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It is necessary to measure the peak tricuspid regurgitation pressure gradient (TRPG)
that is recorded at maximum exercise intensity when diagnosing exercise-induced pulmo-
nary hypertension (ePH) on exercise stress echocardiography (ESE). However, it is diffi-
cult to measure maximum TRPG during the treadmill exercise. If ePH induced TRPG
elevation continues during recovery period after exercise termination, this elevation will
serve as a practical diagnostic standard. We aimed to assess whether the elevation of
postexercise peak TRPG prolong soon after finishing exercise in patients with ePH. Sev-
enty-four patients underwent symptom-limited ESE by using a semirecumbent bicycle
ergometer. ePH was defined as peak TRPG > 50 mm Hg at maximum exercise. We mea-
sured peak TRPG during exercise and until 5 minutes afterward. Thirty-five patients
were diagnosed with ePH; their median TRPG was 57 mm Hg [interquartile range: 52
−62 mm Hg] at maximum exercise. Peak TRPG in patients with ePH was > 40 mm Hg
until 2 minutes after exercise. The cut-off values of peak TRPG to detect ePH were
43 mm Hg just after exercise and 41 mm Hg at 1 minute afterward (areas under the
curve: 0.98, 0.92, respectively; both p < 0.001). In conclusion, elevated peak TRPG per-
sisted for at least 2 minutes after finishing exercise, and this time frame will therefore
provide a new window for diagnosing ePH by ESE. © 2020 Elsevier Inc. All rights
reserved. (Am J Cardiol 2021;142:124−129)
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Exercise-induced pulmonary hypertension (ePH) is a
crucial finding for diagnosing the etiology of exertional
dyspnea on exercise stress echocardiography (ESE).
When diagnosing ePH, it is necessary to measure maxi-
mum tricuspid regurgitation (TR) velocity, which is usu-
ally recorded at maximum exercise.1,2 Treadmill exercise
is one of the most widely used methods of stress testing,
but measuring TR velocity during this exercise is imprac-
tical. On the other hand, use of a supine or semi-recum-
bent bicycle ergometer enables us to measure TR velocity
during exercise as well as immediately afterward. If a
high peak TR pressure gradient (TRPG) due to ePH per-
sists after exercise, it may serve as a diagnostic clue. We
aimed to assess whether the elevation of postexercise
peak TRPG prolong soon after finishing exercise in
patients with ePH.
Methods

A total of 82 patients underwent ESE at our institution to
determine the existence of ePH or evaluation of heart dis-
ease associated with ePH. TR signals were observed at rest
in all study subjects. Eight patients were excluded: 5
because their TR signals during exercise were incomplete,
and 3 whose archived echocardiographic images were inad-
equate for diagnosing the existence of ePH. Finally, we
enrolled 74 patients with sinus rhythm who could be diag-
nosed as having ePH or not. To determine whether func-
tional mitral stenosis was present, ESE was performed in
28 patients with a normal transmitral pressure gradient at
rest who had undergone mitral valve repair. Twenty-five
patients with connective tissue disease and 6 patients who
had been diagnosed with pulmonary arterial hypertension
underwent ESE to determine the existence and/or degree of
ePH. Other patients with significant valvular disease and
those who complained of dyspnea underwent ESE to evalu-
ate their exercise tolerance or the cause of their symptoms.
All study subjects gave written informed consent.

Patients underwent conventional echocardiography at rest
and symptom-limited ESE on a semi-recumbent bicycle
ergometer (Lode B. V., Groningen, AN, Netherlands). The
initial workload was 12 or 25 watts, and was increased by 12
to 13 or 25 watts every 3 minutes, respectively, until the
workload could no longer be tolerated due to dyspnea or leg
fatigue. We selected 12 watts as the initial workload and
incremented this value by 12-13 watts when a patient’s exer-
cise tolerance was judged to be < 4 metabolic equivalents
(METs) based on the interview before the ESE.3,4 We also
calculated the ratio of achievedMETs to age- and gender-pre-
dicted METs.5,6 We measured peak TR velocity during exer-
cise and until 5 minutes after exercise using an E9 ultrasound
system (GE Healthcare, Milwaukee, Wisconsin), and the
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Table 2

