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tress Echocardiography
urrent Methodology and Clinical Applications
illiam F. Armstrong, MD, FACC,* William A. Zoghbi, MD, FACC†

nn Arbor, Michigan; and Houston, Texas

Stress echocardiography is commonly employed for the clinical management of known or
suspected coronary artery disease. This review discusses the accuracy of the technique, which
is equivalent to that of competing imaging techniques, as well as its overall role in patient
management. The utilization of stress echocardiographic modalities in clinical presentations,
such as chest pain, congestive heart failure, and valvular heart disease, and preoperative risk
assessment, as well as determining myocardial viability, are discussed. (J Am Coll Cardiol

ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.12.078
2005;45:1739–47) © 2005 by the American College of Cardiology Foundation
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tress echocardiography was introduced in 1979 and has
eveloped into a versatile technique for identifying patients
ith coronary artery disease (CAD) and determining prog-
osis. The rationale for its use is that cardiovascular stress
ill result in ischemia, which in turn is manifested as a

egional wall motion abnormality (WMA) distal to an
bstructive coronary lesion (Fig. 1). In addition to its role in
AD, stress echocardiography can be used to assess the

everity of valvular heart disease and for detection of occult
ulmonary hypertension.

TRESS ECHOCARDIOGRAPHY METHODOLOGY

ither physical or pharmacologic stress can be used (Table
). The choice of exercise (treadmill vs. bicycle) has become
matter of laboratory choice and patient acceptability. With

readmill exercise, only post-exercise imaging is available.
his results in the possibility of WMA resolving rapidly and
ence a false-negative study. This effect is most likely with
ilder or single-vessel stenosis. Bicycle exercise has the

dvantage of imaging the heart at peak exercise. This may
esult in detection of a greater extent of ischemia and in a
heoretical increase in sensitivity. If post-treadmill imaging
s utilized, it is imperative that imaging be completed within
5 to 60 s to avoid resolution of stress-induced WMA.
For patients incapable of adequate physical exercise,

harmacologic stress can be substituted. The most com-
only employed agents are dobutamine and dipyridamole

or adenosine). Based on a number of factors, including
ost, dobutamine has been the preferred agent in the U.S.
ombinations of dobutamine and dipyridamole have been
sed to simultaneously increase myocardial oxygen demand
nd accentuate flow discrepancy. Pacing stress, using either
temporary transvenous catheter, an implanted pacemaker,

From the *Departments of Internal Medicine, Divisions of Cardiology, University
f Michigan, Ann Arbor, Michigan; and †Baylor College of Medicine, Houston,
exas.
i
Manuscript received October 6, 2004; revised manuscript received December 8,

004, accepted December 14, 2004.
r transesophageal atrial pacing, is also an alternative to
xercise.

For patients capable of exercise, in whom the question is
he presence or absence of CAD, or for evaluation of
yspnea and fatigue, exercise is preferred to pharmacologic
esting because it allows a link to be drawn between physical
ctivity and provokable abnormalities. Similarly, while the
esponse of pulmonary artery pressures (measured from the
ricuspid regurgitation jet) to exercise has been validated,
he same conclusion cannot be made when using pharma-
ologic stress. Table 2 outlines the commonly employed
tress echocardiographic methodologies that should be con-
idered as primary, alternative, or not recommended de-
ending on the clinical question to be addressed.

NALYSIS OF STRESS ECHOCARDIOGRAMS

nalysis of stress echocardiograms is one of the more
hallenging aspects of echocardiography, and it should only
e undertaken by individuals with appropriate training and
xperience (1). There are several levels of complexity with
hich wall motion can be analyzed. These include a simple
ualitative assessment of normal versus abnormal qualitative
escriptors of regional wall motion as normal, hypokinetic,
kinetic, or dyskinetic, generation of a wall motion score,
nd quantitative techniques such as ventricular volumes,
jection fraction, chordal, and area shrinkage. The most
ommonly employed scheme is simply to describe segments
s normal, hypokinetic, akinetic, or dyskinetic and to
alculate a wall motion score.

