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Abstract

Background: Abnormal pulmonary arterial pressure (PAP) responses to exercise have been
described in select individuals, however clinical and prognostic implications of exercise
pulmonary hypertension (exPH) among broader samples remains unclear.

Objectives: To investigate the association of exPH with clinical determinants and outcomes.

Methods: We studied individuals with chronic exertional dyspnea and preserved ejection fraction
who underwent cardiopulmonary exercise testing with invasive hemodynamic monitoring. ExPH
was ascertained using minute-by-minute PAP and cardiac output (CO) measurements to calculate
a PAP/CO slope, and exPH defined as a PAP/CO slope >3 mmHg/L/min. The primary outcome
was cardiovascular (CV) hospitalization or all-cause mortality.

Results: Among 714 individuals (age 57 years, 59% women), 296 (41%) had abnormal PAP/CO
slopes. Over a mean follow-up of 3.7 £ 2.9 years, there were 208 CV or death events. Individuals
with abnormal PAP/CO slope had a 2-fold increased hazard of future CV or death event
(multivariable-adjusted HR 2.03, 95%CI 1.48-2.78, P<0.001). The association of abnormal
PAP/CO slope with outcomes remained significant after excluding rest PH (n = 146, HR 1.75,
95%Cl 1.21-2.54, P=0.003). Both pre- and post-capillary contributions to exPH independently
predicted adverse events (P <0.001 for both).
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Conclusions: ExPH is independently associated with CV event-free survival among individuals
undergoing evaluation of chronic dyspnea. Our findings suggest incremental value of exercise
hemodynamic assessment to resting measurements alone in characterizing the burden of PH in
individuals with dyspnea. Whether PH and PH subtypes unmasked by exercise can be used to
guide targeted therapeutic interventions requires further investigation.

Condensed Abstract:

Exercise pulmonary hypertension (PH) has been described in select individuals, however clinical
and prognostic implications among broader samples remains unclear. We examined patients with
chronic exertional dyspnea and EF =50% referred for cardiopulmonary exercise testing with
invasive hemodynamic monitoring. We found that exercise PH was associated with a 1.75-fold
increased hazard of future cardiovascular or death event even after excluding rest PH. Both pre-
and post-capillary contributions to exercise PH independently predicted adverse events. Our
findings suggest incremental value of exercise hemodynamic assessment to resting measurements
alone in characterizing the burden of PH in individuals with dyspnea.

Keywords
pulmonary hypertension; exercise; cardiovascular disease

Introduction

Pulmonary hypertension (PH) may complicate a wide spectrum of cardiopulmonary diseases
and is associated with increased morbidity and mortality regardless of etiology. Moreover,
both incidence and prevalence of PH appear to be increasing among adults (1). Traditionally,
rest PH was defined as a resting mean pulmonary artery pressure (PAP) =25 mmHg (2),
however recent revised recommendations use a mean PAP >20 mmHg in light of adverse
clinical outcomes even among individuals with mean PAP 21-24 mmHg (3,4). Further, PH
during exercise testing, has previously been defined as an absolute exercise PAP =30 mmHg
(5). However, the latter exercise criterion for diagnosing PH were appropriately abandoned
after participants at the WHO expert consensus conference in Dana Point in 2008 concluded
that this cut-off value for exercise PH (exPH) was not sufficiently supported by the literature
and that the “dose dependent” increment in PAP with increasing exercise intensity limits the
physiologic significance of a single PAP cut-off to define exercise PH (exPH) (6).

More recently, there is increasing recognition that elevation in pulmonary pressures should
be assessed in relation to the corresponding increase in cardiac output during exercise (the
PAP/CO relationship) (3,7-9). There are also growing data suggesting the clinical
importance of abnormal pulmonary vascular responses to exercise (7-12). Exercise PH has
been described in the context of specific disease entities, including systemic sclerosis and
carriers of BMPRZ2 mutations without clinically overt PH (13,14). In these settings, exercise
PH is thought to predate the future development of bona fide PH and has been associated
with worse clinical outcomes in select patient samples (15-17). However, the natural history
of exPH and its pre- and post-capillary components among a broader range of patients with
dyspnea on exertion remains unknown and was identified as a key knowledge gap in a recent
consensus statement on ExPH (9). Here, we sought to investigate the clinical significance
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and correlates of exercise pulmonary vascular responses across a broad sample of
individuals with chronic exertional dyspnea. Our primary hypothesis was that exPH would
be associated with adverse clinical outcomes.