Baseline echocardiographic parameters

Variable ePH (+) ePH (-) p value

LV diastolic diameter (mm) 42 § 9 44 § 7 0.399

LV ejection fraction (%) 62 § 9 60 § 11 0.398

Cardiac output (L/min)* 4.4 [3.3−5.4] 4.5 [3.6−5.4] 0.605

Left atrial volume

index (mL/m2)*

48 [33−57] 40 [34−49] 0.072

E (m/sec) 1.03 § 0.60 0.89 § 0.28 < 0.001

E/A 1.25 § 0.92 1.15 § 0.50 0.593

DT, ms 263 § 182 225 § 62 0.264

Septal e’ (cm/sec) 5.2 § 1.4 6.5 § 2.4 0.033

E/e’ septal 15.8 § 6.6 12.0 § 5.3 0.051

TR severity (1/2/3/4) 25/8/1/1 33/6/0/0 0.364

Peak TRPG (mm Hg)* 31 [22−35] 21 [18−25] < 0.001

DT = deceleration time; ePH = exercise-induced pulmonary hyperten-

sion; E = early diastolic velocity; E/A = ratio of E to A (late diastolic

velocity); e’ = early diastolic annular velocity; LV = left ventricular;

TRPG = tricuspid regurgitation pressure gradient.

* Values are medians [interquartile range].

Valvular Heart Disease/Prolonged TRPG Elevation of TRPG in ePH Patients 125
velocity was averaged over at least 2 cardiac cycles. Pulmo-
nary artery systolic pressure (PASP) was estimated from peak
TR velocity using the modified Bernoulli equation, as fol-
lows: 4V2 + right atrial pressure.7 All patients had an inferior
vena cava that was < 20 millimeters, and respiratory variation
was observed, so we added 3 mm Hg as the right atrial pres-
sure.8 Furthermore, the mean pulmonary artery pressure was
estimated using the following previously reported formula:
0.61 x PASP + 2 mm Hg.9 Cardiac output was determined
based on the left ventricular (LV) stroke volume, which was
calculated by multiplying the LV outflow tract area by the LV
outflow tract velocity-time integral measured by pulsed
Doppler. Patients were defined as having ePH if the peak
TRPG at maximum exercise was > 50 mm Hg.1,10

All normally distributed values are expressed as mean §
standard deviation, and non-normally distributed values are
expressed as median and interquartile range. The characteris-
tics of patients with and without ePH were compared by the
chi-square test for categorical variables. Differences in non-
normally distributed values between the 2 groups were com-
pared using the Mann-WhitneyU test. The peak TRPG values
during exercise and until 5 minutes afterward were analyzed
using repeated measures analysis of variance. The cut-off val-
ues of peak TRPG to detect ePH at each time point were eval-
uated using receiver operating characteristic analysis. A 2-
sided p value < 0.05 was considered statistically significant.
Results

Thirty-five patients (47%) were diagnosed with ePH, and
their median TRPG at maximum exercise was 57 mm Hg
[interquartile range: 52−62 mm Hg]. Fourteen patients out of
35 with ePH underwent cardiac catheterization to document
the presence of pulmonary hypertension and decide the indi-
cation of medication for pulmonary hypertension. Table 1
shows the clinical comparisons between patients with and
without ePH. Baseline echocardiographic parameters are
shown in Table 2. There were 12 patients whose estimated
mean PAP was higher than 25 mm Hg in patients with ePH.
The exercise test values are shown in Table 3. Heart rate
recovery after exercise was prolonged in patients with ePH,
Table 1

Baseline characteristics

Variable ePH (+)

n = 35

ePH (-)

n = 39

p value

Age (years) 67 § 14 65 § 9 0.545

Male / female 8 / 27 14 / 25 0.220

Diagnosis 0.136

Post mitral valve repair 8 (23%) 20 (51%)

Connective tissue disease 13 (37%) 12 (31%)

Pulmonary arterial hypertension 5 (14%) 1 (3%)

Aortic stenosis 2 (6%) 1 (3%)

Severity (1/2/3/4) 0/0/2/0 0/0/0/1

Mitral regurgitation 3 (9%) 3 (8%)

Severity (1/2/3/4) 0/0/2/1 1/0/0/2

Mitral stenosis 1 (3%) 0

Severity (1/2/3/4) 0/0/0/1 -

LV diastolic dysfunction 1 (3%) 1 (3%)

LV systolic dysfunction 2 (6%) 1 (3%)

ePH = exercise-induced pulmonary hypertension; LV = left ventricular.
but the difference was not statistically significant compared
with patients without ePH (Supplementary Figure 1).

