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Table 1. Limitations of stress echocardiography.

� Dependence on image quality
� Influence of LV cavity size
� Subjective interpretation;

Need for specific training
Discordance between observers
Problems with application as a follow-up tool

� Limitations of an ischaemia-based technique;
Diagnosis of single vessel CAD
Recognition of multivessel CAD
Recognition of ischaemia within areas of abnormal resting

wall motion
Stress echocardiography is now an everyday clinical tool.
However, the substantial evidence base that supports its use
is largely derived from expert centres, and concerns have
been expressed about the performance of the test in less
expert hands. A unifying feature of the problems of stress
echocardiography is its subjective assessment. This review
examines the consequences of qualitative interpretation
and the benefits of developing a quantitative approach.
Although no quantitative approach is in widespread clinical
use, several alternative techniques are feasible, and this area
warrants further study.
(Eur J Echocardiography 2002; 3: 171–176)
� 2002 Published by Elsevier Science Ltd on behalf of The
European Society of Cardiology

Key Words: stress echocardiography; interpretation;
quantitation.
Is Quantitation an Important Goal for
Stress Echocardiography?

Stress echocardiography is already an established tool
that is used on an everyday basis for clinical decision-
making. In large studies, the technique has been shown
to have an accuracy averaging 80–85%, and these results
are comparable with data obtained using other stress-
imaging approaches[1]. Stress echocardiography may be
used to assess the physiologic effects of cardiac disease,
including the significance of stenoses, the functional
significance of valvular lesions, and to predict myo-
cardial viability. Finally, stress echocardiography is a
valuable test for defining prognosis in chronic CAD,
after myocardial infarction and in the stratification of
risk before major non-cardiac surgery2–4].

Nonetheless, stress echocardiography has a number
of limitations (Table 1). The reliability and feasibility of
stress echocardiography are very dependent on image
quality, although this is less of a problem than pre-
viously, as image quality has been improved by the
introduction of harmonic imaging as well as contrast
echocardiography. However, attention to detail in image
acquisition remains critically important; studies are
uninterpretable if the same imaging planes are not
compared before and after stress if insufficient endo-
cardial detail is recorded, or if the LV is insufficiently
visualized. Patients with small LV cavities pose a
particular problem for the technique[5], perhaps because
of loading considerations or because of the smaller
endocardial circumference over which a wall motion
abnormality can be detected.
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Figure 1. Number of positive and negative studies in a group of 150 studies interpreted
by expert readers of stress echocardiograms in studies before (1994) and after (2000)
the development of uniform reading criteria and technical advances including
harmonic imaging[8,10].
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Figure 2. The importance of the learning curve to the
correct interpretation of stress echocardiograms, illus-
trated in the performance of ‘novice’ and expert stress
echocardiographers before and after a training period
during which 100 studies were reviewed.
A unifying feature of the problems of stress echo-
cardiography is its subjective assessment. The develop-
ment of regional dysfunction requires the presence of
ischaemia, but mild ischaemia may be difficult to judge
without a means of quantitation. The current subjective
assessment may therefore pose a problem if tissue does
not become sufficiently ischaemic to provoke clearly
abnormal wall motion (e.g. insufficient stress), or the
extent of ischaemia is small (e.g. mild single-vessel
stenosis with collaterals or mild stenosis in the presence
of a stenosis elsewhere causing limiting symptoms)[6].
Furthermore, if wall motion is abnormal at rest, the
visual recognition of worsening wall motion may
be difficult, posing problems for the distinction of
ischaemia from scar[7].

However, the greatest problems with subjective assess-
ment relate to the interpreter rather than the patient or
ischaemic process. When the same studies are read by
several experts, a significant proportion of interpre-
tations are found to be discordant, especially when
image quality is suboptimal, or when the extent of
abnormality is small[8]. This problem has been reduced
by the development of standard interpretive criteria,
side-by-side digital display and improved imaging[9,10],
but nonetheless remains as a significant issue (Fig. 1). To
a large extent, it reflects the shortcomings of subjective
evaluation of wall motion — each interpreter may have
a different threshold for identifying wall motion as
abnormal, and therefore read with various degrees of
‘aggressiveness’. Finally, the use of subjective evaluation
means that even proficient echocardiographers require
special training in order to become expert in stress
echocardiography[11] (Fig. 2). Many clinicians perform-
ing stress echocardiograms have not had the oppor-
tunity of significant training. Less expert interpreters
may not achieve the same results as those of expert
readers, which are recorded as the existing literature on
stress echocardiography.

