradox of angina and ST-
segment depression provoked by physical or pharmacological stress [18]. In keeping with this 
interpretation, Cannon and Epstein first hypothesized that the site of abnormally elevated 
resistances (in patients with reduced coronary flow reserve) is intramural, upstream from 
the endocardium–epicardium branching point, which is not visualized by coronary angiog-
raphy [19] (Fig. 30.3). According to their hypothesis, the abnormal resistance to flow would 
result in maximal dilation of subendocardial arterioles in the rest conditions because of the 
concomitant higher metabolic demand of the subendocardium. The putative mechanism of 
the steal as a response to pharmacological or metabolic stimuli, such as dipyridamole or 
pacing or exercise, would be related to the inability of subendocardial arterioles to dilate 
further compared with a “normal” dilation of the subepicardial arterioles and the consequent 
decrease in pressure downstream from the site of increased resistance, with reduction of 
flow to the subendocardium. The concept of intramural steal cannot be considered proved 
to date, since we lack consistent and convincing evidence – on the basis of perfusion, meta-
bolic, or mechanical markers – of the truly ischemic nature of ischemic-like  stress-induced 

Fig. 30.3 Schematic representation of transmural coronary hemodynamics (upper panels), regional 
wall motion thickening (lower panels), and myocardial ischemia transmural distribution (mid-
dle panels) in syndrome X (a) and in epicardial stenosis (b). Induced myocardial hypoperfusion is 
more horizontally diffuse in syndrome X, and more transmurally extended in CAD: only in the latter 
case of critical mass of ischemic myocardium is reached. (Redrawn and modified from the original 
 hypothesis of Epstein and Cannon [19])
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Fig. 30.3 (continued)

chest pain and ST-segment changes [3]. We must keep an open mind on this issue, 
 waiting for more conclusive evidence. However, it is important to emphasize that normal 
left ventricular function consistently recorded during stress echocardiography is not incom-
patible with true myocardial ischemia, since the presence or absence of abnormal wall 
motion appears to be related to the amount of subendocardial tissue rendered ischemic, with 
minor degrees of transmural involvement (onion skin-like ischemia) or patchy myocardial 
ischemia (leopard skin-like ischemia), less likely to produce regional dysfunction [2]. 
In fact, for minimal flow reductions, abnormalities of regional systolic function are subtle 
and certainly below the threshold of detection by echocardiography. The appreciation of 
a regional dysfunction by two-dimensional (2D) echocardiography requires a critical ischemic 
mass of at least 20% of transmural wall thickness and about 5% of the total myocardial mass 
[20–22]. These experimental data have a clinical correlate. It is well known that even under 
ideal imaging conditions a subendocardial infarction – not ischemia, infarction – can be 
accompanied in 20% of cases by a perfectly normal/hyperkinetic regional and global wall 
thickening [23, 24]. In addition, we now know that regional thickening and motion – which 
are the cornerstone of clinical echocardiography – express radial function, which can be 
still normal when longitudinal and/or circumferential function are clearly impaired during 
less severe ischemia, as shown recently applying new echocardiography technologies (such 
as myocardial velocity imaging and speckle tracking) to experimental models of stress-
induced ischemia [25–26]. In summary, sticking to the very definition of myocardial 
ischemia proposed by John Ross Jr. (“ischemia is a reduction in myocardial blood flow 
sufficient to cause a decrease in myocardial contraction” [27]), we can conclude that stress 
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echocardiographic findings in syndrome X are yet another clue in the first half of this novel: 
we can be certain they are important, but at present they are not sufficient to find the culprit, 
which was smart enough not to leave ischemia fingerprints on the stress echocardiography 
based on regional wall motion and thickening.

30.3 
Stress Echocardiographic Findings in Cardiac Syndrome X

There are three main findings during stress echocardiography in syndrome X: (1) regional 
and global left ventricular hyperkinesia (but regional wall motion abnormalities are described 
in roughly 10% of patients); (2) reduced coronary flow reserve on mid-distal left anterior 
descending coronary arteries in about 20% of patients (but reserve is normal in the majority 
of patients) (3) stress-induced intraventricular pressure gradient (in appro-ximately 5–10% 
of patients). In cardiac syndrome X, the peculiar pattern during stress echocardiography is 
the regional and global left ventricular hyperkinesia with ST-segment depression and chest 
pain, consistently observed during dipyridamole [28], exercise [29], and dobutamine [30, 31]. 
The stress-induced hyperkinesis is coherent with the original report by Arbogast and Bourassa 
in 1973 with pacing left ventriculography [6, 13]. Coronary flow reserve can be measured 
during Doppler-transthoracic vasodilator stress echocardio-graphy on mid-distal left anterior 
descending coronary artery, semi-simultaneously with wall motion imaging, and shows a 
reduced (<2.0) coronary flow reserve in one out of five syndrome X patients, in the absence 
of wall motion abnormalities. The left ventricle is hyperdynamic during stress (too good to 
be ischemic) (Fig. 30.4), but perfusion changes are often found with perfusion scans [32, 33] 
and coronary flow reserve by transthoracic echocardiography can be normal (Fig. 30.5) or 
impaired (Fig. 30.6). CMR may show strictly subendocardial underperfusion during stress 
and metabolic abnormalities consistent with ischemia in at least 30% of cases but with some 
inconsistency of results across different laboratories [14–17].

Another stress echocardiographic finding has been observed with increasing 
frequency – when it is looked for – especially, but not only, in patients with left ven-
tricular hypertrophy or young athletes [34–36]. In these subjects, symptoms such as 
chest pain or syncope typically occur during exercise. Resting echocardiography is 
within normal limits, as always in microvascular angina, coronary reserve can be nor-
mal, but exercise induces ST-segment depression and a significant (>50 mmHg) in-
traventricular gradient (Fig. 30.7). In these subjects, the abnormality detected dur-
ing effort is not among the diagnoses that contraindicate participation in competitive 
sports according to the recommendations of the 36th Bethesda Conference [37] 
and the European Society of Cardiology [38]. It has been suggested that, in presence of a 
history of chest pain or syncope during exercise, the athletes should be advised to suspend 
sports activity [36]. In theory, this subgroup of patients might especially benefit from 
β-blocker therapy, which determines an inconstant benefit in the general population of pa-
tients with micro-vascular angina [14]. A similar left ventricular outflow tract obstruction 
has been described during dobutamine infusion in patients with chest pain that develop 
significantly higher intraventricular gradients [39–41]. Not surprisingly, treatment with 
the β-blockers bisoprolol resulted in a reduction of angina score, as well as normalization 
of intraventricular flow velocities [41].
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Fig. 30.4 Parasternal short-axis section of the left ventricle at the papillary muscle level under basal 
conditions (left) and after dipyridamole infusion (right). Despite ST-segment depression induced by 
dipyridamole, regional asynergy is not detectable. E-D end-diastole, E-S end-systole. This patient had 
a positive exercise electrocardiography test for both chest pain and ST-segment depression. Coronary 
angiography showed a normal coronary artery tree. (Modified from [28])

V4

E-S

E-D

STRESSREST

30.4 
The Prognostic Heterogeneity of Chest Pain with Angiographically 
Normal Coronary Arteries

On a more pragmatic ground, it is generally considered that chest pain with the angi-
ographic label of normal coronary arteries readily identifies a prognostically benign subset 
[42, 43], but with substantial heterogeneity. First, not all the patients with a history of chest 
pain, normal resting function, and normal coronary arteries have microvascular disease 
[1]. In fact, at least two other broad categories can contribute to the finding of normal 
coronary arteries: variant angina, which can certainly be overlooked if not considered, 
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Fig. 30.5 Sample of coronary arteries assessment in patients with normal coronary arteries. Visualiza-
tion of coronary flow in the mid-distal portion of left anterior descending artery using color Doppler 
flow mapping in the upper panel. Peak flow diastolic velocity was 33 cm s−1 under basal conditions 
(lower left panel) and 70 cm s−1 after dipyridamole infusion (lower right panel), with a normal coro-
nary arteries value (2.1). (Courtesy of Dr. Fausto Rigo)

and a noncardiac origin of chest pain, as can be found in anxiety, psychotic disorders, 
and esophageal disease. Table 30.4 reports several clues that can aid in the often difficult 
recognition of these three noncardiac conditions. Second, even considering only patients 
with microvascular disease, as a group, it is true that these patients indeed have a good 
prognosis, but with some heterogeneity. Out of nine patients, six had no evidence of wall 
motion abnormalities and had a preserved coronary flow reserve (>2.0). The prognosis of 
these patients was found to be excellent (<0.5% hard event-rate per year). At the other end 
of the spectrum, 10% of patients showed stress-induced regional wall motion abnormali-
ties. In these patients, the event-rate was threefold higher [44]. These patients are “wolves 
in sheep’s clothing” (Fig. 30.8). Between the two extremes, we found about 20% of 
patients without wall motion abnormalities but with reduced coronary flow reserve (<2.0), 
with an intermediate hard-event rate (Fig. 30.9) [45]. The situation can be schematically 
represented as in Fig. 30.10: out of nine patients with identical clinical and angiographic 
presentation, and, as a group, supposedly good prognosis, six have excellent, two have 
good, and one has a poor prognosis. As always, stress echocardiography helps identify the 
pathophysiological heterogeneity hidden behind apparently similar clinical, stress electro-
cardiographic, and angiographic presentations.
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Fig. 30.6 Sample of coronary flow reserve assessment in patients with abnormal CFR. Visualization 
of coronary flow in the mid-distal portion of left anterior descending artery using color Doppler flow 
mapping in the upper panel. Peak flow diastolic velocity was 41 cm s−1 under basal conditions (lower 
left panel) and 51 cm s−1 after dipyridamole infusion (lower right panel), with an abnormal coronary 
flow reserve value (1.2). (Courtesy of Dr. Fausto Rigo)

Fig. 30.7 a Normal echocardiogram without left ventricular hypertrophy. b Exercise test with altera-
tion in ST segment in DII, DIII, and AF. c At peak exercise, systolic anterior movement of mitral valve 
and significant intraventricular gradient was detected. (Courtesy of Cotrim et al [36])
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Table 30.4 Clues for the recognition of noncardiac conditions

Microvascular disease Variant angina Noncardiac chest pain

Pathogenesis Small-vessel 
alteration

Epicardial artery spasm Anxiety, esophageal 
spasm, etc.

Chest pain 
pattern

On effort, emotion, 
at rest

At night, with 
palpitations and/or 
lipothymia

Nitrate sensitive or 
resistant, lasting 
second to hours

Nitrate-resistant Lasting up to 10 min, 
nitrate-sensitive

Localized or retros-
ternal

Resting LV function Normal Usually normal Normal

Ergonovine test Negative Positive Negative

Exercise stress test Positive Negative or positive Negative

Stress test

Chest pain Yes No No or yes

ST segment Yes No No

Perfusion changes Frequent No Usually no

Echocardiographic 
changes

No No No

Coronary 
angiography

Normal Normal (irregularities 
frequent)

Normal

ICUS Frequently normal Alterations on spasm site Normal

Therapy Trial and error Nitrates and Ca2+ blockers None

ICUS intracoronary ultrasound, LV left ventricle

Fig. 30.8 Kaplan–Meier survival curves (considering hard events as an end point) in patients with 
presence (DET+) and absence (DET−) of wall motion abnormalities during dipyridamole stress and 
angiographically normal or near-normal coronary arteries. Survival is worse in patients with induc-
ible ischemia. (Modified from [44])
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Fig. 30.10 The prognostic heterogeneity of patients with chest pain and angiographically normal coro-
nary arteries. Although the prognosis as a group is good, there is considerable heterogeneity. Prog-
nosis is less good in patients (one out of nine) with inducible wall motion abnormalities, and poor in 
patients with inducible regional wall motion abnormalities

WMA

No WMA; CFR<2.0

No WMA, CFR>2.0

The prognostic heterogeneity of chest
pain with normal coronary arteries

= low risk = intermediate risk = high risk

Fig. 30.9 Kaplan–Meier survival curves (considering hard cardiac events as an end point) in pa-
tients stratified according to normal (CFR>2) or abnormal (CFR<2) coronary flow reserve at Dop-
pler echocardiography during DET. Survival rate in CFR>2 is significantly different from CFR<2 
(p<0.0001). The best survival is observed in patients with normal coronary flow reserve; the worst 
survival is observed in patients with impaired coronary flow reserve. (Modified from [45])
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Fig. 30.11 The role of stress echocardiography in the diagnostic flow-chart of patients with chest pain 
and normal coronary arteries
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These results are coherent with a recent meta-analysis [46] showing that patients 
with chest pain and angiographically nonsignificant coronary artery stenoses may have a 
prognosis that is not as benign as commonly thought. In fact, even in the absence of true 
ischemia associated with stress-induced wall motion abnormalities, coronary endothelial 
dysfunction, presence of left ventricular hypertrophy, and evidence of coronary microvas-
cular dysfunction have been linked to adverse outcome [47].

30.5 
The Diagnostic Flow Chart in Microvascular Angina

Stress echocardiography can play a key role in the diagnostic identification of the patho-
physiological and prognostic heterogeneity underlying angina with normal coronary arteries. 
A stress for induction of coronary vasospasm (with ergometrine or hyperventilation) is 
required to exclude this condition as the cause of the symptoms [48], especially in patients 
with a clinical presentation suggestive of coronary vasospasm: angina also at rest and with 
highly variable exercise tolerance; marked seasonal and circadian variation, with worsening 
in springtime and early morning, worsening with β-blockers; association with palpitations 
and syncope; and ongoing therapy with methergin, 5-fluoromacil, or sumatriptan (Fig. 
30.11). After ruling out coronary vasospasm in selected patients, stress echocardiography 
is again useful to stratify three risk groups: low risk (no wall motion abnormalities; normal 
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coronary artery flow reserve); intermediate risk (no wall motion abnormalities, reduced 
coronary flow reserve); and high risk (inducible wall motion abnormalities). Wall motion 
can be easily assessed with all stresses (exercise, dobutamine, dipyridamole), whereas the 
evaluation of coronary flow is best performed with vasodilators (dipyridamole or adenosine). 
In patients at low risk, a special subset – to be systematically looked for in symptomatic 
athletes – at probably higher risk are those developing a significant intraventricular gradient 
during exercise or dobutamine. In them, sports activity can be theoretically at greater risk 
and β-blockers might be warranted, possibly with a more consistent therapeutic benefit 
that in the overall population, although certainly more data are needed at this point.

In conclusion, the patient with known or suspected cardiac syndrome X will benefit 
from the versatility of resting and stress echocardiography. In the screening phase, resting 
transthoracic echocardiography is helpful to rule out possible causes of angina with normal 
coronary arteries: left ventricular hypertrophy with or without valvular heart disease, mitral 
valve prolapse, regional or global left ventricular dysfunction, and left ventricular outflow 
tract obstruction. Following the initial screening, stress echocardiography can kill three 
birds with one stone: identification of wall motion, coronary flow reserve, and dynamic 
intraventricular obstruction with a single technique. A refined diagnostic and prognostic 
characterization of the different subsets will eventually allow targeting specific therapies 
on strictly selected patients, more likely to benefit from a tailored approach than with blind 
carpet bombing on the basis of nonspecific clinical and angiographic criteria.
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Hypertension

Eugenio Picano

31.1
Background

Uncontrolled and prolonged elevation of blood pressure can lead to a variety of changes in 
the myocardial structure, coronary vasculature, and conduction system of the heart. These 
changes can lead to the development of left ventricular hypertrophy, coronary artery dis-
ease, various conduction system diseases, and systolic or diastolic dysfunction of the myo-
cardium, which manifest clinically as angina or myocardial infarction, cardiac arrhythmias 
(especially atrial fibrillation), and congestive heart failure. Patients with angina have a high 
tolerance for hypertension. Hypertension is an established risk factor for the development 
of coronary artery disease, almost doubling the risk [1]. Transthoracic echocardiography 
is especially helpful for an initial risk stratification, and identifies four key variables of 
recognized prognostic value [2]: (1) left ventricular hypertrophy, especially of the concentric 
type; (2) left atrial dilatation, often occurring in the absence of valvular heart disease or 
systolic dysfunction and may correlate with the severity of diastolic dysfunction; (3) diastolic 
dysfunction, common in hypertension, and usually, but not invariably, accompanied by left 
ventricular hypertrophy [3]; and (4) systolic dysfunction (Table 31.1).

To the information provided by resting transthoracic echocardiography and stress 
echocardiography adds critically important pathophysiologic, diagnostic, and prognostic 
information.

31.2
Pathophysiology

Arterial hypertension can provoke a reduction in coronary flow reserve through several 
mechanisms, which may overlap in the individual patient: coronary artery disease, left ven-
tricular hypertrophy, and microvascular disease [4] (Fig. 31.1). Abnormal coronary flow 
reserve has been demonstrated in patients with essential hypertension, despite the presence 
of angiographically normal arteries and the absence of left ventricular hypertrophy [5]. 
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This observation has been attributed to both the remodeling of vascular and extravascular 
structures and to coronary hemodynamic alterations. The former includes remodeling of 
intramural arterioles and interstitial fibrosis, and leads to a decreased density of vessels in 

Table 31.1 Rest and stress echocardiography for risk stratification in hypertensive 
subjects with normal resting left ventricular function

Higher risk Lower risk

Resting echocardiography

LVH (g m−2) >125 <125

LA (mm2) >4.5 <4.5

DD (grade) 2–3 0–1

RWT >0.45 <0.45

Stress echocardiography

WMA Yes No

CFR <2.0 >2.0

CFR coronary flow reserve, DD diastolic dysfunction (from 0 = absent to 3 = severe), LA 
left atrial volume (in apical biplane view), LVH left ventricular hypertrophy (by ASE-cube 
method), RWT relative wall thickness, WMA wall motion abnormalities

Fig. 31.1 Three main targets of hypertension: coronary artery disease (CAD), left ventricular 
hypertrophy (LVH), and microvascular disease. All three of these conditions can provoke stress-
induced ST-segment depression and perfusion abnormalities, but only CAD evokes transient 
dyssynergy. (Modified from [9])

Hypertension
and HCM

Targets

Tools

CAD LVH
Microvascular
disease

Myocardial Ischemia

ST segment
changes

Perfusion
abnormalities

Transient
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the coronary microvasculature, whereas the latter is characterized by increased extravascular 
compressive forces and elevated systolic and diastolic wall stress and impaired relaxation.
Coronary microvascular dysfunction in patients with hypertension is not necessarily 
related to the presence or degree of left ventricular hypertrophy [6, 7].

31.3
Diagnosis of Coronary Artery Disease

The noninvasive diagnosis of coronary artery disease in hypertensive individuals is par-
ticularly challenging for the cardiologist, because the coexistence of hypertension dramati-
cally lowers the specificity of exercise electrocardiography and perfusion scintigraphy [8, 9]. 
Experience with diagnostic tests in these patients led to the frustrating conclusion in the 
prestress echocardiographic era that “no non-invasive screening test has been found to 
adequately discriminate between hypertensive patients with and without associated athero-
sclerosis” [10]. Furthermore, all exercise-dependent tests also show a markedly lowered 
feasibility in hypertensive patients; severe hypertension during the resting condition is a 
contraindication to exercise testing, and even in mild to moderate hypertension, the first 
step of exercise can induce an exaggerated hypertensive response that limits effort toler-
ance [10]. Stress echocardiography tests have proven to have a higher specificity than ECG 
[11, 12] or perfusion stress testing [13, 14], with a similar sensitivity (Fig. 31.2). In addi-

Fig. 31.2 Histogram showing sensitivity, specificity, accuracy, negative predictive value (NPV) 
and positive predictive value (PPV) of dipyridamole stress test with atropine (black bars) and 
exercise thallium perfusion scintigraphy (white bars) for coronary artery disease detection in 
hypertensive patients with chest pain and positive exercise test. EET exercise thallium perfusion 
scintigraphy. (Modified from [14])
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tion, pharmacological stresses have a significantly higher feasibility than exercise stress 
testing [11], especially with vasodilator testing, which does not evoke the often limiting 
hypertensive response that can be associated with dobutamine stress [15] (Fig. 31.3). The 
exaggerated systolic blood pressure rise is also a frequent determinant of wall motion 
abnormalities during exercise, lowering the specificity of the test [16]. Dipyridamole is 
less vulnerable to false-positive wall motion abnormalities since there is little or no systolic 
blood pressure rise during stress [17].

31.4
Prognostic Stratification

During stress, we have three signals of potential value in hypertensive patients: ST-seg-
ment depression, wall motion abnormalities, and coronary flow reserve. The pathophysio-
logical significance of stress-induced, ischemic-like electrocardiographic changes remains 
uncertain [18]. This stress pattern is often found in these patients with normal coronary 
arteries and hyperkinetic wall motion. The electrocardiographic changes may merely rep-
resent nonspecific, innocent alterations or may reflect true subendocardial hypoperfusion. 
Such ischemic-like electrocardiographic changes occurring with angiographically normal 
coronary arteries have been associated with a reduced coronary flow reserve [19], a  higher 
incidence of spontaneously occurring or stress-induced ventricular arrhythmias [20], 
higher values of left ventricular mass index, and, when left ventricular mass is normal, 
more pronounced structural and functional changes in systemic arterioles [21]. Regression 
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Fig. 31.3 Safety and tolerability profile of dobutamine stress testing in a large cohort of normo-
tensive (black bars) and hypertensive patients (white bars): all side effects are more frequent in 
hypertensive subjects. (Modified from [15])
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of structural changes of systemic arterioles achieved with any form of antihypertensive 
therapy is paralleled by the electrocardiographic negativity of a previously positive ECG 
stress test result [22, 23].

As with microvascular angina, resting and stress echocardiography can be very helpful 
for risk stratification in patients with chest pain and angiographically normal coronary 
arteries. The prognostic value of stress-induced wall motion abnormalities is strong and 
extensively documented. Hypertensive patients with inducible wall motion abnormalities 
(with or without underlying coronary artery disease) are at higher risk than those without 
[24–26] (Fig. 31.4). Within the subset with no wall motion abnormalities, patients with 
reduced coronary flow reserve assessed with transthoracic echocardiography are at inter-
mediate risk (Fig. 31.5) and patients with neither wall motion abnormalities nor coronary 
flow reserve are at lowest risk [27] (Fig. 31.6).

When compared to other stress imaging techniques with comparable prognostic value, 
such as myocardial perfusion scintigraphy, stress echocardiography has three clear ad-
vantages: lower cost (approximately 1:3 compared with perfusion scintigraphy) [28, 29]; 
higher specificity (which is important to avoid a number of useless coronary angiogra-
phies) [13, 14], also maintained in challenging subsets such as patients with right bundle 
branch block [30]; and, most importantly, lack of radiation exposure, ranging from a dose 
equivalence of 500–1,500 chest X-rays for a stress scintigraphy with sestamibi or thallium, 
respectively, or 700–1,500 chest X-rays for cardiac computed tomography [31–33]. These 

Fig. 31.4 The prognostic value of inducible wall motion abnormalities (WMA) in hypertensive 
patients. (Modified from [24])
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aspects are especially important in our cost-conscious and risk-conscious era, in particular 
if we consider that serial examinations are required in these patients since the results of a 
negative test are no longer valid after 12–24 months, and every test adds cost to cost, dose 
to dose, and risk to risk [34]. Stress echocardiography today appears to offer an advantageous 
trade-off between the top priority of granting the optimal care for our patients with the 
emerging need to optimize the economic and biological sustainability of our diagnostic 
strategies [35] (Figs. 31.6 and 31.7).

Fig. 31.6 Risk stratification in hypertensive patients based on the simple parameters: wall motion 
abnormalities (WMA) and reduction in coronary flow reserve (CFR <2.0). Both parameters can be 
identified during a single stress echocardiography test (“two birds with one stone”), more easily with 
a vasodilator stress
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Fig. 31.5 The prognostic value of reduced coronary flow reserve (CFR) in hypertensives (left panel), 
and normotensives (right panel) with reduced coronary flow reserve. (Modified from [28])
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Fig. 31.7 The proposed diagnostic algorithm in hypertensive patients. Exercise electrocardiog-
raphy remains the most informative first-line test, because of the wealth of information (blood 
pressure response, arrhythmias, exercise tolerance) provided beyond ST-segment changes. The 
negative predictive value is high in patients with interpretable and normal ECG at rest. In pa-
tients with abnormal or equivocal stress ECG findings, and in patients with resting ECG abnor-
malities, a stress imaging test is indicated as a gatekeeper to coronary angiography
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Diabetes

Eugenio Picano and Lauro Cortigiani

Coronary artery disease is the leading cause of mortality and morbidity in patients with 
diabetes. Approximately one-half of deaths are attributed to coronary artery disease in 
diabetic patients, whose risk of myocardial infarction or cardiac death is two- to fourfold 
greater than in nondiabetic patients [1]. Moreover, cardiac events are as frequent in 
diabetic patients without evidence of coronary artery disease as in nondiabetic patients with 
known coronary artery disease [2]. Recent studies with electron beam computed tomogra-
phy have shown that subclinical atherosclerosis is common in patients with diabetes, and 
studies with myocardial perfusion scintigraphy (with single-photon emission tomography) 
or stress echocardiography have demonstrated that between 25 and 50% of asymptomatic 
diabetic patients have ischemia during exercise or pharmacological stress and that a substan-
tial proportion of these patients go on to develop major cardiovascular events within several 
years [2, 3]. The increased risk associated with diabetes calls for effective prevention and 
risk stratification strategies to optimize therapeutic interventions [3]. Clearly, asymptomatic 
diabetic patients include a subset of individuals at high risk of cardiovascular disease who 
would benefit from improved risk stratification beyond that possible with risk factor 
scoring systems alone [4]. Exercise testing is of limited value in the diabetic population 
because exercise capacity is often impaired by peripheral vascular [5] or neuropathic disease 
[6]. Furthermore, test specificity on electrocardiographic criteria is less than ideal because 
of the high prevalence of hypertension and microvascular disease [7]. Stress imaging, and 
in particular stress echocardiography, can play a key role in the optimal identification of the 
high-risk diabetic subset, also minimizing the economic and biologic costs of diagnostic 
screening, since stress echocardiography costs three times less than a perfusion scintigraphy 
and is a radiation-free technique without long-term oncogenic risks [8].

32.1
Pathophysiology

Diabetes mellitus can provoke cardiac damage at four levels: coronary macrovascular disease, 
autonomic cardiomyopathy, diabetic cardiomyopathy, and coronary microvascular disease 
(Fig. 32.1). These syndromes are rarely found in isolated form in individual patients, but 

32

E. Picano, Stress Echocardiography,  457
© Springer-Verlag Berlin Heidelberg 2009



458 32 Diabetes

32

more often overlap and potentiate each other. In particular, diabetes mellitus induces coro-
nary structural [9] and functional [10, 11] microvascular abnormalities, which are associ-
ated with coronary endothelial dysfunction and impairment in coronary flow reserve, even 
in the absence of epicardial coronary artery disease [12]. In young subjects with uncompli-
cated diabetes, there is a marked coronary microvascular dysfunction in response to adeno-
sine infusion (primarily reflecting aberrant endothelium-independent vasodilation) and to 
the cold pressor test (primarily reflecting endothelium-dependent vasodilation) [13].