A wall motion score index is a unit-less number that is
irectly proportional to the severity and extent of WMA.
or its calculation, each left ventricular (LV) segment is
iven a score of one to four (normal, hypokinetic, akinetic,
r dyskinetic, respectively). The wall motion score is calcu-
ated as the sum of individual scores divided by the number
f scored segments. A separate score can be calculated for
he left anterior descending coronary artery (LAD) and
osterior circulation. In addition to analysis of standard

mages, other technology can be brought to bear for evalu-
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tion of stress echocardiograms. Doppler tissue imaging has
ecently been used for quantitation of myocardial mechanics
t rest and with stress, with most studies suggesting it is
ore sensitive than visual analysis alone (2). Finally, using
oppler methods, strain or strain rate can be calculated.
reliminary studies have suggested that strain rate imaging

s even more sensitive than Doppler tissue velocity or
isplacement for detecting myocardial ischemia (3). These
echniques have not yet seen widespread utilization in
outine clinical laboratories.

When undertaken with exercise, the validity of the
T-segment response to stress is identical to that seen with
outine treadmill testing; however, the electrocardiographic
ECG) response during dobutamine or vasodilator stress

Abbreviations and Acronyms
CAD � coronary artery disease
DSE � dobutamine stress echocardiography
ECG � electrocardiogram
LAD � left anterior descending coronary artery
LV � left ventricle/ventricular
WMA � wall motion abnormality

igure 1. Parasternal long-axis echocardiogram recorded at rest (left) and
escending coronary artery. Diastolic frames are on the top, and systolic f

nd posterior wall. Immediately after exercise, the proximal septum has normal co
entricular septum (upward pointing arrows).
rovides less information. With exercise echocardiography,
he hemodynamic response to stress has the same clinical
mplications as it does during routine treadmill testing. The
emodynamic response to vasodilator stress does not pro-
ide diagnostic or prognostic information. During dobut-
mine stress echocardiography (DSE), occasional patients
ave a paradoxical decrease in blood pressure. Hypotension

diately after exercise (right) in a patient with stenosis of the left anterior
are on the bottom. At rest, notice the normal contraction of the septum

able 1. Stress Echocardiography Methods

Exercise
Post-treadmill exercise
Supine bicycle
Upright bicycle

Pharmacologic
Dobutamine infusion (�atropine)
Dipyridamole (�atropine)
Adenosine (�atropine)
Combined dobutamine�dipyridamole

Other
Transesophageal atrial pacing
Transvenous pacing (temporary or permanent)
Ergonovine*
Hyperventilation*
Cold pressor

For provocation of coronary vasospasm.
imme
rames
ntractility (downward pointing arrow), and there is dyskinesia of the distal
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oted during DSE is not necessarily a manifestation of
evere ischemia, as it is with exercise. Dobutamine-induced
ypotension may be due to myocardial ischemia (usually
ultivessel), provocation of dynamic outflow tract obstruc-

ion, or a hyperdynamic ventricle with a small cavity size and
low stroke volume.
Because the accuracy of stress echocardiography is criti-

ally dependent on evaluation of myocardial thickening and
ndocardial motion, it is essential that all myocardial seg-
ents be adequately visualized. Utilization of tissue har-
onic imaging has greatly enhanced the ability to identify

nd analyze wall segments. Intravenous contrast for LV
avity opacification also improves endocardial border defi-
ition and may salvage an otherwise suboptimal study.

OLE OF STRESS ECHOCARDIOGRAPHY IN CAD

he most common uses of stress echocardiography are for
he diagnosis of CAD and for determining prognosis. The
iagnosis of CAD is based on detection of either a resting
r inducible WMA. The implications of rest WMA are that
previous infarction has occurred or that there is sufficient

schemia at rest to render systolic function abnormal. If
MA is provoked at the time of stress, this implies the

resence of obstructive CAD. To simply establish the
iagnosis of CAD, a qualitative assessment generally suf-
ces. Calculation of a wall motion score adds a semiquan-
itative element to this assessment, which may be valuable
ither for prognosis, serial studies, or risk stratification with
espect to the amount of myocardium in jeopardy.