e

We included consecutive patients with chronic dyspnea on exertion who underwent
cardiopulmonary exercise testing (CPET) to characterize hemodynamic response to exercise
at Massachusetts General Hospital between 2006 and 2017. Of 761 patients with preserved
left ventricular ejection fraction (defined as LVEF =50%), we excluded participants with the
following: history of heart or lung transplantation (n = 16), undergoing evaluation for lung
transplantation (n = 6), complex adult congenital heart disease (n = 17), mitochondrial
myopathy (n = 14), leaving 714 participants for this analysis. All participants provided
informed consent, and the study was approved by the Massachusetts General Hospital
institutional review board.

Ascertainment of Clinical Variables and Outcomes

At the time of CPET, participants underwent history and physical examination including
assessment of body mass index and fasting blood draw. Blood specimens were immediately
processed and stored at —80°C. Medical records were reviewed in detail to confirm medical
history, including the presence of cardiovascular and lung disease (defined as at least
moderate chronic obstructive pulmonary disease or interstitial lung disease). Pulmonary
function testing and measurement of the diffusion capacity of carbon monoxide (DLCO)
was performed. Clinical outcomes were adjudicated through 10/29/2018 after review of all
available medical records and included: first cardiovascular (CV) hospitalization (defined as
any hospitalization for principal cardiovascular cause, including heart failure, pulmonary
hypertension, arrhythmia, coronary revascularization) and all-cause mortality, which was
ascertained using the social security death index and electronic hospital records. The
primary analysis examined CV event-free survival as the combination of CV hospitalization
or death. Plasma N-terminal pro-B type natriuretic peptide was assayed using an
electrochemiluminescence immunoassay (Roche, NT-proBNP, intra-assay coefficient of
variation 2.4-3.8%) and high-sensitivity C-reactive protein was ascertained using an
immunoturbidimetric assay (Roche, hsCRP, intra-assay coefficient of variation 0.4-8.4%).

Cardiopulmonary Exercise Testing

All participants underwent insertion of a pulmonary artery catheter via the internal jugular
vein and systemic arterial catheter via the radial artery if technically feasible after
confirming ulnar arterial collateral circulation by an Allen’s test, followed by maximal
upright cycle ergometry using a continuous ramp at 5 to 15 W/min after an initial 3-minute
period of unloaded exercise (18). Serial gas exchange (MedGraphics, St. Paul, MN) and
hemodynamic measures were assessed at rest and during exercise, including mean PAP and
cardiac output (CO) calculated using the direct Fick method. PAP and pulmonary capillary
wedge pressure (PCWP) measurements were ascertained at expiration over at least 3
respiratory cycles based on manual review of digitally recorded tracings. Rest PH was
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defined as a mean PAP >20 mmHg (3). Exercise pulmonary vascular responses were
ascertained using serial PAP and CO measurements to calculate a PAP/CO slope, and an
abnormal response or exercise pulmonary hypertension (exPH) or high PAP/CO slope was
defined as a PAP/CO slope >3 mmHg/L/min as previously described (8, 19). As outlined in
recent consensus documents, indexing of PAP to CO is preferable to using a single absolute
cut-point value for exercise PAP to account for variable increases in flow with exercise (9).
Further, the use of multipoint assessments of PAP, PCWP, and CO throughout exercise limit
undue influence of peak exercise respirophasic pressure swings, with an average number of
10.0 £ 2.2 repeated hemodynamic measures within a given individual used to calculate
PAP/CO slopes. The inter-observer coefficients of variance for a randomly selected subset of
100 PCWP and PAP measurements during exercise from this study were 4.0% and 2.6%,
respectively. The previously reported coefficient of variation for repeated exercise PCWP
measures over a period of 12 weeks was is 10% (19). Radionuclide first-pass
ventriculography was also performed at rest and at peak exercise, with inter- and intra-
observer coefficients of variation for assessment of RVEF <5%.