The development of a truly quantitative approach
could overcome each of these limitations. A quantitative
approach might be more sensitive than visual assess-
ment. If a particular threshold of wall motion or velocity
could be identified, there would be little opportunity for
variation in interpretation between reviewers, and the
difference between a highly trained and less highly
trained observer would be reduced. However, such an
approach would need to satisfy several criteria in order
to be useful (Table 2).
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Approaches to Quantitation of Stress
Echocardiography

Regional LV function may be quantified in either the
radial (short axis) or longitudinal (base–apex) dimen-
sions, using various tools (Table 3). In general, the
process of quantifying regional function has proven to
be very challenging, especially in combination with
exercise echocardiography[12]. However, there are cur-
rently two approaches that appear feasible on a routine
clinical basis — an approach that is based on measuring
endocardial motion from two-dimensional images, and
one that depends on measurement of myocardial
velocity (or a derivative of this) using tissue Doppler.
Table 2. Criteria for a quantitative approach to stress
echocardiography.

� Feasibility in most patients (i.e. not dependent on perfect
image quality)

� Obtainable with minimal disruption/incremental time to
standard imaging

� Limited increment in interpretation time
� Consistent between and within observers
� Limited test retest variation
� Definable normal range suitable for most candidates
Table 3. Techniques for the quantitation of regional LV function.

Radial Longitudinal

Displacement Standard M-mode Annular M-mode tissue
tracking

Thickening Anatomical M-mode acoustic quantification
Velocity Velocity from displacement longitudinal velocity Tissue Doppler velocity
Velocity gradient Tissue Doppler gradient Strain
Timing Tissue Doppler Tissue Doppler
Figure 3. Automated edge-detection software may be
used to outline the endocardial border (left frame),
which can be stored for each frame (centre), and the
distance between end-diastolic and end-systolic images
may be measured using the centreline approach.
Wall Motion Tracking and Measurement
Techniques

The simplest means of gathering regional wall
thickening data involves the use of M-mode ultrasound.
Unfortunately, this technique is constrained by the
limited numbers of segments and angle-dependence of
standard M-mode imaging. Anatomic M-mode images
can be reconstructed for high frame-rate 2D imaging[13],
and circumvents the angle-dependence limitations, but
the clinical benefit of this approach is not well defined.

The initial approaches to quantitation of regional
function during 2D imaging were based on the centreline
approach[12], initially developed for contrast ventricu-
lography. While these studies generated quite favour-
able results, there are three major limitations to this
approach during echocardiography. First, the technique
is dependent on tracing the endocardial border, which is
not always clearly visualized, and this process may be
quite time-consuming. Second, the timing of systole and
diastole are not necessarily homogeneous throughout
the left ventricle, implying that high frame rates and
tracing multiple frames may be necessary to define the
extremes of excursion. Third, translational movement of
the heart many influence the apparent excursion, and
this may either produce false positive or false negatives
interpretations, depending on the direction of motion of
the heart relative to the ischaemic territory.

Several recent developments have alleviated some of
these limitations. Image quality has been significantly
improved by harmonic imaging, and can be improved
further using contrast echocardiography. Sophisticated
edge detection mechanisms have been developed which
allow the endocardial border to be accurately traced
with minimal guidance from the interpreter (Fig. 3).
Acoustic quantification techniques use an alternative
approach to optimizing the delineation of the border,
based upon the difference in backscatter between blood
and myocardium. This ‘color kinesis’ technique is based
on colour coding of the magnitude and timing of
endocardial motion, superimposed as a colour overlay
on the two-dimensional echocardiographic image[14. The
magnitude and timing of regional endocardial excursion
can be expressed by combining colour pixels in each
segment as stacked histograms, and normal ranges
have been defined (Fig. 4). Using these normal ranges,
the diagnostic variability between echocardiographic
interpretation of wall motion and automated interpret-
ation was similar to that between interpretation of wall
motion by two experienced readers[15].

Some clinical experience has been developed using
colour kinesis during stress echocardiography. In a
study of 20 patients, segmental analysis with colour
kinesis correlated with wall motion abnormalities in 36
Eur J Echocardiography, Vol. 3, issue 3, September 2002
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of 38 segments, and were found in the absence of
abnormal wall motion in five of 322 segments[16].
Subsequent work[17] showed the automated colour
kinesis approach correlated more closely with standard
interpretation than did the interpretations of inexper-
ienced reviewers. In a subgroup of 16 patients who
underwent coronary angiography, the CK images differ-
entiated between normal and abnormal wall motion
more accurately than standard interpretation by experts
(accuracy 93% vs 82%). However, measurements varied
by 10–20% in the apical views, and adequate images
were not obtainable in all patients. The dependence
of this technique on very good image quality remains
Eur J Echocardiography, Vol. 3, issue 3, September 2002
a significant limitation, which may be addressed by
contrast echocardiography.
Figure 4. Colour kinesis images in a normal ventricle,
showing colour outlining of each successive frame in the
four-chamber view. Normal ranges of excursion have
been developed and are expressed in the histogram on
the right. Modified from reference [16].
Figure 5. Tissue Doppler velocity spectra at low (35
frames/s) and high frame-rate (110 frames/s), showing
the dependence of accurate peak systolic (S) and dias-
tolic (E and A) wave velocity and timing measurements
on a high sampling rate.
Table 4. Comparison of studies of tissue Doppler with stress echocardiography.