The accuracy of exercise echocardiography (Table 3) has
een examined in numerous studies (4–16). Sensitivity has
anged from a low of 71% (13) to a high of 97% (5). As the
hreshold level of WMA required to define a positive study
as varied, there has been the expected inverse relationship
etween sensitivity and specificity, with specificity ranging
rom 64% (5) in the studies reporting the highest sensitivity
o over 90% (13) in studies with lower sensitivity. As with all
ther imaging modalities, the sensitivity for detection of
atients with single-vessel disease has been lower (59% to
4%) than sensitivity for detection of patients with mul-
ivessel disease (85% to 100%). Although the sensitivity for

able 2. Role of Stress Echocardiography in Clinical
ecision-Making

TME Bike DSE

hest pain evaluation � � �
ost-MI risk � � �
iability � � �
yspnea/fatigue � � �
reoperative risk assessment* � � �
alvular disease � � �
ulmonary hypertension � � �

For noncardiac surgery.
� � preferred technique; � � alternate technique, if preferred method not

easible; � � not recommended, lack of data to support use; DSE � dobutamine
tress echocardiography; MI � myocardial infarction; TME � treadmill exercise
ime.
dentifying patients with multivessel disease is high, it is not
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ncommon to understate the number of diseased vessels.
his phenomenon occurs when a test is stopped for an

ndication such as angina or ST-segment depression. In this
nstance, the study will be discontinued when the most
ritical lesion becomes unmasked, and less severe stenoses
ay go undetected. Because decreased sensitivity is gener-

lly balanced by increased specificity, overall accuracy has
een relatively high (69% to 92%). A similar level of
ccuracy with many of the same limitations has been noted
or DSE (Table 4) (17–22).

Complicating sensitivity analysis is the definition of
significant” stenosis. As with all other diagnostic imaging
odalities, sensitivity is greatest when significant stenosis is

efined as a threshold of �70% diameter narrowing and
alls when significant stenosis is defined as �50% diameter
arrowing.
There are several situations in which the accuracy of stress

chocardiography will be adversely impacted, compared
ith an angiographic standard. These include the presence
f cardiomyopathy, microvascular disease, an acute hyper-
ensive response to stress, and significant LV hypertrophy,
specially the combination of increased wall thickness with
ormal or small chamber sizes (concentric remodeling). In
he latter situation, wall stress is reduced, and the likelihood
f a false-negative result is increased.
Specific accuracy for identification of coronary lesions in

he LAD, versus that in the posterior circulation (right and
ircumflex coronary artery), has been investigated in several
tudies. Although the overall accuracy for detecting patients
ith coronary disease has been equivalent, the ability to
recisely identify an obstruction in the LAD has exceeded
hat for the posterior circulation. The underlying basis for
his phenomenon probably relates to the greater ease with
hich the LAD territory is visualized versus the occasional
roblematic visualization of the posterior endocardium, as
ell as the greater amount of myocardium perfused by the

nterior circulation. Additionally, because of the overlap
etween the right coronary artery and circumflex coronary
rtery territories, precise separation of these territories has
een problematic.
Technical factors that adversely impact accuracy include

ny procedural complexity which delays imaging, as well as
uboptimal image quality. As with all other forms of stress
esting, a low level of physical stress, resulting in a subop-
imal cardiovascular workload, will result in a reduction in
ensitivity for detecting CAD. The degree to which a
uboptimal heart rate impacts the accuracy of pharmacologic
tress is less clear. Vasodilator stress does not rely on
ncreasing cardiovascular workload, and thus traditional

easures of cardiovascular workload may have little rele-
ance. Dobutamine increases the heart rate and blood
ressure and has a primary impact on contractility, which
lso drives myocardial oxygen demand, all of which mimic
he effects of exercise. As such, a “suboptimal” heart rate
esponse to dobutamine, if seen in the presence of a

yperdynamic response, may not confer as great a decre-
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ent in accuracy as a similar reduction in heart rate with
hysical stress. If desired, the heart rate can be augmented
y the use of atropine either at peak dobutamine dose or
ften at intermediate stages (typically 20 �g/kg/min).
The accuracy of stress echocardiography has been com-

ared with competing diagnostic techniques. When stress
chocardiography is compared directly with radionuclide
cintigraphy, using laboratories of equivalent proficiency,
here is general parity in accuracy for the techniques (7). A
ecent meta-analysis suggested virtually identical sensitivity
or stress echocardiographic and radionuclide techniques,
ith a higher specificity noted with stress echocardiography