Statistical Analysis

Baseline characteristics and exercise parameters were summarized according to high vs
normal PAP/CO slope groups using means and standard deviations, medians and inter-
quartile ranges, or proportions as appropriate. Cross-sectional clinical determinants of
PAP/CO slope were examined using age- and sex-adjusted analyses. A stepwise selection
regression model was used to examine multivariable-adjusted determinants of PAP/CO slope
with eligibility for entry and retention at P <0.05, forcing age and sex into the model. We
first examined clinical comorbidities, and constructed a second model allowing both clinical
covariates and pulmonary function tests for entry. Forced expiratory volume in one second
(FEV1), forced vital capacity (FVC), the FEV1/FVC ratio, total lung capacity (TLC), and
DLCO were expressed as % of predicted values, which were calculated using sex-specific
regression models (21).

We examined Kaplan-Meier survival estimates for the primary outcome of cardiovascular
event-free survival among patients with normal vs abnormal pulmonary vascular responses
to exercise. We used Cox models to estimate age- and sex-adjusted risk of clinical outcomes
by PAP/CO slope. Multivariable Cox models additionally adjusted for the presence of
hypertension, myocardial infarction, heart failure, COPD, ILD, and smoking status. These
covariates were chosen a priori given clinical relevance. We confirmed that the proportional-
hazards assumption was met using Schoenfeld residuals. In secondary analyses we examined
the association of each of the components of continuous PAP/CO slope with the primary
outcome, including trans-pulmonary gradient (defined as PAP — PCWP) and pulmonary
capillary wedge pressure exercise responses (TPG/CO and PCWP/CO slopes, respectively).
Pressure/flow slopes were log-transformed due to right-skewed distributions. In sensitivity
analyses, we examined the association of PAP/CO slope and the primary outcome after
exclusion of (1) rest PH; (2) prevalent cardiovascular disease (defined as history of
myocardial infarction or heart failure). In secondary analyses, we examined correlates and
prognostic significance of PAP/CO slope among those without rest PH. To further evaluate
the prognostic performance of PAP/CO measurements relative to that of alternative
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definitions of exPH, we examined the use of the single absolute cut-point of exercise PAP
>30 mmHg, both with and without addition of total pulmonary resistance (=exPAP/CQ) >3
mmHg/L/min in setting of rest PAP <20mmHg as previously described (20). Analyses were
conducted using STATA v11.2 (College Station, Texas).

A total of 714 participants with chronic dyspnea on exertion underwent CPET with invasive
hemodynamic monitoring. The mean age was 57 * 16 years, and 59% were women. A total
of 296 (41%) had exercise PH, defined as a PAP/CO slope > 3 mmHg/L/min based on an
average of 10+2 paired PAP and CO measurements per subject. Participants with abnormal
PAP/CO slope were older and had a greater burden of clinical comorbidities including
cardiovascular and pulmonary disease as displayed in Table 1. Specifically, those with high
PAP/CO slope were more likely to have diabetes mellitus (22% vs 12%), prior heart failure
(20% vs 7%), COPD (18% vs 5%), and ILD (13% vs 6%, P<0.05 for all). Of note, only 2%
of all participants carried a prior diagnosis of pulmonary arterial hypertension. The median
NT-proBNP level was 154 pg/mL among those with abnormal PAP/CO slope, and 52 pg/mL
among those with normal PAP/CO slope (P<0.001). When examining rest vs exPH, we
found 146 (20%) met criteria for rest PH, and an 184 (26%) participants had exPH with
normal rest PAP.

Exercise Parameters Associated with Exercise PH

Patients with abnormal PAP/CO slopes had lower absolute and % predicted peak VO,
compared to those with normal PAP/CO slopes despite similar respiratory exchange ratios.
Both rest and exercise PAP were higher among those with abnormal PAP/CO slopes (Table
2). In age- and sex-adjusted analyses, elevated PAP/CO slope was associated with a 2.7
ml/kg/min lower peak VO, compared with normal PAP/CO slope (B -2.70, s.e. 0.37,
P<0.001). Invasive hemodynamic assessment demonstrated higher systemic blood pressures
and intracardiac pressures and lower cardiac outputs at rest and with exercise among those
with abnormal PAP/CO slope. Further, those with high PAP/CO slope had a 1.1 wu steeper
TPG/CO slope (p 1.09, s.e. 0.10, P<0.001) and a 2.4 mmHg/L/min steeper PCWP/CO slope
(B 2.39, s.e. 0.18, P<0.001) in age- and sex-adjusted analyses, suggesting both pre- and post-
capillary components to the higher PAP/CO slope.