Peak TRPG values calculated via echocardiography
from baseline through 5 minutes after exercise completion
are shown in Figure 1. The differences in peak TRPG
between patients with and without ePH were statistically
significant at all time points, and 95% confidence intervals
at each stage did not overlap between the 2 groups
(Supplementary Table 1). Although peak TRPG started to
decrease immediately after exercise in both groups, it
remained higher than 40 mm Hg at 2 minutes afterward in
patients with ePH. Figure 2 shows representative patients
with and without ePH. Peak TRPG was higher than 40 mm
Hg at 2 minutes after exercise in the patient with ePH. The
cut-off values of peak TRPG to detect ePH were 43 mm Hg
just after finishing exercise (area under the curve = 0.98, p
< 0.001; Figure 3) and 41 mm Hg at 1 minute after com-
pleting exercise (area under the curve = 0.92, p < 0.001).
Discussion

Pulmonary hypertension occurs not only in patients with
pulmonary arterial hypertension, but also in combination
with left heart disease, systemic to pulmonary shunt, con-
genital heart disease, connective tissue disease, lung dis-
ease, and other systemic conditions.7 The estimation of
PASP based on peak TRPG in echocardiography is a stan-
dard method in clinical settings, and high-quality TR Dopp-
ler signals have been reported to correlate well with PASP
calculated by cardiac catheterization.11 Furthermore, the
effectiveness of exercise testing, including ESE, in predict-
ing the prognosis of patients with PH has often been
reported.10,12,13 The occurrence of ePH during ESE has
been reported to be an important finding in patients with
PH of various backgrounds.14,15 Most studies have reported
that patients with a pathologic PASP response during exer-
cise demonstrate a normal PASP at rest.1,16 In our study,
the peak TRPG at baseline was higher in patients with ePH
than in those without it. One of the reasons is that some



Table 3

Exercise test values in subjects with and without ePH

Variable ePH (+) ePH (-) p value

Maximum load (watts) 50 [37−100] 75 [50−100] < 0.001

Exercise time (min) 9 [6−12] 12 [9−12] 0.009

Target heart rate (bpm) 130 § 12 132 § 8 0.406

Heart rate at maximum exercise (bpm) 118 § 19 115 § 19 0.219

Heart rate at maximum exercise / target heart rate (%) 91 § 13 87 § 12 0.138

Achieved METs 3.8 § 1.2 4.7 § 1.3 0.003

Achieved METs / predicted METs (%) 62 § 19 69 § 19 0.117

Cause of exercise cessation 0.092

Dyspnea 14 (40%) 9 (23%)

Leg fatigue 12 (34%) 14 (36%)

Attainment of target heart rate 7 (20%) 6 (15%)

Dyspnea and leg fatigue 2 (6%) 10 (26%)

Cardiac output at maximum exercise (L/min)* 7.8 [6.4−11.3] 8.3 [6.2−10.1] 0.936

Peak TRPG at maximum exercise (mm Hg)* 57 [52−62] 38 [34−46] < 0.001

Estimated PASP at maximum exercise (mm Hg)* 60 [55−65] 41 [37−49] < 0.001

Estimated mean PAP at maximum exercise (mm Hg)* 38 [36−42] 27 [25−32] < 0.001

Δmean PAP/Δcardiac output 6.5 [3.1−10.0] 3.2 [1.7−5.1] 0.012

ePH = exercise-induced pulmonary hypertension; METs =metabolic equivalents; PAP = pulmonary artery pressure; PASP = pulmonary artery systolic

pressure; TRPG = tricuspid regurgitation pressure gradient.

* Values are medians [interquartile range].
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patients underwent ESE to determine if their symptoms
were correlated with ePH, irrespective of their high peak
TRPG at rest;17 that is, our study included a few patients
whose peak TRPG at rest was higher than 36 mm Hg, which
is considered to be significantly elevated based on the modi-
fied Bernoulli equation.7,17