23). The relative advantages of radionuclide scintigraphy
nclude the ease with which data can be quantified and
ence used for serial studies. Relative advantages of stress
chocardiography include its versatility and ability to eval-
ate all other forms of cardiac disease simultaneously.
Finally, the validation studies of stress echocardiography

re subjected to the same issues of referral and test verifi-
ation bias as other techniques. The combination of referral
nd verification bias typically leads to an overstatement of
ensitivity in early studies. After adjustment for referral and
erification bias, sensitivities typically are lower and speci-
city higher in the unselected general population than
eported in the initial verification cohorts (15).

SE OF STRESS
CHOCARDIOGRAPHY IN
ARDIAC RISK STRATIFICATION

atients with known or suspected CAD. The informa-
ion gleaned from regional and global ventricular function at
eak exercise is a powerful predictor of subsequent cardiac
vents and is additive to clinical variables, exercise duration,
CG changes, and resting ventricular function (24–26).
his prognostic power was demonstrated in various clinical

ubsets, including hypertension and diabetes mellitus, and is
rrespective of age or gender. An exercise wall motion score
ndex �1.4 or exercise ejection fraction �50% portends a
ignificantly worse prognosis. This prognostic cut-off is
imilar to that of a radionuclide perfusion defect size of
15% (24). Results of exercise echocardiography have been

ombined with the Duke treadmill score and can further
tratify cardiac risk events (25). It is important to note that
hile ventricular function at peak exercise is the most
owerful independent index for prognosis, ischemic ST-
egment depression and exercise duration also remain im-
ortant prognostic indicators. A risk index combining
chocardiographic and exercise variables was recently vali-
ated and further improved the risk stratification of exercise
chocardiography, particularly its negative predictive value
or cardiac events (Fig. 2) (27). The rate of spontaneous
ardiac events in individuals with a normal exercise echo-
ardiogram and good exercise tolerance is usually �1% per

ear (24–27). Exercise echocardiography is cost-effective d
ompared with exercise electrocardiography in the manage-
ent of patients with suspected or known CAD (28).
Similar to exercise echocardiography, pharmacologic

tress with either dobutamine or dipyridamole has been
hown to have significant prognostic power (29–32). A
reater extent of WMA, dilation of the LV at maximal
tress, and a low threshold at which ischemia develops all
redict a worse outcome. A normal dobutamine stress
chocardiogram carries a low spontaneous cardiovascular
vent rate (usually �1.5%/year), although total mortality
ay be as high as 8% per year (29–32). This may reflect

ifferences in population characteristics and underlying
edical conditions.
ost-acute myocardial infarction prognosis. Identifica-

ion of high-risk patients after an acute myocardial infarc-
ion is possible by using clinical features such as recurrent
ost-infarction angina, older age, heart failure, and cardio-
enic shock. Absence of these clinical characteristics, how-
ver, does not necessarily predict a low subsequent risk.
valuation of cardiac markers, LV ejection fraction, ven-

ricular dysrhythmias, and identification of residual or re-
ote myocardial ischemia improve risk stratification. With

tress echocardiography, the presence of residual or remote
schemia is detected as stress-induced WMA. After infarc-
ion, worsening ventricular function with stress confers a
orse prognosis. The majority of studies have involved
harmacologic stress. This is particularly relevant in the era
f thrombolytic therapy and percutaneous interventions, as
harmacologic stress testing allows the concomitant evalu-
tion of myocardial viability at a low stress level, as well as
he threshold and extent of ischemia at higher stress levels.
he extent of rest WMAs, inducible ischemia, and nonvi-

bility all imply a worse prognosis (33–35).
reoperative risk assessment. Cardiac risk assessment be-

ore major noncardiac surgery is an important clinical
hallenge. The most important clinical predictors of cardiac

igure 2. Three-dimensional model of probability of a cardiac event over
he ensuing five years after exercise echocardiography versus risk index,
erived from the exercise wall motion score index (ExWMSI), occurrence
f ischemic ST-segment change at maximal exercise (ST� � 0 or 1), and
readmill exercise time (on Bruce protocol, in min). Reproduced from

azur et al. (27), with permission.
eath and nonfatal myocardial infarction are previous in-
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arction, angina, heart failure, and diabetes mellitus. Pa-
ients with one or more of these risk factors generally
arrant further risk assessment. Because the majority of
atients being evaluated for major surgical procedures,
specially vascular, cannot adequately exercise, pharmaco-
ogic stress testing is preferred. Dobutamine stress testing
as been shown to improve risk stratification of patients
efore vascular or nonvascular surgery (36–38). A low
schemic threshold during stress testing—at a heart rate

