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  11      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, exercise remains the paradigm of all stress tests and the fi rst 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 dipyri-
damole [ 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 available 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 assess-
ment of intermediate stenosis, and risk stratifi cation. A series of successive improve-
ments led to a progressively widespread acceptance: digital echocardiographic 
techniques, allowing capture and synchronized 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 ]. In the USA, most 
laboratories use the post-treadmill approach with imaging at rest and as soon as pos-
sible 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 imag-
ing throughout exercise [ 14 ,  15 ]. The diffusion of semisupine exercise 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 
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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 consump-
tion and induce ischemia in the presence of a fi xed reduction in coronary fl ow 
reserve [ 21 ]. Of the determinants of myocardial oxygen demand, heart rate increases 
two- to threefold, contractility three- to fourfold, and systolic blood pressure by 
50 % [ 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.  11.1 ).
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  Fig. 11.1    The twofold increase in heart rate ( upper left panel ) is accompanied by a reduction of dia-
stolic time. The shortening of diastole ( black dots ) is much more pronounced than shortening of sys-
tole ( purple dots ), but the former is much more critical for sub-endocardial perfusion, even in the 
absence of coronary artery disease. The trends of end-diastolic volume index (EDVI) and end-systolic 
volume index (ESVI), ejection fraction (EF) and stroke volume index (Svi) are shown in right upper 
panel, left lower panel and right lower panel respectively. (From Bombardini et al. [ 22 ])       
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   Coronary blood fl ow 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 fl ow 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 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 can 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 disad-
vantages 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 echocardiographic information on 
top of well-established and validated electrocardiographic and hemodynamic 
information, and it is probably the safest stress procedure. The disadvantages 
are the limited ability to perform physical exercise in many individuals, who are 
either generally deconditioned or physically impeded by neurologic or orthope-
dic limitations. In addition, stress echocardiography during physical exercise is 
more technically demanding than pharmacologic stress because of its greater 
diffi culty and tighter time pressure [ 23 ].

   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 
diffi culty 

 High  Low 

 Safety profi le  High  Moderate 

 Clinical role in valvular disease  Yes  No 

 Clinical role in pulmonary hypertension  Yes  No 

 Fatigue and dyspnea evaluation  Yes  No 

11.2 Pathophysiology
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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 echo-
cardiography can be performed using either a treadmill or bicycle protocol 
(Table  11.2 ). When treadmill exercise is performed, scanning during exercise is not 
feasible, and therefore most protocols rely on postexercise imaging [ 13 ]. It is imper-
ative 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 completed 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 echocardiography 
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 
exercise capacity, heart rate response, rhythm, and blood pressure changes are ana-
lyzed and, together with wall motion analysis, becomes part of the fi nal interpreta-
tion. Bicycle exercise echocardiography is done with the patient either upright or 
recumbent (Fig.  11.2 ).

    The patient pedals against an increasing workload at a constant cadence (usu-
ally 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 possibility to obtain 
images during the various levels of exercise (rather than relying on postexercise 

   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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imaging). With the patient in the supine position, it is relatively easy to record 
images from multiple views during graded exercise. With the development of 
ergometers that permit leftward tilting of the patient, the ease of image acquisi-
tion has been further improved. In the upright posture, imaging is generally lim-
ited 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 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 posi-
tion [ 25 ,  26 ]. These differences contribute to a higher wall stress and an 
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  Fig. 11.2    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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associated increase in myocardial 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 test-
ing 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 echocardiography was the safest stress echocardiography test [ 29 ]. 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 1000 studies on mil-
lions of patients [ 28 ]. Major life-threatening effects (including myocardial infarc-
tion, ventricular fi brillation, sustained ventricular tachycardia, stroke) were reported 
in about 1 in 6000 patients with exercise in the international stress echocardiogra-
phy registry – fi vefold less than with dipyridamole echocardiography and tenfold 
less than with dobutamine echocardiography (Fig.  11.3 ). 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 
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  Fig. 11.3    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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Stress Echocardiography Registry, published only in abstract form, which recruited 
more than 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 suffi cient with post-treadmill, 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 evidence that semisupine exercise is easier, 
more feasible, and more informative than the other forms of exercise stress. It is also 
undisputed that semisupine exercise is more technically demanding than dobuta-
mine and much more technically demanding than vasodilator stress (Fig.  11.4 ).

