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ABSTRACT: Exercise stress tests have been used for the diagnosis of pulmonary hypertension,

but with variable protocols and uncertain limits of normal.

The pulmonary haemodynamic response to progressively increased workload and recovery

was investigated by Doppler echocardiography in 25 healthy volunteers aged 19–62 yrs (mean

36 yrs). Mean pulmonary artery pressure (P̄pa) was estimated from the maximum velocity of

tricuspid regurgitation. Cardiac output (Q) was calculated from the aortic velocity-time integral.

Slopes and extrapolated pressure intercepts of P̄pa–Q plots were calculated after using the

adjustment of Poon for individual variability. A pulmonary vascular distensibility a was calculated

from each P̄pa–Q plot to estimate compliance.

P̄pa increased from 14¡3 mmHg to 30¡7 mmHg, and decreased to 19¡4 mmHg after 5 min

recovery. The slope of P̄pa–Q was 1.37¡0.65 mmHg?min-1?L-1 with an extrapolated pressure

intercept of 8.2¡3.6 mmHg and an a of 0.017¡0.018 mmHg-1. These results agree with those of

previous invasive studies. Multipoint P̄pa–Q plots were well described by a linear approximation,

from which resistance can be calulated.

We conclude that exercise echocardiography of the pulmonary circulation is feasible and

provides realistic resistance and compliance estimations. Measurements during recovery are

unreliable because of rapid return to baseline.

KEYWORDS: Echocardiography, exercise stress test, pulmonary arterial compliance, pulmonary

hypertension, pulmonary vascular resistance

P
ulmonary arterial hypertension (PAH) is
currently defined by a mean pulmonary
artery pressure (P̄pa) of .25 mmHg, a left

atrial pressure (Pla) f15 mmHg and a pulmon-
ary vascular resistance (PVR) of .3 Wood units
[1]. Previous definitions included P̄pa of .30
mmHg at exercise [2], but this has been aban-
doned because of uncertain limits of normal and
unknown symptomatic relevance.

Recently, however, TOLLE et al. [3] reported on
exercise-induced PAH as a new clinical entity,
characterised by a sharp increase in P̄pa of
.30 mmHg as a cause of decreased exercise
capacity. In that study, haemodynamic measure-
ments were presented as log-log plots of P̄pa as a
function of oxygen uptake (V9O2), with plateau
patterns typical of PAH and takeoff patterns
representing a normal response. Since V9O2 is
related to cardiac output (Q), these patterns
would appear at variance. Numerous studies
have shown multipoint P̄pa–Q plots to be best
described by linear or slightly curvilinear approx-
imations [4, 5]. REEVES et al. [6] modelled P̄pa as a
function of Q invasively measured in exercising
normal volunteers, and indeed found a slight

curvilinearity which they explained by the
natural distensibility of the resistive pulmonary
arterioles.

Even though the procedure has still not been
validated, Doppler echocardiography is a recom-
mended screening test for PAH [1, 2] and has
been used in combination with exercise for the
diagnosis of overt or latent PAH [7]. A systolic
pulmonary artery pressure (Ppa,sys) of 40 mmHg
is usually taken as the upper limit of normal [1, 2,
7], even though this value may be exceeded by
exercising athletes [8].

The purpose of our study was to determine the
feasibility of enhancing the methods and max-
imising the analyses of exercise-stress Doppler
echocardiography for the study of the pulmonary
circulation.

METHODS
25 consecutive healthy volunteers (12 females
and 13 males) aged 36¡14 yrs with a height and
weight of 178¡12 cm and 70¡15 kg, respec-
tively, were studied. Written informed consent
was obtained from all volunteers. The study was
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approved by the ethical committee of the Erasme University
Hospital (Brussels, Belgium). All participants led a healthy
lifestyle, undertaking 2–5 h of exercise per week, but none
were competitive athletes. Three additional young adult
volunteers were excluded at initial screening on the basis of
their morphology and difficulty in obtaining sufficient quality
echocardiographic measurements at rest.

