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Prognostic Value of Exercise as Compared to Resting
Pulmonary Hypertension in Patients with Normal
or Mildly Elevated Pulmonary Arterial Pressure

To the Editor:

There is increasing evidence for the prognostic relevance of
pulmonary hypertension during exercise (1-5); it is unclear, however,
if this prediction goes beyond the predictive power of resting
pulmonary hypertension. In this study, we aimed to assess the
association between pulmonary hypertension during exercise and
mortality in patients with normal or mildly elevated pulmonary
arterial pressures at rest and focused on the additive prognostic
information of exercise- as compared with resting hemodynamics.
Some of the results of these studies have been previously reported in
the form of an abstract (6).

In this single-center retrospective study, we included patients
undergoing right heart catheterization (RHC) at rest and during
supine ergometer exercise. Patients were referred to our clinic owing
to suspected pulmonary hypertension based on their history,
symptoms and investigations performed before their admission.

The indication for resting RHC followed international guidelines and
was based on the clinical judgment of physicians in our outpatient
clinic (7). Patients who turned out to have resting mean pulmonary
arterial pressure (mPAP) <25 mm Hg at RHC underwent exercise-
RHC to assess pulmonary hypertension during exercise and to gain
additional information regarding mechanisms of dyspnea and
exercise limitation. Patients had a minimum observation time of six
months. The study was approved by the local ethics committee (EK
32-352 ex 19-20). Patients undergoing exercise RHC from 2005 to
August 2011 were retrospectively entered in our registry. Starting
with August 2011, patients were prospectively recruited and signed
informed consent. Resting- and exercise RHC was performed in all
patients as previously described, pressure/cardiac output (CO) slopes
were calculated as (Pressurepe,— Pressurepse)/(COpeak—COpase) (8).
To identify continuous exercise hemodynamic parameters predicting
overall survival, we performed multivariate Cox regression analysis,
adjusted for sex and age. Significant predictors were dichotomized
using the approach proposed by Crowley and colleagues (9). In a
second step, prognostically relevant exercise hemodynamic variables
were analyzed adjusting for the presence of relevant cardiopulmonary
comorbidities, smoking status, World Health Organization functional
class (WHO-FC), N-terminal pro brain natriuretic peptide (NT-
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proBNP), 6-minute-walk distance (6MWD), peak oxygen uptake
(peakV O,) and pulmonary resting hemodynamics including mPAP,
pulmonary arterial wedge pressure (PAWP), right atrial pressure
(RAP), CO, and pulmonary vascular resistance (PVR). Models
including exercise hemodynamic variables were compared with the
model without these exercise hemodynamic variables using log-
likelihoods. Data are presented as mean % SD for parametric and as
median (interquartile range [IQR]) for nonparametric continuous
variables. Categorical data are shown as absolute and relative
frequencies. Statistical software R (4.1.1) was used for data analysis
(used package: survival). Between 2005 and 2017, we included 207
patients (age: 64 yr [IQR, 54-72], 69% female, body mass index:

26.6 kg/m” [22.8-30.1], NT-proBNP: 184pg/ml [81-493], 6MWD:
398 * 105 m, PeakV O,: 74.4 = 22.3% predicted, Watt ., 75
[50-100], mPAP: 18 mm Hg [IQR, 15-21)], PAWP: 8 mm Hg [IQR,
6-10], PVR: 2.12 WU [IQR, 1.46-2.73], CO: 4.8 L/min [3.9-5.8],
median follow-up time: 4.3 years [IQR, 2.0-8.5], mortality events: 40
[19%]). Ten patients had a prevalent pulmonary vascular disease
based on previous RHC and were treated with at least one pulmonary
arterial hypertension (PAH) drug. Eight other connective tissue
disease patients received bosentan for digital ulcers. The other
patients received no PAH drugs. Cardiopulmonary comorbidities
were present in 147 (71%) patients.

Of the examined pulmonary exercise hemodynamic parameters
mPAP/CO-slope, PAWP/CO-slope, trans-pulmonary gradient
(TPG)/CO-slope and COpeqy turned out as age- and sex
independent predictors of mortality (Table 1). The best cut-offs
were 7.5 mm Hg/L/min for mPAP/CO-slope (hazard ratio [HR],
3.24; 95% confidence interval [CI], 1.49-7.04; P =0.003; reference
group: <7.5 mm Hg/L/min), 6.0 mm Hg/L/min for PAWP/CO-
slope (HR, 4.43; 95% CI, 1.96-10.00; P < 0.001; reference group:
<6 mm Hg/L/min), 3.9 mm Hg/L/min for TPG/CO-slope
(HR, 2.56; 95% CI, 1.24-5.30, P=0.013; reference group:
<.3.9 mm Hg/L/min) and 8.5 L/min for COpe.ic (HR, 4.41; 95% CI,
2.01-9.68; P < 0.001; reference group: =8.5 L/min) (Figure 1). In
multivariate models, additionally adjusting for cardiopulmonary
comorbidities, smoking status, WHO-FC, and resting
hemodynamics, all four parameters remained significant
independent predictors of mortality (Table 2: Models 2-3). After
additionally adjusting for NT-proBNP, this remained true for
COpeqi (Table 2: Model 4). Of note, after adjusting for 6 MWD or
peakV O,, the addition of exercise- to resting hemodynamics did
not result in an improvement of the prognostic model (Table 2:
Models 5-6). Based on the data of the Austrian National Institute of
Statistics, the most frequent causes of death were: cardiovascular
(N=11 [28%]) respiratory (N=8 [20%]), and cancer (N =8 [20%]). All
three slopes and COpcqx remained significant predictors of survival after
using competing risk analysis adjusting cancer related events.