32.2
Diagnosis of Coronary Artery Disease

The coronary microangiopathy component can amplify the effects of coronary macroan-
giopathy, which is a major complication of diabetes. Coronary, cerebral, and peripheral 
vascular diseases are the causes of death in 75% of adult diabetic subjects. The coexistence 
of epicardial coronary artery stenosis with microangiopathy can explain the low specificity 
of perfusion imaging compared to stress echocardiography in the detection of coronary 
artery disease in asymptomatic (and symptomatic diabetic patients [14–21]). In fact, the 
typical behavior of microvascular disease during stress testing is the frequent induction 
of ST-segment depression and perfusion abnormalities, with true reduction in coronary 
flow reserve without regional or global wall motion changes [8]. In practical terms, this 
means that in patients with normal baseline ECG results, the negative predictive value 
of a maximal exercise ECG is satisfactory, but in all patients with positive or ambiguous 
ECG and/or chest pain findings, a stress echocardiography test is warranted. In diabetic 

Fig. 32.1 The four aspects of damage in the diabetic heart: autonomic neuropathy, diabetic cardiomy-
opathy, coronary microangiopathy, coronary macroangiopathy. The four pathways – albeit pathoge-
netically distinct – cross-talk. For instance, microangiopathy may codetermine neuropathy – through 
vas nervorum involvement – and at the coronary level, may impair coronary flow reserve, amplifying 
the impact of an epicardial coronary artery stenosis
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patients, stress echocardiography has shown a higher specificity than perfusion imaging 
but suffers from a higher rate of false-positive results, possibly due to the coexistence of 
cardiomyopathy in many patients [21].

32.3
Prognostic Stratification

Risk stratification of diabetic patients is a major objective for the clinical cardiologist, given 
their increased risk for coronary artery disease [1]. Resting echocardiography is already 
important for this purpose, since there is a distinct “cardiomyopathy cascade” (Fig. 32.2) 
with higher risk levels – and higher degrees of cardiomyopathic involvement – identified 
by left atrial dilatation [22], diastolic dysfunction [23], and impaired longitudinal function 
[24], which all may coexist with normal ejection fraction [25].

Stress echocardiography has shown powerful risk stratification capabilities in diabetics. 
In patients with overt resting ischemic cardiomyopathy, the presence of myocardial viability 
recognized by dobutamine echocardiography independently predicts improved outcome 
following revascularization in nondiabetics as well as in diabetic patients following revascu-
larization [26]. Also in patients with normal resting left ventricular function, a clear refine-
ment of prognosis can be obtained with stress echocardiography, first and foremost on the 
basis of classical wall motion abnormalities [27–32], which place the patients in a high-risk 
subset for cardiovascular events (Fig. 32.3). The incremental prognostic information pro-

Fig. 32.2 Cardiomyopathy cascade. In the sequence of events, changes in diastolic function and alter-
nations in longitudinal function of the left ventricle (such as reduction in mitral annulus plane systolic 
excursion by M-mode or reduction in systolic velocity by myocardial tissue Doppler or strain rate 
imaging) precede by years or decades the reduction of ejection fraction. (From [25])
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vided by stress echocardiography is highest in patients with intermediate-to-high threshold 
positive exercise electrocardiography test results [33]. However, in diabetic patients – differ-
ently from nondiabetic subjects – a negative test result based solely on wall motion criteria 
is associated with less benign outcome in the presence of diabetes [32] (Fig. 32.3). In these 
patients, coronary flow reserve evaluated simultaneously with wall motion during vasodila-
tion stress testing by transthoracic Doppler echocardiography adds independent prognostic 
information [34] (Fig. 32.4). In particular, a normal coronary flow reserve off therapy is 
associated with better and similar survival both in the diabetic and nondiabetic popula-
tion. Explanations for reduced coronary flow reserve in the absence of stress-induced wall 
motion abnormalities include mild-to-moderate epicardial coronary artery stenosis, severe 
epicardial artery stenosis in presence of antiischemic therapy, and severe microvascular 
coronary disease in presence of patent epicardial coronary arteries [34].

32.4
The Diagnostic Flow Chart in Diabetics

The general diagnostic flow chart in diabetics (both symptomatic and intermediate-to-high 
risk asymptomatic) can be summarized as in Fig. 32.5. After the exercise stress test, a stress 
imaging test is often warranted. In the literature, strategies based on perfusion imaging (with 
thallium or sestamibi) have been proposed, even in guidelines and in young or middle-aged 
women. For instance, the Swiss Society of Endocrinology-Diabetology recommends screening
for coronary artery disease for diabetic patients with two or more additional cardiovascular
risk factors, and the recommended test for screening is either stress echocardiography or 
myocardial perfusion imaging [35]. Nearly 10 years ago, the American Diabetes Associa-
tion recommended exercise tolerance testing alone in asymptomatic patients with two or 
more coronary artery disease risk factors or an abnormal resting electrocardiogram. How-
ever, the recommendation is not based on hard evidence but rather is the consensus of an 
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Fig. 32.3 Kaplan–Meier event-free survival curves in diabetics (left) and nondiabetics (right). In 
patients without scar and inducible wall motion abnormalities, the prognosis is excellent in nondiabet-
ics, but still poor in diabetics in whom a better stratification is needed. (From [33])
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Fig. 32.4 Kaplan–Meier survival curve event rate for diabetic and nondiabetic patients with coronary 
flow reserve (CFR)>2 or ≤2, normal resting echocardiography, and negative stress echocardiography 
by wall motion criteria. (From [34])
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expert panel. The recognized finding that 10–15% of asymptomatic diabetics indeed have 
coronary artery disease have led to proposing stress imaging for a more effective risk strati-
fication [36]. However, the economic and long-term risk burden is especially important due 
to recent accumulation of suggestive evidence that percutaneous coronary revascularization 
may not provide additive benefit to intensive medical management in patients with stable 
coronary artery disease [4]. Therefore, we currently recommend that testing for atheroscle-
rosis or ischemia be reserved for those in whom medical treatment goals cannot be met and 
for selected individuals in whom there is strong clinical suspicion of very-high-risk coronary 
artery disease [4]. Even in these individuals, techniques with substantial radiation exposure 
– albeit recommended by authorities – such as myocardial scintigraphy or cardiac computed 
tomography should be used with great wisdom and prudence, and stress echocardiography 
is by far a more sustainable option [8]. The information obtained with the two different ap-
proaches is more or less the same for the physician, but certainly not for the patient and socie-
ty, since small individual risks multiplied by a million examinations translate into significant 
population risks [37]. The radiation dose is 500–1,500 chest X-rays for every scintigraphy or 
50–1,500 chest X-rays for each cardiac computed tomography scan. The long-term risk of 
cancer for these procedures is not insignificant (1 in 500 for a single thallium scan), higher 
in women (1 in 350 for a 35-year-old woman) and cumulative: every test adds dose to dose, 
risk to risk, and cost to cost. In addition, patient acceptance of testing is higher when no 
radiation exposure is involved [38]. The issue of economic and biological sustainability is es-
pecially important in diabetic patients, since the results of testing are thought to no longer be 
valid after 12–18 months and serial examinations are regularly needed in these patients [39]. 
The same diagnostic efficacy can be achieved with stress echocardiography, if possible with 
combined wall motion and coronary flow reversible assessment simultaneously evaluated 
with a single stress (a “two birds with a stone” approach). Patients with wall motion abnor-
malities are at high risk and should be referred to coronary angiography for ischemia-driven 
revascularization. Patients without wall motion abnormalities and after reduction in coronary 
flow reserve are at intermediate risk and should be treated aggressively with tight metabolic 
control, maximal antiischemic therapy, and a more frequent follow-up by noninvasive stress 
testing [32]. Patients with neither wall motion abnormalities nor reduction in coronary flow 
reserve are at low risk and can be managed conservatively. These approaches will optimize 
the quality of screening for coronary artery disease but at the same time minimize the costs 
and the radiation burden of a diagnostic “carpet bombing” still of questionable benefit in 
asymptomatic diabetes.

References

1. Ryden L, Standl E, Bartnik M, et al; Task Force on Diabetes and Cardiovascular Diseases of 
the European Society of Cardiology (ESC); European Association for the Study of Diabetes 
(EASD) (2007) Guidelines on diabetes, pre-diabetes, and cardiovascular diseases: executive 
summary. Eur Heart J 28:88–136

 2. Berry C, Tardif J-C, Bourassa MG (2007) Coronary heart disease in patients with diabetes. Part 
I: recent advances in prevention and non-invasive management. J Am Coll Cardiol 49:631–642

 3. Bax JJ, Bonow RO, Tschöpe D, et al; Global Dialogue Group for the Evaluation of Cardiovas-
cular Risk in Patients With Diabetes (2006) The potential of myocardial perfusion scintigra-



References 463

phy for risk stratification of asymptomatic patients with type 2 diabetes. J Am Coll Cardiol 
48:754–760

 4. Bax JJ, Young LH, Frye RL, et al; ADA (2007) Screening for coronary artery disease in pa-
tients with diabetes. Diabetes Care 30:2729–2736

 5. Akbari CM, LoGerfo FW (1999) Diabetes and peripheral vascular disease. J Vasc Surg 30:373–384
 6. May O, Arildsen H, Damsgaard EM, et al (2000) Cardiovascular autonomic neuropathy in 

insulin-dependent diabetes mellitus: prevalence and estimated risk o coronary heart disease in 
the general population. J Intern Med 248:483–491

 7. Picano E, Pálinkás A, Amyot R (2001) Diagnosis of myocardial ischemia in hypertensive 
patients. J Hypertens 19:1177–1183

 8. Picano E (2003) Stress echocardiography: a historical perspective. Am J Med 114:126–130
 9. Factor SM, Okun EM, Minase T (1980) Capillary microaneurysms in the human diabetic 

heart. N Engl J Med 302:384–388
10. Strauer BE, Motz W, Vogt M, et al (1997) Evidence for reduced coronary flow reserve in 

patients with insulin-dependent diabetes. A possible cause for diabetic heart disease in man. 
Exp Clin Endocrinol Diabet 105:15–20

11. Nahser PJ Jr, Brown RE, Oskarsson H, et al (1995) Maximal coronary flow reserve and meta-
bolic coronary vasodilation in patients with diabetes mellitus. Circulation 91:635–640

12. Nitenberg A, Valensi P, Sachs R, et al (1993) Impairment of coronary vascular reserve and 
ACh-induced coronary vasodilation in diabetic patients with angiographically normal coro-
nary arteries and normal left ventricular systolic function. Diabetes 42:1017–1025

13. Di Carli MF, Janisse J, Grunberger G, et al (2003) Role of chronic hyperglycemia in the patho-
genesis of coronary microvascular dysfunction in diabetes. J Am Coll Cardiol. 41:1387–1393

14. Bates JR, Sawada SG, Segar DS, et al (1996) Evaluation using dobutamine stress echocardi-
ography in patients with insulin-dependent diabetes mellitus before kidney and/or pancreas 
transplantation. Am J Cardiol 77:175–179

15. Hennessy TG, Codd MB, Kane G et al (1997) Evaluation of patients with diabetes mellitus for 
coronary artery disease using dobutamine stress echocardiography. Coron Artery Dis 8:171–174

16. Elhendy A, Domburg RT van, Poldermans D, et al (1998) Safety and feasibility of dobutamine- 
atropine stress echocardiography for the diagnosis of coronary artery disease in diabetic patients 
unable to perform an exercise stress test. Diabetes Care 21:1797–1802

17. Gaddi O, Tortorella G, Picano E, et al (1999) Diagnostic and prognostic value of vasodilator 
stress echocardiography in asymptomatic type 2 diabetic patients with positive exercise thal-
lium scintigraphy: a pilot study. Diabet Med 16:762–766

18. Lin K, Stewart D, Cooper S, et al (2001) Pre-transplant cardiac testing for kidney–pancreas 
transplant candidates and association with cardiac outcomes. Clin Transplant 15:269–275

19. Penfornis A, Zimmermann C, Boumal D, et al (2001) Use of dobutamine stress echocardiography 
in detecting silent myocardial ischaemia in asymptomatic diabetic patients: a comparison with 
thallium scintigraphy and exercise testing. Diabet Med 18:900–905

20. Coisne D, Donal E,Torremocha F, et al (2001) Dobutamine stress echocardiography response 
of asymptomatic patients with diabetes. Echocardiography 18:373–379

21. Griffin ME, Nikookam K, Teh MM, et al (1998) Dobutamine stress echocardiography: false 
positive scans in proteinuric patients with type 1 diabetes mellitus at high risk of ischaemic 
heart disease. Diabet Med 15:427–430

22. Bangalore S, Yao SS, Chaudhry FA (2007) Role of left atrial size in risk stratification and 
prognosis of patients undergoing stress echocardiography. J Am Coll Cardiol 50:1254–1262

23. Galderisi M (2006) Diastolic dysfunction and diabetic cardiomyopathy: evaluation by Doppler 
echocardiography. J Am Coll Cardiol 48:1548–1551

24. Fang ZY, Najos-Valencia O, Leano R, et al (2003) Patients with early diabetic heart disease 
demonstrate a normal myocardial response to dobutamine. J Am Coll Cardiol 41:1457–1465



464 32 Diabetes

32
25. Picano E (2003) Diabetic cardiomyopathy: the importance of being earliest. Editorial comment. 

J Am Coll Cardiol 41:1465–1471
26. Cortigiani L, Sicari R, Desideri A, et al; VIDA (Viability Identification with Dobutamine 

Administration) Study Group (2007) Dobutamine stress echocardiography and the effect of 
revascularization on outcome in diabetic and non-diabetic patients with chronic ischaemic left 
ventricular dysfunction. Eur J Heart Fail 9:1038–1043

27. Elhendy A, Arruda AM, Mahoney DW, et al (2001) Prognostic stratification of diabetic patients 
by exercise echocardiography. J Am Coll Cardiol 37:1551–1557

28. Bigi R, Desideri A, Cortigiani L, et al (2001) Stress echocardiography for risk stratification of 
diabetic patients with known or suspected coronary artery disease. Diabetes Care 24:1596–1601

29. Kamalesh M, Matorin R, Sawada S (2002) Prognostic value of a negative stress echocardio-
graphic study in diabetic patients. Am Heart J 2002 143:163–168

30. Marwick TH, Case C, Sawada S, et al (2002) Use of stress echocardiography to predict mortal-
ity in patients with diabetes and known or suspected coronary artery disease. Diabetes Care 
25:1042–1048

31. Sozzi F, Elhendy A, Rizzello V, et al (2007) Prognostic significance of myocardial ischemia 
during dobutamine stress echocardiography in asymptomatic patients with diabetes mellitus 
and no prior history of coronary events. Am J Cardiol 99(9):1193–1195

32. Cortigiani L, Bigi R, Sicari R, et al (2006) Prognostic value of pharmacological stress echocar-
diography in diabetic and nondiabetic patients with known or suspected coronary artery disease. 
J Am Coll Cardiol 47:605–610

33. Cortigiani L, Bigi R, Sicari R, et al (2007) Comparison of prognostic value of pharmacologic 
stress echocardiography in chest pain patients with versus without diabetes mellitus and posi-
tive exercise electrocardiography. Am J Cardiol 100:1744–1749

34. Cortigiani L, Rigo F, Gherardi S, et al (2007) Additional prognostic value of coronary flow 
reserve in diabetic and nondiabetic patients with negative dipyridamole stress echocardiogra-
phy by wall motion criteria. J Am Coll Cardiol. 50:1354–1361

35. Hurni CA, Perret S, Monbaron D, et al (2007) Coronary artery disease screening in diabetic 
patients: how good is guideline adherence? Swiss Med Wkly 137:199–204

36. Heller GV (2005) Evaluation of the patient with diabetes mellitus and suspected coronary 
artery disease. Am J Med 118:9S–14S

37. Picano E (2004) Sustainability of medical imaging. Education and debate. BMJ 328:578–580
38. Picano E (2004) Informed consent and communication of risk from radiological and nuclear 

medicine examinations: how to escape from a communication inferno. BMJ 329:849–851
39. Picano E (2005) Economic and biological costs of cardiac imaging. Cardiovasc Ultrasound 3:13



Stress Echocardiography 
in Dilated Cardiomyopathy

Eugenio Picano

Heart failure is a progressive, lethal syndrome characterized by accelerating deterioration 
[1]. Its estimated prevalence in the USA is around 2.0%, with an increased prevalence of 
6–10% in patients over 65 years of age [2]. The prognosis of heart failure is uniformly poor 
if the underlying problem cannot be rectified; half of all patients carrying a diagnosis of 
heart failure will die within 4 years, and in patients with severe heart failure, more than 50% 
will die within 1 year [2]. The actual rate of deterioration is highly variable and depends on 
the nature and causes of the overload, the age of the patient, and many other factors (Fig. 
33.1). Following a period of asymptomatic left ventricular dysfunction that can last more 
than a decade, survival after the onset of significant symptoms averages about 5 years [3]. 
Stress echocardiography has a role in initial and advanced stages (Fig. 33.2). In formulat-
ing the 2001 document, also endorsed in the 2005 document, the ACC/AHA guidelines 
developed a new approach to the classification of heart failure, identifying four stages: stage 
A (at high risk, but without structural heart disease, e.g., hypertension), stage B (structural 
heart disease but without signs and symptoms of heart failure, e.g., previous myocardial 
infarction or asymptomatic valvular heart disease), stage C (structural heart disease with 
current or prior symptoms of heart failure), and stage D (refractory heart failure requiring 
specialized interventions). According to this staging approach, which is conceptually similar 
to that achieved by staging in other diseases such as cancer, patients would be expected 
either not to advance at all or to advance from one stage to the next, unless progression of 
the disease was slowed or stopped by treatment. The recent realization that therapies aimed 
at symptomatic heart failure may improve outcomes in patients with asymptomatic left 
ventricular dysfunction has increased the importance of recognizing and treating patients 
with the asymptomatic stage A and B condition, possibly even more frequent than overt 
heart failure. In the early stage, in patients with normal left ventricular function, a reduced 
inotropic reserve can unmask initial damage. In advanced stages, stress echocardiography 
complements resting echocardiography, identifying a heterogenous prognostic profile that 
underlies a similar resting echocardiographic pattern (Table 33.1).
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Fig. 33.1 The natural history of cardiomyopathy. (Modified from [3])
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Fig. 33.2 The role of stress echocardiography in prognostic titration of cardiomyopathy. At an 
early stage, baseline function is normal but inotropic reserve is depressed. At an advanced 
stage, the baseline function is depressed but there is inotropic reserve. At a very advanced stage, 
the resting function is depressed and the inotropic response is abolished
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33.1
Incipient or Latent Cardiomyopathy

Some patients are exposed to potentially cardiotoxic conditions, such as chemotherapy in 
cancer or iron overload in thalassemia. The clinical natural history of these conditions is 
characterized by a very short interval between the onset of cardiac symptoms and end-stage 
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cardiac failure. The detection of preclinical cardiac involvement can be important in 
order to start more aggressive therapy. There are two possible, and not mutually exclusive, 
approaches for the early detection of incipient myocardial damage when ejection fraction 
is still normal. The first possibility is to assess longitudinal function, impaired at an ear -
lier stage of disease than ejection fraction, which may remain normal due to supernormal 
compensatory radial function. The selective early impairment of longitudinal global func-
tion can be easily measured with M-mode mitral annulus plane systolic excursion or with 
myocardial velocity imaging, as decreased systolic S wave velocity of basal (septal and/or 
lateral) segments with tissue Doppler and/or strain-rate imaging. The early reduction in 
longitudinal function, with normal ejection fraction, has been described in several condi-
tions, from systemic sclerosis [4] to diabetic [5] or hypertensive [6] cardiomyopathy.

The second approach is to assess the segmental and global contractile reserve during 
inotropic challenge. The rationale of applying stress echocardiography in these conditions 
is that structural impairments of the myocardial wall can be subtle enough so as not to 
impair resting systolic function, but severe enough to blunt or even exhaust the contractile 
response to the inotropic stimulation. At low doses (≤10 μg kg−1 per min), dobutamine 
selectively stimulates β-1 myocardial receptors, determining a mild, sustained inotropic 
stimulation with little if any effect on either systemic hemodynamic parameters or load-
ing conditions. With these low dobutamine doses, the lower basal wall shows a blunted 
increase in percent systolic thickening, or in peak systolic velocity on myocardial velocity 
imaging, which helps detect early damage. The blunted regional cardiac contractile 
reserve (Fig. 33.2) has also proved useful in detecting subtle forms of cardiac involvement 
in several diseases, such as doxorubicin chemotherapy [7], thalassemia [8], diabetic [9], 
or hypertrophic cardiomyopathy [10]. In all these conditions, the reduction in myocar-
dial contractile reserve – best observed with dobutamine stress – is also accompanied by 
impaired coronary flow reserve, best detected today by vasodilator stress combined with 
pulsed Doppler of the mid-distal left anterior descending coronary artery [11]. The reduc-
tion of coronary flow reserve at a very early clinical stage, when symptoms are absent or 
minimal and left ventricular ejection fraction is normal at baseline [12], has been described 
in several clinical conditions such as systemic sclerosis [13], and diabetic [14] or hyper-
tensive [15] heart disease. Contractile reserve focuses on the myocytes, whereas coronary 

Table 33.1 Stress echocardiography response and the four stages of dilated cardiomyopathy

Disease 
class 
(ACC/
AHA)

Stage 
of disease

Resting 
global 
function 
(EF)

Longitudinal 
function Stress function

Coronary 
flow 
reserve

A Absent Normal Normal Normal Normal

B Initial Normal Abnormal Blunted hyperkinesia ↓ →

C Overt Abnormal Very abnormal Functional recovery ↓

D Advanced Abnormal Very abnormal No functional 
recovery

↓↓

EF ejection fraction
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flow reserve assessed the coronary microcirculation. Both impaired contractile reserve 
and decreased coronary flow reserve are therefore very early, and possibly diagnostically 
relevant, markers of initial cardiomyopathy, at a stage when any form of intervention (life-
style or drugs) is more likely to be efficacious (Table 33.1).

33.2
Dilated Cardiomyopathy

Dilated cardiomyopathy is a condition that predominantly affects ventricular systolic func-
tion. Nevertheless, indices of global systolic dysfunction as measured at rest are inadequate 
for depicting the severity of the disease and are poorly correlated with symptoms, exercise 
capacity, and prognosis [16]. In contrast, the assessment of contractile reserve by pharma-
cological challenge, rather than baseline indices, is an important means of quantifying the 
degree of cardiac impairment and refining prognostic prediction [17]. In general, all of the 
twelve available studies on several hundred patients have shown a beneficial effect of a 
preserved inotropic response on prognosis, although disparate methodology, selection cri-
teria (including both idiopathic and ischemic dilated cardiomyopathy) and prognostic end 
point were utilized [18–30]. The contractile reserve can be identified through wall motion 
index improvement (greater than 0.20) or with a reduction of end-systolic volume during 
stress. A specific application has been proposed in patients with long-lasting atrial fibril-
lation and dilated cardiomyopathy. Atrial fibrillation can cause a reversible form of dilated 
cardiomyopathy, with restoration of normal left ventricular function after cardioversion to 
sinus rhythm. The distinction between idiopathic dilated cardiomyopathy and tachycardio-
myopathy is important because restoration of sinus rhythm leads to a significant improve-
ment in left ventricular function only in the latter case [19].

The dobutamine infusion protocol is similar to the one followed in patients with 
ischemic heart disease, but without atropine administration. In patients with dilated 
cardiomyopathy and heart failure, a lack of increase in left ventricular function is associ-
ated with higher mortality (Fig. 33.3). However, limiting minor side effects occur in about 
10–20% of these patients, who have a depressed ejection fraction and are more vulner-
able to an arrhythmic side effect of the drug. In patients with contraindications to or sub-
maximal, nondiagnostic dobutamine stress echocardiography, alternative tests may offer 
comparable information. Dipyridamole may elicit a prognostically meaningful increase 
in function, comparable to that provided with the more arrhythmogenic dobutamine [31]. 
With dipyridamole, the prognostic information is further expanded by the assessment of 
coronary flow reserve on the left anterior descending artery (Fig. 33.4) and, when pos-
sible, the posterior descending right coronary artery. The prognosis is worse in patients 
with coronary flow reserve on LAD less than 2 [32] and worst when the coronary flow 
reserve is depressed in both coronaries [33]. The prognostic information derived from stress 
echocardiography can be added on the top of the versatility of data provided by resting 
transthoracic echocardiography. A reduced tricuspid annulus plane systolic excursion and 
increased pulmonary artery systolic pressure may further worsen the prognostic outlook 
(Table 33.2), dominated by the “deadly quartet”: (1) dilated (end-systolic volume >90 ml m−2) 
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Fig. 33.3 Kaplan–Meier survival curves in patients with dilated cardiomyopathy separated on 
the basis of preserved (Δ WMSI>0.44) or impaired (Δ WMSI<0.44) left ventricular contractile 
reserve during dobutamine stress. (Modified from [24])
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Fig. 33.4 Kaplan–Meier survival curves in patients with dilated cardiomyopathy separated on the basis 
of normal (CFR>2.0) or depressed (CFR<2.0) coronary flow reserve. (Modified from [32])

left ventricle, (2) severe mitral insufficiency, (3) diastolic restrictive pattern (or E/e  value>15), 
and (4) increased extravascular lung water detectable as ultrasound lung comets on chest 
sonography [34, 35].
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33.3
Differentiation Between Ischemic and Nonischemic Dilated Cardiomyopathy

The detection of coronary artery disease in a patient with global left ventricular dysfunc-
tion and dilatation has important therapeutic and prognostic implications. The diagnosis 
of ischemic cardiomyopathy may either be straightforward or impossible on a noninva-
sive basis. At one end of the clinical spectrum, the ischemic etiology is obvious when 
an unequivocal history of ischemic heart disease and infarction can be collected. As a 
rule, several episodes of myocardial necrosis have progressively reduced pump function. 
After repeated infarctions, marked global dysfunction ensues, anginal symptoms are re-
duced and progressively replaced by dyspnea. At the other end of the clinical spectrum, 
ischemic cardiomyopathy can be completely superimposable on an idiopathic form with 
signs and symptoms of congestive heart failure. Dyspnea can be an angina equivalent, and 
on the other hand angina may be present in idiopathic and absent in ischemic cardiomy-
opathy. Several noninvasive clues to this differentiation have been proposed (Table 33.3). 
Ischemic patients more frequently show akinetic segments and a more elliptical shape 
at resting echocardiography, a smaller and less compromised right ventricle, and larger 
stress-induced defects during perfusion imaging, with scintigraphy or echocardiography. 
Encouraging results have also been reported with dobutamine stress echocardiography. 
Of particular value is the biphasic response in at least two segments and/or the extensive 
ischemic response [36–38]. However, all stress-imaging clues concerning the distinction 
between ischemic and idiopathic cardiomyopathy cannot always be considered clinically 
significant, although they have been reported to be statistically significant in some studies. 
Cardiomyopathy is one of the most frequent sources of false-positive ischemic response 
and no wall motion abnormalities can be evoked in an ischemic cardiomyopathy when 
fibrosis is extensive. Cardiovascular magnetic resonance can be more helpful, identifying 
a subendocardial–transmural regional pattern in ischemia as opposed to a patchy, diffuse 
scar pattern in nonischemic dilated cardiomyopathy. Coronary angiography (or its non-
invasive counterpart of multislice computed tomography) is quite often the only way to 
firmly establish the differential diagnosis between ischemic and idiopathic cardiomyopathy. 

Table 33.2 Prognosis in dilated cardiomyopathy: from bad to worse

M-mode 2D Color CW
Pulsed 
TDI Chest

TAPSE Ö

LV end-systolic volume Ö

Mitral insufficiency Ö

PASP increase Ö

E/e  (restrictive) Ö

ULC Ö

PASP pulmonary artery systolic pressure, TDI tissue Doppler imaging, TAPSE tricuspid annular plane 
systolic excursion, ULC ultrasound lung comets
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In these patients, the role of stress echocardiography is mainly focused on the prognostic 
stratification dictating the therapy. In ischemic cardiomyopathy, only the presence of 
significant (four or more left ventricular segments) contractile reserve warrants a prognos-
tically beneficial revascularization [39].