A standard echocardiographic examination was performed at
rest, during exercise, and after 5, 10, 15 and 20 min of recovery.
The workload was increased by 20 W every 2 min until the
maximum workload tolerated because of dyspnoea and/or leg
pain. Echocardiographic measurements were taken during the
last minute of each workload. Heart rate (ECG lead) and blood
pressure (sphygmomanometry) were recorded at baseline and
during the last 15 s of each workload.

Doppler echocardiography was performed with a Vivid 7
ultrasound system (GE Ultrasound, Oslo, Norway) on a semi-
recumbent cycle ergometer (model 900 EL; Ergoline, Bitz,
Germany), as previously described [7]. The exercise table was
tilted laterally by 20u to 30u to the left. Q was estimated from
left ventricular outflow tract cross sectional area and pulsed
Doppler velocity-time integral measurements [9]. Ppa,sys was
estimated from a trans-tricuspid gradient calculated from the
maximum velocity (V) of continuous Doppler tricuspid
regurgitation, as 46V2+5 mmHg assigned to right atrial
pressure [10]. P̄pa was calculated as 0.66 Ppa,sys+2 [11]. Pla

was estimated from the ratio of Doppler mitral E flow-velocity
wave and tissue Doppler mitral annulus flow E’ early diastolic
velocity, i.e. Pla51.9+1.24 E/E’ [12]. PVR was calculated as
(P̄pa– Pla)/Q.

The echocardiographic recordings were stored on optical disks
and read by two blinded observers. The intra-observer
variabilities were determined on random samples of 10
recordings of five successive measurements obtained in the
same subjects at rest and at maximum exercise. Variability was
calculated as SD divided by the mean. The inter-observer
variabilities were calculated as 1.98 multiplied by the square
root of the product of SD1 by SD1. SD1 and SD2 are the SD over the
means of resting and maximum exercise measurements of P̄pa

and Q performed by the first and the second reader,
respectively.

The linearity of P̄pa–Q curves was analysed qualitatively and
quantitatively before and after applying the technique of POON

[13] using pooled subject data. Linear regression was used to
determine best fit slope and intercept minimising the sum of
least square error. Following the study of TOLLE et al. [3], the
slopes of two best fit straight line segments were determined
for each P̄pa–Q curve after log-log transformation with a
similar technique [14]. Finally, as previously reported, each
multipoint P̄pa–Q plot was fitted to the equation:

�PPpa~
1zaPlað Þ5z5aR0Q

h i1

5{1

a

where R0 is the total PVR at rest, to calculate the distensibility a

as change in diameter per mmHg increase in transmural
pressure [6].

Results are presented as mean¡SD. The statistical analysis
consisted of a repeated measure of ANOVA. When the F ratio
of ANOVA reached a p,0.05 critical value, paired or unpaired
modified t-tests were applied as indicated to compare specific
situations [15].

RESULTS
Good quality signals were available at all levels of exercise in
all the subjects. Taking into account the initial exclusion of
three subjects, this corresponds to an 88% recovery rate. The
intra-observer variabilities for Ppa,sys and Q estimates were
4.3% and 4.0% at rest, and 8.2% and 7.7% at maximum
exercise, respectively. The inter-observer variabilities of Ppa,sys

and Q estimates were 1.9% and 4.9% at rest, and 7.9% and
13.9% at maximum exercise, respectively. P̄pa estimated by the
two independent blinded observers were 13.3¡2.2 mmHg and
13.5¡2.8 mmHg at rest, respectively, and 31.8¡6.9 mmHg
and 30.8¡7.3 mmHg at maximum exercise (p5NS), respec-
tively. Mean Q estimated by the two independent blinded
observers was 4.7¡1.0 L?min-1 and 4.8¡0.97 L?min-1 at rest,
respectively, and 17.7¡3.9 L?min-1 and 18.0¡4.2 L?min-1 at
maximum exercise (p5NS), respectively. Source Doppler
tracings and derived P̄pa and Q calculations for a representa-
tive subject are shown in figure 1.

