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It is widely recognized that a disproportionate increase in pul-
monary artery pressure (PAP) during exercise is an impor-

tant clinical finding with diagnostic and prognostic utility in 
many cardiac and pulmonary vascular conditions.1 It is a real 
clinical entity that lacks a real definition. Abnormal increases 
in PAP were removed from recent iterations of pulmonary 
hypertension definitions,2,3 not because of a lack of clinical 
significance, but rather because of questionable specificity 
resulting from widely variable methodologies. In particular, 
early definitions of exercise-induced pulmonary hypertension 
failed to consider that PAP increases with exercise intensity 
in a near-linear manner in healthy individuals.1,2 Furthermore, 
some investigators focused on systolic PAP (sPAP),4,5 others 
on mean PAP (mPAP),6 while estimates of right atrial pressure 
have been variably incorporated.7,8 Thus, the accuracy and 
precision of echocardiographic PAP estimates during exercise 
have been much debated.

See Article by van Riel et al
The data of van Riel et al9 in this issue of Circulation: 

Cardiovascular Imaging interrogate the accuracy of exercise 
estimates of pulmonary vascular hemodynamics during exer-
cise and provides further confidence for the incorporation of 
exercise assessments in the assessment of the breathless patient. 
They performed echocardiographic estimates of PAP with 
simultaneous gold standard invasive pressure measurements 
in patients with unexplained exercise intolerance. In addition 
to the typical echocardiographic assessment of sPAP using the 
peak transtriscupid regurgitation (TR) velocity and modified 
Bernouilli equation, the authors estimated mPAP by tracing 
the TR spectral Doppler envelope. Based on the quality of the 
Doppler signal, the envelopes were graded as quality A, B, or C 
using 2 predefined criteria: (1) extension of the signal for at least 
half of systole and (2) well-defined border. High-quality (grade 
A) signals, meaning that both criteria were met, were observed 
in 68% of subjects at rest and in 34% of subjects at peak exer-
cise. This distinction based on the quality of the TR signal was 

clinically important as the agreement of echocardiographic and 
invasive sPAP and mPAP measurements at peak exercise was 
high in subjects with grade A quality TR signals, but poor in 
subjects with lower quality (grade B and C) Doppler signals. In 
the patients with high-quality Doppler signals, abnormal pul-
monary vascular reserve, defined as an increase in mPAP of >3 
mm Hg/L of cardiac output by invasive assessment, was best 
predicted by the mPAP:workload ratio (cutoff 1.4 mm Hg/10 
W). In contrast, single peak exercise sPAP and mPAP values 
had low specificity to differentiate between a normal and abnor-
mal pulmonary hemodynamic response to exercise in subjects 
with grade B or C Doppler signals.

The findings of this study are in line with recent consen-
sus documents that measurements of flow (cardiac output) or 
exercise intensity should be incorporated in the assessment of 
the PAP response to exercise (see Figure 1 for illustration).1,10 
Both invasive and noninvasive studies have consistently dem-
onstrated a near-linear relationship between changes in PAP 
and cardiac output1,11–13 with an expected increase in mPAP 
of ≈1 to 2 mm Hg/L per minute of cardiac output represent-
ing a normal pulmonary vascular response and any value >3 
mm Hg/L per minute being suggestive of pathology—either in 
the pulmonary vasculature or further downstream in the left 
ventricle.1 The data by van Riel et al9 corroborate previous 
findings of our group by demonstrating that pulmonary vas-
cular reserve can also be expressed by mPAP as a function of 
workload rather than flow, thereby compensating for possible 
inaccuracies in cardiac output measurements by echocardiog-
raphy.8 In general, determination of pulmonary vascular func-
tion by pressure–flow relationships is preferred because the 
determinant of PAP is flow and not workload. There is consid-
erable interindividual variability in the relationship between 
cardiac output and work related to differences in body size, 
muscle mass, and exercise (in this case cycling) efficiency. On 
the contrary, there are potential advantages in using mechani-
cal work as the denominator given that estimates of cardiac 
output introduce another source of calculation error, and in 
our aim to translate these measures into routine clinical prac-
tice, there are advantages in aiming for the simplest meth-
odology with least off-line calculations. Finally, although 
there may be considerable interindividual variability in the 
relationship between cardiac output and work at any point in 
time, the relationship between the change in both variables 
is likely more constant. This is one of the main advantages 
of exercise measures—the errors involved in any single mea-
sure are attenuated by assessing trends across multiple mea-
sures. We have previously shown that the increase in cardiac 
output relative to the increase in workload is in fact similar 
between subjects.8 Therefore, assessing the mPAP:workload 
or sPAP:workload ratio may be a simpler and more pragmatic 
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approach to screen for abnormal pulmonary vascular function 
in clinical practice. There is an important caveat in variability 
in ergometer and cycling position. Upright cycling, for exam-
ple, is more efficient and thus a higher sPAP/work relationship 
might be expected. It may be necessary for imaging laborato-
ries to determine their own normal references for PAP/work, 
whereas the PAP/cardiac output relationship should be more 
transferable between investigators and clinical settings.