33.4
Stress Echocardiography and Cardiac Resynchronization Therapy

Cardiac resynchronization therapy (CRT) is a promising technique in patients with end-
stage heart failure. Current selection criteria include New York Heart Association class III 
or IV heart failure, left ventricular ejection fraction 35% or less, and wide QRS complex 
(>120 ms). The majority of patients selected according to these criteria respond well to 
CRT, but 30% (by echocardiographic criteria) do not respond. The most frequently used 
clinical marker is the improvement of one grade or more in NYHA class; the most fre-
quently used echocardiographic marker is an antiremodeling effect defined as a reduction of 
15% or more in left ventricular end-systolic volume [40]. In the majority of patients, there 
is full agreement between clinical and echocardiographic response, but 25% of patients 
show discordant results, more often with clinical but not echocardiographic response. The 
large number of nonresponders for a costly, risky, and demanding therapy such as CRT led 
researchers to look for better selection criteria (Figs. 33.5 and 33.6). In the failing heart, 
cardiac dyssynchrony is present on three levels: (1) atrioventricular, (2) interventricular 
(right vs. left ventricle), and (3) intraventricular (within the left ventricle). Echocardiog-
raphy can assess intra- and interventricular dyssynchrony. The assessment of interven-
tricular dyssynchrony is simple, standardized, and reproducible but basically useless [40]; 
the assessment of intraventricular dyssynchrony is complex, deregulated with dozens of 
different methods proposed in the last 10 years, suffers from higher variability [41], and 
is equally worthless [42]. M-mode echocardiography is the simplest technique, and a 
short axis view is used to measure the so-called septal-to-posterior wall motion delay, the 
interval between the systolic excursion of the anteroseptum and of the inferolateral wall 
[41]. Unfortunately, with this method only two segments (out of 17!) are sampled and the 

Table 33.3 Differential diagnosis of dilated cardiomyopathy

Ischemic Nonischemic

History of infarction Yes/no No

Resting echocardiography: 
regional abnormality

Yes/no No/yes

Stress echocardiography: 
inducible abnormalities

Yes/no No/yes

CMR Subendocardial transmural 
scar

Patchy, subepicardial fibrosis

MSCT Severe CAD Normal

CAD coronary artery disease, CMR cardiac magnetic resonance, MSCT multislice computed tomography
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parameter cannot be assessed in 50% of patients, when the septum is akinetic, especially 
in ischemic cardiomyopathy. Tissue Doppler imaging (TDI) is probably the most popular 
technique for assessing LV dyssynchrony. It measures peak systolic velocities in different 
regions of the myocardium and the time intervals between electrical activity (the QRS 
complex) and mechanical activity (segmental peak systolic velocity). The 2-, 4- or 11-seg-
ment approach has been used (the apical segments are unreadable with this technique). 
Tissue synchronization imaging is more visually oriented. It automatically calculates the 
peak systolic velocities from TDI and displays them as a color map, for direct visualization 
of the early activated segments (displayed in green) and late activated segments (displayed 
in red). With strain imaging – and more specifically with strain-rate imaging measures 
of the rate of myocardial deformation – the extent of left ventricular dyssynchrony is 
assessed by measuring time to peak systolic strain. With real-time three-dimensional (RT3D) 
echocardiography, a series of plots is obtained representing the change in volume for each 
segment throughout the cycle. However, in the presence of left ventricular dyssynchrony, 
minimum volume will be reached for each segment at different times, and the extent of this 
dispersion reflects the left ventricular dyssynchrony [40, 41]. Responders have a higher 
systolic dyssynchrony than nonresponders.

Baseline

Stress

Follow up

CR+

ESVEDV

DYS+

Fig. 33.5 An example of a CRT responder. Echocardiographic four-chamber view at rest, at peak stress 
and at follow-up of a patient with contractile reserve (CR+) (left) and tissue Doppler criteria of intra-
ventricular dyssynchrony (Rest DYS+) (right). EDV, end-diastolic volume; ESV, end-systolic volume. 
(Modified from [44])
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At present, TDI is probably the most popular technique for assessing LV dyssynchrony 
[40, 41], but not the most useful, since all proposed parameters tested in the multicenter 
PROSPECT trial failed, adding nothing to clinical and ECG stratification [42].

Recently, disappointment with the mechanical dyssynchrony approach led several 
investigators to integrate the electrical approach with a more functional approach. In fact, 
it is probably unrealistic to expect a response to CRT if there is not enough muscle to 
be resynchronized. In other words, it is unlikely that home comfort will benefit from a 
brand-new electric system if there are no walls and no ceiling left. Indeed, this so-called 
functional approach appears to be much more gratifying in selecting candidates for CRT. 
In patients with depressed ejection fraction, lack of a substantial (five segments or more) 
viability response to dobutamine stress echocardiography is invariably associated with a 
lack of response to CRT [43, 44]. This is the same pattern that has been described in 
ischemia cardiomyopathy patients undergoing revascularization [39] or cardiomyopathy 
patients on β-blockers or other medical therapy [45] or low-flow, low-gradient aortic stenosis 
patients undergoing aortic valve replacement [46]. The beneficial effect of medical, 
mechanical, or electrical therapy in heart failure patients requires the presence of a critical 
mass of target tissue: “No muscle, no party!” [47]. Also, this shift in diagnostic forms from 
electrical synchronicity to functional reserve dramatically simplifies the screening of the 
CRT candidate; stress echocardiography is simpler, much faster, and more reproducible 

Baseline

Stress

Follow up

ESV

DYS -CR -

EDV

Fig. 33.6 An example of a CRT nonresponder. Echocardiographic four-chamber view at rest, at peak 
stress, and at follow-up of a patient without contractile reserve (CR−) (left) without tissue Doppler 
criteria of intraventricular dyssynchrony (Rest DYS−) (right). (Modified from [44])
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Fig. 33.7 Responders to cardiac Resynchronization Therapy are selected on the basis of contractile 
reserve more efficiently than with dyssynchrony (Modified from [44])
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Fig. 33.8 The importance of being viable in patients with depressed ejection fraction. Whatever the 
underlying disease, response to therapy is dependent upon underlying presence of myocardial viability. 
The type of therapy obviously depends on the underlying etiology: coronary revascularization in 
coronary artery disease, aortic valve replacement in low-flow, low-gradient aortic stenosis, cardiac 
resynchronization therapy in nonischemic cardiomyopathy. (Modified from [48])
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than CRT criteria. Echocardiographic evaluation of dyssynchrony may add something to 
the risk stratification, but only in patients with viability. This approach can be made even 
simpler and more quantitative in CRT, when the single most important stress echocardio-
graphic parameter is variation in end-systolic volume, which today can be estimated even 
more accurately with RT3D. This stress echocardiography-driven approach to selection of 
CRT responders is now mature and ready for large-scale validation (Figs. 33.7 and 33.8).
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Stress Echocardiography 
in Hypertrophic Cardiomyopathy

Eugenio Picano

34.1 
Background

Hypertrophic cardiomyopathy (HCM) is a clinically heterogeneous but relatively common 
autosomal dominant genetic heart disease (1 in 500 of the general population for the 
disease phenotype recognized by echocardiography) that probably is the most frequently 
occurring cardiomyopathy [1]. HCM is characterized morphologically and defined by a 
nonhypertrophied, nondilated left ventricle in the absence of another systemic or cardiac 
disease that is capable of producing the magnitude of wall thickening evident (e.g., systemic 
hypertension, aortic valve stenosis). Clinical diagnosis is customarily made with two-
dimensional echocardiography by detection of otherwise unexplained LV wall thickening, 
usually in the presence of a small LV cavity, after suspicion is raised by the clinical profile 
or as a part of family screening. Most HCM patients have the propensity to developing 
dynamic obstruction to LV outflow under resting or physiologically provocable conditions, 
produced by systolic anterior motion of the mitral valve with ventricular septal contrast 
[1]. HCM is caused by a variety of mutations encoding contractile proteins of the cardiac 
sarcomeres, and – in a minority of cases – nonsarcomeric proteins. This genetic diversity 
is compromised by considerable intragenic heterogeneity, with more than 400 individual 
mutations now identified. The genetic heterogeneity only partially accounts for the clinical
heterogeneity of the presentation, which may range anywhere from sudden death to prog-
ressive heart failure to a completely asymptomatic condition. The strongest risk factors are a 
family history of sudden death, a personal history of cardiac arrest or recurrent syncope, 
multiple-repetitive nonsustained ventricular tachycardia, and adverse genotype. Resting 
adds to clinical stratification by assessing massive left ventricular hypertrophy (>30 mm), 
intraventricular obstruction (>50 mmHg), and wall thinning in serial evaluations over time 
(Fig. 34.1). On the top of this established information, stress echocardiography is now 
increasingly used to offer a substantial contribution to risk stratification of these patients, 
which remains a formidable challenge for the clinician [2].
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34.2 
Pathophysiology

Symptoms and signs of myocardial ischemia are often found in patients with HCM, 
despite the presence of angiographically normal coronary arteries (Fig. 34.2). Myocardial 
ischemia can contribute to some of the severe complications of HCM including ventri-
cular arrhythmias, sudden death, progressive left ventricular remodeling, and systolic 
dysfunction. Coronary flow reserve is severely blunted not only in the hypertrophied 
septum, but also in the less hypertrophied left ventricular free wall [3]. The severity of 
microvascular dysfunction is an independent prediction of long-term deterioration and 
death from cardiovascular causes [4]. As in other models of microvascular disease, such 
as cardiac syndrome X or arterial hypertension [5], ST-segment changes and perfusion 
abnormalities are frequently elicited during stress in the absence of inducible wall 
motion abnormalities (Fig. 34.3), which remain a specific hallmark of epicardial coronary 
artery disease [6].

However, stress-induced ST-segment depression and perfusion abnormalities are 
probably not innocent even with normal coronary arteries: they are associated with reduced 
flow reserve [7], subendocardial underperfusion, and, most importantly, an adverse prog-
nosis. Myocardial malperfusion detected by stress scintigraphy is frequently related to 
cardiac arrest and syncope in young patients with HCM [8]. Stress-induced ischemic-like 
electrocardiographic changes, in the absence of wall motion abnormalities, are also 
frequently related to syncope and/or left ventricular dilatation in adult patients with HCM 
and normal coronary arteries [9] (Fig. 34.4).

Fig. 34.1 The pyramid of risk in hypertrophic cardiomyopathy (HCM) according to simple clinical 
assessment (left panel), resting transthoracic echocardiography (middle panel), and stress echocardi-
ography (right panel) parameters. For each pyramid, three main factors are identified. CFR coronary 
flow reserve, IVS interventricular septal thickness, LVOTG left ventricular outflow tract gradient, 
WMA wall motion abnormalities, FH Family history, NSVT non-sustained ventricular tchycardia, 
Wthin Wall thinning at serial resting echo evaluation
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TTE

None of the above

IVS >30 mm
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Fig. 34.3 Two-dimensional end-diastolic (E-D, upper row) and end-systolic (E-S, second row) frames 
of a parasternal long-axis view following dipyridamole infusion, showing a normal/hyperkinetic mo-
tion of intraventricular septum and inferolateral wall. In the lower row, pulsed Doppler of mid-distal 
left anterior descending coronary artery shows a blunted increase in coronary artery flow velocity 
during stress (rest = 38, peak = 67, cm/s, CFR = 1.25)
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Fig. 34.2 The four main pathways to myocardial ischemia in hypertrophic cardiomyopathy (HCM): 
epicardial coronary artery disease (CAD); left ventricular hypertrophy; microvascular disease; intra-
ventricular dynamic obstruction. Only CAD induces stress-induced wall motion abnormalities, but all 
four mechanisms may induce a reduction in coronary flow reserve
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34.3 
Stress Echocardiographic Findings in HCM

According to the pathophysiological background, stress echocardiography can recognize 
three important, distinct risk markers in HCM patients: the transient regional wall motion 
abnormality; the reduction in coronary flow reserve in absence of wall motion changes; 
and the dynamic intraventricular pressure gradient.

Angina and myocardial ischemia can occur in patients with HCM independently of 
angiographically assessed atherosclerotic coronary artery disease, which nevertheless can 
be present in 20–30% of HCM patients with a history of chest pain [10]. For the purposes 
of noninvasive identification of underlying coronary artery disease, wall motion abnor-
malities are equally sensitive and substantially more specific than perfusion abnormalities 
and ST-segment depression, as has been consistently observed in all models of primary 
or secondary coronary microvascular angina [10]. Stress echocardiography based on wall 
motion abnormalities is therefore the test of choice [11] and patients with inducible wall 
motion abnormalities will have the greatest benefit from an ischemia-driven revasculari-
zation. After ruling out wall motion abnormalities (and therefore functionally significant 
underlying coronary artery disease), stress echocardiography may offer invaluable informa-
tion on coronary flow reserve and underlying microvascular disease. With a last-generation 
“two birds with one stone” protocol, both function and coronary flow reserve can be caught 
with a single stress (accelerated, fast high-dose dipyridamole). Even in absence of inducible 

Fig. 34.4 Kaplan–Meier curve indicating the cumulative event-free survival rates in patients with a pos-
itive dipyridamole ECG test (DET+) and in patients with a negative dipyridamole ECG test (DET−). 
All these patients had angiographically normal coronary arteries and no wall motion  abnormality dur-
ing the dipyridamole test. FH, Family history; NSVT, non-sustained ventricular tchycardia; Within, 
wall thinning at serial resting echo evaluation (Modified from [9])
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wall motion abnormalities, a reduced coronary flow reserve identifies a relatively higher 
risk subgroup (Fig. 34.5) [12]. In these patients, the absence of wall motion abnormalities 
does not necessarily contradict the ischemic nature of chest pain and ST-segment depres-
sion. In fact, the presence or absence of abnormal wall motion appears to relate to the 
account of ischemic subendocardial tissue, minor degrees of transmural involvement are 
less likely to reach the critical mass of ischemic tissue needed to determine wall motion and 
thickening abnormalities [6]. The third possible finding during stress is the development 
of a critical intraventricular pressure gradient (>50 mmHg) (Fig. 34.6), which identifies 
yet another mechanism – beyond coronary artery disease and microvascular dysfunction – 
possibly responsible for symptoms (chest pain and dyspnea) in HCM patients [13, 14]. An 
exercise-induced gradient greater than 50 mmHg may be responsible for ischemia (through 
increased extravascular compression forces) and dyspnea (with increased endoventricular 
diastolic pressure). These findings may have a potential, although not proven, therapeutic 
interest, possibly with “obstructions” more likely to benefit from β-blockade.

The stress for coronary artery disease detection can be exercise, dobutamine, or dipyri-
damole; the best stress for coronary flow reserve assessment is dipyridamole (or adenosine) 
[15], and the most suitable one to unmask a latent, albeit physiologically important, intra-
ventricular gradient is exercise – even better if the echocardiography scan is performed in 
the more physiologic orthostatic position – rather than in left lateral decubitus [14]. Another 
approach of potential value in risk stratification in patients with HCM is the evaluation 
of the inotropic reserve after low-dose challenge with catecholamines, i.e., isoproterenol. 

Fig. 34.5 Kaplan–Meier curve indicating the cumulative event-free survival rates in patients with reduced 
(CFR>2.0) and preserved (CFR>2.0) coronary flow reserve. All these patients had angiographically 
normal coronary arteries and no wall motion abnormality during dipyridamole test. (Modified from [12])
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A blunted increase in regional systolic thickening to low-dose adrenergic stimulation can 
predict a long-term adverse progression toward left ventricular dilatation [16].

34.4 
Conclusion

Stress echocardiography can play a key role in the diagnostic and prognostic stratification 
of the HCM patient, identifying three distinct patterns: high-risk wall motion abnormalities, 
which dictate ischemia-driven revascularization; intermediate-risk reduction in coronary 
flow reserve warranting aggressive medical therapy; intermediate-risk patients with intra-
ventricular gradients most likely to benefit from β-blockade; and low-risk patients with 
none of these features, in whom no specific intervention other than watchful waiting is 
warranted if the patient is asymptomatic (Fig. 34.7).

An additional advantage of stress echocardiography over alternative techniques is its 
low cost, wide availability, versatility, and radiation-free nature, most important in young 
patients often in need of several examinations over time. For instance, a thallium scan is 
associated with a radiological dose exposure of about 1,500 chest X-rays, with a risk of 
cancer of 1 in 400 in a 50-year-old man, and 1 in 200 in a 20-year-old woman [17–19]. 
Although more data are warranted at this point, stress echocardiography promises to offer 
an increasingly important contribution to the management of HCM patients.

Fig. 34.6 Left ventricular outflow tract gradient during exercise in a patients with hypertrophic car-
diomyopathy. (From [14])
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Stress Echocardiography After 
Cardiac Transplantation

Eugenio Picano, Tonino Bombardini, and Giorgio Arpesella

35.1
Background

Cardiac transplantation is an increasingly important treatment for end-stage cardiac dis-
ease, but rejection continues to be a major complication [1]. Rejection can be either acute or 
chronic (Table 35.1). Acute rejection is a major problem in the first year following cardiac 
transplantation. It is characterized by normal epicardial coronary arteries, with a concomitant 
restriction in coronary flow reserve [2], a pathophysiological hallmark of microvascular 
disease, as has been described in other situations such as syndrome X or hypertension with 
normal coronary arteries [3, 4]. In particular, during acute cardiac rejection, the reversible 
reduction of coronary reserve could be the result of the limitation of vasodilation due to 
functional abnormalities such as metabolically or immunologically related decreased respon-
siveness of vascular wall to vasodilator stimuli or to structural abnormalities, for example, 
interstitial edema or cellular infiltration [2]. Immunosuppressive treatment can resolve 
structural and functional abnormalities and restore the normal coronary flow reserve [2].

Cardiac allograft vasculopathy (CAV) is a major factor limiting long-term prognosis 
after heart transplantation [1]. In several respects, the disease differs from atherosclerotic 
coronary artery disease. The mechanism is thought to be immune-mediated. An early mani-
festation of CAV is thickening of the vessel wall, with progression to diffuse involvement of 
the vessel in the longitudinal direction or development of more focal, localized stenosis [5–
7]. Small-vessel disease is also common, and contributes to the reduction in coronary flow 
reserve [8, 9, 10] and unfavorable outcome [11, 12]. The disease may develop rapidly within 
months and the clinical diagnosis of CAV is difficult. As the transplanted heart is surgically 
denervated and remains without functionally relevant reinnervation in most patients, angina 
pectoris does not usually occur. Several noninvasive tests have proven to be of limited value 
for the detection of CAV [13–16]. This may be explained by some of the specific features 
of CAV and by the specific alterations of cardiac physiology in heart transplant recipients. 
For example, exercise electrocardiography is a priori restricted to a minority of transplant 
recipients due to the high prevalence of (most commonly right) bundle branch block and 
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altered repolarization in this population. In addition, the mode of provocation of ischemia 
is important. Physical exercise may not be adequate, because heart transplant recipients 
frequently have a reduced exercise capacity due to muscular weakness following long-term 
deconditioning and corticosteroid immunosuppression. More important, the chronotropic 
response to physical exercise is limited due to cardiac denervation; the reduced increase 
in heart rate may therefore not be adequate to reach the ischemic threshold in all heart 
transplantation patients. The limitations of a physical exercise test in transplantation 
patients have been shown in combination with various diagnostic techniques such as exercise 
electrocardiogram, radionuclide angiography, or exercise echocardiography [13–17]. The 
mainstay of CAV diagnosis is currently still made up of invasive techniques [1]. Coronary 
angiography only presents a luminogram and may not be able to detect diffuse concentric 
thickening of the vessel wall. Intravascular ultrasound (IVUS) is the method of choice to 
detect alterations of the vessel wall and has emerged as the most sensitive invasive method 
for diagnosing CAV [18]. Although most investigators measure thickness and extension of 
intimal hyperplasia by IVUS, no commonly accepted cut-off points or standardized IVUS 
definitions for CAV exist (minimal number of coronary segments and vessels necessary for 
valid diagnosis, grading by worst affected sites or mean values).

35.2
Pharmacological Stress Echocardiography for Detection of Acute Rejection

The main resting transthoracic echocardiographic variables proposed for diagnosis of 
acute allograft rejection include increased wall thickness and wall echogenicity, peri-
cardial effusion, left ventricular diastolic dysfunction and regional or global systolic 
dysfunction [19–21]. In general, the results have not been encouraging and no single 
echocardiographic variable alone can be used for accurate detection of acute allograft 

Table 35.1 Heart transplant rejection

Acute Chronic

Pathological changes Edema, cellular infiltrates, 
myocyte damage

Diffuse coronary artery 
wall thickening (with focal 
stenosis)

Diagnostic gold standard Endomyocardial biopsy Intracoronary ultrasound 
(coronary angiography)

Reversibility upon treatment Yes No

Rest echocardiography Increase wall thickness/
texture/decrease in ejection 
fraction

Segmental abnormalities, 
decreased systolic thickening

Stress test ST depression and no 
dysfunction

Regional dysfunction

Coronary flow reserve Reduced Reduced

Stress echocardiography 
prognostic value

Possible Proven
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rejection [18]. In acute rejection, coronary flow reserve can be acutely impaired [22] 
and this is mirrored by transient ST-segment depression during stress, as is typical of 
microvascular angina [3]. These changes typically occur in the absence of wall motion 
abnormalities [22] and outline a potential role of coronary flow reserve for the diagnostic 
evaluation of these patients [23] (Fig. 35.1).

35.3
Pharmacological Stress Echocardiography for Detection of Chronic Rejection

Rest- and stress-induced abnormalities can be detected with pharmacological stress echocar-
diography using dipyridamole [15, 24, 25] or dobutamine [26–35]. As in native coronary 
artery disease, both tests have a high feasibility rate and a low incidence of reported limiting 
side effects [18]. In a series systematically evaluating coronary angiography and intracoro-
nary ultrasound, dobutamine stress echocardiography demonstrated wall motion abnormali-
ties in 40% of patients with an apparently normal angiogram [29]. If angiography is used as 
a reference method, these findings have to be interpreted as false-positive dobutamine stress 
tests and would therefore explain the relatively low specificity of the stress tests compared 
to angiography [28–30]. However, the majority of IVUS studies in patients with a normal 
angiogram revealed moderate to severe intimal hyperplasia, and two-thirds of normal angi-
ographic studies have an abnormal dobutamine stress test and/or IVUS evidence of CAV 
[20]. In evaluating noninvasive test results, one should consider that angiography is relative-
ly insensitive in detecting CAV and that a normal angiogram in a heart transplant recipient 
does not exclude functionally relevant CAV [18, 19], which may be mirrored by functional 
abnormalities during stress (Figs. 35.2, 35.3). A normal pharmacological stress echocardi-
ography result after heart transplantation has a high predictive value for an uneventful clini-

Fig. 35.1 Stress electrocardiogram during acute rejection. The 12-lead electrocardiogram is 
shown on day 21 after transplantation in resting conditions (upper panel) and at peak dipyrida-
mole (lower panel). At peak dipyridamole, the electrocardiogram shows a transient ST-segment 
depression. This patient had bioptic evidence of rejection. (From [14], with permission)
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cal course [20, 21]. The value of the test seems to be at least comparable to that of a normal 
angiogram, and a normal pharmacological stress test allows invasive diagnostic procedures 
to be safely delayed [30–35], especially if coronary flow reserve detectable by transthoracic 
echocardiography is also above normal (suggested to be 2.7 in these patients) [36]. If the 
stress test is normal by wall motion and coronary flow reserve criteria, invasive diagnosis is 
delayed and the next test is scheduled after 12 months [20, 22]: Fig. 35.5. If stress echocar-
diography shows all motion abnormalities, angiography is performed and, if this test does 
not yield evidence of CAV, an additional IVUS study might be warranted. This algorithm 

Fig. 35.2 Forty-eight months after transplantation. a M-mode echocardiogram. Normal systolic wall 
thickening at rest (left) and during maximum dobutamine stress (right). b Coronary angiogram and 
intravascular ultrasound (IVUS). Normal left coronary artery by angiography. Absence of significant 
intimal hyperplasia at three sites (arrows) of the left anterior descending artery by IVUS. (From [18], 
with permission)
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helps avoid repeat cardiac catheterization in some patients and leads to a closer surveil-
lance of patients with evidence of functionally relevant and/or progressive CAV [20–22]. 
This aspect of noninvasive radiation-free follow-up of heart transplant patients is especially 
important in pediatric patients, in whom dobutamine stress echocardiography was shown to 
be highly feasible and effective for diagnostic and prognostic purposes [34, 35].

Fig. 35.3 Forty-eight months after transplantation. a M-mode echocardiogram. Reduced systolic wall 
thickening at rest (left). During maximum dobutamine stress (right), septal thickening remains 
unchanged, whereas posterior wall thickening increases. b Coronary angiogram and intravascular 
ultrasound (IVUS). Contour irregularities without relevant stenosis in left coronary artery by angi-
ography. Severe intimal hyperplasia at three sites (arrows) of the left anterior descending artery by 
IVUS. (From [18], with permission)
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Fig. 35.4 Coronary angiography and coronary flow reserve findings in a patient without (upper panels) 
and with (lower panels) rejection, which severely reduces coronary flow reserve. (From ref. [23]).

Heart transplant pt

Resting echo
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Stress echo
Invasive study

(ICUS)

– +–

– ++

WMA

CFR<2.7
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Fig. 35.5 A proposed diagnostic flow-chart in the surveillance of posttransplantation patient. Yearly 
testing with pharmacological stress echocardiography may help to reduce the need for invasive studies.
The reliability of pharmacological stress echocardiography is stronger when the test response shows 
no wall motion abnormalities and normal coronary flow reserve on left anterior descending artery 
during transthoracic vasodilation stress echocardiography. CFR, coronary flow reserve; ICUS, 
intracoronary ultrasound; WMA, wall motion abnormalities



35.4 Pharmacological Stress Echocardiography for Recruitment of Donor Hearts 493

35.4
Pharmacological Stress Echocardiography for Recruitment of Donor Hearts

The heart transplantation is a treatment of heart failure, which is not responding to medica-
tions, and its efficiency is already proved: unfortunately, organ donation is a limiting step 
of this life-saving procedure. Heart donor shortage is a society problem [37]. Patients on 
the heart transplant waiting list have a 7.3% death rate, and the average waiting time is 
2–3 years. As an example, in Italy, approximately 650 patients are on the transplant list 
and only about 300 transplantations are performed each year. An effective way to solve the 
current shortage would be to accept an upward shift of the age cutoff limit (from current 
45 to 70 years) but age-related high prevalence of asymptomatic coronary artery disease 
and occult cardiomyopathy severely limit the feasibility of this approach. Recently, Bom-
bardini and coworkers have proposed an alternative approach based on pharmacological 
stress echocardiography performed at bedside in marginal donors (aged>55 years) [38]. 
When resting and stress echocardiography results are negative, a prognostically meaning-
ful underlying coronary artery disease or cardiomyopathy can be ruled out and the heart 
can be rescued and transplanted (Fig. 35.6). Although certainly more data are needed at 
this point, the appeal of this stress echocardiography-driven way to select hearts “too good 

Fig. 35.6 The initial experience with pharmacological-stress echocardiography in recruiting hearts 
from marginal donors (>55 years). A negative stress echocardiography result deems hearts otherwise 
lost to donation eligible for donorship. IVUS, intravascular ultrasound (From [39])
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to die” is exciting for its potential to drastically solve the current mismatch between donor 
need and supply, with a very favorable cost–benefit profile. The cost of a donor heart is 
estimated around €200,000 on the “transplant black market.” We can recruit otherwise 
ineligible hearts at the cost of one stress echocardiography (around 500 at the average cost 
in Europe), with obvious downstream economic benefits.