The maximum achieved workload was 170¡51 W. As shown
in table 1, this was accompanied by a four-fold increase in Q
and an increase in Ppa,sys to .40 mmHg. At maximum
exercise, 19 subjects had a Ppa,sys of .40 mmHg and 14
subjects had a P̄pa of .30 mmHg. Both Ppa,sys and Q were
markedly decreased after 5 min of recovery, but were still
higher than at baseline. After 20 min of recovery, Ppa,sys was
back to baseline but Q remained slightly elevated. Exercise did
not affect Pla or PVR.

The P̄pa–Q relationships fitted well to the distensibility equation,
which imposed a curvilinear, convex, downward shape (fig. 2).
Each P̄pa–Q plot was also well described by a linear approxima-
tion. The average slope was 1.37¡0.65 mmHg?min-1?L-1, and
the intercept was 8.2¡3.6 mmHg, with a correlation coefficient
R2 of 0.92¡0.06 (p50.0018¡0.005). After Poon’s adjustment, the
slope of a line best fit to pooled data was 1.32 mmHg?min-1?L-1

and the intercept was 8.2 mmHg, with an R2 value of 0.95 and
p,0.0001 (fig. 3). The average distensibility coefficient a for all
subjects was 0.017¡0.018 mmHg-1.

After log-log transformation of P̄pa and Q, an inflection point
could be discerned with a plateau pattern (slope before
inflection point (m1) . slope after inflection point (m2)) in 11
subjects and an m1,m2 takeoff pattern in 14 subjects (fig. 4).
These patterns were also seen in the P̄pa–Q relationships before
log transformation. The patterns were not correlated to
baseline PVR, slope of P̄pa–Q or maximum workload.

The relationships between workload and Ppa,sys and Q were
highly linear, with slopes of Ppa,sys versus Q of
1.93¡0.19 mmHg?min-1?L-1 (R250.92¡0.06; p,0.005) and
Ppa,sys versus workload of 0.17¡0.07 mmHg?W-1

(R250.95¡0.04; p,0.001).

DISCUSSION
Our findings demonstrate that exercise stress echocardio-
graphy is feasible for studying the pulmonary circulation and
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provides realistic values compared to those obtained by
invasive haemodynamic measurements.

The subjects in the present study exercised in a semi-
recumbent position, in contrast to previous reports of upright
exercise haemodynamics [3–5]. However, this would only

affect the relationship between P̄pa and Q at rest, probably by
some degree of de-recruitment of the pulmonary resistive
vessels at a lower Q in the upright position [4, 5, 16]. The
relationship between P̄pa and Q has been shown to be
independent of body position during exercise because of
increased Q and associated full recruitment of the pulmonary
circulation [4, 5, 16].

Exercise-induced PAH has recently been described as a clinical
entity characterised by decreased exercise capacity and
explained by an excessive increase in P̄pa at exercise often
accompanied by a decrease in right ventricular function [3]. In
the study by TOLLE et al. [3], exercise measurements were
presented as log-log plots of P̄pa versus V9O2, with takeoff
patterns in 14 out of 15 normal subjects and frequent plateau
patterns (in 32 out of 78 patients) with exercise-induced PAH.
The plateau pattern was associated with a greater reduction in
exercise capacity and higher PVR. In the present study, V9O2

was not measured and patterns of log P̄pa versus log Q were
analysed instead, but it is assumed that this should not affect
the relationship as V9O2 and Q are tightly correlated [3, 4]. We
found that takeoff and plateau patterns were of approximate
equally frequency in normal subjects and clearly shown in log-
log transformed data. However, the patterns were unrelated to
incremental resistance and workload, which leaves uncertainty
as to their functional significance. Patterns could be produced
in relation to nonlinear relationship between V9O2 and Q at the

