
The exercise ECG
Historical background
The present-day use of the exercise stress electrocardiogram in the diagnosis of coronary heart disease 
(in the form of the graded-exercise stress test—GXT) has evolved as a result of numerous observations 
and developments.

In 1908, Einthoven observed S–T depression after exercise but did not comment on it. In 1918, Blousfield 
recorded S–T-segment depression in leads I, II, and III during spontaneous angina. Feil and Siegel, in 
1928, exercised patients known to have angina and observed S–T-segment and T-wave changes. Master 
and Oppenheimer, in 1929, developed an exercise test to assess ‘circulatory efficiency’ (using pulse and 
blood pressure) but did not use the ECG. In 1931, Wood and Wolferth described S–T changes associated 
with exercise, but felt that the test was too dangerous to use in patients with coronary disease. In 1932, 
Goldhammer and Scherf reported S–T depression in 75 per cent of patients with angina—a figure 
indicating a remarkably similar false-negative rate to that of current-day studies. In 1941, Master and Jaffe 
suggested that the ECG recorded before and after exercise could be used to detect ‘coronary 
insufficiency’. Paul Wood and colleagues, in 1950, at the National Heart Hospital in London, described 
their experience of a test in which the patients had to run up 84 steps adjacent to the laboratory. They 
showed an 88 per cent reliability (compared with 39 per cent in the Master’s test) and emphasized that 
the amount of work required should be adjusted to the patient’s physical capacity.

The era of modern, stress testing began in 1956 when Bruce reported his findings and established 
guidelines for a standardized GXT procedure. Subsequently, the application of Bayesian techniques of 
analysis; the addition of nuclear techniques (myocardial scintigraphy and cardiac blood pool analysis) and 
echocardiographic stress testing; and the use on non-exercise stress techniques (using dipyridamole, 
dobutamine, and adenosine) have all brought greater sophistication and applicability to cardiac stress 
testing.

This section will be confined to the use of the exercise stress ECG in the assessment of the heart and 
circulation and, in particular, to the role of the GXT in the detection and assessment of ischaemic heart 
disease.

Current usage

Although the exercise ECG may be used for several purposes, its commonest uses are in the diagnosis 
and assessment of ischaemic heart disease (IHD). In this respect, however, it is extremely important at 
the outset to recognize that the test has a significant false-negative rate, even in populations with an 
appreciable prevalence of IHD, and that the false-negative rate may be unacceptably high in populations 
with a low prevalence. The test is therefore of very limited value in screening low-risk, asymptomatic 
subjects. Most subjects who have undergone exercise stress testing as a screening procedure and who 
subsequently experience sudden cardiac death are found in retrospect to have had a normal exercise test 
result. A meta-analysis of 147 consecutive studies involving a total of 24 074 patients who had undergone 
both exercise stress testing and coronary angiography revealed sensitivities ranging from 23 to 100 per 
cent (mean 68) and specificities ranging from 17 to 100 per cent (mean 77). In patients with multivessel 
coronary disease the sensitivities ranged from 40 to 100 per cent (mean 81) and the specificities from 17 
to 100 per cent (mean 66). For patients with single-vessel disease a positive GXT is most likely for lesions 
in the left anterior descending artery. Patients with lesions in the circumflex artery are least likely to give a 
positive result, while those with lesions in the right coronary artery occupy an intermediate position.

Exercise electrocardiography is also used in the estimation of prognosis in patients with known IHD, for 
risk stratification following myocardial infarction, for screening of professionals in high-risk situations (e.g. 
pilots and professional athletes), and in the assessment of some cardiovascular symptoms (e.g. 
palpitations, tachyarrhythmias, and syncope) when these are exercise related. The database for the 
evaluation of the usefulness of the technique in these situations is less well established than is the case 
in relation to its use in the assessment of IHD.
Exercise testing in females

The specificity of exercise testing is less in women than in men. It seems likely that this is, in part at least, 
related to their lower prevalence of IHD. However, biological differences might be relevant. It has been 
suggested that oestrogens (with certain chemical structural similarities to digitalis) contribute to S–T-
segment depression, but it has also been pointed out that women secrete more catecholamines during 
exercise than men. Both of these postulated mechanisms have been thought possibly to act via coronary 
vasoconstriction.