35.5
Conclusions

Stress echocardiography in cardiac transplantation has three main potential applications: 
the detection of acute rejection in the first year after cardiac transplantation; the detection 
of chronic rejection later after cardiac transplantation; and the recruitment of marginal 
donor hearts as a way to solve the current donor heart shortage (Table 35.2). The three 
applications have different clinical roles today. Despite the ongoing efforts of old and inno-
vative resting and stress echocardiographic techniques in predicting biopsy-proven acute 
rejection, endomyocardial biopsies are still regarded as the gold standard for the detection 
of acute allograft rejection, which is often associated with an acute reduction in coronary 
flow reserve of potential diagnostic value. Conversely, stress echocardiography is able to 
identify cardiac graft vasculopathy accurately and has a recognized prognostic value in this 
clinical setting, where a normal stress echocardiography by wall motion criteria justifies 
avoiding or delaying invasive studies. In the setting of cardiac allograft vasculopathy, the 
integration of coronary flow reserve to transthoracic stress echocardiography might further 
improve the value of the method. Finally, the use of bedside stress echocardiography is still 
purely investigational, although promising, to select appropriately marginal heart donors 
with brain death to solve the current shortage of donor heart supply.
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The Emerging Role of Exercise 
Testing and Stress Echocardiography 
in Valvular Heart Disease

Eugenio Picano, Philippe Pibarot, Patrizio Lancellotti, 
Jean Luc Monin, and Robert O. Bonow

Major advances in diagnosis and risk stratification, combined with enormous progress 
in surgical valve replacement and repair, have led to improved outcomes of patients with 
valvular heart disease over the past 30 years. The most important indication for surgical 
intervention in patients with hemodynamically significant aortic or mitral valve disease 
is the development of symptoms, as emphasized in recent guidelines [1–3]. As symptoms 
may develop slowly and indolently in these chronic conditions, many patients are unaware 
of subtle changes in effort tolerance, even when questioned directly by their physicians. 
Hence, recent guidelines of both the American College of Cardiology/American Heart 
Association (ACC/AHA) and the European Society of Cardiology (ESC) [2, 3] have placed 
renewed emphasis on the role of exercise testing to provide objective evidence of exercise 
capacity and symptom status. In addition, while Doppler echocardiography is the method 
of choice for assessing severity of valvular disease, there is a growing utilization of stress 
two-dimensional and Doppler echocardiography to assess dynamic changes in hemody-
namics in concert with the clinical findings of exercise testing.

Stress echocardiography has become an established method for evaluating patients 
with coronary artery disease [4–6]. The role of stress echocardiography has been recently 
expanded to the assessment of the hemodynamic consequences of valvular lesions during 
stress [7–9]. In a number of clinical conditions, particularly in patients with low-flow, 
low-gradient aortic valve stenosis (AS), the use of stress echocardiography in the decision-
making process has significantly modified the clinical outcome. Evidence accumulated 
over the last 5 years has led to the incorporation of stress echocardiography in the guide-
lines of the ACC/AHA [2], the ESC [3], the American Society of Echocardiography [10], 
and the European Association of Echocardiography [11]. On the basis of the recent recom-
mendations of these scientific organizations, the use of stress echocardiography in valve 
disease has been ranked as shown in Table 36.1. Applications are either proven (3 stars 
in the table), probable (2 stars), or possible but not yet established (1 star). Indications of 
“proven useful” have been incorporated in either one or more of the general cardiology 
guidelines [2, 3], and those of “probable usefulness” are supported in the stress echocar-
diography special recommendations [10, 11]. However, indications “of possible value” are 
not yet supported by the guidelines since they are based only on initial encouraging, but 
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limited, experience reported in the literature. The applications of “proven value” should be 
implemented in daily clinical practice, the applications of “probable value” can be imple-
mented in selected cases, and the applications of “possible value” remain limited to the 
research domain.

36.1 
Aortic Stenosis

Aortic Valve Stenosis with Low Flow, Low Gradient, and Left Ventricular Dysfunction

Patients with severe AS and left ventricular (LV) systolic dysfunction (ejection 
fraction<40%) often present with a relatively low pressure gradient, i.e., mean gradient 
less than 40 mmHg (Fig. 36.1). This entity represents a diagnostic challenge because it is 
difficult to distinguish between patients having true anatomically severe AS from those 
having pseudo-severe AS. In true severe AS, the primary culprit is the valve disease, and 

Fig. 36.1 Hemodynamic principles supporting use of dobutamine stress echocardiography in low-
flow, low-gradient aortic stenosis. At rest, the mean gradient is low regardless of aortic valve area 
(AVA) because the transvalvular flow rate is low (white dot). The stroke volume (SV) on the x-axis 
is low at rest (35 ml; white dot) and may normalize following dobutamine (70 ml). For a given left 
ventricular ejection time of 0.3, the mean transvalvular flow rate (Q) will increase from 117 to 233 ml s−1. 
With augmentation of flow with dobutamine, there is a marked increase in gradient (14–57 mmHg 
in this example) in the case of a true severe stenosis (AVA = 0.7 cm2), whereas there is only a modest 
increase in gradient (7–19 mmHg) in the case of moderate stenosis (AVA = 1.2 cm2)
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the LV dysfunction is a secondary or concomitant phenomenon. The small and relatively 
fixed aortic valve area (AVA) contributes to raising afterload, decreasing ejection fraction, 
and reducing stroke volume. In pseudo-severe AS, the predominant factor is myocardial 
disease, and the severity of AS is overestimated on the basis of AVA because there is 
incomplete opening of the valve due to reduction in the opening force generated by the 
weakened ventricle. In both situations, the low-flow state and low-pressure gradient con-
tribute to a calculated AVA that meets criteria for severe AS at rest (≤1.0 cm2) (Fig. 36.1). 
Hence, the resting echocardiogram does not distinguish between these two situations. Yet, 
this distinction is essential since patients with true-severe AS and poor LV function will 
generally benefit significantly from aortic valve replacement (AVR), whereas the patients 
with pseudo-severe AS will not.

In patients with low-flow, low-gradient AS and LV dysfunction, it may be useful to 
determine the transvalvular pressure gradient and to calculate AVA during a baseline resting 
state and again during low-dose dobutamine stress, to determine whether the stenosis 
is severe or only moderate [12–20] (Figs. 36.1, 36.2). Side effects are not infrequent with 
full-dose dobutamine in unselected patients with normal or moderately reduced LV ejec-
tion fraction [11, 21], and can occur in one out of five patients with low-flow, low-gradient 
AS [22]. The main objective of dobutamine stress echocardiography in the context of 
low-flow AS is to increase transvalvular flow rate while not inducing myocardial ischemia. 
Hence, a low-dose protocol (i.e., up to 20 μg kg−1 min−1) should be used for these patients. 
Moreover, it is preferable to use longer dobutamine stages (5–8 min instead of the 3–5 min 
generally used for the detection of ischemic heart disease) to ensure that the patient is in a 
steady-state condition during Doppler echocardiography data acquisition and before 
proceeding to the next stage. The increase in heart rate should also be taken into considera-
tion given that it may predispose the patient to myocardial ischemia and at one point may 
override the inotropic effect, thereby limiting the increase in transvalvular flow.

The dobutamine stress approach is based on the notion that patients who have pseudo-
severe AS will exhibit an increase in the AVA and little change in transvalvular gradient 
in response to the increase in transvalvular flow rate [13] (Figs. 36.2, 36.3). In contrast, 
patients with true severe AS will have no or minimal increase in AVA and a marked increase 
in gradient when flow is increased because the valve is rigid (Figs. 36.2, 36.4). Several 
criteria have been proposed in the literature to differentiate pseudo- from true severe AS 
including a peak stress mean gradient less than 30 or les than 40 mmHg depending on the 
study, a peak stress AVA greater than 1.0 or greater than 1.2 cm2, and an absolute increase 
in effective orifice area (EOA) greater than 0.3 cm2 during dobutamine stress [14–20]. 
Although the dichotomization of patients into two categories (true or pseudosevere AS) 
is convenient, it is an oversimplification, and the classification of the individual patient 
may not always be as easy as it may appear. The changes in gradient and AVA during 
 dobutamine stress depend largely on the magnitude of the flow augmentation achieved, 
which may vary considerably from one patient to another. The AVA and gradient are there-
fore measured at flow conditions that differ dramatically from one patient to another, and the 
utilization of these indices which are not normalized with respect to the flow increase may 
lead to misclassification of stenosis severity in some patients. To overcome this limitation, 
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Fig. 36.2 a Hemodynamic principles supporting dobutamine stress echocardiography in low-gradient 
aortic stenosis (AS) with left ventricular dysfunction. The resting transaortic gradient (<40 mmHg), 
left ventricular (LV) function (<40%), and calculated aortic valve area (AVA, <1 cm2) are depicted on 
the left. On the right, the three possible responses to dobutamine are shown: in severe AS, the increase 
in stroke volume (>20%) leads to an increase in gradient with no or only a minimal increase in AVA, 
but in pseudostenosis, there is only a mild increase in gradient associated with an increase in AVA. 
The stenosis severity remains “indeterminate” when there is no inotropic response of the left ventricle 
and thus no significant increase in stroke volume and transvalvular flow rate. b Algorithm for the 
interpretation of the results of dobutamine stress echocardiography in patients with low-flow aortic 
stenosis. AVA aortic valve area, DP transvalvular pressure gradient, SV stroke volume, AVR aortic 
valve replacement, CABG coronary artery bypass graft surgery, sideward arrow no change, upward 
arrow mild increase, multiple upward arrows marked increase
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Fig. 36.3 Pseudosevere aortic stenosis unmasked by dobutamine stress echocardiography in a patient with 
reduced left ventricular function and low gradient at rest. Upper panels: end-diastolic and end-systolic 
frames at rest (left) and after dobutamine (right), showing an increase in regional thickening. Lower panels: 
slight increase in pressure gradient (DP) and significant increase in aortic valve area (AVA)

REST

Peak V = 3.5 m/s

Mean ΔP = 32 mmHg

AVA = 0.7 cm2

DOBUTAMINE

Peak V = 4.0 m/s

Mean ΔP = 36 mmHg

AVA = 1.1 cm2

Low flow, low gradient, pseudo-severe aortic stenosis

Fig. 36.4 True severe aortic stenosis unmasked by dobutamine stress echocardiography in a patient 
with reduced left ventricular function and low gradient at rest. Upper panels: end-diastolic and end-
systolic frames at rest (left) and after dobutamine (right), showing an increase in regional thickening. 
Lower panels: marked increase in pressure gradient (ΔP) and no increase in aortic valve area (AVA)

REST

Peak V = 3.5 m/s

Mean ΔP = 32 mmHg

AVA = 0.7 cm2

DOBUTAMINE

Peak V = 4.9 m/s

Mean Δ P = 56 mmHg

AVA = 0.7 cm2

Low flow, low gradient true-severe aortic stenosis
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the investigators of the Truly or Pseudo-Severe Aortic Stenosis (TOPAS) multicenter study 
[23] have proposed a new echocardiographic parameter: the projected AVA at a standard-
ized normal flow rate (Fig. 36.5). A projected AVA of less than 1.0 cm2 is considered as an 
indicator of true severe stenosis [23]. Patients who fail to manifest an increase in stroke 
volume with dobutamine of 20% or greater have a lack of contractile reserve and have 
been shown to have a poor prognosis with either medical or surgical management [20]. Moreover,
in this subset of patients, it is difficult to determine the true severity of the stenosis. 
Patients identified as having true severe AS and contractile reserve on dobutamine stress 
have a much better outcome with AVR than with medical therapy [18, 20]. A number of 
patients without contractile reserve may also benefit from AVR [20], but decisions in these 
high-risk patients must be individualized, in the absence of clear guidelines. To this effect, 
plasma brain natriuretic peptide (<550 pg ml−1) may be useful to identify the patients with 
lack of contractile reserve who may benefit from AVR [24]. Also, the assessment of aortic 
valve calcification by multislice computed tomography may be helpful to corroborate the 
stenosis severity in these patients [25].

In patients with low-flow, low-gradient AS, the indication for dobutamine stress 
echocardiography is rated as class IIa, with level of evidence B [2], with the caveat that 
dobutamine stress testing in patients with AS should be performed only in centers with 
experience in pharmacological stress testing and with a cardiologist in attendance.

Fig. 36.5 Concept of the projected aortic valve area (AVA). Values of AVA obtained at different stages of 
dobutamine infusion are plotted as a function of flow rate (stroke volume divided by ejection time). The 
slope of the regression line is the valve compliance (VC). The VC can also be obtained using a simplified 
method by dividing the absolute increase in AVA measured during dobutamine stress by the absolute 
increase in flow rate. The projected AVA (open circle) at a normal flow rate (250 ml s−1) is calculated using 
the regression equation. In this example, the peak AVA (*) obtained during dobutamine is 0.94 cm2, and the 
absolute increase in AVA is 0.24 cm2, which would suggest true severe stenosis. However, calculation of the 
projected AVA using the baseline values of AVA (0.7 cm2) and flow rate (157 ml s−1) and the valve compli-
ance (0.48 cm2 100 ml−1 s−1) yields a value of 1.15 cm2, which is consistent with moderate stenosis
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Asymptomatic Severe Aortic Stenosis with High Gradient

Management of asymptomatic patients with severe AS, defined as peak velocity greater 
than 4 m s−1 and/or mean pressure gradient greater than 40 mmHg and/or AVA less than 
1 cm2 [2, 3], remains a source of debate. The wide interindividual variation in the rate of 
progression and in the outcome of the disease has recently prompted some authors to 
recommend early elective surgery in asymptomatic patients with severe AS. The rationale 
for using this approach is that if one applies a strategy of waiting for symptoms before 
recommending surgery, the patient may be operated too late in the course of the disease at 
a stage in which myocardial damage is, at least in part, irreversible.

In this regard, it is also important to emphasize that some patients, and especially elderly 
patients, may ignore or not report their symptoms, while others may reduce their level of 
physical activity to avoid or minimize symptoms. The principal role of exercise testing 
is to unmask symptoms in a significant proportion of patients with AS who claim to be 
asymptomatic, as these symptoms can predict outcome [26–29]. Reduced exercise toler-
ance, with development of dyspnea or ST-segment depression, is associated with a worse 
outcome [27–29]. In this respect, exercise testing is an important tool, and several studies 
have shown its prognostic value. Moreover, an increase in the mean aortic pressure gradient 
of more than 20 mmHg during exercise in asymptomatic patients is another predictor of 
symptom onset in the short term, suggesting that this may also be used as a criterion to 
recommend early elective surgery (Fig. 36.6) [30]. However, more confirmatory data are 

Fig. 36.6 Examples of exercise-induced changes in mean transaortic pressure gradient (MPG) in two 
asymptomatic patients with severe aortic stenosis. A Small increase in MPG with exercise. B 
Significant exercise-induced increase in MPG
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needed to support the inclusion of this parameter in the routine management of asympto-
matic patients with severe AS.

36.2 
Aortic Regurgitation

As is the case with AS and chronic mitral regurgitation (MR), development of irreversible 
LV dysfunction is a major concern in asymptomatic patients with severe aortic regurgita-
tion (AR). In those with normal resting LV systolic function, an increase in LV ejection 
fraction during either exercise or pharmacologic stress prior to surgery indicates the pres-
ence of contractile reserve, and this may predict improvement in LV function after AVR 
[31]. The assessment of contractile reserve can be extended for the evaluation of patients 
with AR who have developed LV dysfunction. In these latter patients, exercise tolerance is 
an important predictor of reversal of LV dysfunction and survival after AVR [32, 33].

The development of symptoms during exercise testing is useful in predicting outcome 
in patients with severe AR who are apparently asymptomatic at rest. The additional value 
of stress imaging is unclear. The observed magnitude of change in ejection fraction or 
stroke volume from rest to exercise is related not only to myocardial contractile function 
but also to severity of volume-overload and exercise-induced changes in preload and 
peripheral resistances [2]. The validity of stress echocardiography in predicting outcome of 
patients with asymptomatic AR is limited mainly by the small number of available studies 
[34, 35], but is supported by a number of studies using exercise radionuclide angiography 
[36–39]. Some data supporting the prognostic value of this functional stratification exist 
in the literature, but they are too few to recommend this specific application for routine 
clinical use.

To this effect, the ACC/AHA guidelines do not recommend exercise or dobutamine 
stress echocardiography for routine assessment of LV function in patients with AR [2]. 
More data are needed to corroborate this application, since the incremental value of stress 
imaging to LV dimensions and ejection fraction at rest remains unclear [10].

36.3 
Mitral Stenosis

A baseline resting transthoracic echocardiography examination is usually sufficient to 
guide management in asymptomatic patients with mild-to-moderate mitral stenosis (MS) 
and in symptomatic patients with moderate-to-severe MS who are candidates for either 
percutaneous balloon valvuloplasty or surgical mitral valve repair or replacement. In some 
patients, more detailed assessment of valve function and its hemodynamic consequences 
is needed, particularly when symptoms and Doppler findings are discordant. In asymptomatic 
patients with severe MS (mean gradient>10 mmHg and mitral valve area<1.0 cm2), or 
symptomatic patients with moderate MS (mean gradient of 5–10 mmHg and mitral valve 
area of 1.0–1.5 cm2), the measurement of pulmonary artery pressures during exercise or 
dobutamine stress echocardiography may help distinguish those who could benefit from 
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valvuloplasty or valve replacement from those who should be maintained on medical therapy 
[2, 40–42]. As is the case with the aortic valve, the transmitral valve pressure gradient is 
related to the valve orifice area. However, it should be emphasized that the transmitral 
gradient is much more sensitive to the chronotropic conditions than that of the transaortic 
gradient and that these conditions may vary extensively from one patient to another. 
Moreover, for a given valve orifice area, patients with reduced atrioventricular compliance 
exhibit a more pronounced increase in pulmonary arterial pressure during exercise or 
dobutamine stress than those with normal compliance [41, 43]. Hence, the resting values of 
transmitral gradient or pulmonary arterial pressure do not necessarily reflect the actual severity 
of the disease. Stress echocardiography may therefore be highly useful for confirming the 
severity of MS and assessing its consequences on the hemodynamic and symptomatic status 
of the patient under exercise conditions. This test is clearly indicated when there is discord-
ance between the severity of MS as assessed by resting echocardiography and the patient’s 
symptomatic status.

The usually adopted cut-off values, proposed by the ACC/AHA and the ESC guidelines 
[2, 3], are a peak pulmonary artery systolic pressure greater than 60 mmHg (measured 
from the tricuspid regurgitant velocity) during exercise (Fig. 36.7) or a mean transmitral 
pressure gradient greater than 15 mmHg (Fig. 36.8) [2]. Above these threshold values, 
valvuloplasty or valve replacement is recommended, even for patients with apparently 

Fig. 36.7 Exercise stress echocardiography in a symptomatic patient with mitral stenosis (mitral valve 
area: 1.2 cm2) and relatively low resting mean transmitral pressure gradient (DP). With exercise, there is 
a marked increase in the transvalvular gradient and systolic pulmonary arterial pressure (PAPs). In this 
patient the exercise-induced increase in mean transvalvular flow rate (Q

mean
) was caused by the dramatic 
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moderate MS at rest [2, 10, 11]. The use of this stress echocardiography application in 
MS is rated as class I with level of evidence C for patients with discordant symptoms 
and stenosis severity [2]. As with other valve conditions, a major role of stress testing in 
patients with MS is to evaluate exercise capacity and exercise-induced symptoms.

36.4 
Mitral Regurgitation

Organic Mitral Regurgitation

The severity of organic MR can be reliably assessed by resting color-flow Doppler 
echocardiography with the use of semiquantitative or quantitative methods [2, 3, 44]. 
Such information is useful to predict the development of LV dysfunction and of symptoms 
[45]. There is presently an important ongoing controversy on whether asymptomatic 
patients with severe MR should undergo early elective mitral valve repair [45–47]. In 
selected patients in whom there is a discrepancy between symptoms and severity of 
MR, and especially in asymptomatic patients with severe MR, exercise stress echocar-
diography may help to identify patients with subclinical latent LV dysfunction and poor 

Fig. 36.8 Example of an asymptomatic patient with severe mitral valve stenosis but with moderately 
elevated mean transmitral pressure gradient (MPG) at rest. During exercise, the MPG increases markedly 
as does the systolic transtricuspid pressure gradient (TTPG) indicative of pulmonary hypertension
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clinical outcome. Worsening of MR severity, a marked increase in pulmonary arterial 
pressure, the absence of contractile reserve, impaired exercise capacity, and the occur-
rence of symptoms during stress exercise echocardiography can be useful findings to 
identify the subset of high-risk patients who may benefit from early surgery. Exercise 
capacity itself predicts the development of symptoms or LV dysfunction in asymp-
tomatic patients with MR [48]. Recommendations for early surgery in asymptomatic 
patients should only be made in those who are candidates for mitral valve repair and 
in experienced centers in which there is a high likelihood (>90%) of successful mitral 
repair without residual MR [2].

Exercise echocardiography has also been used to unmask the development of severe 
MR with exercise in patients with rheumatic mitral valve disease and only mild or moderate 
MR at rest [49]. The spectrum of LV responses to stress is not dissimilar from that 
described for AR, but the prognostic impact of this functional heterogeneity remains unset-
tled. Although still relatively unexplored, the assessment of contractile reserve in patients 
with MR may provide important information for risk stratification and clinical decision 
making, especially in asymptomatic patients with severe MR. A threshold value of 
pulmonary artery systolic pressure greater than 60 mmHg during exercise may also iden-
tify patients with severe MR who might be referred for surgery [2, 10]. The application of 
stress echocardiography in asymptomatic patients with severe MR is rated as a class IIa 
recommendation with level of evidence C [2].

Ischemic Mitral Regurgitation

Exercise stress echocardiography is valuable in identifying hemodynamically significant 
MR in patients with LV systolic dysfunction, especially when ischemic heart disease is the 
underlying etiology. Ischemic MR is primarily a disease of the LV myocardium and develops 
with a structurally normal mitral valve. The magnitude of ischemic MR varies dynamically 
in accordance with changes in loading conditions, annular size, and the balance of tethering 
versus closing forces applied on the mitral valve leaflets. Hence, the severity of MR assessed 
by resting echocardiography does not necessarily reflect the severity under exercise condi-
tions. In patients with ischemic MR, quantitative assessment of exercise-induced changes in 
the degree of MR may be useful to unmask patients at high risk of poor outcome. An increase 
in the effective regurgitant orifice area to 13 mm2 or greater or an increase in the systolic 
pulmonary arterial pressure to 60 mmHg or greater (Fig. 36.9) at peak exercise stress is pre-
dictive of increased morbidity and mortality [50]. Furthermore, the magnitude of increase in 
effective regurgitant orifice during exercise cannot be predicted from the resting regurgitant 
orifice. Hence, exercise Doppler echocardiography provides important incremental informa-
tion over resting echocardiography in patients with ischemic MR.

Pierard and Lancellotti [51–53] have proposed that exercise stress echocardiography in 
patients with ischemic MR can provide useful information in the following situations: (1) 
patients with exertional dyspnea out of proportion to the severity of resting LV dysfunction 
or MR; (2) patients in whom acute pulmonary edema occurs without an obvious cause; 
and (3) patients with moderate MR before surgical revascularization. Their data also 
suggest that exercise echocardiography may be helpful in identifying patients at high risk 
of mortality and heart failure.
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36.5 
Prosthetic Heart Valves

Echocardiography is the method of choice for evaluating prosthetic valve function. This 
evaluation follows the same principles used for the evaluation of native valves with some 
important caveats [54, 55]. First, imaging of the valve occluder and assessment of transpros-
thetic flow are limited by reverberations and shadowing caused by the valve components. 
Second, the fluid dynamics of mechanical prosthetic valves may differ substantially from 
that of a native valve. The flow is eccentric in monoleaflet valves and is composed of three 
separate jets in bileaflet valves, with the flow velocity potentially higher in the central 
orifice jet than in the two lateral orifice jets.

Fig. 36.9 Apical 4-chamber view showing color-flow Doppler and proximal flow-convergence re-
gion at rest and during exercise in a patient with a large exercise-induced increase in mitral regur-
gitation and estimated pulmonary artery systolic pressure. ERO, effective regurgitant orifice; RVol, 
regurgitant volume; TTPG, systolic transtricuspid pressure gradient
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Because most prosthetic valves are inherently stenotic, the EOA of a prosthetic valve 

is often too small in relation to body size, a phenomenon known as prosthesis–patient 
mismatch (PPM). In the aortic position, PPM is considered moderate when the indexed EOA 
is less than or equal to 0.85 cm2 m−2 and severe when it is less than or equal to 0.65 cm2 m−2 
[55]. In the mitral position, the cut-off values are 1.2 and 0.9 cm2 m−2, respectively. PPM 
has been linked to impaired exercise capacity, suboptimal symptomatic improvement, 
incomplete regression of LV hypertrophy and pulmonary hypertension, and increased cardiac 
events and mortality following valve replacement [56–60]. PPM is, by far, the most frequent 
cause of increased transprosthetic gradient. It is important to differentiate this condition from 
acquired prosthetic stenosis, which may result from leaflet calcification of bioprostheses 
and pannus overgrowth or thrombus formation on mechanical prostheses.

The presence of increased mean transprosthetic gradient (15–20 mmHg for aortic pros-
theses and 5–7 mmHg for mitral prostheses) and/or symptoms should prompt further evaluation. 
In particular, it is important to determine whether the elevated gradient, and eventually the 
associated symptoms, are due to PPM, an intrinsic stenosis of the prosthesis, or a localized 
high gradient, a phenomenon that occurs only in bileaflet mechanical valves. Occasionally, 
an abnormally high jet velocity corresponding to a localized gradient may indeed be 
recorded by continuous wave Doppler through the smaller central slit-like orifice of bileaflet 
mechanical prostheses. This phenomenon yields measurement of an abnormally high 
gradient and low EOA, thus mimicking the findings of intrinsic prosthesis dysfunction.

As normally and abnormally functioning prostheses can produce similar estimated 
gradients at rest by transthoracic echocardiography, it may be difficult to distinguish between 
high gradients caused by artifactual phenomena from those caused by prosthetic valve 
stenosis or PPM. In these situations, stress echocardiography may be valuable in confirming 
or excluding the presence of hemodynamically significant prosthetic valve stenosis or PPM, 
especially when there is discordance between the prosthetic valve hemodynamics measured 
by echocardiography at rest and the patient’s symptomatic status [55, 61–65]. In contrast 
to a normally functioning and well-matched prosthesis (including a bileaflet mechanical 
valve with a localized high gradient at rest), a stenotic valve prosthesis or PPM is generally 
associated with a marked increase in gradient with exercise, often associated with pulmo-
nary arterial hypertension, the development of symptoms, and impaired exercise capacity 
on exercise echocardiography [66–73]. A disproportionate increase in transvalvular gradient 
(>20 mmHg for aortic prostheses or>12 mmHg for mitral prostheses) generally indicates 
severe prosthesis dysfunction or PPM (Fig. 36.10). High resting and stress gradients occur 
more often with biological rather than mechanical prostheses, stented rather than stentless 
bioprostheses, smaller (≤21 for aortic, and ≤25 for mitral) rather than larger prostheses, and 
mismatched rather than nonmismatched prostheses. In fact, the behavior of the transpros-
thetic pressure gradient under exercise conditions is essentially determined by the indexed 
EOA (Fig. 36.10), which in turn may be influenced by the patient’s body size, prosthesis 
model and size, mismatch between body size and prosthesis size, and pathologic obstruction 
of the prosthesis caused by leaflet calcification, pannus, or thrombus.

As is the case in native aortic valves that have developed low-flow, low-gradient AS, 
dobutamine stress echocardiography may be useful in differentiating true prosthesis steno-
sis from pseudostenosis or PPM in patients with prosthetic valves and low cardiac output. 
In the case of pseudostenosis with low output, the resting transprosthetic flow rate and 
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Fig. 36.10 Mean transprosthetic pressure gradient at rest (dotted lines) and during sustained physical 
exercise (continuous lines) as a function of the indexed effective orifice area (EOA) for aortic (a) and 
mitral (b) prostheses. Compared to patients no. 2 and 4 who have large prosthetic EOAs, patients 1 
and 3 with small EOAs exhibit a major increase in gradient with exercise, thus suggesting the pres-
ence of severe prosthetic stenosis or prosthesis–patient mismatch in these latter patients
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thus the force applied on the leaflets are too low to completely open the prosthetic valve. 
During infusion of dobutamine, however, these patients manifest a substantial increase 
in the prosthesis EOA with the increasing flow rate, with no or minimal elevation in the 
prosthetic gradient. In contrast, true severe prosthetic stenosis or PPM is associated with 
no significant increase in EOA and a marked increase in gradient with dobutamine, often 
with additional diagnostic changes (such as LV dysfunction or marked elevation in pulmo-
nary arterial pressure) and symptoms.