TABLE 1 Haemodynamic measurements at rest,
maximum exercise and during recovery
in 25 normal subjects

Variables Baseline Maximum

exercise

Recovery time

5 min 10 min 20 min

HR bpm 66¡10 159¡21* 92¡14* 88¡15* 79¡13*

SBP mmHg 116¡9 169¡17* 121¡11* 115¡10 113¡11

Ppa,sys mmHg 19¡5 46¡11* 27¡7* 24¡6* 20¡5

Pla mmHg 8¡2 9¡1 8¡2 8¡1 8¡1

Q L?min-1 4.7¡1.0 18.0¡4.2* 7.2¡1.8* 6.4¡1.8* 5.3¡1.2*

PVR Woods units# 1.2¡0.6 1.2¡0.5 1.4¡0.6 1.3¡0.6 1.2¡0.7

Data are presented as mean¡SD. HR: heart rate; SBP: systolic blood pressure;

Ppa,sys: systolic pulmonary artery pressure; Pla: left atrial pressure; Q: cardiac

output; PVR: pulmonary vascular resistance. #: or mmHg?L-1?min-1. *: p,0.05

compared with baseline.
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FIGURE 1. a) Source Doppler tricuspid regurgitation (TR) and b)

aortic flow signals at increased workloads. c) Mean pulmonary artery

pressure (P̄pa) and cardiac output calculations for a representative subject.

The best fit for the P̄pa–cardiac output relationship was linear with a slope

of 1 L?min-1?mmHg-1 and an extrapolated intercept of 9 mmHg.

y50.9997x+9.1147; R250.9626. VTI: velocity time interval; LVOT: left

ventricular outflow tract.
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highest level of exercise [17] and log-log transform enhance-
ment [18]. There could also have been a problem of decreased
accuracy of Q measurements by Doppler echocardiography at
exercise in our study. However, no patterns were identified in
previously reported in vivo or in vitro multipoint P̄pa–Q
relationships [5, 18], and could not be identified in a recent
study which confirmed the clinical relevance of exercise-
induced pulmonary hypertension in scleroderma patients [19].

Pulmonary vascular pressure–flow relationships have been,
until now, best described by a linear approximation, with an
extrapolated pressure intercept either equal to or slightly higher
than resting Pla [4, 5]. This is explained by the combined effects
of resistance and distension. Previous analysis of invasive
haemodynamic measurements during exercise in normal sub-
jects showed a slope of P̄pa–Q of 0.94¡9.4 mmHg?min-1?L-1

with an extrapolated pressure intercept of 8.2¡7.9 mmHg in
63 young adults, and a slope of 2.54¡0.77 mmHg min-1?L-1

with a pressure intercept of 2.3¡5.4 mmHg in 14 older subjects
[4]. The average slope of P̄pa–Q of 1.37 mmHg?min-1?L-1 in
our study in more middle aged subjects agrees with these
previous invasive measurements.

Our results also support the notion that multipoint P̄pa–Q
relationships are slightly curvilinear [5]. In vitro studies have
shown that pulmonary arterial distensibility a is constant at a
value of 0.02 mmHg-1 from one species to another, including
humans [6]. In other words, on average and over the linear
portion of the pressure–diameter curve, normal resistive
pulmonary arteries distend by 2% of their initial diameter for
each mmHg increase in transmural pressure. The same a-value
of 0.02 mmHg-1 has been recalculated from invasive pressure
and flow measurements [6]. Our noninvasive measurements
allowed for the calculation of a distensibility a-coefficient
calculation that was strikingly similar, which does not prove,
but strongly supports, their validity. Given the complexity of
the equation used to calculate a, such a close agreement would
indeed be very unlikely to occur by chance.

The distensibility coefficient a has been shown by invasive
studies to decrease with ageing and with chronic hypoxic
exposure [6]. Log a was recently reported to be inversely
correlated to pulmonary arterial pulse pressure as an inde-
pendent prognostic factor in severe pulmonary hypertension
[20]. The clinical relevance of noninvasive determinations of
pulmonary arterial distensibility warrants further investiga-
tions.