Patients with a mPAP/CO-slope =7.5 mm Hg/L/min were
older (73 yr [68-77] vs. 60 yr [50-69], P < 0.001), had more
cardiopulmonary comorbidities (one or more comorbidities in 46/49
[94%] vs. 95/148 [64%], P < 0.001), higher NT-proBNP (470 pg/ml
[243-1416] vs. 144 pg/ml [66-344], P < 0.001) and shorter 6 MWD
(314 = 85 m vs. 426 = 99 m, P < 0.001) as compared with subjects
with mPAP/CO-slope <7.5 mm Hg/L/min. In addition, in high-
slope versus low-slope patients significantly more patients had resting
PVR =3 WU (32% vs. 12%; P < 0.001), peak work-load was
significantly lower (50 W [25-50] vs. 75 W [50-100]; P << 0.001) and
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Figure 1. Multivariate COX Regression for (A) COpeax (P<0.001), (B) mPAP/CO-slope (P=0.036), (C) PAWP/CO-slope (P<0.001), and
(D) TPG/CO-slope (P=0.011) accounting for age and sex. CO = cardiac output; mPAP =mean pulmonary arterial pressure; PAWP = pulmonary

artery wedge pressure; TPG = transpulmonary gradient.

mPAP was higher both at rest (21 mm Hg [IQR, 18-23] vs. 17 mm
Hg [IQR, 14-21]; P < 0.001) and at peak exercise (45 = 9 mm Hg vs.
39 = 10 mm Hg; P < 0.001).

In this study, we confirm the prognostic relevance of pulmonary
hypertension during exercise in patients with normal or mildly
elevated pulmonary arterial pressure. We show for the first time that
mPAP/CO-slope, PAWP/CO-slope, TPG/CO-slope, and CO,eqi are
not only age- and sex-independent predictors of mortality but also
independent of cardiopulmonary comorbidities, smoking status,
WHO-FC, and resting hemodynamics, thus providing additional
prognostic information.

Based on recent studies, pressure/CO-slopes emerge as valuable
prognostic parameters for patients with normal or mildly elevated
pulmonary arterial pressures (10-12) and mPAP/CO-slope
<3 mm Hg/L/min may even serve as cut-off for normal exercise
hemodynamics (2, 3). In our study, we do not only confirm the
prognostic relevance of Pressure/CO slopes (mPAP/CO-, TPG/CO-,
and PAWP/CO slope), but extend our knowledge by showing that in
patients with normal or mildly elevated resting mPAP, these slopes
are independent predictors of mortality even after adjustment for

1420

continuous pulmonary resting hemodynamic parameters. This
suggests that both pre- and post-capillary causes of pulmonary
pressure elevation during exercise may contribute to mortality risk.

Previous studies have found a broad range of predictive mPAP/
CO-slopes and PAWP/CO-slopes (2, 4, 13). This may be explained by
the fact that optimal prognostic cut-offs are highly dependent on the
analyzed patients and other circumstances including body position
during exercise. The finding that in addition to pressure/CO-slopes
COpeak Was a significant predictor of prognosis supports previous
results of Chaouat and colleagues, who identified cardiac index during
exercise as independent prognosticator (1), although their finding was
derived from a set of 55 patients with severe PAH, while our patients
had no more than mild pulmonary hypertension. Of note, in our study,
there was a strong negative nonlinear correlation between the mPAP/
CO slope and COpeax (rs= —0.803, P < 0.001), suggesting that a steep
mPAP increase might limit COpqic during exercise.

The clinical consequences of our study need to be further
explored. We do not advise the investigation of pulmonary
hypertension during exercise as an additive invasive testing to
patients, but our data suggest that protocols encompassing both rest

American Journal of Respiratory and Critical Care Medicine Volume 206 Number 11 | December 1 2022
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and exercise testing during RHC are positioned to improve prognosis
estimates. This approach may additionally contribute to the
differentiation between early pulmonary vascular disease and latent
left heart disease. Currently, close clinical follow-up of patients with
abnormal pulmonary hypertension during exercise and their
inclusion into appropriate clinical trials should be recommended.

The addition of exercise hemodynamics is not intended to
replace noninvasive methods for assessing function, such as 6MWD,
which itself is prognostic. Of note, after adjusting for 6 MWD or
peakV O,, the outcome estimates generated by analyzing specific
exercise hemodynamic variables were no longer significant. Although
this finding might be partly explained by the limited number of
patients and events in our study, it also emphasizes the usefulness of
6MWD and cardiopulmonary exercise testing in the clinical practice.
To which extent pulmonary exercise hemodynamics may serve as
general prognosticators in the risk assessment for pulmonary vascular
disease may therefore warrant exploration in larger multicenter
studies.

Our data have been derived from a single center retrospective
analysis, which is a limitation of the study. A multivariate analysis
including all slopes in one model was not possible, due to high
collinearity. Due to the limited small sample size patients with
malignancies were not excluded from primary analysis. However,
after adjusting for cancer related events, exercise hemodynamics
remained significant prognosticators. As further potential limitation,
CO was measured by thermodilution, potentially leading to slightly
different CO values as compared with the gold-standard Fick-
method. However, all measurements were performed by the same
experienced team using standardized protocols that should
minimalize methodologic errors.

In conclusion, in patients with normal or mildly elevated
pulmonary arterial pressures, mPAP/CO, PAWP/CO, and
TPG/CO-slopes, and COyax are predictors of all-cause mortality,
after correction for age, sex, comorbidities, smoking status,
WHO-FC, and resting hemodynamics suggesting that exercise
hemodynamics provide robust and independent prognostic
information.
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