Favourable Unfavourable

Feasible Works in most patients but not all
Supplement to wall motion scoring rather

than replacement
Concordance mandates positioning sample volume

in same location
Simple Image quality problem

Automated peak detection not robust yet
Diagnosis of CAD, not ischaemia
Apical velocities close to zero
Tissue Doppler Approaches

Tissue Doppler is an extension of the Doppler principle,
used widely to measure bloodflow, whereby modifi-
cations to Doppler sampling enable the quantification of
tissue motion[18]. Myocardial Doppler may be used to
measure velocity, timing, velocity gradients, and left
ventricular strain, the latter two relating to differential
velocity between different segments of tissue. Generally,
the most feasible approach for combination with stress
testing has been colour tissue Doppler, because data
may be processed off-line, thus minimizing the disrup-
tion of the standard study. However, it is critically
important that colour data are obtained at sufficient
frame rate to enable accurate resolution of the different
peaks of the velocity profile (Fig. 5). Tissue Doppler has
two unique aspects — first, a high signal-to-noise ratio
and second, the ability to interrogate the longitudinal
(base–apex) function of the left ventricle, which has
hitherto been largely ignored[19].

Both experimental and clinical studies have indicated
that tissue velocity decreases in the presence of
ischaemia[20,21]. The initial applications of tissue
Doppler to stress echocardiography indicated that tissue
velocity correlated with regional wall motion scoring[22].
The velocity of normal tissue generally doubles in
response to maximal stress, while this velocity increment
is blunted in ischaemic tissue. Scar tissue has a lower
velocity at rest, and enjoys a small velocity increment,
because of tethering of adjacent tissue. Because of
variations in resting velocity, the most robust measure-
ment has been the peak velocity at peak stress.
Subsequent studies showed that tissue velocity corre-
lated with independent markers of ischaemia such as
SPECT myocardial perfusion imaging[23].

Recent work has focused on the application of tissue
Doppler techniques to the diagnosis of coronary disease,
using simple velocity cutoffs or more sophisticated mod-
elling approaches. The variation of velocity in the nor-
mal heart mandates the use of site-specific normal
ranges[24]. Definition of normal velocities is difficult at
rest because they are influenced by age, heart-rate and
loading, at peak stress. However, most normal patients
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develop similar velocities at peak stress, and only the
extremes of age, haemodynamics and volumes exert
important effects on normal velocities[25]. Thus, the
application of velocity cut-offs to independent patient
groups has shown a high sensitivity and specificity for
the angiographic diagnosis of coronary disease, compar-
able to that attainable by an expert observer[26]. More
importantly, an increment of accuracy can be obtained
by use of these techniques by less expert readers[27]. The
results of the European study are yet to be published,
but preliminary presentations suggest that the accuracy
of a more complex approach, taking into account age
and stress variables, actually exceeds that of an expert
interpreter.

Despite several advantages, tissue Doppler has a
number of disadvantages (Table 4). The apex is rela-
tively fixed and velocities are so low at this site that
exogenous noise limits the feasibility of apical measure-
ments. The current application of peak myocardial
velocity to stress echocardiography is likely to be super-
seded by more sophisticated tissue Doppler techniques,
including strain and strain-rate imaging[28]. The reason
for this is that tissue Doppler measures velocity of a
segment relative to the transducer, so that in addition to
measuring muscle thickening, the results are influenced
by translation and rotation of the heart, as well as
tethering of adjacent segments. Thus, normal adjacent
tissue may augment the velocity of ischaemic segments,
while abnormal tissue may reduce the velocity of normal
segments. Nonetheless, despite these limitations, the
tissue Doppler approaches appear more feasible than
alternative approaches to the quantitation of regional
function — less dependent on good image quality, and
with higher intra- and inter-observer reproducibility.
Conclusions

The difficulties posed by imaging the heart during tachy-
cardia, image quality issues related to hyperventilation,
and translational movement are among a number of
obstacles limiting the ability to quantify stress echo-
cardiography. Indeed, to paraphrase Boswell, what is
remarkable about the progress made so far is not so
much whether it is superior to standard interpretation,
but that it has been achieved at all. However, given the
shortcomings of the existing subjective approach, this
field warrants further attention.
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