Exercise-stress echocardiography in clinical practice is often
limited to measurements of peak Ppa,sys and workload. The
present results underscore the importance of cardiac output
measurements, which are essential for describing incremental
resistance, considering that stroke volume and Q vary greatly
at a given workload.

We calculated P̄pa from Ppa,sys on the basis of a previously
validated equation derived from tight correlations demon-
strated with invasive pulmonary haemodynamic measure-
ments at rest and at exercise, with and without different types
of pulmonary vascular disease [11, 21]. It is interesting that
derived P̄pa calculations still led to realistic pulmonary arterial
distensibility estimates.

In the present study, Pla estimated by the E/E’ ratio did not
increase with exercise, which seems to disagree with previous
invasive studies [4, 5]. Previous validation studies compared
E/E’ with wedged pulmonary artery pressure (Ppa) [12, 22].
Wedged Ppa measurements in these studies were actually
performed with balloon-tipped pulmonary artery catheters,
yielding balloon-occluded Ppa, as previously shown, to be an
excellent surrogate measurement of Pla in zone III perfused
lungs in a variety of pathophysiological circumstances [5].
However, estimation of wedged Ppa or Pla from E/E’ has been
reported to suffer from a large confidence interval estimated
by an SD of ¡3.8 mmHg on the mean rest [12], and there is an
absence of linear relationship between E/E’ and wedged Ppa at
exercise [22]. These are important limitations to the estimation
of Pla at exercise in our study, and may have accounted for the
absence of the expected decreased in PVR. It is of interest that
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FIGURE 3. Poon-adjusted mean pulmonary artery pressure (P̄pa) as a function

of cardiac output measurements at rest and at progressively increased workloads in

25 healthy subjects. The slope was 1.32 mmHg?min-1?L-1 and the intercept was

8.2 mmHg.
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measurements at rest and at progressively increased workloads in 25 healthy
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relationships.
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this limitation did not affect distensibility calculations, in
keeping with the notion of P̄pa as the major determinant of
pulmonary arterial compliance at the site of resistance [5].
However, more recent invasive haemodynamic measurements
in physically fit normal subjects indicate that at the average
workoad of 170 W and Q of 20 L?min-1 reached in our study,
Pla may remain unchanged compared with supine resting
baseline [16]. Absence of change or only slight increase in Pla

would be undetected by changes in E/E’. Uncertainty on the
estimation of Pla probably also contributed to the observed
large confidence intervals on the distensibility a-calculations.

Exercise echocardiography takes time (on average 40 min per
subject in our study), is technically demanding and requires
considerable training and experience. This is why, in some
centres, measurements are often not performed during exercise
but instead immediately after exercise. Our finding that Ppa,sys

has a rapid but variable return to resting baseline suggests that
this approach would have a poor reliability to characterise
exercise-induced pulmonary hypertension.

Doppler echocardiography has been considered less than
adequate for the study of the pulmonary circulation [1–3].
Concerns include poor quality control and technical demands,
an excessive proportion of false positives and negatives as a
screening tool for pulmonary hypertension [23], and sub-
optimal recovery rates of tricuspid regurgitant jets, particularly
in normal subjects or in patients with obstructive lung diseases
[24]. However, a large scale collaborative European study
recently demonstrated how exercise echo-Doppler measure-
ments of Ppa,sys can be used to identify normal and abnormal
pulmonary vascular reactivity in family members of patients
with idiopathic PAH, especially in carriers of the bone
morphogenetic protein-2 mutation [25]. In that multicenter
study, only 15% of subjects had inadequate tricuspid velocity
signals. We have demonstrated that a high level of training and
dedication allows for 88% of recovery of good-quality signals
for the study of pulmonary haemodynamics in normal
subjects, at rest and during exercise.
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25 healthy subjects. Takeoff and plateau patterns can be identified in 14 and 11
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