Risks

High-level exercise carries a cardiovascular mortality risk, and a maximal-exercise stress ECG is, 
basically, supervised high-level exercise. Inevitably, therefore, a GXT carries a risk, but multiple studies 
have shown the risk to be remarkably low. In 1971 a survey of 73 medical centres summarized the risks in 
relation to approximately 170 000 stress tests. A total of 16 deaths were reported (mortality rate 0.01 per 
cent), and 0.04 per cent required admission within 24 h because of arrhythmia or prolonged chest pain. 
The risks are greater when the test is conducted soon after an ischaemic event. Even in this situation, 
however, the test is still remarkably safe. A survey of 151 941 tests undertaken within 4 weeks of acute 
myocardial infarction revealed a mortality rate of 0.03 per cent and a 0.09 per cent rate of non-fatal 
reinfarction or (successfully resuscitated) cardiac arrest.

Contraindications

Exercise stress testing is contraindicated to some extent whenever the pre-existing clinical state indicates 
a significantly increased risk of mortality or morbidity. In some situations the additional risk is so great as 
to constitute an absolute contraindication. In other situations the presenting clinical state indicates the 
need for more vigilant supervision than usual. Exercise, whilst not ‘contraindicated’, is of limited or 
negligible value in situations where abnormalities of the resting ECG make interpretation of the exercising 
record difficult or impossible.
Absolute contraindications

These include:
acute ischaemic syndromes: unstable angina, suspected acute myocardial infarction, known acute 
myocardial infarction within 5 days; known left main-stem stenosis; acute myocarditis; acute pericarditis; 
severe aortic stenosis; severe congestive cardiac failure; recent acute pulmonary oedema; current acute 
systemic illness; absence of trained supervisory staff or of resuscitation equipment; failure of the patient 
to understand the procedure or to give informed consent 
Situations requiring intensive supervision

These include:
known severe coronary disease; known moderate or mild aortic stenosis; severe or moderate systemic 
hypertension; severe or moderate pulmonary hypertension; severe impairment of ventricular function; 
known history of ventricular tachycardia; known history of supraventricular tachycardia; existing second- 
or third-degree atrioventricular block; hypertrophic cardiomyopathy; severe congestive cardiomyopathy; 
known hypokalaemia. 
Situations where interpretation of the exercising record is difficult or impossible

Abnormalities of the resting ECG that preclude effective interpretation of the exercising record include:
left bundle-branch block; ventricular pre-excitation; currently paced ventricular rhythm; widespread S–T,T 
changes; widespread QS complexes (especially across the precordial leads). 
Procedures
Lead positioning

During exercise it is not possible to maintain adequate physical and electrical stability in relation to limb 
lead connections at their usual (for the standard 12-lead ECG) location. Instead, the ‘limb’ lead electrodes 
are positioned on the torso: with the right and left arm connections situated at the most lateral aspects of 
the respective infraclavicular fossa, and the right and left leg electrodes positioned halfway between the 
respective anterior iliac crest and the rib margin. This Mason–Likar modification of the standard 12-lead 
ECG results in a rightward shift of the axis, which is more marked in the standing than in the recumbent 
position. This rightward shift (typically giving an axis of +90° to +120°) sometimes results in the 
appearance of new q waves in aVL (but it should be noted that, whenever the mean frontal plane QRS 
axis is +90° or more positive, aVL becomes a ‘cavity’ lead and the finding of a q wave in a cavity lead is 
not abnormal).
Exercise protocols

Various exercise modalities can be used, including static or dynamic exercise, arm or leg exercise, and 
bicycle ergometry or treadmill procedures, but the commonest procedure by far is dynamic treadmill 
exercise. The most popular protocol is the Bruce protocol. This has a starting walking speed of 1.7 mph (1 
km/h) at a 10 per cent slope, giving an oxygen consumption of about four metabolic equivalents, which in 
general use has proved very satisfactory. One major advantage of the Bruce protocol is that large 
diagnostic and prognostic databases exist for this test.



Exercise endpoints

Exercise is continued until one of the following endpoints is reached:
subject wishes to stop (chest pain, dyspnoea, fatigue, leg weakness, light headedness, exhaustion, 
claudication); target endpoint is reached (target heart rate or exercise level); operator terminates the 
procedure: early or severe (>2 mm) S–T depression, S–T elevation, ventricular tachycardia, second- or 
third-degree heart block, fall in heart rate (20 beats/min or more), fall in blood pressure (20 mmHg or 
more), perceived patient distress, failure of monitoring equipment. 
Assessment of the exercise electrocardiogram

As the heart rate increases with exercise, the PR, QRS, and QT intervals all reduce in normal subjects. 
The P-wave amplitude increases and the atrial repolarization wave (the Ta wave) increases in amplitude.
Atrial repolarization wave