The most important finding of the present study was that
in patients with ePH, the elevated peak TRPG at the maxi-
mum exercise load persisted at least 2 minutes just after
maximum exercise, though its value began returning to nor-
mal immediately after stopping exercise, and returned to
the normal range by 5 minutes afterward. The appropriate
cut-off values to detect ePH were considered to be 43 mm
Hg just after exercise (area under the curve = 0.98, p <
0.001), and 41 mm Hg at 1 minute after exercise (area under
the curve = 0.92, p < 0.001).
Figure 1. Changes of peak TRPG during and after finishing exercise. Base = ba

regurgitation pressure gradient.
Acquiring echocardiographic images during the peak
exercise state is useful during ESE with a supine or semi-
recumbent bicycle ergometer, though it is impossible when
using a treadmill.18 Particularly in patients with ePH, deter-
mining a reliable peak TRPG value during maximum exer-
cise should be just as important as provoking dyspnea
during exercise. It may be worthwhile if we can diagnose
ePH based on a reliable peak TRPG value during ESE using
a treadmill which is physiological exercise and is more gen-
erally used. Therefore, when we conduct ESE using a tread-
mill, we must have a reliable criterion or cut-off value of
peak TRPG obtained just after maximum exercise in
patients with provoked ePH who are diagnosed during
supine or semi-recumbent bicycle ergometer ESE.

Most authors have reported the significance of estimated
PASP in patients with ePH only during or after completing
seline; ePH = exercise-induced pulmonary hypertension; TRPG = tricuspid
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Figure 2. Representative patients with and without ePH. The peak TRPG values at each stage are shown in the table.
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exercise.19,20 Argiento et al21 found that in healthy subjects,
PASP levels that were elevated during exercise using a
semi-recumbent cycle ergometer returned to normal imme-
diately after exercise was stopped. Given that the right atrial
pressure in their study was 5 mm Hg, which was different
from that in our study, the mean PASP value at maximum
exercise was 46 mm Hg. They calculated PASP at 5, 10,
and 20 minutes after exercise, but not from exercise com-
pletion to 5 minutes afterward. The median peak TRPG
value at 5 minutes after exercise in our patients with ePH
was 33 mm Hg, which was about the same as baseline, but
Figure 3. The cut-off points to detect ePH during and until so
its value remained higher than 40 mm Hg through 2 minutes
after exercise.

Previous studies used cut-off values of PASP that were
considered to be the normal limits for healthy individuals
or highly trained athletes.1,21,22 All of these cut-off values
were determined using data acquired during maximum
exercise on a bicycle ergometer, and did not consider data
obtained just after finishing exercise. Therefore, the estima-
tion and diagnosis of ePH using PASP determined just after
completing exercise, that is, in the setting of ESE using a
treadmill, may differ from the cut-off values estimated
on after finishing exercise. AUC = area under the curve.
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during maximum exercise in the setting of ESE using a
bicycle ergometer. It may make sense to use different cut-
off values depending on different types of exercise stress.
The cut-off value obtained just after finishing exercise, that
is, a lower peak TRPG than the widely used cut-off value to
diagnose ePH based on maximum exercise, may be suitable
in the setting of treadmill exercise.

Based on our study analyzing the cut-off values of peak
TRPG to deduce the presence of ePH during and soon after
exercise, a peak TRPG higher than 41 mm Hg at 1 minute
after the completion of exercise may be the appropriate cut-
off value for ePH. Although acquiring the targeted parame-
ters or images in ESE often takes longer with a treadmill
than with a bicycle ergometer, previous studies reported that
the initial images could be acquired in the first 1 to 2 minutes
of ESE using a treadmill.18,23,24 Therefore, a peak TRPG
value > 40 mm Hg obtained between the completion of exer-
cise until 1 to 2 minutes afterward, as evaluated in the present
study, may be a reliable and practicable standard.

This study had several limitations. First, this was a sin-
gle-center, retrospective cohort analysis. Second, we used
the same ePH criterion although pulmonary hypertension
in our patients had a variety of etiologies. Although the
values of Δmean PAP/Δcardiac output during ESE were
reported to differ by disease groups,17,25-27 no differences
in the cut-off values of peak TRPG were previously
reported. Furthermore, the estimation of ePH in the pres-
ent study was based on echocardiographic parameters,
not on catheterization data. However, we used a cut-off
value of peak TRPG > 50 mm Hg, which has been widely
reported.

The criterion for ePH during ESE using a treadmill,
which is more widely employed than a bicycle ergome-
ter in clinical settings, has not been evaluated, and the
cut-off value of peak TRPG estimated during maximum
exercise may differ from that obtained just after finish-
ing exercise. Therefore, the cut-off value of peak TRPG
could be helpful for diagnosing ePH during ESE using a
treadmill when continuous measurements are obtained
throughout exercise until soon after completing it.

In conclusion, prolonged TRPG elevation after exercise
in patients with ePH after exercise will be a clue or new
simple standard for the diagnosis of ePH in ESE.
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