It should be emphasized that exercise or dobutamine stress echocardiography does not 
distinguish between acquired prosthesis stenosis and PPM, as in both cases the EOA remains 
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small and the gradient increases markedly with stress. In this situation, one should compare 
the EOA values obtained during stress echocardiography with the normal reference values of 
EOA for the model and size of the specific prosthesis that has been implanted in the patient 
[55]. If the measured EOA is substantially lower than the normal reference EOA, one should 
suspect prosthesis dysfunction. If, on the other hand, the measured EOA is within the normal 
reference range, and the indexed EOA is low, one should consider the presence of PPM.

In patients undergoing surgical correction of ischemic MR, a restrictive annuloplasty 
combined with coronary artery bypass grafting is the most common approach. However, 
this procedure is associated with a relatively high rate of recurrence of MR, and restrictive 
annuloplasty may result in functional MS in some patients [74]. In patients with postoperative 
symptoms or evidence of either residual MR or functional MS, exercise testing may be 
useful to assess symptoms and exercise capacity, and the assessment of exercise hemody-
namics with stress echocardiography can provide additional important information regarding 
the significance of MS and/or of dynamic MR.

There are relatively few studies investigating the added value of stress echocardiography 
for the management of patients with prosthetic valves or mitral annuloplasty rings, and 
the available studies are generally based on small numbers of patients. Although stress 
echocardiography has been shown to be useful in the evaluation of prosthetic valve 
dysfunction and PPM, its value in risk stratification and prediction of clinical outcomes is 
not well established. Thus, further studies are needed in this challenging field.

36.6 
Coronary Artery Disease and Coronary Flow Reserve

Diagnosis of Coronary Artery Disease in Patients with Valvular Heart Disease

Although stress echocardiography is a widely accepted, accurate, and safe noninvasive 
technique to diagnose the presence and severity of coronary artery disease in patients 
without valvular heart disease, relatively few data are available on its accuracy and safety 
in patients with hemodynamically significant valve disease. In general, one can expect 
that the sensitivity of stress echocardiography will be similar in patients with and without 
valvular heart disease but the specificity will be lower [75, 76]. Coronary flow reserve can 
be severely reduced in patients with AS or AR even when the epicardial coronary arteries 
are normal [77–79]. For this same reason, the specificity of perfusion imaging is also 
suboptimal in patients with LV hypertrophy secondary to valvular heart disease [75]. For 
practical purposes, conventional coronary angiography remains the established investiga-
tion for ruling out significant coronary artery disease in the preoperative evaluation of 
patients awaiting valve surgery, although cardiac computed tomography may also have a 
role in patients without coronary calcification.

Coronary Flow Reserve in Valvular Heart Disease

In patients with severe AS and normal coronary arteries, the reduced coronary flow reserve 
is more closely related to the severity of the stenosis than to the degree of LV hypertrophy [80]. 
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The impairment of coronary flow reserve classically observed in AS may be caused by 
several factors including extravascular compression of the coronary microvasculature due 
to elevated LV diastolic pressures, a shortening of diastolic perfusion time, and an increase 
in myocardial metabolic demand resulting from the LV pressure overload.

Following AVR, normalization of coronary flow reserve is directly related to the 
augmentation in valve EOA [79]. Stentless bioprostheses are associated with great-
er improvement in coronary flow reserve compared to that of stented bioprostheses or 
mechanical valves [80], presumably because stentless bioprostheses generally provide a 
larger EOA for a given annulus size. In the future, the assessment of coronary flow reserve 
is likely to play an increasingly important role in the assessment of patients with valvular 
heart disease, especially aortic valve disease, before and after AVR. Positron emission 
tomography has an established role in quantifying coronary flow reserve, and cardiac 
magnetic resonance imaging is evolving as another noninvasive method for this assessment 
[81], with the potential to quantify the transmural gradient of flow reserve across the myo-
cardial wall [82]. Both techniques have been applied to study changes in coronary flow 
reserve in patients with AS after AVR [79, 80]. Transthoracic echocardiography also has 
the potential to study coronary flow reserve of the middistal left anterior descending coro-
nary artery [83], and this technique has been applied to patients with AS [84] (Fig. 36.11). 

Fig. 36.11 Coronary flow reserve (CFR) assessed at rest and during adenosine administration by tran-
sthoracic stress echocardiography in a patient with severe aortic stenosis and angiographically normal 
coronary arteries before (left panel) and 6 months after (right panel) aortic valve replacement (AVR). 
In the postoperative assessment, left ventricular hypertrophy is not yet regressed but CFR has substan-
tially improved. (Courtesy of Dr. Fausto Rigo, Venice, Italy)
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Echocardiography has the obvious advantage of wide availability and relatively low cost, 
and with further experience, this technique could be added to the standard, routine applica-
tions of echocardiography in evaluating valve disease [85, 86].

36.7 
Conclusions

Exercise testing has an established role in the evaluation of patients with valvular heart 
disease that can aid significantly in clinical decision making. Stress echocardiography has 
emerged as an important component of stress testing, in which the noninvasive assessment 
of dynamic changes in valve function, ventricular function, and hemodynamics can be 
coupled with assessment of exercise capacity and symptomatic responses. Surprisingly, 
this role is much more clearly established in American [2] than European [3] general 
cardiology guidelines, despite the larger and earlier acceptance of stress echocardiogra-
phy in the European practice for the diagnosis of coronary artery disease [1, 5, 6]. Stress 
echocardiography has the advantages of wide availability, low cost, and versatility for the 
assessment of disease severity [2, 3, 10, 11]. In addition to its established applications in 
valvular heart disease, transthoracic Doppler echocardiography also has the potential to 
assess coronary flow reserve. The versatile applications of stress echocardiography can be 
tailored to the individual patient with aortic or mitral valve disease, both before and after 
valve replacement or repair. Hence, exercise-induced changes in valve hemodynamics, 
ventricular function, and pulmonary artery pressure, together with exercise capacity and 
symptomatic responses to exercise, provide the clinician with diagnostic and prognostic 
information that can contribute importantly to subsequent clinical decisions.
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Stress Echocardiography in Children

Eugenio Picano and Michael Henein

The rationale for applying stress echocardiography in children is not different from applica-
tion of the technique in adults [1]. Sick children may need cardiac stress imaging, and stress 
echocardiography is becoming more common in the pediatric population [2]. Obviously, 
to perform these procedures in the most adequate way, proper training of personnel and 
staffing of the pediatric stress laboratory are required to ensure the safety of patients and 
that the desired testing information is obtained. For these reasons, and as recommended by 
a recent 2006 statement of the American Heart Association (AHA), pediatric testing should 
remain an integral part of pediatric cardiology training [3]. A focused competence for the 
pediatric population should ideally be an integral part of the high-volume stress echocar-
diography laboratory. Diagnostic questions raised by children are extremely variable, and 
require a versatile approach of highly trained personnel. In our experience, pediatric stress 
echocardiography is performed in teamwork – between an adult cardiologist trained in 
stress echocardiography with a pediatric cardiologist directly involved in the treatment of 
the patient. Together, the two cardiologists discuss the indications, perform the examination, 
and use the results in light of the clinical context (Table 37.1). In this way, inappropriateness 
is minimized and the diagnostic yield is optimized.

37.1
Pediatric Coronary Artery Disease

There are several patient populations for whom stress echocardiography can be used to 
detect ischemia-producing coronary artery stenosis in children. Kawasaki disease (KD) is 
an acute self-limited vasculitis of childhood that is characterized by fever, bilateral non-
exudative conjunctivitis, erythema of the lips and oral mucosa, changes in the extremities, 
rash, and cervical lymphoadenopathy. Advances in clinical therapies (with intravenous 
immune globulin and aspirin) have reduced, but not eliminated, the incidence of coronary 
artery abnormalities in affected children. Today, KD is the most common cause of acquired 
cardiovascular disease in children in the USA. Coronary artery aneurysms or ectasia 
develop in 20% of untreated children and may lead to ischemic heart disease or sudden 
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death [4]. According to 2004 AHA guidelines on KD, cardiac stress testing for reversible 
ischemia is indicated to assess the existence and functional consequences of coronary 
artery abnormalities in children with KD and coronary aneurysms (evidence level A). 
Whichever the chosen stress, diagnostic accuracy for identifying angiographically as-
sessed coronary artery disease is high and comparable, with stress-induced wall motion 
abnormalities representing a highly specific, and sensitive, marker of coronary artery 
involvement. More than 100 cases have been published to date with exercise or phar-
macological echocardiography, with excellent overall diagnostic accuracy [5–8], com-
parable to stress scintigraphy. Guidelines conclude that “the choice of stress modality 
should be guided by institutional expertise with particular techniques, as well as by 
the age of the child (e.g., pharmacological stress should be used in young children in 
whom traditional exercise protocols are not feasible” [4]. The acute diagnostic benefit is 
similar between these techniques, but the long-term risk is disproportionately high with 
ionizing techniques. Therefore, the use of methods such as myocardial scintigraphy [9], 
computed tomography [10], and systematic coronary angiography [11] should be drasti-
cally minimized in these patients [12, 13].

A national survey in Japan on the pediatric cardiologist’s clinical approach for patients 
with KD showed that for high-risk patients, as early as in 2002, more responders favored 

Table 37.1 Application of pediatric stress echocardiography

Target Method Stress Disease

CAD detection Regional wall 
motion 
abnormalities

2D Ex (dob, dip) Kawasaki, 
transplant CAD, 
Arterial switch

Valve stenosis Transvalvular 
gradients

CW Doppler Ex (dob) Native aortic 
stenosis, native 
pulmonary 
stenosis, 
Prosthetic valves

Pulmonary 
hemodynamics

PASP CW Doppler 
(TR jet)

Ex (dob) Right ventricular 
overload

Contractile 
reserve

Normal base-
line function, 
depressed 
baseline function

2D Ex (dob) Thalassemia

Coronary flow 
reserve

Coronary 
macro- and 
microcirculation

Pulsed Doppler 
CFR

Dip, ado, cold Kawasaki, 
switch, right and 
left ventricular 
overload

CAD coronary artery disease, Ex exercise, dob dobutamine, dip dipyridamole, CW continuous wave, 
PASP pulmonary artery systolic pressure, TR tricuspid regurgitation, CFR coronary flow reserve
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stress echocardiography when compared with nuclear imaging. For high-risk levels, 
60% of pediatric cardiologists perform coronary angiography not on a regular basis but 
only when coronary symptoms are present or when stress imaging suggests myocardial 
ischemia [14].

Clearly, more data are needed in this field, but stress echocardiography based on visual 
assessment of regional wall motion abnormalities will play a key role in surveillance and 
management of patients with coronary artery residua. To date, alternative echocardio-
graphic approaches based on other, more quantitative markers of ischemia, are available. 
These include longitudinal function assessment with mitral annulus plane systolic excur-
sion [15], cyclic backscatter variation with tissue characterization techniques [16], and 
perfusion changes with myocardial contrast echocardiography [17]. Each of these markers 
has an interesting rationale. Long-axis function can detect minor forms of ischemia, unable 
to affect radial function and regional systolic thickening, since longitudinal fibers run in 
the subendocardial layer, thus abnormalities accurately reflect subendocardial ischemic 
dysfunction. Longitudinal function can be impaired when radial motion is normal or even 
supernormal [15]. Cyclic backscatter variation is proportional to intramural contractility, 
and higher in the subendocardium than in the subepicardium, mirroring the well-known 
intramural contractility gradient. Therefore, minor forms of subendocardial hypoperfusion 
may impair subendocardial function and blunt cyclic backscatter variation without a detect-
able impairment in regional systolic thickening [16]. Finally, myocardial contrast echocar-
diography evaluates myocardial perfusion heterogeneity, which is more sensitive (albeit 
less specific) than regional wall motion abnormalities as a marker of myocardial ischemia 
[17]. None of these markers should be exclusively considered for clinically driven appli-
cations due to inadequate validation to date. At present, it appears reasonable to propose 
a very simple diagnostic algorithm in these patients, who must be screened with resting 
transthoracic echocardiography to detect coronary artery morphological anomalies, which 
are the cornerstone of diagnosis and risk stratification (from class I, low risk, to V, high 
risk). A positive stress echocardiography finding is frequently found in the high-risk class, 
therefore, it appears appropriate to use it in class V patients [8] (Fig. 37.1).

37.2
Transplant Coronary Artery Disease

The leading cause of death after the first year of cardiac transplant is transplant coronary 
artery disease, occurring in up to 43% of patients at 3 years following transplant [18]. This 
form of coronary disease, also known as graft coronary disease, differs from classical 
atherosclerosis in both histologic and angiographic features and it progresses much more 
rapidly. Because the disease is diffuse and usually involves small vessels it makes coro-
nary arteriography an unreliable diagnostic technique — a matter that turned physicians 
to other modalities, such as stress echocardiography. A total of five dobutamine echocar-
diographic studies, including over 100 patients, showed excellent diagnostic value [19–21] 
and prognostic capability, since patients with positive test results had a sixfold higher risk 
of subsequent cardiac events [22, 23].
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37.3
Transposition of Great Arteries After Surgical Repair

The long-term problems that are associated with repaired transposition of the great arteries 
depend on the type of repair. The oldest patients have intraatrial repair, either Mustard or 
Senning type, in which venous return is directed to the contralateral left ventricle by means 
of an atrial baffle. As a consequence, the right ventricle supports the systemic circulation. 
Relatively young patients undergo an arterial switch operation, to allow the left ventricle to 
function as the systemic pump through removal of the Mustard/Senning atrial baffles and 
reconstructing of an atrial septum in patients with complete transposition [24].

Fig. 37.1 A proposed algorithm in a young patient with known or suspected Kawasaki disease (KD). 
Resting transthoracic echocardiography is essential for the diagnosis and for risk assessment. In patients 
with high-risk class (AHA grade V), stress echocardiography is warranted. Patients with a positive 
response belong to a higher risk group warranting further investigation with coronary angiography 
with the perspective of an ischemia-driven revascularization

Known or suspected 
KD 

Resting TTE 

No 

KD 

Risk category 
I 

(low risk) 
II III V

(high risk) 

Stress echo 

− +
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In patients with Mustard or Senning repair, right ventricular dysfunction and pulmonary 
hypertension are a possible complication. Patients with exertional symptoms, angina-like 
chest discomfort, or breathlessness could be physiologically assessed by stress echocardi-
ography. There is a close relationship between right ventricular function in these patients 
and exercise tolerance assessed by cardiopulmonary exercise testing. Furthermore, in these 
patients, the right ventricular function becomes very abnormal at fast heart rate, demonstrating 
disturbances similar to those seen in patients with coronary artery disease, suggesting 
a possible underlying ischemic dysfunction [25]. These findings are consistent with those 
found in dilated cardiomyopathy (Fig. 37.2).

The arterial switch operation, which includes coronary artery transfer, is the surgical 
procedure of choice for transposition of the great arteries. Mortality and clinical long-term 
outcome largely depend on adequate perfusion through the transferred coronary arter-
ies. Late deaths can be related to coronary occlusion, and intravascular ultrasound assess-
ment late after arterial switch operation revealed proximal eccentric intimal thickening in 
most coronary arteries, suggesting the development of early atherosclerosis in reimplanted 
coronary arteries [26]. These patients tend to have a consistently reduced coronary flow 
reserve [27]. Only anecdotal reports present in the literature on a total of 34 patients from 
two studies – one with dobutamine [28], the other with transesophageal atrial pacing [29] – 
suggest that a stress-induced regional wall motion abnormality or reduced left ventricular 
long-axis function portends a negative prognosis.

REST

STRESS

Normal Patient

Fig. 37.2 Right ventricular free wall M-mode at rest (top) and stress (bottom) from a normal control 
and a patient after Mustard repair showing stress-induced incoordination of the patient (right) sug-
gesting underlying ischemia. (Modified from [25])
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37.4
Valve and Intraventricular Gradients

Several studies have been performed in native stenotic aortic, pulmonary, and prosthetic 
valves during high-flow states to unmask an abnormally high increase in gradients. In fact, 
the transvalvular gradient increases with increasing flow rates, the higher the transvalvular 
flow, the higher the pressure gradient. A moderately and a severely diseased native valve, 
and a normal or abnormally functioning prosthesis, may display similar gradients at rest, 
but the marked rise in mean gradients during stress in the latter is to be distinguished 
from the fairly flat gradient response of the moderately diseased native or normally func-
tioning prosthetic valves. The rationale of this application is very strong, but systematic 
data, especially in children, are still conspicuously lacking to date [30]. A similar applica-
tion evaluates the development of intracardiac gradients in young athletes or patients with 
hypertrophic cardiomyopathies, in whom dobutamine or exercise can unmask an intra-
ventricular obstruction unapparent at rest and which may have prognostic and therapeutic 
implications [31].

37.5
Contractile Reserve

Patients with normal ejection fraction at rest can indeed have subtle alteration in left ven-
tricular function. This initial impairment can be detected as a reduction in long-axis func-
tion detected by mitral annular plane systolic excursion or tissue Doppler imaging, both in 
experimental models [32] and in patients [33]. Alternatively, an initial myocardial damage 
can be detected as a blunted contractile response to an inotropic stress, such as dobutamine 
or exercise. This pattern has been described in anthracycline-treated long-term survivors of 
childhood cancer [34–37] or in thalassemic patients at an early stage of disease [38]. 
At a more advanced stage, left ventricular function can be depressed and the inotropic 
challenge can restore a normal function in patients who will have less perioperative risk in 
the case of intervention and better natural history if left on medical therapy [4] (Fig. 37.3).

The assessment of contractile reserve of the right ventricle is of great importance [25]. 
In patients with Mustard repair for transposition of the great arteries or repaired tetralogy 
of Fallot [39], impaired exercise tolerance can be predicted by right ventricular long-axis 
function at baseline and during stress. The lower the contractile reserve of the right ventri-
cle, the lower the exercise capability and the right ventricular stroke volume. Longitudinal 
function can be assessed by simple long-axis amplitude of motion (from TAPSE for right 
and MAPSE for left ventricle, 25), or from peak systolic velocity of basal left ventricular 
segments by tissue Doppler imaging [39]. In patients with repaired tetralogy of Fallot, 
exercise stress echocardiography unmasks a substantial heterogeneity in right ventricular 
contractile reserve, pulmonary artery systolic pressure, and right ventricular volume 
(Fig. 37.4). Those patients with reduced right ventricular contractile reserve also have 
lower exercise tolerance, higher cardiac peptides plasma levels, and more dilated right 
ventricle with cardiovascular magnetic resonance [40].
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Fig. 37.3 Different stages of severity of myocardial damage in cardiomyopathy, due to, for instance, 
thalassemia or cardiotoxic chemotherapy

Myocardial
structure

Stress

NORMAL MYOCARDIUM

EARLY DAMAGE

ADVANCED DAMAGE

IRREVERSIBLE DAMAGE

Rest

Fig. 37.4 Exercise stress echocardiography results in grown-up congenital heart disease patients with 
repaired tetralogy of Fallot. There is an obvious heterogeneity in right ventricular fractional area 
change during exercise. Patients with depressed right ventricular contractile reserve ( nonresponders) 
also show higher BNP values and lower exercise tolerance. BNP, brain natriuretic peptides. 
(By courtesy of G. Festa et al. [39])
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37.6
Coronary Flow Reserve

Coronary flow reserve can be reduced in children with congenital heart disease as a conse-
quence of epicardial coronary artery anomalies due to primary coronary microcirculatory 
damage or ventricular hypertrophy [41]. Pulsed Doppler transthoracic echocardiography is 
ideally suited for assessing coronary flow reserve in these patients, both in the mid-distal 
left anterior descending coronary artery (with >90% feasibility) and in the right coronary 
posterior descending arteries (with >70% feasibility). High-frequency transducers with 
second harmonic technology greatly enhance the success rate of the technique in expert 
hands, often not requiring contrast injection. The employed stressor is usually adenosine 
or dipyridamole, but the cold pressor test has also been fruitfully proposed in children. The 
normal increase in coronary flow reserve is about 250% following adenosine (or dipyrida-
mole, which accumulates endogenous adenosine) and about 200% after cold, which mainly 
acts through a hemodynamically mediated increase in heart rate and blood pressure [42]. 
Coronary flow reserve could be impaired – even in the absence of anatomic epicardial coro-
nary artery disease – in children 5–8 years after the switch operation, which is mirrored by 
reduced vasodilation following nitrates, an endothelium-independent vasodilator stimulus 
[27]. In KD, the impairment in coronary flow reserve is largely independent of epicardial 
coronary artery lesions and aneurysms, again suggesting primary coronary microcircu-
lation impairment [43]. The reduction of coronary flow reserve can be either diffuse or 
branch-specific [43–49]. The impairment of coronary flow reserve is an integrated index of 
epicardial vessel status, myocardial hypertrophy, and coronary microcirculation structural 
and functional conditions [47, 48]: Fig. 37.5. In adults, the reduction in coronary flow 
reserve has a clinically relevant prognostic value, above and beyond regional wall motion 
[49, 50]. Whether this is true also for children remains to be established in future studies.

3
1.5 1.5

3
CFR

(Rest-stress)

Posterior descending Left anterior descending

Normal RV RV overload LV overload Normal LV

Fig. 37.5 The coronary flow reserve (CFR) pattern, as can be visualized by transthoracic vasodilator stress 
echocardiography, in patients with left ventricular (right panel) or right ventricular (left panel) overload
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37.7
Conclusions

Stress echocardiography should be considered an extension of traditional resting cardiac 
assessment. The need and value of understanding myocardial function, valvular physiol-
ogy, and pulmonary hemodynamics in children during stress will promote a growth of this 
specific field, especially in view of the increasing radiological exposure of children with 
congenital heart disease from aggressive use of computed tomography and scintigraphy 
[51–53] (Table 37.2). At the age of 15–20 years, grown-up congenital heart (GUCH) dis-
ease patients have already cumulated a dose exposure corresponding to 2,000 chest X-rays 
[54], with an estimated lifetime extra-risk of cancer of 1 in 10 to 1 in 100, and with a 
measured 200% increase in micronuclei and chromosome aberrations in circulating lym-
phocytes [55]. These data are worrying, but not surprising, since it is well known that the 
radiation damage for any given dose is three- to fourfold higher in children than in adults 
[56–58]. In spite of this, 30% of stress imaging in children is still done with perfusion imag-
ing [3], which gives a radiation exposure of 500–1,700 chest X-rays (with a risk of cancer 
greater than 1 in 100 for a 1-year-old girl). This inconvenient situation is perpetuated by the 
lack of information of specialty guidelines – not even mentioning radiation dose and risk 
– and by the current very suboptimal awareness of doses and risks by patients [59, 60], 
pediatricians [59], cardiologists [61], and radiologists [62]. Notwithstanding this escalat-
ing radiation exposure, there has been remarkably little public discussion of the need for 
fundamental changes in our current imaging practice in adults and especially in children 
[3, 4]. Although we can debate the multiple reasons for this silence, there is no question 
that with the restoration of radiological awareness, stress echocardiography will become 
the technique of choice, even more than in adults (Table 37.3), and – when used in tandem 
with magnetic resonance – will help heart patients to achieve the benefits of the highest 
diagnostic standards without the long-term oncogenic risks of radiation exposure [63]. This 

Table 37.2 Exposure and risks of imaging techniques in children younger than 1 year

Dose 
(mSv)

Dose equivalent 
(chest X-rays) Cancer risk

64-slice MSCT (with ECG modulation) 15 750 ~1 in 100

64-slice MSCT (without ECG modulation) 29 1,450 ~1 in 50

Cardiac stress scintigraphy (201-Thallium) 27 1,350 ~1 in 50

Cardiac stress scintigraphy (99 m sestamibi) 10 500 ~1 in 200

Coronary angiography 5 250 ~1 in 500

Cardiovascular magnetic resonance 0 0 0

Echocardiography 0 0 0

MSCT multislice computed tomography
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is important in all patients [64], and should be our dominant thought in planning diagnostic 
strategies in children.
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Stress Echocardiography Versus 
Stress Perfusion Scintigraphy

Thomas H. Marwick and Eugenio Picano

38.1 
Nuclear Cardiology, the Land of Our Fathers

Nuclear cardiology is the time-honored offspring of the marriage between nuclear tech-
nology and coronary physiology [1]. Several imaging paradigms later endorsed by stress 
echocardiography were first understood, proposed, and popularized by nuclear cardiology: 
the merit of imaging cardiac function during stress, in lieu of the simple electrocardiogram; 
the value of the pharmacological alternative to physical exercise for stressing the heart; the 
need to assess viability in segments with resting dysfunction; the advantage of routine use of 
digital handling for data acquisition, storage, and display; and the prognostic impact of extent 
and severity of stress-induced ischemia [2]. Although the comparison of nuclear cardiology 
and echocardiography previously involved a fundamental philosophical issue between the 
diagnosis of coronary disease based on perfusion (hence the possibility of influencing these 
data on the basis of small-vessel disease, hypertrophy, and other causes of abnormal coro-
nary flow reserve) and evidence of ischemia (hence less sensitivity to mild disease that may 
engender submaximal attainment of flow without ischemia), recent advances have made it 
possible for both techniques to offer function and coronary flow reserve data [3]. Each tech-
nique is experiencing a “methodological drift” to incorporate information previously monop-
olized by the other – thus, gated single-photon emission computed tomography (SPECT), 
ventriculography, and attenuation correction have been added to SPECT, while harmonic 
imaging, pulsed Doppler coronary flow velocity imaging, myocardial contrast, and real-time 
three-dimensional (3D) imaging have been added to echocardiography. The benefits of these 
technical advances may render current comparisons somewhat obsolete.

38.2
SPECT, PET, and PET–CT Imaging: Advantages and Limitations

SPECT imaging in combination with 201 thallium or 99mTc-tracers is a powerful technique 
for the detection of perfusion abnormalities during hyperemia induced by pharmacological 
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or physical stress and it also allows assessment of viability [4]. The mechanism of this test 
– based on the detection of relative hyperemia – is a fundamental distinction from stress 
echocardiography, which is dependent on the induction of ischemia in a functional and 
metabolic sense. Hyperemia may be induced directly (by coronary vasodilators) or indirectly 
(whereby endogenous vasodilators are produced in response to exercise or dobutamine). The 
presence of preexisting coronary vasodilation induced by antianginal therapy, or limitation 
of the vasodilator response due to drug therapy or submaximal exercise, may blunt the differ-
ence between rest and stress, impairing the detection of less severe stenoses and contributing 
to lower sensitivity [5]. Nonetheless, antianginal drug therapy has a greater effect on the 
results of echocardiography [6, 7] because it prevents the development of ischemia.

Advantages

SPECT and positron emission tomography (PET) have a high technical success rate 
and are relatively operator-independent. SPECT has excellent sensitivity (usually 
85–90%) and good-to-moderate specificity (70–80%) for the detection of angiographically 
assessed coronary artery disease. The accuracy of PET is probably greater, especially in 
the posterior circulation and in obese subjects, where the inherent attenuation correction of 
PET is advantageous [8]. The extent and severity of stress-induced perfusion defects have 
important prognostic implications, now supported by a huge evidence base with SPECT 
[9, 10] and a smaller evidence base with PET [11].