Sinus tachycardia is associated with an increase in the depth and duration of the Ta wave. This gives a 
curved upsloping segment between the QRS complex and the T wave, often misconstrued as S–T-
segment depression, and a common cause of an incorrect conclusion that an exercise test is positive. A 
Ta wave can be recognized when it is noted that back-extrapolation of a depressed S–T segment shows it 
to be continuous with downsloping depression in front of the QRS complex (Fig. 29)

Standard criteria for a positive test

By definition, a positive test occurs when 1 mm (0.1 mV) of horizontal or downsloping S–T depression 
occurs during exercise (usually at peak exercise) or in the early recovery period. Upsloping S–T 
depression is less reliably predictive of the presence of coronary disease than flat or downsloping S–T 
depression. Greater (than 1 mm) degrees of S–T depression are more reliably predictive of coronary 
disease, as are S–T depression occurring earlier in the exercise period, more prolonged S–T depression, 
and a more widespread (within the ECG recording leads) S–T change. Figure 30 shows an example of 
significant (2 mm) S–T depression in the left precordial leads.

Sometimes the S–T depression is most marked or only occurs during the recovery period (Fig. 31).

An example of a negative stress test is shown in Fig. 29.

Interpretation of the test result
Positive or negative. Pre- and post-test probability. Bayesian analysis

The criterion for positivity of an exercise ECG is widely accepted as being 1 mm of flat or downsloping S–
T segment depression during or early after exercise. The interpretation of a positive result is more 
problematical. Usually the question being asked is whether or not the test result indicates a high 
probability that the patient has coronary heart disease. Bayesian analysis of this problem indicates the 
enormous impact of the prevalence of coronary disease in the population group from which the subject is 
drawn (the prior probability of the condition) in answering this question. In essence, Bayes’s theorem 



states the self-evident truth that interpretation of the future (probability of disease in the given subject) is 
helped by a knowledge of past experience (prevalence of the disease in the population from which the 
subject comes) as well as present observations (the test result).

Bayesian analysis expresses the probability that a subject with a positive exercise test result does 
actually have coronary heart disease, in terms of the sensitivity and specificity of the test and the 
prevalence of the disease, as follows:

Probability = [prevalence × sensitivity]/[prevalence × sensitivity + (1 – prevalence) (1 – specificity) ].

If one inserts reasonable (on the basis of published results of exercise testing) values for the sensitivity 
(say 0.8, i.e. 80 per cent) and specificity (say 0.9, i.e. 90 per cent) into this equation and then looks at the 
impact of variations in prevalence on the predictive value of a positive test, then the values shown in 
Table 2 are obtained. Clearly the false-positive rate is very high in low-prevalence populations (the 
healthy population) and this limits the value of exercise testing as a screening procedure in 
asymptomatic, presumptively healthy groups.

The likelihood that a subject with a positive stress-test result has coronary artery disease (the ‘post-test or 
posterior probability’) is therefore dependent on the prevalence of the disease in the population from 
which the subject is derived (the ‘pretest or prior probability’). Equally, of course, the likelihood that a 
subject with a negative stress-test result does not have coronary artery disease (the ‘post-test probability’) 
is also dependent on the prevalence of the disease in the population from which the subject is derived 
(the ‘pretest probability’). This concept is shown graphically in Fig. 32.
Degree of abnormality of the test result

The degree of abnormality of the stress-test result also has a powerful bearing on the predictive value of 
the result. Greater or lesser degrees of abnormality may be shown by:
the depth of the S–T depression; the time of onset of the S–T depression; the duration of the S–T 
depression; the number of ECG leads showing significant S–T depression. 
Only in respect of the depth of S–T depression, however, is there currently a large database of 
information. The effect of varying degrees of S–T depression on the predictive value of a positive test is 
shown in Fig. 33.

Confounding ECGs

Interpretation of the exercise ECG is dependent upon the assessment of the timing, duration, degree, and 
distribution of S–T depression occurring during exercise. When the pre-exercise ECG shows significant 
S–T-segment abnormalities (left bundle-branch block, ventricular pre-excitation, ventricular paced rhythm, 
non-specific S–T-segment depression, etc.), interpretation of changes in the S–T segments occurring 
during exercise is virtually impossible. In these situations the exercise stress ECG makes no useful 
contribution to the diagnosis of or to the exclusion of significant coronary artery disease.
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