Lastly, both resting right and left ventricular systolic function were lower among those with
elevated PAP/CO slopes (Table 2). Further, 38% of those with high PAP/CO slope had
abnormal right ventricular reserve (defined as the inability to augment right ventricular EF
with exercise), compared with only 26% among those with normal PAP/CO slope (P=0.001).
After adjusting for age and sex, high PAP/CO slope conferred a 1.9-fold increased odds of
abnormal right ventricular reserve (OR 1.86, 95% CI 1.28, 2.72, P=0.001). By contrast, there
were no differences in left ventricular reserve by PAP/CO slope groups (P=0.18 in age- and
sex-adjusted analysis).

JAm Coll Cardiol. Author manuscript; available in PMC 2021 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ho et al. Page 6

Clinical Correlates of Exercise Pulmonary Vascular Response

In a multivariable stepwise model, independent predictors of abnormal PAP/CO slope
included age, smoking history, and prior HF and chronic lung disease. Specifically, a history
of HF, ILD, or COPD each conferred a more than 2-fold increased odds of abnormal
PAP/CO slope (P<0.003 for all, Supplemental Table 1). In models including pulmonary
function testing, ILD, COPD, and smoking were no longer significant, but lower %
predicted FEV1/FVC ratio, and DLCO each independently predicted abnormal PAP/CO
slope (P <0.01 for all).

Exercise Pulmonary Vascular Responses Predict Clinical Outcomes

Over a mean follow-up of 3.7 + 2.9 years after exercise testing, 167 participants experienced
a non-elective CV hospitalization and 80 died. There were 39 individuals experiencing CV
hospitalization followed by death, hence 208 experienced the combined endpoint of CV
hospitalization and/or death. A total of 32% of CV hospitalizations were attributed to heart
failure (primary signs and symptoms of congestion requiring IV diuretics) in isolation, with
less frequent hospitalizations related to coronary artery disease, valvular heart disease, or
arrhythmias. As shown in Figure 1, patients with high PAP/CO slope had worse CV event-
free survival compared with the normal PAP/CO slope group (P log-rank <0.0001). When
subdivided into patients with rest PH (rest PAP > 20mmHg) versus exPH (rest PAP <25
mmHg and PAP/CO slope >3 mmHg/L/min), both groups had worse CV event-free survival
compared with patients without evidence of either rest or exercise PH (Central Illustration, P
log-rank <0.0001 for all pairwise comparisons).

In multivariable Cox models, high PAP/CO slope was independently associated with >2-fold
increased risk of CV hospitalization or death (HR 2.03, 95%CI 1.48, 2.78, P<0.001) in
models adjusted for potential clinical confounders including age, sex, hypertension, prior
heart failure, COPD, ILD, and smoking status (Table 3). High PAP/CO slope remained
independently associated with CV hospitalization or death after additional adjustment for
baseline resting PAP (HR 1.64, 95%CI 1.15, 2.34, P=0.006). Among the subset of
individuals with rest PAP 21-29 mmHg, PAP/CO slope >3 mmHg/L/min was similarly
associated with CV event-free survival (multivariable-adjusted HR 1.91, 95%CI 1.15-3.19,
P=0.01).

In sensitivity analyses, high PAP/CO slope remained a significant predictor of CV event-free
survival after excluding individuals with rest PH (n=146 excluded, Table 3; multivariable-
adjusted HR 1.75, 95%CI 1.21-2.54, P <0.001) as well as prevalent cardiovascular disease
(n=184; HR 1.98, 95%CIl 1.31-2.99, P=0.001).