Although van Riel et al9 found good agreement between 
echocardiographic and invasive PAP measurements in the 
subjects with high-quality TR signals, grade A quality signals 

could only be obtained in a minority (34%) of subjects. This 
could potentially hinder the implementation of this approach 
into clinical practice as the accuracy and predictability of 
PAP measurements was poor in patients with quality B and 
C Doppler signals. One explanation for the relatively low 
feasibility of PAP estimation may be related to the particular 
approach of tracing the TR Doppler envelope, which requires a 
well-defined border throughout systole, rather than measuring 
the peak velocity signal and applying the Chemla formula to 
derive mPAP from sPAP.6 Hence, when the authors used the 
Chemla formula instead of the velocity time integral method, 

Figure 1. Exercise-induced pulmonary hypertension enables early diagnosis. A 24-y-old woman presented with breathlessness and while 
resting studies were normal (top); she had an exaggerated increase in pulmonary artery pressures at very low exercise intensity. Her echo 
also demonstrated inducible right ventricular (RV) dysfunction and septal flattening (middle). Three months later, she presented with overt 
pulmonary hypertension and marked RV remodeling (bottom).
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mPAP measurements could be obtained in all individuals and 
the bias tended to be lower. A second way to explain the low 
proportion of high-quality TR signals may be related to the 
lack of use of agitated contrast to enhance the TR Doppler sig-
nal. Previously, using colloid agitated contrast, we were able to 
obtain peak exercise PAP measurements in 69% of subjects,8 
as illustrated in Figure 2. A further important limitation in the 
approach taken by van Riel et al9 is the reliance on a single 
measure of peak PAP. The entire assessment of exercise hemo-
dynamic is based on an assessment at a point in which variabil-
ity of measures is greatest. Other investigators have used linear 
regressions of multiple measures during exercise.1,2,8,11,12 This 
would seem preferable given that the relationship between PAP 
and cardiac output (or workload) approximates a linear rela-
tionship and thus accuracy of the relationship can be refined by 
measures taken early in the exercise bout when measurements 
are less challenging. Again, this requires more off-line calcu-
lations and may be less feasible for routine clinical practice 
but would seem particularly important for equivocal cases or 
those in which the Doppler signal is less consistently excel-
lent. It is also critical to note that measurements taken early 
post-exercise should not be used to assess these relationships; 
the rapidity and variability in recovery of hemodynamics intro-
duces massive confounding.

What comes next? Exercise-induced pulmonary hyper-
tension is an important entity that has suffered to gain clinical 

traction because of false starts with definitions and methodolo-
gies for accurate diagnosis. It is now widely accepted that it is 
imperative that PAPs be considered in relation to some measure 
of flow, either cardiac output or the indirect surrogate of physi-
cal work. van Riel et al9 provide yet more confidence for the 
adoption of noninvasive assessments of pulmonary vascular 
hemodynamics in patients presenting with breathlessness. This 
will not replace invasive measures. Rather, like resting measures, 
exercise tests are likely to be included in a clinical workflow in 
which exercise testing is an important part of the early diagnos-
tic process in which patients with abnormal or equivocal results 
may be considered for confirmation with invasive testing.
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