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

 For the detection of angiographically signifi cant coronary artery disease repeatedly 
assessed in a series of continuously updated meta-analyses [ 33 – 37 ], the overall sen-
sitivity and specifi city of exercise echocardiography have been reported to be 83 
and 85 %, respectively, according to the most updated meta-analysis of 55 studies 
with 3714 patients (Table  11.3 ) [ 37 ]. The specifi city of exercise echocardiography 
is similar to dobutamine echocardiography, lower than dipyridamole echocardiog-
raphy, and higher for all forms of stress echocardiography compared to stress 
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  Fig. 11.4    The technical echocardiographic diffi culties of different stresses. Factors polluting 
image quality are more frequent with post-treadmill and least frequent with pharmacological 
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single-photon emission computed tomography (SPECT) [ 37 ]. The diagnostic accu-
racy is similar to other forms of stress imaging (dobutamine or dipyridamole stress 
echocardiography or stress SPECT) (Fig.  11.5 ).

    Although the available 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 ]. A maximum exercise test can also 
identify a biphasic response suggesting the presence of viable myocardium at 
jeopardy [ 39 ].  

   Table 11.3    Sensitivity and specifi city of exercise echocardiography ( echo ) according to meta- 
analysis of 55 studies with 3714 patients   

 Test 
 No. of 
studies 

 Sensitivity % 
(95 % CI) 

 Specifi city % (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) 

  Adapted from Heijenbrok-Kal et al. [ 37 ] 
  CI  confi dence interval,  lnDOR  natural logarith of the diagnostic odds ratio 
  a Nonoverlapping confi dence intervals indicating a statistically higher specifi city than the corre-
sponding SPECT test 
  b Nonoverlapping confi dence intervals indicating a statistically higher sensitivity than all other 
tests, except for adenosine and dipyridamole SPECT and a statistically lower specifi city than all 
other tests except for exercise SPECT  
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  Fig. 11.5    The diagnostic 
accuracy of exercise 
echocardiography 
( squared line ) versus other 
stress imaging tests. 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 confi dence 
intervals (Modifi ed from 
Heijenbrok- Kal et al. [ 37 ])       
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11.6     Prognostic Value 

 The presence, site, extent, and severity of exercise-induced wall motion abnormali-
ties have a clearly proven prognostic impact, as shown by over 20 studies on 5000 
patients – ranging from patients with normal baseline function [ 40 – 43 ] to those 
evaluated early after an acute myocardial infarction [ 44 – 47 ], women [ 48 ], or hyper-
tensive subjects [ 49 ]. The prognostic value of exercise stress echocardiography is 
high, comparable to other forms of pharmacological (dobutamine or dipyridamole) 
stress echocardiography and stress SPECT [ 50 ]. 

 Among patients who have a normal exercise echocardiogram, prognosis is favor-
able and the coronary event rate is quite low [ 40 ]. An abnormal stress echocardio-
gram, defi ned as a new or worsening wall motion abnormality, substantially 
increases the likelihood of a coronary event during the follow-up period. This fi nd-
ing, coupled with the presence or absence of resting left ventricular dysfunction and 
the exercise capacity of the patient, provides a great deal of prognostic information 
in the individual patient. The prognostic value is incremental over clinical and exer-
cise electrocardiographic variables [ 42 ,  50 ] (Fig.  11.6 ).

   In patients evaluated for coronary artery disease, exercise echocardiography and 
exercise SPECT combined with the ECG variables provide comparable prognostic 
information and can be used interchangeably for risk stratifi cation [ 50 ]. Other ancil-
lary 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 
regurgitation [ 52 ,  53 ]. However, the systematic search of these ancillary markers of 
ischemia is unfeasible and technically challenging during exercise stress echocar-
diography and may shift the focus of imaging away from wall motion, which 
remains the cornerstone of diagnosis. Their greatest clinical value is outside coro-
nary artery disease, in patients with heart failure [ 20 ] or valvular heart disease [ 19 ].  
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  Fig. 11.6    The prognostic value of exercise echocardiography (Modifi ed from Marwick et al. [ 42 ])       
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11.7     Exercise Echocardiography Outside Coronary Artery 
Disease 

 The baseline transthoracic echocardiogram performed at the time of SE permits 
recognition of many causes of cardiac symptoms in addition to ischemic heart dis-
ease, including dilated cardiomyopathy or hypertrophic cardiomyopathy, pulmo-
nary hypertension, and valvular heart disease. As with CAD, also in these diseases, 
the application of exercise stress under controlled conditions can unmask structural 
defects which – although occult in the resting or static state – may occur under real- 
life loading conditions and lead to dysfunction detected by echocardiography. 