In secondary analyses, the use of an alternative definition of exPH (elevated peak exercise
PAP PAP of >30 mmHg with total pulmonary resistance >3 among individuals with rest PAP
<20 mmHg) was also associated with CV event free survival (n=195, HR 2.01, 95%CI 1.37—
2.95, P<0.001). Further, indviduals with exPH defined by either this or PAP/CO slope
appeared to have similar outcomes (P log rank 0.11). By contrast, in the absence of elevated
PAP/CO slope, individuals with an absolute peak exercise PAP of >30 mmHg (n=173) had
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similar CV event-free survival as those without any evidence of PH (Supplemental Figure 1,
P log rank 0.43).

Intrinsic and Post-Capillary Components of Exercise Pulmonary Vascular Responses

In secondary analyses, we separately examined the TPG and PCWP components of exercise
PAP response using analogous multi-point TPG/CO and PCWP/CO slopes as predictors of
clinical outcomes. As expected, correlations between PAP/CO slope and its components
were significant (Spearman’s rho = 0.49, P<0.0001 for TPG/CO slope; rho = 0.78, P<0.0001
for PCWP/CO slope).

In multivariable-adjusted Cox models, both TPG/CO slope and PCWP/CO slope were
independently associated with the primary outcome of CV event-free survival (Table 4).
Specifically, a 1-standard-deviation increase in TPG/CO slope was associated with a 27%
increased hazard (multivariable-adjusted HR 1.27, 95%CI 1.14-1.42, P<0.001), and a 1-
standard-deviation increase in PCW/CO slope was associated with a 28% increased hazard
of CV hospitalization or death (HR 1.28, 95%CI 1.17-1.41, P<0.001).

Discussion

We prospectively studied pulmonary arterial pressure responses to exercise among patients
with chronic dyspnea on exertion and related invasive hemodynamics to clinical outcomes.
In this rigorously phenotyped sample of >700 patients with >7,000 matched PAP and CO
measurements throughout exercise, we find the following: (1) clinical determinants of
exercise PH, as defined by a PAP/CO slope >3mmHg/L/min, include older age and
underlying cardiovascular and pulmonary disease; (2) exercise PH is associated with worse
functional capacity and abnormal right ventricular contractile reserve; and (3) the presence
of exercise PH predicts worse CV event-free survival. Importantly, adverse prognosis
remains associated with exercise PH even in the absence of rest PH, or known CVD in our
sample. Further, in dissecting pre- and post-capillary contributions to exercise PH, we find
that both components are independently associated with clinical outcomes. We also find that
exPH predicts outcomes among patients with mild resting PH (mPAP 21-29 mmHg). These
findings suggest that across a wide range of individuals with chronic dyspnea, exercise can
unmask abnormal pulmonary vascular responses that in turn bear significant clinical
implications. These findings coupled with a growing body of work defining pulmonary
vascular responses to exercise further suggest that re-introduction of an exercise-based
definition of PH in PH guidelines merits consideration.

Exercise elevations in mean PAP =30mmHg with PVR >1 wu have been previously shown
to be associated with intermediate functional capacity relative to patients with normal
exercise hemodynamics and patients with resting PAH(10). Exercise pulmonary responses
have also previously been described among smaller samples in the context of specific
disease entities. In these settings, exercise PH portended the future development of PH in
patients with systemic sclerosis or connective tissue disease and among family members of
patients with pulmonary arterial hypertension (PAH) carrying BMPRZ2 mutations (13-16).
Exercise PH also predicted worse clinical outcomes among patients with PAH or chronic
thromboembolic PH, and improved with initiation of pulmonary-specific vasodilator therapy
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among PAH patients (17, 22, 23). Our study represents the largest sample of individuals with
chronic dyspnea to date with comprehensive ascertainment of exercise PH. We build upon
previous studies focused on distinct disease conditions with outcomes, and extend findings
by underscoring the clinical significance of exercise pulmonary vascular responses across a
broad sample of individuals with chronic exertional dyspnea and preserved LVEF.