Limitations

The major limitations of SPECT and PET are economic cost, environmental impact, and high 
radiation dose. For a cardiac imaging test, with the average cost (not charges) of an echocar-
diogram equal to 1 (as a cost comparator), the cost of a SPECT study is 3.27×, of PET 14×, 
and of PET–CT around 20× higher [12]. For stress imaging, compared with the treadmill 
exercise test equal to 1 (as a cost comparator), the cost of stress echocardio-graphy is 2.1×, of 
stress SPECT scintigraphy 5.7× [13], and of stress SPECT–CT around 20× higher. This cost 
assessment does not include the indirect additional costs of radiation-induced cancer and the 
environmental impact of radioactive tracer production and waste [14]. The older problem of 
limited availability of PET has been superseded by the problem of greater numbers of scan-
ners but their heavy commitment to oncology work. In addition, PET perfusion imaging has 
been dependent on pharmacologic stress as PET tracers have a short half-life.

38.3 
MPI vs. Stress Echocardiography

Stress echocardiography and myocardial perfusion imaging (MPI) have a very similar 
pathophysiological rationale, methodological approach (with assessment of perfusion and 
function), and clinical results (Table 38.1).

Accuracy for Coronary Artery Disease

The sensitivity and specificity of both tests are in the 80–85% range, with greater sen-
sitivity for SPECT (especially for single vessel and left circumflex disease) and greater 
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specificity for stress echocardiography (especially in women, left ventricular hypertrophy, 
and left bundle branch block).

The equivalence between stress echocardiography and MPI is often considered surpri-
sing in light of the “ischemic cascade,” which suggests that because perfusion disturbances 
precede ischemia, perfusion imaging should be more sensitive than wall motion imaging for 
the detection of ischemia. However, the results of these noninvasive tests are governed not 
only by the underlying physiology, but also by their imaging characteristics. The imaging 
strengths of echocardiography (spatial and temporal resolution, independent assessment of 
segmental wall motion) may therefore compensate for its current dependence on ischemia.

Beyond Sensitivity and Specificity

The modern application of functional testing has moved on from simply the diagnosis of 
coronary artery disease to assisting in decision-making, especially regarding the presence, 
location, and extent of ischemia. In these respects, the sensitivity and specificity for the 
diagnosis of coronary disease are of limited relevance – for example, in postinfarction pa-
tients, this analysis does not discriminate between the diagnoses of scar and ischemia.

The regional accuracy of stress echocardiography and perfusion scintigraphy may be 
important with respect to decision-making about revascularization. Breast and diaph-
ragmatic attenuation are not the cause of artifacts with echocardiography, but should be readily 
recognized with nuclear imaging. The posterior wall poses a problem for perfusion scintigraphy 
(due to lower counts), and the lateral wall with echocardiography (due to overlying lung). 
Scintigraphy may be more accurate than echocardiography in these segments [15].

Although the assessment of the extent of ischemia appears to be broadly similar with 
echocardiography and nuclear techniques, stress echocardiography has a problem in 
defining the presence of multivessel coronary artery disease, with nuclear imaging being 
significantly more sensitive. Likewise, the detection of ischemia in combination with 
infarction is simpler with scintigraphy than echocardiography.

Table 38.1 Myocardial radionuclide perfusion imaging: advantages and limitations

Advantages Limitations

Operator-independent ++

Radiation dose −−−

Long-standing experience +++

Environment impact −−−

Convincing display ++

Low specificity (LBBB, HPT) −−−

Extensive prognostic data base +

High cost, limited availability −−−

Advantages are scored as + good; ++ very good; +++ excellent advantage. Limitations are scored as − 
mild; −− moderate; −−− severe limitation
LBBB left bundle branch block, HPT hypertension
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Prognostic Value for Coronary Artery Disease

The prognostic value of stress echocardiography has been well defined and comparison 
of the two techniques has shown them to be similar [16, 17]. Cardiac death is uncommon 
in individuals with stable chronic coronary disease. While ischemia and scar detected by 
either SPECT or stress echocardiography are predictive of cardiac events, the predictive 
value of a positive test result has generally been below 20%. For both echocardiography 
and nuclear tests, the next step in a patient with a positive test result is to substratify the 
level of risk. Clinical features such as age, diabetes, and symptoms of congestive heart 
failure are predictive of outcome in stable coronary artery disease, and may be used to 
select patients for more extensive testing combined with imaging assessment. Similarly, 
the results of stress testing – expressed, for example, as the Duke treadmill score – are 
of use in selecting patients for either test. Moreover, both stress echocardiography and 
myocardial perfusion SPECT [18] appear to be equally useful in substratifying patients at 
intermediate risk of events.

Interestingly, a cost-effectiveness study showed that outcomes of groups with compa-
rable levels of risk were similar but the imaging and downstream costs of SPECT were 
greater in the low–intermediate-risk patients. Because of the higher sensitivity of SPECT, 
this technique was the most cost-effective strategy in intermediate–high-risk patients (e.g., 
those with known coronary artery disease) [19].

Merits of SPECT and Stress Echocardiography

The advantages of stress perfusion imaging include less operator-dependence, higher tech-
nical success rate, higher sensitivity, and better accuracy when multiple resting left ventricu-
lar wall motion abnormalities are present [13]. The advantages listed in guidelines for stress 
echocardiography over stress perfusion scintigraphy include a higher specificity and a greater 
availability, versatility, and greater convenience [13]. The lower specificity of SPECT may 
reflect problems of posttest referral bias with an established test technique and false-positive 
rates related to image artifacts. It should be recognized that recent technical advances, 
including gated SPECT and attenuation correction, have improved the specificity of SPECT.

Finally, echocardiography provides important anatomic and functional information that 
is either not provided or is provided poorly by scintigraphy. Valve diseases such as aortic 
stenosis or ischemic mitral regurgitation are important comorbidities of coronary artery 
disease, and may merit dynamic evaluation in some circumstances [20]. Likewise, exer-
tional dyspnea may be an important presenting symptom of coronary artery disease [21], 
but may also be due to diastolic dysfunction. The ability to measure left ventricular filling 
pressure with exercise may be a useful adjunct to exercise echocardiography [22].

38.4 
Current Clinical Indications

The current indications to MPI substantially overlap with stress echocardiography [4, 23]. 
The technique is especially indicated in patients with nonfeasible, nondiagnostic, or ambi-
guous exercise ECG stress test results. The use of MPI as a first-line imaging technique 
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(whenever resources permit) is allowed [24] but not recommended by the guidelines. 
Stress imaging can be used as a first-line test in patients with uninterpretable ECG for 
baseline left bundle branch block, Wolff–Parkinson–White syndrome, paced rhythms, or 
alterations on resting ECG. In clinical environments where stress echocardiography exper-
tise is available, MPI should be restricted to patients in whom stress echocardiography is 
not feasible or has yielded ambiguous results. The performance of both stress imaging tests 
is of dubious efficiency. A concordantly positive result is highly predictive of a critical 
coronary artery stenosis and clears the pathway toward an ischemia-driven revasculari-
zation. More often, a discordant result is found with stress echocardiography negativity 
(typical of a high specificity technique) and perfusion imaging positivity (typical of a high 
sensitivity technique). This patient has the same probability of having normal coronary 
arteries or mild-to-moderate coronary artery disease. Proceeding to coronary angiography, 
with unavoidable escalation of costs, risks, and revascularization, has a very questionable 
prognostic benefit. In these patients we currently perform stress cardiovascular magnetic 
resonance (CMR) [25, 26], which has at least the same accuracy as scintigraphy 
for viability and ischemia detection [12, 27], with no radiation burden and no ecological 
stress. Appropriate indications to MPI as stipulated by recent specialty European guide-
lines [23] are listed in Table 38.4.

38.5 
The Elephant in the Room – Radiation Safety

The radiation burden of stress SPECT and PET ranges from the dose equivalent of 
500–1,600 chest X-rays [3, 28] (Table 38.2). In light of dose optimization, which in 
Europe is also reinforced by the EURATOM law [29] and medical imaging guidelines [30], 

Table 38.2 The radiation dose for common nuclear cardiology examinations (from [31])

Procedures
Effective radiation 
dose (mSv)

Equivalent no. of 
chest radiographs

Perfusion cardiac rest–stress 
technetium 99m sestamibi scan

10 500

Perfusion cardiac rest–stress thallium scan 21 1,050

Thallium-201 stress and reinjection 
(3.0 mCi + 1.0 mCi)

25 1,250

Dual isotope (3.0 mCi Th-201 
+ 30 mCi Tc-99m) stress

27 1,600

Cardiac PET 18F–FDG 3.5 175

Cardiac PET13N-ammonium 2.0 100

Cardiac PET 15O-water 4.0 200

CT–PET 25 1,500
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it is especially disorienting that in the USA – generally expected to be a reliable site of best 
medical practice – 35% of the 9.3 million stress scintigraphies in 2002 were performed 
used 201Tl with 86% of these being dual isotope studies, perhaps because of the relatively 
fast patient throughput [28]. Thallium is still proposed by authorities as the best tracer for 
cardiac studies in the USA [28], and yet it has been officially dismissed for its obviously 
unfavorable radioprotection profile in many European laboratories including the Institute 
of Clinical Physiology of Pisa.

In addition to the issue of economic cost, discussed above, the main differences 
between the tests from a societal perspective are the ecological impact and the radiation 
burden for the patients and the doctors. The additional extra-risk of a cancer is around 
1 in 1,000 (for a middle-aged man performing a sestamibi scan) but can be as high as 1 in 
300 for a 35-year-old woman undergoing a thallium scan [29, 30]. In terms of population 
burden, the 10 million scans performed each year in the USA translate into a population 
risk of 20,000 new cancers per lifetime [4, 27, 28]. With the confidence intervals of the 
current risk estimates, the risk may be two- to threefold higher (60,000 new cancers) or 
two- to threefold lower (7,000 new cancers). One must be sure that there is no better way to 
make an accurate diagnosis of coronary artery disease. The great number (>30%) of inap-
propriate examinations [31], the frequent unawareness of dose and risks by the referring 
physician and the practitioner [32], and the provision of limited radiation safety informa-
tion to the patient [33] set the stage for a perfect medicolegal storm [34, 35], especially 
in presence of tight regulations existing in the European law and strongly discouraging 
unjustified use of ionizing testing [30].

PET and SPECT scanners have been linked to computed tomographic (CT) scanners, 
which are digital radiological systems that acquire data in the axial plane, producing 
images of internal organs of high spatial and contrast resolution. The combination of PET 
or SPECT and CT as a single unit provides spatial and pathological correlation of the 
abnormal metabolic or flow activity, allowing images from both systems to be obtained 
from a single instrument in one examination procedure with optimal coregistration of 
images [4]. The resulting fusion images facilitate the most accurate interpretation of both 
PET and SPECT and CT studies (Fig. 38.1). The recent White Paper on Multimodality 
Imaging of the European Society of Radiology and the European Association of Nuclear 
Medicine put forward two indications on multimodality imaging [8]: (1) Diagnosis of 
coronary artery disease: the major advantage of the integrated approach to the diagnosis 
of coronary artery disease is the added sensitivity of PET and SPECT and CT angiography. 
With integrated PET/SPECT–CT systems, the limitations of both techniques can be over-
come, leading to improved diagnostic capability. (2) Guiding management of coronary 
artery disease: Not all coronary artery stenoses are flow limiting, and PET or SPECT 
stress perfusion imaging complements the anatomical CT data by providing functional 
information on the hemodynamic significance of such stenoses, thus allowing more appro-
priate selection of patients who may benefit from revascularization procedures. However, 
while there are no questions about the diagnostic accuracy and the beauty of SPECT and, 
even more staggering, of combined PET–CT scans, it is very counterintuitive to accept an 
extensive use of these techniques in light of their exorbitant costs, high radiation burden, 
environmental impact, and availability of several nonionizing imaging techniques (such as 
ultrasound and magnetic resonance imaging) offering comparable information.
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The long-standing comparison and competition between echocardiography and SPECT 
has radically changed in the last 5 years, as we have entered the “age of sustainability,” 
i.e., the need to consider economic cost, biological hazards, long-term radiation risks, and 
 environmental impact in our diagnostic flow-charts. (3). In light of this new perspective, the 
previous attractions of the polychrome, 3D, quantitative, operator-independent approach 
of nuclear imaging may come to appear a little jaded. Specifically, in centers having the 
requisite expertise for stress echocardiography, there are limited reasons to add nuclear 
perfusion imaging for diagnostic and prognostic purposes, and there may be social and 
ecological reasons why the nuclear alternative is less desirable [36]. If contrast-enhanced 
stress echocardiography does not salvage the technically difficult stress echocardiography, 
stress CMR provides an excellent, quantitative and reproducible, alternative for a nonion-
izing assessment of wall motion, and perfusion reserve, with accuracy at least comparable 
to MPI for ischemia and viability detection.

Perhaps in part related to competing technologies, the number of perfusion scans in 
the USA has begun to decline. The approach of ignoring [13], negating [38], or minimizing 
[23] the risks linked to radiation exposure is changing in a time of increased cultural, 
regulatory, and legal pressure towards the prescribers to minimize the biological burdens 
of inappropriate prescriptions. There is also an increasing attention to awareness regarding 
doses and risks of nuclear cardiology procedures in prescribers, practitioners, and patients 
[39] (Table 38.3).

Fig. 38.1 An example of hybrid PET–CT imaging, with simultaneous representation of coronary 
anatomy (left) and perfusion (right and middle panels). (Courtesy of Dr. Danilo Neglia, Head of 
Cardiac PET Lab, Institute of Clinical Physiology, Pisa, Italy)
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38.6 
Conclusion

Nuclear perfusion imaging and stress echocardiography show common pathophysiological 
roots and produce similar clinical fruits. They share a bipartisan imaging strategy to replace 
an anatomy-driven with a more physiologically oriented approach, referring for coronary 
angiography for ischemia-driven revascularization only patients with uncontrolled symptoms 
or a high-risk pattern of stress imaging. They are, more or less, equally reliable “gatekeepers” 
for more invasive, risky, and costly procedures, and have a recognized similar diagnostic and 
prognostic accuracy [40–43]. On the basis of these well-established findings, ACC/AHA 
guidelines concluded that “the choice of which test to perform depends on issues of local 
expertise, available facilities and considerations of cost-effectiveness” [13]. However, the 
societal climate surrounding medical practice has become more sensitive to the environmen-
tal costs of testing, and recent European guidelines have added that the advantages of stress 
echocardiography include its “being free of radiation” [24]. However, if we put the choice of 
cardiac stress imaging in the wider context of medical imaging, the European Commission 
recommendations clearly state that a nonionizing test should always be preferred when the 
information is grossly comparable to an ionizing test and both are available [36]. Applying 
guidelines, whenever a stress imaging test is clinically indicated, stress echocardiography is 
the first line test; when stress echocardiography is not feasible or yields ambiguous response, 
stress CMR is an excellent radiation-free option. If stress CMR technology and expertise 
are not available, stress MPI can be considered (Table 38.4). Although very different prac-
tice patterns are today present in high-volume centers, MPI and stress echocardiography are 
better used as alternative rather than redundant techniques. A good MPI is better than a bad 
stress echocardiography study, and a good stress echocardiography study is better than a poor 
MPI – but it is equally obvious that the capability to perform good echocardiography is one 
of the indicators of the quality of a cardiology division, and that the choice between stress 
echocardiography and MPI should be made in the context of the environmental, biological, 
and economic effects (Tables 38.5 and 38.6).

Table 38.3 Head-to-head comparison between myocardial perfusion imaging (MPI) and stress 
echocardiography

MPI Stress echocardiography

Diagnostic parameter Perfusion (WM) WM (CFR)

Relative cost 3 1

Sensitivity Higher High

Specificity Moderate High

Radiation burden (CXr) 500–1500 0

Patient friendliness Low High

Operator friendly Low High

Environment friendly Low High

WM wall motion, CFR coronary flow reserve, CXr X-ray
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Table 38.4 Appropriate indications to MPI

Appropriate Uncertain Inappropriate

Symptomatic, intermediate pretest prob-
ability, unable to exercise, abnormal ECG

√

Acute chest pain, uncertain diagnosis √

Evaluation post-PCI or CABG √

Patients capable to exercise, interpretable 
ECG

√

Appropriate indications to MPI in a cardiological environment without access to stress echocardiogra-
phy and/or stress CMR
CABG coronary artery bypass graft, PCI percutaneous coronary intervention

Table 38.5 The comparable diagnostic and prognostic information of cardiac stress imaging 
 techniques (modified from [2])

References Population Techniques Results

Diagnostic 
accuracy 
for CAD

O’Keefe et al. 
(1995) [17]

11 studies 
(808 pts)

Stress echo-
cardiography
Perfusion imaging

Sensitivity = 78% Specifi-
city = 86%
Sensitivity = 83% (p = 
ns vs. echocardiography) 
Specificity = 77% (p = ns 
vs. echocardiography)

Fleischmann 
et al. (1998) 
[18]

44 studies 
(5,974 pts)

Exercise echocardi-
ography vs. exercise 
SPECT

Sensitivity = 85% Spe-
cificity = 77% Sensitivity = 
87% (p = ns vs. echocardi-
ography) Specificity = 64%

Prognostic 
value

Gibbons et al. 
(1999) [21]

9 studies 
(3,497 pts)

Stress echocardio-
graphy

PPV: 14%-66% NPV: 
81%-98%

12 studies 
(12,589 pts)

Stress myocardial 
imaging

PPV = 3.8%-41% NPV = 
81.2%-100%

Diagnostic 
value of 
viability

Bax et al. 
(1997) [19]

37 studies 
(1,341 pts)

F-18 fluorodeoxy-
glucose metabolic 
imaging

Specificity higher 
(p < 0.001) for low-dose 
dobutamine

Thallium perfusion 
imaging Dobutamine 
echocardiography

Prognostic 
value of 
viability

Allman et al. 
(2002) [20]

24 studies 
(3,089 pts)

F-18 fluorodeoxy-
glucose metabolic 
imaging

No measurable performance 
difference for predicting 
revascularization benefit 
between the three testing 
techniques

Thallium perfusion 
imaging Dobutamine 
echocardiography

CAD coronary artery disease, NPV negative predictive value, PPV positive predicted value, pts patients, 
ns not significant
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Stress Echocardiography 
Versus Cardiac CT

Eugenio Picano and William Wijns

39.1
Cardiac Imaging in the CTA Era

Several techniques such as stress echocardiography and myocardial perfusion imaging 
have become available to assess cardiac function and myocardial perfusion. With the 
arrival of multislice computed tomography coronary angiography (CTA), noninvasive imag-
ing of coronary anatomy has also become possible. The introduction of multidetector row 
computed tomography (CT) in 1999 led to a significant improvement in the temporal and 
spatial resolution of CT allowing the visualization of small and rapidly moving structures, 
such as coronary arteries, to be visualized with good image quality. Although the initial 
four-slice scanners already showed some promising diagnostic potential, currently 64-slice 
CT is considered state of the art for cardiac CT imaging, whereas 256-slice systems are 
being developed [1]. Conceptually, CTA allows one to track the natural history of coro-
nary artery disease with the earliest possible marker, providing unprecedented noninvasive 
insight into the coronary anatomy and coronary wall structure changes, which anticipate 
by years, and sometimes decades, the onset of myocardial perfusion or functional changes 
during stress, which are the cornerstone of current noninvasive diagnosis of coronary 
artery disease by stress scintigraphy or stress echocardiography [2] (Fig. 39.1). The infor-
mation content of CTA is very high, in any case higher than invasive angiography, prob-
ably equivalent to gray-scale intravascular ultrasound plus angiography. Invasive coronary 
angiography can identify obstructive as well as complex lesions, but it is restricted to the 
coronary lumen and is unable to depict the coronary wall. Thus, features such as vessel 
remodeling or plaque composition are missed. CTA depicts not only a coronary lumino-
gram as coronary angiography does, but also the thickness of the wall and the plaque 
composition to some extent [3] as ultrasound does [4, 5]. This is especially important in the 
early diagnosis of coronary artery disease, since the earliest stage of atherosclerosis is the 
initial positive remodeling with preserved lumen, as plaque accumulates [6] (Fig. 39.1). 
Several studies showed an increased level of inflammatory markers, high lipid cores, and 
pronounced medial thinning in positively remodeled vessels [7]. Some of the initial acute 
presentations of the disease may occur when the adaptive remodeling mechanisms are 
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exhausted and a threshold mass of plaque (depending on vessel diameter) starts to breach 
towards the lumen. CTA can also offer insight into the structural composition of plaque 
which – for any given plaque size – contributes to plaque vulnerability [8], with lipid-rich, 
high-risk plaques (hypoechoic by ultrasound and hypodense by CT) more prone to rupture 
and subsequent thrombotic occlusion than calcium-rich, low-risk plaques (hyperechoic 
with shadowing by ultrasound and hyperdense by CT). This conceptual breakthrough 
translated into a scientific and commercial explosion with the newer 64-slice generations 
of multidetector CT scanners, which significantly improved the diagnostic performance 
for the assessment of coronary artery disease, and decreased the proportion of nonassess-
able segments [9]. This determined a surge of scientific and clinical interest in the method, 
destined to grow in the foreseeable future. In the UK, for instance, the growth rate of car-
diac CTA is expected to be in the range of +4,800% within the year 2020 when compared 
to 2006 [10]. Indeed, 72% of US cardiologists order CT angiography procedures every 
month and many cardiologists plan to purchase the CT equipment necessary for perform-
ing this examination in their own practice. The message is clear and simple, and comes 
straight from scientific journals and lay press [11]: beautiful, easily obtained images of 
coronary artery stenoses, which otherwise would go undetected, provide an opportunity to 

Fig. 39.1 The timeline of atherosclerosis and the disruptive opportunity offered by CTA to image coro-
nary atherosclerotic disease, directly, decades before stress-induced changes in function and perfusion 
are detectable during stress echocardiography and stress scintigraphy. The information on initial posi-
tive remodeling of arterial wall and plaque composition of the plaque is off-limits for invasive coronary 
angiography and can be obtained with intracoronary ultrasound. (Redrawn and adapted from [2])
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intervene early enough and put an end to sudden death, without hospital stay, without cath-
eters inserted into the body, and without heaps of consent forms to be signed informing 
the patient about the risk of death and myocardial infarction, as is the case with invasive 
cardiac catheterization [12]. However, if inappropriately used, cardiac CT may become a 
double-edged sword, with potential to create a huge reservoir of tens of thousands of future 
cancers in a not-too-distant future [13–15]. In fact, while the radiation dose of a cardiac 
CT scan is in the same order of magnitude as other diagnostic tests used in cardiology, 
such as nuclear perfusion scans (with a typical effective dose of 8–25mSv, corresponding 
to a dose equivalent of 400–1,250 chest X-rays), all possible measures should be taken to 
keep the dose as low as possible, and considerations as to clinical indications for cardiac 
CT must always take radiation exposure into account [1, 16, 17]. Clearly, at this point the 
pros and cons of each imaging technique need to be carefully incorporated in the clinical 
decision making – also shared with the patient [16] – so that the combination of the vari-
ous techniques may yield the greatest benefit to the individual patient, while waiting for 
more data and comprehensive guidelines defining the relative role of different techniques 
in clinical practice [18].

39.2
Advantages and Limitations of Cardiac CTA

Coronary CTA has wide availability, and – compared with magnetic resonance angiogra-
phy – higher spatial resolution and more consistent, shorter examination time with better 
patient adherence. It is also possible with CT to assess the presence and extent of coro-
nary calcification. The amount of coronary calcium correlates moderately closely to the 
overall atherosclerotic plaque burden, but its place in risk stratification of asymptomatic 
individuals remains uncertain [1]. It is true that the use of calcium score has quite convinc-
ing (non randomized) outcome impact over years [19, 20], but it is equally true that the 
question remains open on how much incremental information can be obtained by CTA. 
It is also unclear whether the extra information provided by calcium score assessment is 
better than that provided by simpler, radiation-free atherosclerosis imaging biomarkers 
such as carotid intima-media thickness by ultrasound scan [21, 22]. Recent guidelines do 
not recommend unselected “screening” or patient self-referral in individuals with very low 
(<1.0% annual risk) or very high risk (>2% annual risk). A beneficial contribution can 
most likely be expected in individuals who seem to be at intermediate risk for coronary 
events (1.0–2.0% annual risk), yet this hypothesis has not been prospectively studied so 
far [1] (Table 39.1).

The main limitation of CTA is ionizing radiation exposure [23]. Coronary CTA can 
expose the patient to considerably higher amounts of ionizing radiation than standard 
radiographs, CT calcium scoring, or coronary angiography [24–29] (Table 39.2). For each 
specific test, there is a wide interinstitutional variability in the dose administered, depend-
ing on the type of technology and operator attention paid to dose optimization [30] 
(Fig. 39.2). The dose is also higher when the dual source technique is used [20] and with 
hybrid imaging with positron emission tomography (PET) [31]. The corresponding risk of 
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cancer is linearly correlated with the radiation dose, and a CTA with a dose of 15 mSv (750 
chest X-rays) carries an estimated cancer risk of 1 in 500 in a 50-year-old man [32]. Another 
safety concern regards the use of contrast agents (about 100 ml of iodinated contrast) [1]. 
In addition to nephrotoxicity, intravenous administration of iodinated contrast media may 
also be associated with anaphylactoid reaction. Coronary CTA is a purely diagnostic test 
that does not provide an option for immediate intervention. Because the temporal resolu-
tion is low, motion artifacts can occur. Predictable visualization of the coronary arteries 
is not possible at present in patients with atrial fibrillation or frequent ectopy. Coronary 
artery segments with substantial calcification may not be evaluable with respect to the 
presence of a hemodynamically relevant stenosis. The coronary lumen is generally not well 
observed in the region of a coronary stent [28].

39.3
Stress Echocardiography vs. Cardiac CTA

Stress echocardiography and CTA have a completely different – and therefore potentially 
complementary – pathophysiological rationale, methodological approach, and clinical 
results, as summarized in Table 39.3. The most important difference is the separation 
between the anatomic and the functional approach. Comparative studies have demonstrated
that anatomic imaging with CTA (Fig. 39.3) may provide information complementary to 

Table 39.1 Cardiac CT: advantages and limitations

Advantages Limitations

Versatility (coronary; embolism; dissection) +++

Radiation dose −−−

Operator-independent +++

Allergic, nephrotoxic iodinated contrast −−

High access +++

Stented, calcified plaques −−

Round-the-clock availability +++

Irregular rhythm, high heart rate, high body mass index −−

Table 39.2 The average radiation dose of cardiac CT

Effective dose 
(mSv)

Equivalent number 
of chest X-rays

Calcium score 2 100

64-slice MSCT 15 750

64-slice MSCT bypass graft 20 1,000

MSCT–PET (cardiac) 25 1,250

MSCT, 64-slice, no ECG pulsing, yes aorta 29 1,450

MSCT multislice computed tomography, PET positron emission tomography
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Fig. 39.2 Median doses and indicative ranges (on y-axis, expressed in mSv and corresponding 
equivalent of chest X-rays) for invasive coronary angiography (taken as a reference standard) 
and cardiac CT with different protocols and methods: calcium scoring; coronary angiography 
ECG-gated; coronary artery bypass grafting; non-ECG gated coronary angiography and aorta 
scan. (Adapted from [10], from original data of [14, 16, 17, 19])
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Table 39.3 Head-to-head comparison between MSCT and stress echocardiography

MSCT Stress echocardiography

Approach Anatomic Functional

Direct alternative Coronary angiography MPI

Radiation exposure 500–1,500 chest X-rays Ø

Stress required No Yes

Contrast required Yes No

Relative cost 3 1

High predictive value Negative Positive

Next generation CT–PET 2D Doppler (CFR)

MSCT multislice computed tomography, PET positron emission tomography, MPI myocardial per-
fusion imaging, CFR coronary flow reserve
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the traditionally used techniques for functional assessment. From these studies can be 
derived that only approximately 50% of significant stenosis on CTA are functionally 
relevant; a large proportion of significant (>50%) lesions on CTA do not result in perfusion 
abnormalities [33]. Alternatively, many patients with normal perfusion show considerable 
atherosclerosis on CTA. Data with direct comparison of stress echocardiography and CTA 
are conspicuously lacking to date, but preliminary evidence suggests that the most frequent 
source of CTA–stress echocardiography mismatch is represented by patients with negative 
stress echocardiography and positive CTA findings [34]. Therefore, the combined use of 
these techniques may enhance the assessment of the presence and extent of coronary artery 
disease. Whether this can be cost-effective and risk-effective remains to be established, and 
will likely depend on the clinical presentation and specific diagnostic questions.