 Nowadays, in the SE laboratory, we can assess a variety of parameters beyond 
left ventricular function: valvular gradients and regurgitant fl ows and left and right 
heart hemodynamics including pulmonary artery systolic pressure, ventricular vol-
umes, and extravascular lung water (see Fig.   1.6     in Chap.   1    ). From a practical view-
point, it is not feasible to do everything in all patients, since there is little time 
during stress and there are so many things to see [ 54 ]. Therefore, the variables of 
potential diagnostic interest should be strategically tailored and prioritized to the 
individual patient based on the perceived incremental value of each (Table  11.4 ). 
Exercise is the test of choice for most applications – and bicycle semisupine exer-
cise is technically easier than upright bicycle or post-treadmill, as it allows continu-
ous monitoring and recording of the desirable parameters.

   In general, many parameters used in stress echo applications beyond CAD can be 
more diffi cult to acquire but are easier to measure and more amenable to quantifi ca-
tion than regional wall motion assessment; therefore, these applications may be less 
dependent upon the subjectivity of interpretation and operator experience [ 54 ]. The 
application of exercise stress echo is useful in many different conditions, from val-
vular (see Chap.   36    ) to congenital heart disease (see Chap.   37    ) to hypertrophic 
cardiomyopathy (see Chap.   34    ), to optimize risk stratifi cation and timing of inter-
vention [ 55 ], as discussed in detail in other chapters of this book.  

11.8     Pitfalls 

 There are contraindications to exercise echocardiography, such as the classical con-
traindications to exercise stress, including unstable hemodynamic conditions or 
severe, uncontrolled hypertension. Additional relative contraindications to exercise 
stress is the inability to exercise adequately, and – specifi cally for exercise echocar-
diography – a diffi cult resting echocardiogram. These conditions are not infrequent, 
especially in an elderly population, since out of fi ve 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 echocardiog-
raphy a more practical option. Diffi cult echocardiograms can often be salvaged by 
contrast echocardiography for border enhancement of unreadable left ventricular 
segments at baseline and during stress.  

11 Exercise Echocardiography
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11.9     Clinical Guidelines 

 Exercise is the most physiologic stressor of all and thus is preferable in patients who 
are capable of exercising (Table  11.5 ). For coronary artery disease diagnosis, exer-
cise echocardiography is the appropriate fi rst-line test, skipping the exercise electro-
cardiography test, in patients with conditions making the ECG uninterpretable, such 
as left bundle branch block or Wolff–Parkinson–White syndrome or ST-segment 
abnormalities on baseline resting ECG [ 56 ,  57 ]. Exercise echocardiography is also 
the most suitable second-line stress test, when exercise ECG, performed as a fi rst- 
line test reproduced ST-segment depression and/or angina or when the positive pre-
dictive value of these fi ndings remains low (e.g., in women and/or hypertensive 
subjects).

   Exercise stress echocardiography is frequently performed inappropriately, as 
with all other stress imaging tests, as a fi rst-line test in patients with low pretest 
probability of disease and in whom ECG is interpretable [ 56 ,  57 ]. Exercise stress 
echocardiography has similar indications and contraindications to exercise SPECT, 
and similar diagnostic and prognostic accuracy as recognized by general cardiology 
guidelines [ 56 ,  57 ]. In a cost-conscious and radiation risk-conscious environment, 
this implies that stress echocardiography should be the preferred choice [ 58 ]. 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 hemodynamics, and of special subsets of patients, such as patients with 
heart failure, pulmonary hypertension, or valve disease. In all these patients, the 
physiologic nature of exercise stress and the staggering versatility of the echocar-
diographic technique allow one to tailor the most appropriate test to the individual 
patient in the stress echocardiography laboratory (Fig.  11.7 ).

   Table 11.5    Indications to exercise stress echocardiography for diagnosis of coronary artery 
disease [56]   

 Appropriate  Uncertain  Inappropriate 

 Intermediate pretest probability of coronary artery 
disease 

 √ 

 ECG uninterpretable   v  

 Prior stress ECG uninterpretable or equivocal  √ 

 Repeat stress echocardiography after 2 years, in 
asymptomatic or 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 

 √ 

  Adapted from Montalescot et al. [ 56 ]  
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