70% of the age-predicted maximal heart rate—is the
trongest predictor of cardiac events. Based on recent
eta-analyses, the prognostic power of stress echocardiog-

aphy is similar to or exceeds that seen with radionuclide
esting (39,40). Beta-blocker therapy has been shown to
educe perioperative cardiac events in patients undergoing
ajor noncardiac surgery. Of interest is that in patients

eceiving beta-blockers, DSE was also beneficial in further
isk stratification, particularly in individuals who had three
r more clinical risk factors (38).

OLE OF STRESS
CHOCARDIOGRAPHY IN MYOCARDIAL VIABILITY

hronic systolic ventricular dysfunction does not neces-
arily imply irreversible myocardial injury. Indicators of
yocardial viability have included contractile reserve to

notropic stimulation and preserved myocardial thickness,
s well as intact myocardial perfusion and metabolism.
everal studies have shown the utility of DSE in the
valuation of myocardial viability. Incremental infusion
f dobutamine elicits an augmentation of regional func-
ion in dysfunctional segments that is predictive of
ecovery of function after revascularization (41,42). The
se of high-dose in addition to low-dose dobutamine
nmasks differences in contractile reserve, with signifi-
ant implications for both recovery of function after
evascularization and prognosis. Dysfunctional myocar-
ium shows one of four responses to dobutamine: 1)
iphasic response: augmentation at a low dose followed
y deterioration at a higher dose; 2) sustained improve-
ent: improvement in function at a low dose that persists

r further improves at higher doses; 3) worsening of
unction, without contractile reserve; and 4) no change in
unction (Table 5). Sensitivity for recovery of function
anges between 74% and 88%, with a specificity between
3% and 87% (42). A biphasic response confers the
ighest predictive value for recovery of function after

able 5. Assessment of Myocardial Viability With Stress Echoca

Resting
Function Low Dose Maximal Stress

bnormal Improvement Worse than low dose
bnormal Worse than rest or no change Worse than rest or low do
bnormal Improved Further or continued impro
bnormal No change No change
evascularization. A combination of the types of re-
r
r

ponses to dobutamine (e.g., any contractile reserve)
ncreases the sensitivity of DSE with a slight decrease in
pecificity for predicting recovery of function. Studies
hat have compared determination of viability with DSE
nd radionuclide studies have shown slightly higher
ensitivity and lower specificity for radionuclide tech-
iques (42,43).
Myocardial thickness also is an indicator of myocardial

iability. Myocardium that is thin (�6 mm) has a very low
ikelihood of viability and recovery of function after revas-
ularization (negative predictive value of 93%). A combina-
ion of contractile reserve during DSE and preserved myo-
ardial thickness (�6 mm) yields the best diagnostic
ccuracy for echocardiography in predicting recovery of
unction (44).

Observational data suggest that dysfunctional, viable
yocardium that is not revascularized is a predictor of

urther ischemic events and higher overall mortality.
ecent studies using DSE have demonstrated a very poor
rognosis in individuals with depressed ventricular func-
ion who have no evidence of myocardial viability, irre-
pective of whether or not they underwent revasculariza-
ion (Fig. 3). In patients with myocardial viability who do
ot undergo revascularization, prognosis was equally poor.
imilar to data from radionuclide or positron emission
omography, the best prognosis was observed in patients

raphy

Type of Response Interpretation

Likelihood for
Recovery of

Function

Biphasic Viable, ischemic Very high
Worsening Viable, ischemic Medium

t Sustained improvement Viable, nonischemic Low
No change Nonviable Low

igure 3. Dobutamine stress echocardiography (DSE) in ischemic left
entricular (LV) dysfunction impact on survival. Mortality rates at a
ean follow-up of 18 � 10 months in patients with chronic LV

ysfunction, grouped by the presence of viability by DSE and by
hether or not patients underwent revascularization (�Rev and �Rev,
rdiog

se
vemen
espectively). *p � 0.01 vs. others. Modified from Afridi et al. (45), and
eproduced with permission.
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ith evidence of myocardial viability who underwent revas-
ularization (42,45).