The aggressive use of CTA for mass screening in asymptomatic subjects will also 
possibly lead to irresistible triggering of coronary stenting, irrespective of the symptomatic 
status, functional significance of the stenosis, or any form of prognostic evaluation [12]. 
Already, and although the clinical cardiologist is offered many options and techniques 
for noninvasive functional evaluation, up to 71% of percutaneous coronary interventions 
(PCIs) are being performed in the absence of any sort of functional evaluation [35]. Yet, 
we know now that in chronic stable angina – and even more in asymptomatic patients – an 
anatomic stenosis associated with negative stress testing and normal function has a very 
low risk and should be left untreated, whereas a similar coronary stenosis with high-risk 

Agatston Score <100 Agatston Score >400

Normal coronary arteries LAD stenosis

Fig. 39.3 Normal CTA with normal coronary arteries and calcium score <100 (left); and abnormal CTA 
with left anterior descending coronary artery stenosis and calcium score >400 (right). (Courtesy of 
Dr. Dante Chiappino and Dr. Paolo Marraccini, Institute of Clinical Physiology, Fondazione Gabriele
Monasterio, Pisa and Massa, Italy)
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stress test positivity dictates an ischemia-driven revascularization with maximal prognos-
tic benefit [36, 37]. The scenario of anatomy-driven revascularization, often referred to as 
the oculostenotic reflex, is even more worrisome now that safety concerns associated with 
late stent thrombosis have been identified and PCI indications have expanded to include 
patient and lesion subsets in whom coronary bypass surgery was shown to portend a 
survival benefit over medical therapy. With the recent disclosure of the COURAGE (Clini-
cal Outcomes Utilizing Revascularization and Aggressive Drug Estimation) trial, showing 
no superiority of PCI over contemporary pharmacologic therapy in patients with stable 
angina, it was suggested that a number of PCI procedures are, in fact, unnecessarily 
performed [38]. Taken together, the appropriateness of the explosive growth in revasculariza-
tion procedures by use of PCI, possibly further fuelled by diagnostic carpet bombing with 
CTA, is under question. Concerns will only increase if the radiation side of the risk–benefit 
balance of imaging and interventions is included in the appropriateness assessment, as 
currently recommended by practice guidelines [39, 40].

39.4
Current Clinical Indications

The Foundation of the American College of Cardiology has responded to the rapid and uncon-
trolled increase of medical imaging procedures by defining appropriateness criteria for cardiac 
CTA [39]. Table 39.4 lists indications that are currently viewed as appropriate for performing 
CT angiography. They closely mirror those of stress echocardiography in many subsets [40]. 

Table 39.4 Appropriate, uncertain and inappropriate indications to CTA or stress echocardiog-
raphy (adapted from [28, 29])

Appropriate Uncertain Inappropriate

Chest pain syndrome, intermediate probability 
of CAD, ECG uninterpretable or patient unable 
to exercise

Ö

Acute chest pain, intermediate pretest prob-
ability of CAD, no ECG changes and serial 
enzymes negative

Ö

Postrevascularization with change of symptoms Ö

Asymptomatic ≥5 years after CABG or ≥2 
years after PCI

Ö

Evaluation of bypass graft and coronary 
anatomy after CABG in asymptomatic patients

Ö

Asymptomatic patients with low-to-moderate 
CHR risk by Framingham Risk Criteria

Ö

Preoperative evaluation for noncardiac surgery 
in low-risk surgery and intermediate periopera-
tive risk

Ö

CAD coronary artery disease, CABG coronary artery bypass graft, PCI percutaneous coronary inter-
vention, risk by Framingham Risk Criteria
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Although it is tempting to obtain in the same patient both anatomic (with CTA) and functional 
(with stress echocardiography or scintigraphy) insight to have a more integrated pathophysi-
ological and prognostic picture, this practice is today unsupported by the available evidence 
and will act as a dangerous multiplier of costs and risks [13]. The burden is even increased by 
the hybrid imaging with cardiac CTA–PET, capable of combining coronary anatomy and flow 
reserve in a single picture [41] – but with considerable further radiation exposure.

In the individual patient, the expected benefit should be weighed against the acute 
(dye allergic reaction), subacute (dye nephrotoxic effects), and chronic (long-term cancer 
risk) risk of CTA. Similarly, the indication to stress echocardiography should consider 
the risks of the stress (exercise or pharmacological) and, if administered, of the echocar-
diographic contrast agent [42, 43]. Any intended use of the CTA technique to follow-up 
serially the atherosclerotic burden or the revascularization outcome should be restrained 
by consideration of the cumulative radiation burden resulting from serial studies. The use 
of the technique should also be discouraged in children, in whom it has been proposed 
to diagnose complex congenital heart disease or, specifically, Kawasaki disease or other 
conditions involving coronary arteries [44]. The same radiation is three to four more onco-
genic in a child [32] – and therefore the technique should be considered in children only if 
stringently indicated and there is no alternative. In particular, when serial evaluation over 
time is needed, nonionizing imaging procedures (such as magnetic resonance imaging and 
echocardiography) should be considered [45].

An important aspect, often neglected in real life, is that the appropriateness of an indica-
tion to CTA (as well as to other testing) will have to include a calculated – not guesstimated 
– European Society of Cardiology or Framingham Heart Study score and pretest probability. 
At present, the intermediate pretest probability has far too wide boundaries (between 13 and 
87% according to estimates of Diamond and Forrester). This will also allow one to calculate 
the posttest probability of disease, by incorporating the positive and negative likelihood ratio 
portended by an abnormal or normal test result, respectively. Likelihood ratios are much 
more clinically useful in the individual patient than “sensitivity” and “specificity.” For 
instance, in a patient with 5% pretest likelihood of disease, a normal CTA will give a 1% 
likelihood of disease – hardly justifying the test since the level of certainty of the diagnosis 
is not significantly improved by the test, irrespective of its result [46]. It is also obvious that 
all our calculations of pre- and posttest likelihood are based on angiographically assessed 
coronary artery disease, recognized as a “battered gold standard” for decades [47]. The 
consequence is that we need to retrain our eyes again, new scores need to be designed that 
have prognostic impact, and that the relation between image and action should be shifted, 
certainly different from what it is with invasive angiography. Most likely, we simply can no 
longer afford the reassuring approach of comparing CTA with coronary angiography [18].

39.5
Conclusions

CTA is exploding in beauty, availability, and versatility. It offers unique information, with-
out catheters, on coronary anatomy, calcium content, and general cardiac morphology, 
including the pulmonary veins and aorta. It is at the crossroads between two disruptive 
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events – one technological and the other conceptual. Truly innovative technology is disrup-
tive of existing practice, and CTA has for the first time made coronary anatomy accessible 
noninvasively [18]. However, its use has also promoted the diffusion of a new disruptive 
concept that changed time-honored medical behaviors: long-term radiation risks should 
be included in the risk–benefit assessment of competing imaging techniques [48]. This 
obvious concept has long been ignored by physicians [49–51], but is now an integral part 
of the very definition of appropriateness [39–40] and must be considered for societal as 
well as for medicolegal reasons [13–16]. Today, the average adult cardiac patient receives 
20% of the cumulative radiological dose from CTA [52]. Small individual risks applied to 
an increasingly large population may create a public health issue some years in the future 
[53]. About 2% of all cancers in the USA may be attributable to the radiation from CT 
studies [14]. This has led opinion leaders to express concerns on a deregulated and aggres-
sive screening use of CTA, since “we can’t just be screening the population of the worried 
well who want to have their non-invasive angiogram done, because the population burden 
of radiation would be unacceptable” [9]. This concept probably applies to any radiation-
based test (thus also to calcium score) which simply does not qualify for screening in 
the general population. We lack any evidence that CTA is better than calcium score in 
moderate–high-risk patients, based on the Framingham Heart Study or European Society 
of Cardiology risk score, and probably we will miss this information for decades, until 
proper long-term follow-up data become available. Any evidence-based indication in this 
field will require prospective randomization of thousands of patients followed up for many 
years, and including as end points not only cardiovascular events – which is the primary 
target of CTA imaging – but also cancer, whose risk is increased by radiation-based screen-
ing. Paradoxically, in this way screening begets screening, since CTA scans for cardiovas-
cular disease will lead to increased risk for cancer, with a vicious circle of domino testing 
or snowball screening of highly questionable risk–benefit and cost–benefit plausibility.

At the same time, the awareness of radiation-related hazards has stimulated research 
and technological advances in an attempt to reduce radiation exposure. There are three 
ways to reduce the overall radiation dose from CT in the individual patient and the popu-
lation [8]. The first is to optimize doses, in individual studies, which is made easier by the 
latest-generation automatic exposure–control options. The second is to replace CT use, 
when practical, with other options. Today, in the cardiac patient with low-to-intermediate 
pretest probability of disease, this means relying on stress echocardiography as a first-
line imaging test instead of cardiac CTA, and possibly considering invasive coronary 
angiography as a direct option in some other patients with high pretest probability – with 
less radiation exposure than cardiac CTA [2]. Stress echocardiography has recognized 
limitations in the subjectivity of reading, dependence on acoustic window, and suboptimal 
sensitivity, and therefore might be replaced as a first-line imaging test by perfusion 
scintigraphy, but again this option is limited by the radiation dose of scintigraphy, often 
repeated serially in the cardiac patient [35]. The third and most effective way to reduce 
the population dose from CT is simply to decrease the number of CT studies that are 
inappropriately prescribed [8], for instance, in patients with a high pretest likelihood 
of disease, in whom the use of CTA will most likely not result in a “negative” scan that 
would help to avoid invasive angiography and is therefore not recommendable. The 
most appropriate indication today is the possibility to reliably rule out coronary artery 
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disease in patients with intermediate pretest probability of disease, such as in patients 
with atypical chest pain and ambiguous stress echocardiography results (Fig. 39.4). In the 
future, diagnostic flow-charts, combining noninvasive anatomic and functional imaging, 
need to be evaluated in large patient populations to establish their efficacy, safety, and 
cost-effectiveness. The development of radiation-sparing technology capable of abating 
by tenfold the current exposure levels of CTA will play a key role in improving the risk–
benefit profile of CTA [54], shifting the threshold of application of CTA toward less sick, 
and possibly worried well, patients (Fig. 39.5). In these patients (right side of the diagram 
in Fig. 39.5) at present functional evaluation (for instance, with stress echocardiography) 
prevails over anatomy and serves as gatekeeper. Although CTA is universally acclaimed 
to offer a unique opportunity to extend our capability to diagnose coronary artery disease 
with the potential to have an impact on sudden ischemic cardiac death and unheralded 
myocardial infarction, there is the risk of exacerbating the overuse of suboptimal prac-
tices [12] and inducing significant available long-term cancer risks, unless diagnostic 
workup paradigms are adjusted. It is also inexorable that on the day magnetic resonance 
imaging will allow coronary imaging with a comparable level of predictability and preci-
sion [55], CTA will be reserved only for those patients who cannot enter the magnetic 
resonance scanner.

Fig. 39.4 Suggested diagnostic algorithm on the basis of the pr-test probability of disease. In 
presence of a high pretest probability, a direct invasive coronary angiography can be warranted 
without further noninvasive testing. In patients with low-to-intermediate probability, stress 
echocardiography is indicated as a first-line test. In patients with ambiguous results and/or 
intermediate probability, a cardiac CT may be warranted

Pre-test probability

Low Intermediate High

Stress echo

Coronary
angiography– Unfeasible/

Equivocal
+

MSCT

– +
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Stress Echocardiography Versus 
Stress CMR

Eugenio Picano and Juerg Schwitter

40.1 
Coronary Artery Disease Detection by CMR: The Rich Cardiologist’s 
Super Stress Echocardiography?

Recently, cardiovascular magnetic resonance (CMR) imaging has emerged as a new non-
invasive imaging modality providing high-resolution images in any desired plane of the 
heart, combined with the potential to assess and monitor left and right ventricular function 
[1, 2]. Although early attempts to use stress CMR, combined with dipyridamole [3] or do-
butamine [4] stress, with standard (low-temporal resolution) gradient echo techniques date 
back to the early 1990s, the scientific and clinical interest in stress CMR rose strikingly 
in the last 5 years as a consequence of technological improvements (Table 40.1). To  assess 
cardiac function, cine MR imaging is performed with gradient echo pulse  sequences. 
 Between 20 and 30 frames with a temporal resolution of 50 ms or less are usually suf-
ficient to evaluate the entire cardiac cycle and are displayed in a cine loop, allowing a 
dynamic read with the same format, projections, segment assignment (17-segment model), 
and reading criteria (from 1 = normal to 4 = dyskinetic) as for stress echocardiography [5]. 
Gradient echo images provide an excellent contrast between intracavitary blood and the 
endocardium without the use of contrast medium and provide and accurate delineation of 
the endocardium and epicardium.

Wall motion can be assessed by CMR at rest and during stress. Over the years, the 
initial standard cine gradient echo images changed into the tremendously improved 
temporal resolution of new steady-state free precession (SSFP) pulse sequences. Together 
with technical improvements in patient monitoring within the magnet as well as due to the 
reduction in imaging time with accelerated pharmacological stress protocols, stress CMR 
with wall motion analysis has become more feasible and more accurate. CMR also has the 
potential of assessing myocardial perfusion, by visualizing the first pass of a conventional 
gadolinium-based MR contrast medium (perfusion CMR) [6–8].

In perfusion CMR, the acquisition is performed during CMR injection while hyper-
emia is induced pharmacologically (generally by means of adenosine or dipyridamole). 
This is methodologically and conceptually different from the late gadolinium enhancement 
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(LGE) technique for scar detection, which is performed at rest (no stress required) and 
after several minutes from contrast medium injection, since the redistribution phase in the 
tissue (and not the first-pass effect in the vessels) is the diagnostic target. CMR visualizes 
directly myocardial scar as hyperenhanced areas in T1-weighted images [9–11] (Fig. 40.1). 
The high spatial resolution of contrast-enhanced MR imaging now makes it possible to 
visualize microinfarcts associated with successful percutaneous coronary intervention, as 
well as the detection of subendocardial infarcts, which do not exhibit a wall motion abnor-
mality (Fig. 40.2) but still may have prognostic significance [12]. Newer developments for 
respiratory motion correction possibly in combination with 3-T scanners will hopefully 
also allow for the assessment of coronary anatomy with an accuracy similar to multislice 
computed tomography – and without radiation burden or sensitivity to calcium artifacts. 
To date, clinically useful imaging of the coronary arteries is restricted to identification of 
the origin and course of anomalous coronary arteries and of bypass grafts [13].

40.2
Stress CMR: Advantages and Limitations

Major advantages of CMR are the radiation-free, nonionizing nature and the tremendous 
versatility (Table 40.2) of the information supplied, also independent of acoustic window. 
Another major asset, especially valuable today in research-oriented contexts, is the possi-
bility of quantification of volumes, global function, and scar mass. Due to the high spatial 
resolution of CMR scar imaging, the transmural extent of scar is easily quantifiable. In some 
research laboratories, software is available also for regional function quantification [14–17]. 
Perfusion quantification is currently still demanding with more robust approaches, which 

Table 40.1 Versatility of CMR for coronary artery disease detection

Parameter

Method (image mode) WM rest
WM stress 
ischemia Viability

Hyperemia 
optional: 
rest

Coronary 
artery 
anomalies

Cine SSFP acquisitions Ö Ö

Late gadolinium en-
hancement (LGE)

Ö

Low-dose dobutamine 
CMR

Ö

First-pass perfusion 
CMR

Ö

Rest 3D acquisitions 
with navigators

Ö

WM wall motion, SSFP steady-state free precession, LGE late gadolinium enhancement (imaging 
15–20 min after contrast medium injection depending on dose injected)
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Fig. 40.1 A delayed enhancement image showing a subendocardial scar in the septal and an-
terior region

Fig. 40.2 Different levels of transmural myocardial scar induce different levels of echocardiographic and 
CMR (wall motion) and CMR-specific (delayed enhancement) changes. For 10–30% subendocardial 
scar involvement, scar is detectable only by CMR and remains functionally silent on the basis of standard 
conventional regional wall motion changes

NORMAL SMALL
SUBENDOCARDIAL

INFARCTION

LARGE
SUBENDOCARDIAL

INFARCTION  

TRANSMURAL
INFARCTION 

Wall Motion
(ECHO/CMR)

Delayed
Enhancement
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also worked in larger studies using, for example, the upslope of the myocardial signal during 
first pass as a perfusion-linked parameter [7, 18], while absolute quantification of perfusion 
in ml/min/g tissue is not yet established for coronary artery disease detection by perfusion 
CMR [7, 19].
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The main limitations of CMR include time-consuming data acquisition and analysis 
and the fact that not all patients can be studied, since pacemakers and metallic clips are 
still a contraindication for CMR. Additional concern arose regarding the use of contrast 
medium in patients with impairment of renal function. Paramagnetic contrast media have 
long been considered absolutely safe and well tolerated. Recently, in May 2007, the FDA 
(and EMEA) ordered a “boxed warning” on the safety of gadolinium-containing contrast 
agents, on the basis of 200 cases of nephrogenic systemic fibrosis (NSF) that occurred 
in patients with kidney failure after administration of some types of gadolinium-based 
contrast media (linear chelates). In NSF (also called nephrogenic fibrosing dermopathy, 
NFD), patients develop tight and rigid skin making it difficult to bend joints. NSF/NFD 
may also result in fibrosis, or sclerosis, of body organs resulting in the inability of body 
organs to work properly and can lead to death [20]. Cost and safety concerns should lead 
to a prudent use of contrast media, especially in patients with kidney failure [21]. In this 
regard, it is important to emphasize that excellent diagnostic accuracy can be reached by 
CMR simply on the basis of regional wall motion analysis, which does not require contrast 
medium. Availability of CMR is still a limitation, but the market is growing fast, with 
a +762% increase of use of cardiac CMR from year 2003 to year 2005 according to 
Medicare [22].

40.3
Stress Echocardiography vs. Stress CMR

The recent experience with stress CMR for coronary artery disease detection with state-
of-the-art technology has been characterized by the attempt to evaluate wall motion (stress 
dobutamine CMR) [4, 23] and perfusion imaging (stress adenosine or dipyridamole CMR) 
[3, 7, 24–27]. It is well known from cardiac stress imaging experience over the last 20 

Table 40.2 Stress CMR: advantages and limitations

Advantages Limitations

Nonionizing energy +++

Availability, costs, expertise, skills of operators, person-
nel

−−

Versatility (function, perfusion, scar, viability, flow) +++

Stress (dobutamine) stressful −

Independent of acoustic window ++

Claustrophobia, metallic clips, pacemakers, etc. −−

Quantification possible for volumes, global function, scar ++

Contrast medium toxicity (NSF) in renal failure −−

NSF nephrogenic systemic fibrosis. Approximately 250 cases confirmed out of approximately 140 mil-
lion contrast medium applications. Cyclic contrast medium for magnetic resonance appear not to cause 
nephrogenic systemic sclerosis (as of June 2007)
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years that wall motion and perfusion provide partially different information, and each one 
has its strengths and weaknesses [28–30]. Regional wall motion abnormalities are more 
specific, identify trouble-makers in the short run, require true subendocardial myocardial 
ischemia, and are best suited to assess the effects of medical antiischemic therapy (Fig. 
40.3). Perfusion or flow heterogeneity is more sensitive, can identify trouble-makers in the 
long-run [31–33], does not require true subendocardial ischemia but only perfusion hetero-
geneity, which may frequently occur with mild-to-moderate coronary stenosis or even with 
normal coronary arteries and concomitant microvascular disease, and is less affected by 
concomitant antiischemic therapy at the time of testing [34, 35] (Fig. 40.4). CMR evaluates 
perfusion by means of contrast medium first-pass kinetics, and stress echocardiography 
coronary flow reserve through Doppler flow velocity. CMR requires paramagnetic contrast 

Fig. 40.3 A positive wall motion study by stress CMR, with apical dyssynergy during dipyrida-
mole stress. (Courtesy of Dr. Alessandro Pingitore, modified from [27])
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medium, whereas ultrasound contrast medium is often not needed with stress echocardiog-
raphy. A perfusion reserve approach is typically applied when flow is measured in a vessel 
for which the supply territory is not known, thereby providing some measure of indexing 
by normalizing hyperemic flow with resting flow. If perfusion in the tissue is measured as, 
for example, by perfusion CMR, the supply territory is known, as the volume is known 
in which perfusion is measured (x- and y- resolution time slice thickness). Consequently, 
“normalization” by resting flow appears unnecessary, and in fact it adds substantial con-
founding factors which govern resting perfusion (and for which no correction is avail-
able) [35]. Not surprisingly, PET perfusion studies repeatedly showed closer correlations 
between area stenoses in coronary arteries and hyperemic flow than with flow reserve [36, 
37]. Other serious concerns regarding a flow reserve approach would need absolute quanti-
fication of perfusion, which is currently not possible by CMR and, in addition, geometrical 
match of myocardial tissue for stress and rest situation (with large differences in heart rate 
and therefore filling) is difficult. In addition, the multicenter perfusion CMR trials, all 
with high diagnostic yield, used hyperemic perfusion data only [24, 38]. Direct compara-
tive studies will be needed to answer the questions of whether stress only or stress–rest 
protocols should be used for perfusion CMR.

An important difference between CMR and echocardiography regards the use of stresses. 
Ideally, one would like to catch “two birds with one stone,” i.e., to assess function and per-
fusion with only one stress. As a matter of fact, usually dobutamine is used for function 
assessment, and dipyridamole (or adenosine) for perfusion assessment. With echocardiogra-
phy, high doses of dipyridamole given with a fast, accelerated infusion protocol allow one to 
have the same sensitivity as high-dose dobutamine [30, 39] and also to simultaneously assess 
coronary flow velocity with a maximal hyperemic stimulus [40]. This has been less used with 
CMR, probably also for a methodological reason, since perfusion CMR is sensitive for motion 
during data acquisition. This problem can be mitigated by acquiring data during phases of 

Fig. 40.4 A positive perfusion study with stress CMR, with blunted increase in perfusion in the 
anteroseptal region. (Courtesy of Dr. Alessandro Pingitore)
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minimal cardiac motion (end-diastole and end-systole) but would become a limiting factor if 
perfusion data acquisition should take place at high heart rates [7, 41].

In front of largely comparable diagnostic and likely prognostic information, which 
tends to be better for CMR in patients with difficult acoustic window especially in chal-
lenging segments such as the inferior wall [42], there are differences between the two 
techniques. Echocardiography can be combined with any form of physical (such as 
exercise) and pharmacological stress, whereas exercise stress (which is the first choice 
in coronary artery disease patients able to exercise, and the only choice for stress testing in 
valvular heart disease patients) is currently not feasible in a clinical setting with CMR. 
The cost of CMR is considerably higher than for echocardiography [1], and the availability 
is certainly lower for CMR. Stress echocardiography is portable and can be made at the 
bedside, and this is a crucial advantage in some clinical settings such as patients with 
acute chest pain. The safety is certainly excellent, for any given stress, in the echocar-
diography laboratory, since the on-line imaging and hand contact of the sonographer 
and nurse with the patient in an unrestricted environment, with ECG and blood pressure 
monitoring, allow for early detection of complications and instantaneous treatment. In 
the stress CMR laboratory, ischemia during stress is detectable in early stages due to the 
generally good imaging conditions; however, in the case of emergencies, the scanner envi-
ronment necessitates special equipment and training of all personnel, and thus, efforts 
to ensure safe studies in the MR scanner are substantial [43] especially with dobutamine, 
which is known to be associated with threefold more frequent life-threatening com-
plications compared with dipyridamole or adenosine (1 in 300 vs. 1 in 900) [44, 45]. 
The safety and cost gap in favor of stress echocardiography is further enhanced by the 
strict need of paramagnetic contrast in stress CMR to evaluate coronary artery disease. 
However, for stress echocardiography the contrast is rarely used for enhancement of 
left ventricular border detection or coronary flow reserve assessment of the left anterior 
descending artery, and contrast perfusion imaging is not a viable clinical option today 
for stress echocardiography. A major advantage, especially in research-oriented envi-
ronments and for scientific protocols, is that stress CMR is much better equipped for 
a convenient quantification of tissue structure – even in a transmural sense, separating 
subendocardial from subepicardial layers [46]. For assessment of myocardial function by 
CMR, reliable (semi)-automatic quantification is still not available, but newer methods, 
particularly tagging techniques hold promise for achieving this goal in the near future 
[14–16]. Regarding quantification of myocardial perfusion by CMR, it should be kept 
in mind that hemodynamically relevant stenosis can be detected with state-of-the art 
CMR today, implicating that changes in myocardial perfusion in the range of several ml/
min/g tissue are detected, for instance, by calculating “upslope” maps and comparing 
them with normal data [7, 18]. No larger trials are currently available to demonstrate that 
smaller changes in perfusion, such that might be caused by microcirculatory alterations, 
are detectable by perfusion CMR, and therefore at least for a clinical application no 
reliable quantitative CMR methods are available. These quantifications are theoretically 
possible with echocardiography, for instance, with myocardial velocity imaging, but de 
facto impossible and/or irreproducible in a clinical setting – although recently developed 
angle-independent techniques such as speckle tracking or real-time three-dimensional 
stress echocardiography show some potential in this regard (Table 40.3).
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40.4
Clinical Implications

In a high-volume tertiary care referral center for cardiac imaging, stress CMR may play 
a clinically relevant role today witnessed by the growth of demand in this specific field. 
Looking at the guidelines of the European Society of Cardiology, published in 2006 and 
summarized in Table 4, CMR techniques were not yet included for clinical utilization. 
However, at the time of data collection for these guidelines, the relevant comparative CMR 
trials were not yet available. In the past few years, several multicenter perfusion CMR 
trials, in particular the multicenter, multivendor MR-IMPACT I and II [24, 38], demonstrat-
ed an excellent performance in detecting coronary artery disease. As these MR-IMPACT 
trials are also the largest multicenter single-photon emission computed tomography 
(SPECT) trials utilizing state-of-the-art technology and radioactive tracers, perfusion 
CMR can be compared with SPECT. In both trials, perfusion CMR outperformed SPECT 
and it appears reasonable to recommend perfusion CMR, provided the institution features 
adequate expertise in this technique, as a first-line technique when myocardial perfusion 
(a high sensitivity, high negative predictive value gatekeeper) is the desired diagnostic end 
point. When regional wall motion abnormality (a high specificity, high positive predictive 

Table 40.3 Stress CMR vs. stress echocardiography (echo)

CMR Stress echo

Cost +++ +

Availability + +++

Portability No Yes

Wall motion Yes Yes

Perfusion (CMR)/Flow (echo) Yes Yes (LAD only)

Contrast material needed Yes Usually no

Stress: inotropic Dob Ex, dob, dip

Stress: hyperemia Ado, dip Dip, ado

Safety profile Good Good

Imaging time >1 h <30 min

Operator dependence Yes Substantial

Dependence on acoustic window No Yes

Quantification: LV volumes, global function Very accurate Accurate

Quantification: RV volumes, scar Accurate Difficult

Absolute quantification: regional function, 
perfusion

Possible, not (yet) well 
validated

Difficult

Transmurality visible (perfusion, function, 
scar)

Possible Not possible

Ado adenosine; Dip dipyridamole; Ex Exercise; LV left ventricle; RV right ventricle
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value gatekeeper) is the preferred diagnostic option, stress echocardiography is the most 
cost-effective choice, and functional CMR can still be an excellent second choice when 
stress echocardiography is unfeasible and/or inconclusive (Fig. 40.5). A similar approach 
can also be used for the assessment of myocardial viability (Fig. 40.6). In many patients 
a simple resting transthoracic echocardiography study can show signs of necrosis, in the 
presence of a thinned, hyperechoic, and dyskinetic wall [47]. In patients with preserved 
end-diastolic thickness, low-dose dobutamine can show a regional and global inotropic 
reserve of established prognostic value in predicting a good response to medical therapy, 
revascularization, and cardiac resynchronization therapy [48–50]. However, in patients 
with difficult echocardiography studies or ambiguous response, LGE can be an excellent 
diagnostic option [51], does not require any stress, and today is probably the true gold 
standard for viability identification and quantification. Low-dose dobutamine CMR can 
also be performed with the same methodology and interpretation criteria as low-dose do-
butamine [52].

Compared with stress echocardiography, stress CMR is more costly and complex, and 
probably less safe. It is, however, less operator- and patient-dependent, and shares with 
echocardiography the nonionizing nature of the employed energy, which allows a totally 
radiation-free noninvasive assessment of the patient. This is a decisive asset for the refer-
ring physician and the patient, who will invariably decide to go for CMR when informed of 
the radiation dose of a stress scintigraphy, ranging from 500 to 1,500 chest X-rays [53, 54]. 
This is especially important if we consider the societal implications of stress imaging, and 
the fact that small individual risks multiplied by billion examinations become a significant 
population risk [55–57]. For instance, today about 10 million stress perfusion scintigraphies 
are performed every year in the USA. Considering an average dose exposure of 1,000 chest 
X-rays per exam, this yields a risk of 1 in 500 for a 50-year-old man and a cumulative popu-
lation risk of 20,000 new cancers each year [55] (Fig. 40.7). The abatement of long-term 
oncogenic risk is also important for a correct cost–benefit (not only risk–benefit) assessment. 
For a resting cardiac imaging test, the average cost (not changes) of an echocardiogram being 
equal to 1 (as a cost comparator), the cost of a SPECT is 3.2×, and of a cardiovascular magnetic 
resonance study 5.51× higher [1]. However, long-term downstream costs should also be 
included in a correct cost-effective analysis, and this makes CMR even more attractive when 
compared with SPECT [58]. For functional (wall motion) stress imaging, dobutamine CMR 
should not be used as a “rich doctor’s super stress echocardiography,” as a first-line tool to 
evaluate left ventricular function under stress: this would be a waste of resources, in many 
cases, with no benefit for the patient and the system. It should be used, rather, as the “smart 

Table 40.4 Appropriate indications for stress CMR (from [29])

1. Detection of coronary artery disease in symptomatic patients

 • Evaluation of chest pain syndrome and

 • Intermediate pretest patient probability of coronary artery disease

2. Detection of myocardial viability

 • Left ventricular function <35% and

 • Viability assessment important for decision-making
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Fig. 40.5 The proposed diagnostic algorithm for the diagnosis of coronary artery disease in a 
radiation risk-conscious environment
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Fig. 40.6 The proposed algorithm for the diagnosis of myocardial viability in a radiation risk-
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cardiologist’s second choice,” when stress echocardiography is not feasible and/or yields 
ambiguous results. For perfusion imaging, stress CMR (with adenosine or dipyridamole) 
can already be used as “the smart cardiologists’ SPECT.” In fact, when compared with stress 
SPECT, stress CMR has no radiation exposure (“smart patient’s SPECT”) and at least com-
parable accuracy. Regarding viability assessment, low-dose dobutamine echocardiography is 
well established as a specific test to predict recovery of function. In ambiguous situations, 
particularly with high interventional risk due to severely reduced global left ventricular func-
tion, LGE of CMR can add valuable information to predict outcome after surgery [52]. In 
this way, we reconcile the top priority of granting the patient the highest possible quality of 
care with the principle of optimizing use of resources and minimizing long-term risks of 
radiation exposure [61], as recommended today by the European Union EURATOM law 
[59], European Commission medical imaging referral guidelines [60], and most authoritative 
scientific societies [61].
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Appropriateness in the Stress 
Echocardiography Laboratory

Eugenio Picano

Every year five billion imaging tests are performed worldwide, and about half of these are 
cardiovascular examinations [1]. According to recent estimates, 30–50% of all examina-
tions are partially or totally inappropriate, i.e., risks and costs outweighs benefits [2]. 
Following the definition of the American College of Cardiology Foundation, an appropriate 
imaging study is one in which the expected incremental information, combined with clini-
cal judgment, exceeds any expected negative consequences by a sufficiently wide margin 
for a specific indication that the procedure is generally considered acceptable care and a 
reasonable approach for the indication [3] (Fig. 41.1). Negative consequences include the 
risks of the procedure itself (i.e., radiation or contrast exposure) and the downstream 
impact of poor performance such as delay in diagnosis (false-negative results) or inappro-
priate diagnosis (false-positive results). This implies potential harm for patients undergoing 
imaging (who take the risks of an imaging study without a commensurate benefit), exces-
sive delay in the waiting lists for other patients needing the examination, and an exorbitant 
cost for society, with no improvement and possibly with a reduction in care quality [3]. 
Health care costs in the USA now exceed a stunning two trillion dollars, representing 16% 
of the country’s gross domestic product by 2016, and, in the words of Alan Greenspan, are 
on “an unsustainable trajectory.” Cardiac imaging greatly contributes to this escalation of 
costs, and stress imaging tests in particular have increased at an annual rate of 6.1% since 
1993 in individuals covered by Medicare. Diagnostic imaging has increased more rapidly 
than any other component of medical care, and echocardiography is the single most 
frequently used test in the Medicare population, except for laboratory tests [4]. The volume 
of cardiovascular services increased 5.5% per capita between 2004 and 2005 in the USA, 
driven largely by the growth of cardiac imaging services [4]. Although the diagnostic and 
prognostic information provided by these tests is not without a cost, some studies have 
shown that the use of noninvasive imaging in appropriately selected patients translates into 
savings because of more appropriate selection of even more expensive procedures [5, 6]. 
However, these studies involved patients who were appropriately selected for testing; and 
the trade-off between costs and benefits will not be the same when studies are performed 
less appropriately [7]. In order to limit the detrimental consequences of the pandemic of 
inappropriateness and diagnostic obesity, the UK College of Radiology in 1999 [8], the 
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European Commission in 2001 [9], and more recently the American College of Cardiology 
[3] have prepared guidelines on appropriateness of general or specialized imaging testing, 
including stress perfusion scintigraphy [10] and stress echocardiography [11]. The ulti-
mate goal of these documents is to define the appropriate test for the appropriate indication 
in the appropriate patient: a difficult, elusive, and moving target which is, however, one of 
the new features, and not the least important, of good-quality medical care [3, 9].

41.1
The Ulysses Syndrome in the Cardiac Imaging Laboratory

The Ulysses syndrome was first described in 1972 by Canadian physician Dr. Mercer 
Rang, who applied it to the ill effects of extensive diagnostic investigations conducted 
because of a false-positive or indeterminate result in the course of a routine laboratory 
screening [12]. Ulysses left Troy in full physical and psychological health. Equipped with 
a safe ship and a competent crew, he was sure he would return home quickly; instead it 
turned out that he lost all his crew, his ship, and he was able to make it home only after a 

Fig. 41.1 The balance between risks (red triangle) and benefits (green circle) determining the 
appropriateness score of testing. The three angles of the red triangle represent acute, subacute, 
and long-term (radiation) risks. Acute risks occur within seconds and minutes (e.g., death or 
myocardial infarction during stress or catheterization); subacute risks within days or weeks 
(e.g., contrast-induced nephropathy); and long-term risks (due to cumulative exposure to ion-
izing radiation) after years or decades
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journey full of hardship. Today, the most frequent diagnostic investigation is a cardiac im-
aging test. Mr. Ulysses, a typical middle-aged “worried-well” asymptomatic subject with 
an A-type coronary personality, a heavy (opium) smoker, leading a stressful life, would 
be advised to have a cardiological check-up after 10 years of war (Fig. 41.2). The family 
physician directly refers the patient to the cardiologist (step 2), who suggests a transtho-
racic echocardiogram (step 3), which is perfectly normal, but with poor visualization of 
segment 17, the true apex. The patient is again sent to the echocardiography laboratory to 
repeat the transthoracic echocardiogram with echo-contrast injection (step 4): the apex is 
perfectly visualized and looks normal. However, just to be on the safe side, the cardiologist 
suggests a multislice computed tomography (step 5) study. Ulysses accepts enthusiasti-
cally since he recently read the front page and cover story of Time magazine (5 September 
2005) explaining that in this way you can detect asymptomatic life-threatening coronary 
artery stenosis. The scan shows only minor luminal irregularities of very uncertain patho-
logical meaning. At this point, thallium stress perfusion scintigraphy (step 6) is per-
formed. A very mild, questionable hypoperfusion of the inferobasal wall is documented. 
The stress echocardiography (step 7) is performed and a very mild apical hypokinesis 
is observed at peak exercise in presence of marked systolic blood pressure rise. At this 
point the cardiologist asks for further examinations and Mr. Ulysses becomes increasingly 
anxious. One after another, Ulysses undergoes a PET-adenosine stress (step 8: marginally 
positive finding at basal lateral wall) and magnetic resonance imaging with adenosine and 
gadolinium contrast (step 9: marginally positive finding on the basal inferior septum). The 
patient is eventually referred for coronary angiography (step 10); the island of Ithaca is 
crowded with nonsignificant coronary stenoses, unrelated to perfusion defects or wall 
motion abnormalities, which may, however, trigger the oculostenotic reflex [4] leading 
to the vicious circle of angioplasty (obviously with drug-eluting stent), imaging test 
for the diagnosis of silent restenosis, presence of perfusion or wall motion defects, re-
angiography, and so on and so forth.

None of these examinations is free, and they all imply a financial and a safety cost. For 
a resting cardiac imaging test, taking the average cost (not charges) of an echocardiogram 
as equal to 1 (as a cost comparator), the cost of a CT is 3.1×, of a SPECT 3.2×, of a car-
diovascular magnetic resonance imaging 5.51×, of a PET scan 14.03×, and of a right and 
left heart catheterization 19.95× higher [13]). For stress cardiac imaging, compared with 
the treadmill exercise test considered as equal to 1 (as a cost comparator), the cost of stress 
scintigraphy is 2.1×, and of stress SPECT scintigraphy 5.7× higher [14].

There are non-negligible acute risks in several noninvasive imaging techniques. 
Exercise testing entails a very small but definite risk, and data confirm that there is up to 
1 myocardial infarction or death per 2,500 tests [15]. Major, life-threatening side effects 
(sustained ventricular tachycardia, ventricular fibrillation, and myocardial infarction) 
occur in about 1 out of 300 dobutamine echocardiography and 1 out of 1,000 dipyridamole 
echocardiography tests [16, 17]. In general, exercise is safer than pharmacological stress, 
in which major complications are three times more frequent with dobutamine than with 
dipyridamole [18, 19].

The use of nephrotoxic contrast agents in large doses with CT imaging is a major 
concern, since it induces an acute worsening of renal function – not always reversible – in 
about 10% of patients with impaired renal function [11]. Also with echocardiography, the 
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use of contrast agents may add an extra risk of about 1 in 10,000 of allergic and life-threat-
ening [20] reactions. Moreover, experimentally, the number of injured cardiomyopathies 
increased with increasing contrast agent dose and ultrasound exposure [20], possibly due to 
acoustic cavitation and acoustic current production, which may locally deliver high levels 
of mechanical energy (higher with increasing power output, mirrored by the mechani-
cal index). Minor side effects (probably due to microembolization of injected bubbles) are 
frequent in up to 10% of patients, and include headache, nausea and vomiting, dysgeusia, 
and dyspnea. Major life-threatening side effects are rare but possible, and consist of 
ventricular tachycardia, pulmonary edema, ventricular fibrillation, and even death. Toxic 
effects led the FDA to force manufacturers to add a “boxed warning” on Luminity in Oc-
tober 2007, stating that “4 deaths and 110 various nonfatal reactions occurred during or 
30 min after the infusion (out of about two million studies)” [21]. Recently, additional con-
cern arose regarding the use of paramagnetic contrast agents during CMR in patients with 
impairment of renal function. Paramagnetic contrast agents have long been considered 
absolutely safe and well tolerated. However, in May 2007, the FDA (and EMEA) ordered a 
boxed warning on the safety of gadolinium-containing contrast agents, on the basis of 200 
cases of nephrogenic systemic fibrosis (NSF) that occurred in patients with kidney failure. 
NSF (also called nephrogenic fibrosing dermopathy, NFD) causes the patient to develop 
tight and rigid skin making it difficult to bend joints. NSF/NFD may also result in fibrosis, 
or sclerosis, of body organs resulting in the inability of body organs to work properly and 
can lead to death [22]. Risks are acute (linked to stress), subacute (linked to contrast use), 
and long-term (linked to radiation) (Table 41.1).

The rate of complications is obviously higher with invasive imaging procedures. For 
instance, coronary angiography has a cumulative risk of 1–2% of major complications 
(including dissection, myocardial infarction, stroke) and 1 in 1,000 risk of death [23]. 
Contrast-induced nephropathy is the third most common cause of hospital-acquired renal 
failure, ranging between 3% and 14% in patients with cardiovascular pathology undergo-
ing angiography procedures [24]. All of these risks may be fully acceptable in the presence 
of a proper indication, but become totally unacceptable if the indication is less than 
appropriate. More than ten million stress imaging procedures [25] and more than one mil-
lion coronary angiographies [23] are performed every year in the USA alone. The small 
individual risk thus becomes an important population burden [26].

Table 41.1 Acute, subacute, and long-term risks in cardiac imaging

Acute Subacute Chronic

Most frequent cause Stress Iodinated contrast Radiation

Timing Seconds Days Years

Examples Myocardial infarction Renal failure Cancer

Cellular target Endothelium of coro-
nary arteries

Kidney tubular cell Somatic cells (lung, 
breast, bone marrow)

Risk per exam 1 in 500 to 1 in 1,000 1 in 50 to 1 in 100 1 in 500 to 1 in 1,000

Cumulative nature No No yes
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Besides these clearly recognized acute and subacute risks, long-term risks linked to 

imaging radiation should also be considered. Medical X-rays and γ-rays are a proven 
human carcinogen [8, 9]. In radiology and nuclear medicine, higher acute doses correspond 
to higher long-term risks; there are no safe doses, and all doses add up in determining 
the cumulative risks over a lifetime [8, 9, 27]. Doses of common imaging are reported 
in yellow in Fig. 41.2, and range from the equivalent of 300 chest X-rays of a coronary 
angiography to that of 1,250 chest X-rays of a thallium scan [28]. With imaging cumula-
tive doses (radiation expenditure), the patient “buys” increasing risks of developing cancer 
during their lifetime.

In other words, at the end of the first round of examinations shown in Fig. 41.2, Ulysses 
paid about 100 times the cost of a simple exercise electrocardiography test – probably all 
that he needed. He received a 5% cumulative risk of major short-term adverse events (from 
renal insufficiency to myocardial infarction). He received a cumulative dose exposure of 
about 4,000 chest X-rays, corresponding to an extra-risk of cancer of 1 in 150. The invasive 
and interventional procedures that he underwent did not improve his quality of life since 
he was asymptomatic at the beginning of his cardiological history and the anatomy-driven 
revascularization will not increase his life expectancy [14, 28, 29]. Periodic follow-up 
examinations with imaging testing will be scheduled – mostly inappropriately [9] – and the 
Odyssey will probably last forever.

41.2
Appropriateness in Stress Echocardiography

The proliferation of cardiac stress imaging may represent an added value when appropri-
ate, and an added cost when inappropriate. Unfortunately, the definition of appropriateness 
is obvious in theory, but not so straightforward on practical grounds. Unlike prevention 
and treatment strategies supported by evidence-based practice guidelines, the evidence 
base for imaging is anecdotal, fragmented, and lacking in prospective clinical trials [3]. 
As a consequence, the process for developing appropriateness criteria is only partially 
evidence-based and is heavily weighted by expert consensus [3]. On an arbitrary scale of 
1 (most inappropriate) to 9 (most appropriate), indications are classified as “appropriate” 
(score >7, test is generally acceptable and is a reasonable approach for the indication), 
“uncertain” (score between 4 and 6, test may be generally acceptable and may be a 
reasonable approach for the indication), and “inappropriate” (score <3, test is not generally 
acceptable and is not a reasonable approach for the indication). The most frequent appropri-
ate, uncertain, and inappropriate indications met in the clinical practice of high-volume 
laboratories are listed in Table 41.2 [20]. Following these criteria, only two out of three 
stress echocardiography (or nuclear stress imaging) tests are appropriate, with similar 
numbers observed in disparate geographic, cultural, and economic situations – from Italy 
to Australia [30] to the USA [31] (Fig. 41.3). Of interest, the vast majority of inappropriate 
studies were restricted to only a few patient indications, with the four most frequent inap-
propriate indications listed in Table 41.2 accounting for 88% of all inappropriate examinations 
[31]. This repetitive pattern of inappropriateness points to a need for quality improve-
ment and educational programs to achieve measurable improvement in results [32]. This is 
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Table 41.2 Most frequent appropriate/uncertain/inappropriate indications in coronary artery 
disease (CAD) detection and/or risk stratification

Appropriate Uncertain Inappropriate

ECG uninterpretable or unable to exercise, 
or prior stress ECG equivocal

Ö

Coronary artery stenosis of unclear signifi-
cance (CT or angiography)

Ö

Postrevascularization not in the early post-
procedure period, with change in symptoms

Ö

Presurgery, high risk nonemergent, poor 
exercise tolerance 

Ö

Viability test in ischemic cardiomyopathy, 
known CAD, patient eligible for revascu-
larization

Ö

Asymptomatic or stable symptoms, repeat 
stress echo after >5 years

Ö

Asymptomatic <5 years after CABG or <2 
years after PCI

Ö

Asymptomatic, low risk Ö

Preop, intermediate risk surgery, good 
exercise capacity

Ö

Symptomatic, low pretest probability, inter-
pretable ECG, able to exercise

Ö

Preop, low-risk surgery, CT computed tomography, CABG coronary artery bypass graft, 
PCI percutaneous coronary intervention

Fig. 41.3 Inappropriateness in stress echocardiography (left) and cardiac stress imaging (right). 
Data are derived from [30] (Pisa and Brisbane echocardiography laboratories in Italy and Aus-
tralia) and [31] (Mayo Clinic nuclear cardiology laboratory in the USA)

Inappropriate

Appropriate

Partially
inappropriate

6%

62%

32%

Stress echocardiography

25%

64%

11%

Stress Scintigraphy

GREEN, non-ionizing RED, ionizing

 especially important today and in view of the projected spectacular rise of cardiac imaging 
in the next 15 years [33] (Fig. 41.4).

It is certainly good to have multiple imaging tools, which allow us to avoid the con-
traindications and limitations of each technique and to tailor the best (most effective) test 



592 41 Appropriateness in the Stress Echocardiography Laboratory

41

in individual patients (Fig. 41.5). The best test choice should also consider the test with 
the lowest cost – for any given accuracy – and, importantly, the test with the lowest acute, 
chronic, and long-term risks. This concept is clearly spelled out in guidelines of the UK 
College of Radiology in 1999 [8], Medical Imaging guidelines in 2001 [9], and the American 
College of Cardiology guidelines in 2006 [10, 11].

For example, with special regard to the radiation issue, European Union guidelines state 
that “for instance, because MRI does not use ionizing radiation, MRI should be preferred 
when both CT and MRI would provide similar information and when both are available.” 
The American College of Cardiology definition of appropriateness defines an imaging 
study as “one in which the expected incremental information exceeds the negative conse-
quences, which include the risks of the procedure (i.e., radiation or contrast exposure) and 
the downstream impact of poor test performance.”

Imaging technology evolution in the last 30 years was characterized by a shift from 
one-dimensional (1970s) to a two-dimensional (1980s–1990s) and current three-dimen-
sional representation of the heart provided by all major imaging modalities. The evolution 
of technology has most likely not always been fully matched by our maturity in using it. 
We should probably move from a one-dimensional approach to imaging (typical of the 
1980s) to the two-dimensional approach (considering cost-effectiveness, not only effec-
tiveness) up to a three-dimensional approach integrating benefit, cost, and risk.

Appropriateness in health care, like quality, can be a moving target and not easy to 
define. However, it is also true that, as with many quality measures, the very act of having 
appropriateness criteria and measuring your own appropriateness performance is likely 
to improve the quality of what is being measured [32]. This needs to be done to improve 

Fig. 41.4 Future trends in the use of cardiac imaging up to the year 2020. (Redrawn from the 
original data of [33])
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the quality of our profession, to address the existing concerns of those who pay for these 
services, and to optimize the immense benefits our patients can derive from the appropri-
ate practice of cardiac imaging and stress echocardiography. Cardiac imaging must not 
become another chapter of the medical nemesis [33, 34]. Ivan Illich wrote in 1976 (the 
beginning of the imaging era): “Act so that the effect of your action is compatible with the 
permanence of genuine human life. Very concretely applied this could mean: Do not raise 
radiation levels unless you know that this action will not be visited upon your grandchild.” 
The contemporary practice of imaging seems to ignore this sound advice. Cardiac imaging 
studies that expose patients to ionizing radiation should be ordered only after thought-
ful consideration of the potential benefit to the patient, and in keeping with established 
 appropriateness criteria [35].
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Technology and teaching, 337–338
Temporary pacemaker backup, 234, 235
Testing for vasospasm, 300–301
Testing in the echocardiography laboratory, 

105–119
Thallium-201 

scintigraphy, 34–346
Theophylline, 194, 200, 209
Therapeutic procedures, 301
Therapy, 66, 81, 84–86, 125, 126, 137, 138, 

140, 153, 177, 181
Thickening, 6, 23, 25, 43–49, 51, 52, 62, 

75–77, 81, 82, 135, 136
Thinning, 75, 222, 278, 327, 354, 479, 480, 

482, 553
Third-generation stress echocardiography, 7–9
Three dimensional (3D) imaging, 46, 

101–102, 141, 539
Three-dimensional (3D) echocardiography, 

44, 101, 109, 320, 321, 331–333, 
349, 472

Thromboregulatory molecules, 378
Thrombosis, 21, 559
Thrombus formation, 512
Tips in Coronary Flow Reserve, 138–139
Tissue characterization, 4, 8, 278, 280, 320, 

326, 336, 525
Tissue Doppler imaging, 83, 327, 328, 368, 

370, 470, 472, 528
Tissue harmonic imaging, 7, 147, 148, 353
Tolerability, 208, 212, 264, 450,
Training, 112, 145–154, 337, 355, 375, 416, 

523, 575
Training requirements, 145–154



Index 611

Transesophageal echocardiography, 99, 100, 
127, 130

Transmembrane calcium transport system, 58
Transmitral doppler, 361
Transmural function, 43, 320, 322
Transmural infarction, 571
Transmural upslope, 574
Transplant coronary artery disease, 525
Transposition of great arteries after surgical 

repair, 526–527
Transthoracic coronary flow reserve, 39–40
Transthoracic echocardiography, 26, 39, 99, 

114, 127, 128, 132, 133, 135, 148, 
286, 362, 365, 368, 436, 444, 447, 
451, 468, 480, 490, 507, 512, 515, 
525, 526, 530, 577

Traps in coronary flow reserve, 138–139
Treadmill, 160, 163–165, 232, 259, 270, 353, 

540, 542, 587
Treatment with the β-blockers, 436
Trends in cardiac imaging, 592
Tricuspid annulus plane systolic excursion, 

109, 468
Tricuspid regurgitation, 112, 113, 119, 349, 

355, 370, 524
Troublemakers, 37, 86, 215
True positive, 27, 82, 270, 384
Truly or pseudo-severe aortic stenosis 

(TOPAS), 505
Two-dimensional (2D) approach, 102, 

368, 592

U
UK College of Radiology, 585, 592
Ulcer, 259
Ultrasonography, 389
Ultrasound lung comets, 75, 76, 84, 116–118, 

369, 469, 470
Ultrasound market,334, 336, 338
Ulysses syndrome, 586–590
Uncontrolled cardiac arrhythmias, 410, 447
Unfavorable dosimetry, 12
Unstable angina, 21, 229, 235, 283, 295, 304, 

305, 308, 309, 345
Unstable carotid disease, 268
Upright bicycle, 164, 165
Uptake, 60, 84, 192, 276, 277, 281–283, 

303, 345
Uric acid, 209
Use of stress testing, 269–270

V
Vagal inhibition, 210
Valve and intraventricular gradients, 528

Valvular heart disease, 3, 118, 168, 444, 447, 
465, 499–516, 575

Valvuloplasty, 507, 508
Variability in reading, 150
Variant angina, 6, 21, 58, 83, 194, 229, 231, 

243, 244, 259, 301, 437
Vascular permeability, 379
Vascular surgery, 181, 197, 413–422
Vasculitis, 523
Vasoconstriction, 21, 26, 58, 59, 175, 229, 

233, 301
Vasoconstriction in renal preglomerular 

arterioles, 210
Vasodilation, 10, 20, 21, 35, 58, 59, 63, 64, 66, 

69, 111, 115, 125, 129, 176, 189, 207, 
208, 211, 221, 254, 276, 283, 347, 375, 
377, 379, 380–384, 386, 387, 389, 458, 
460, 487, 492, 530, 540

Vasodilator agents, 410
Vasodilators, 67, 131, 351, 352, 444, 540
Vasodilatory power, 69–70
Vasospasm, 6, 21, 32, 37, 57–60, 81, 107, 

125, 153, 175, 176, 179, 194, 229, 
231–236, 241, 243, 244, 259, 295, 
299, 300, 301, 432, 443

Velocity imaging, 4, 8, 44, 109, 191, 194, 
207, 278, 280, 288, 329, 336, 435, 
467, 539, 575

Velocity range, 138, 329
Venous occlusion plethysmography, 377
Venous pressure, 105
Ventricular arrhythmias, 183, 263, 450, 480
Ventricular base, 108–110
Ventricular fibrillation, 165, 178, 183, 196, 

213, 587, 589
Ventricular mechanoreceptor stimulation, 

179, 254
Ventricular pacing, 51, 77, 221, 222, 224, 

319, 408
Ventricular remodeling, 288, 480
Ventricular tachycardia, 165, 178, 183, 194, 

196, 213, 231, 479, 587, 589
Ventriculography, 34, 35, 53, 91, 99, 109, 221, 

280, 436, 539
Versatility, 10, 118, 170, 278, 379, 444, 468, 

484, 516, 542, 560, 570,
Vessel growth, 379
Vessel tone, 378, 379
Viability, 6, 77, 177, 181, 183, 192, 197, 215, 

274–288
Viability imaging, 274–275
Viable myocardium, 51, 78, 79, 167, 192, 197, 

215, 278, 280, 281, 283, 285, 287, 288, 
326, 329
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Videodensitometry, 326
Videointensity, 354, 355
Vitamins, 383
Vomiting, 589
Vulnerability, 19, 106, 554
Vulnerability to radiation damage, 532

W
Wall motion abnormalities, 4, 10, 32, 

36, 38–40, 51, 69, 82, 86, 91, 
100, 108

Wall motion disturbances, 86
Wall motion score index, 96–98, 181, 182, 

197, 226, 249–253, 255, 262, 264, 284, 
298, 306, 307

Wall stress, 62, 82, 164, 449
Wall structure, 553
Wall thickness, 27, 48, 278, 435, 448, 488
Weakness, 448, 573

Western countries and spasm provocation 
testing, 235

Wolff-Parkinson-White syndrome, 222, 300, 543
Women, 67, 167, 169, 197, 224, 389, 413–422, 

460, 462, 541
Worried well, 561, 562, 587
Worsening congestive cardiac failure, 345

X
X-rays, 11, 12, 116, 127, 170, 356, 414, 419, 

451, 462, 484, 531, 543, 555–557, 577, 
579, 588, 590

Y
Young adulthood, 3
Young patients, 480, 484, 526

Z
Zero risk, 14
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