SE OF STRESS
CHOCARDIOGRAPHY IN
ONISCHEMIC HEART DISEASE

tress Doppler techniques allow a unique application of
tress echocardiography in valvular heart disease and
ther entities, such as hypertrophic cardiomyopathy and
ulmonary hypertension. The majority of patients with
alvular stenosis have a conclusive evaluation based on a
esting echocardiogram and Doppler examination. In
atients with unexplained symptoms and what appears to
e, at most, moderate mitral stenosis at rest, a hemody-
amic re-evaluation with exercise is beneficial (46). An
xercise echocardiogram— usually with a bicycle study—
an provide re-evaluation of valvular gradients during
xertion and simultaneous determination of pulmonary
rtery pressure from the tricuspid regurgitation jet. In
atients with apparent severe aortic stenosis and depres-
ion of ventricular function, the reduction in blood flow
ay exaggerate the reduction in orifice area of the

igure 4. Dipyridamole (Dip) stress contrast echocardiography using real-ti
nd end systole in a patient with significant stenosis of the left anterior de
highlighted by arrows) and the corresponding wall motion abnormality.
tenotic valve (47). In these instances, DSE plays a B
ignificant role in re-evaluating valvular hemodynamics
nd contractile reserve.

EW DEVELOPMENTS IN
TRESS ECHOCARDIOGRAPHY

eal-time three-dimensional (3D) imaging. Technologi-
al advances in transducer and computer technology have
llowed the recent introduction of real-time 3D echocardi-
graphy. A real-time 3D volume set can be acquired within
ne to four cardiac cycles. Subsequent analysis allows
ultiple tomographic interrogations off-line, thus avoiding

oreshortening of the ventricle and possibly improving
ccuracy. Similar to two-dimensional echocardiography,
ontrast echocardiography can be used for enhancement of
ndocardial border definition and possibly for myocardial
erfusion. Initial studies with 3D echocardiography during
harmacologic stress have been encouraging (48).
valuation of simultaneous myocardial perfusion with

ontrast echocardiography. The past decade has seen
ignificant advances in the field of myocardial contrast
chocardiography: with the development of microbubbles
hat traverse the pulmonary circulation, enhance LV border
elineation, and evaluate myocardial perfusion (49,50).

rfusion imaging at a low mechanical index, showing images at end diastole
ing coronary artery. Note the perfusion defect that developed in the apex
me pe
ecause of the sensitivity of the microbubbles to ultrasound
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nergy, either intermittent imaging or low-power imaging
low mechanical index) is necessary to preserve micro-
ubbles while imaging (Fig. 4). Initial studies have demon-
trated the feasibility of such techniques to image myocar-
ial perfusion in combination with either vasodilator stress,
SE, or exercise (51,52). Current limitations of the tech-

ique include attenuation in the cardiac base and variability
f regional perfusion parameters. Large-scale trials are
urrently under way to evaluate the accuracy of stress
yocardial contrast echocardiography in comparison with

adionuclide perfusion techniques and angiography.

UTURE DIRECTIONS

uture developments in stress echocardiography are aimed
t refinements of the methodology and quantitative tech-
iques to further improve accuracy, decrease subjectivity,
nd increase reproducibility of interpretation. These poten-
ial enhancements include the incorporation of tissue Dop-
ler, myocardial strain, and strain rate imaging, contrast
chocardiography, and 3D imaging. Further advances in
yocardial contrast echocardiography would allow the si-
ultaneous evaluation of myocardial regional function and

erfusion—an ultimate goal of noninvasive physiologic
valuation of CAD.

eprint requests and correspondence: Dr. William F. Arm-
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omen’s L3119, 1500 East Medical Center Drive, Ann Arbor,
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