While rest PH as previously defined (mean PAP =25 mmHg) clearly portends adverse
outcomes, more recent studies demonstrate worse prognosis even among individuals with
mean PAP in the 21-24 mmHg range (4,24,25). The new definition of PH, which represents
PAH when present in conjunction with PVR =3 based on the definition advanced at the
WHO Nice Consortium, in turn appears associated with exercise PH (25). We find that even
in the absence of rest PH based on the new definition, exercise PH is associated with worse
cardiovascular event-free survival in our sample, albeit with intermediate risk when
compared with rest PH (Central Illustration). In addition, in patients with mild PH (mPAP
21-29 mmHg) those with a steep PAP/CO slope have a worse prognosis than those with a
normal PAP/CO slope. This suggests that exercise testing can be used to unmask abnormal
PAP in at-risk individuals and to refine risk in individuals with mild resting PH. Whether
unmasking PH with exercise will inform initiation of efficacious preventive and targeted
treatment strategies in the future needs to be evaluated. In addition, these findings should
prompt additional work using less invasive measurement modalities such as exercise
echocardiography to evaluate exPH (26), particularly in light of the consistent findings
related to PAP/CO slopes in previous studies including both modalities (8).

It is important to note that PAP/CO slope may be abnormal in the setting of pulmonary
vascular remodeling, vasoconstriction, or cardiac dysfunction with elevated left-sided filling
pressures (7). Our study offers more granular insights into cardiac vs pulmonary vascular
contributions to exercise PH. In a prior study of patients with systemic sclerosis, elevated
PAP/CO slopes were observed without concomitant increases in PCW/CO slope, suggesting
predominantly intrinsic pulmonary vascular dysfunction (27). By contrast, we find that in
our inclusive sample with a range of cardiopulmonary comorbidities, intrinsic pre- and post-
capillary components of exercise PH ascertained via TPG/CO and PCWP/CO slopes,
respectively, are both independently associated with prognosis. Our study highlights the
functional significance of exPH in that abnormal PAP/CO slope is associated with reduced
exercise capacity and abnormal right ventricular reserve with exercise. These findings are
consistent with prior studies relating exercise pulmonary vascular function and distensibility
to functional capacity and outcomes in various smaller samples (11,27-29).

There are several limitations that deserve mention. We studied a consecutive sample of
patients referred for cardiopulmonary exercise testing in the setting of chronic dyspnea. As
such, we recognize that referral bias could have influenced results, and generalizability to
other samples needs to be considered. Repeated invasive CPET has not been routinely
performed at our institution after its use for initial diagnostic evaluation in order to limit
patient burden. As such, our study focused on relationships of one-time assessments of exPH
to clinical outcomes. Future investigation of serial rest and exercise hemodynamic
measurements are warranted to further characterize the natural history of exPH, including its
relationship to long-term outcomes and PAH progression. This will be informed by ongoing
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work by the international PEX-NET consortium (30). Further work is also needed to
determine the relative prognostic value of exercise hemodynamic measurements performed
in the supine vs. upright position and across a broad range of referral cohorts. These
limitations notwithstanding, strengths of our study include rigorous ascertainment of
hemodynamic responses throughout exercise, performance of upright exercise to reflect the
usual physiologic state of exercise in humans, use of a PAP/CO slope to eliminate reliance
on accurate zero-level measurements which are less well established in the upright vs.
supine position (31), simultaneous assessments of peak exercise capacity and rest and
exercise RVEF to ascertain the functional significance of exPH, and the comprehensive
follow up that permitted ascertainment of outcomes in relation to exPH. As described
recently, indexing PAP to CO is preferable to an absolute PAP cut point to define abnormal
exPH (7,9,32), and indeed we confirm that in the absence of elevated PAP/CO, an absolute
exercise PAP of >30 mmHg does not portend worse outcomes compared with those with
normal exercise PAP.

In sum, we demonstrate that exercise PH is associated with worse CV event-free survival
even in the absence of rest PH across a broad sample of individuals with chronic dyspnea.
Our findings highlight the potential clinical relevance of exercise PH within the overall
spectrum of PH and the role of exercise testing to uncover early manifestations of PH.
Future studies are needed to examine whether identification of this at-risk population may
lend itself to targeted therapeutic interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CcoO cardiac output
CPET cardiopulmonary exercise testing
DLCO diffusion capacity of carbon monoxide
ExPH exercise pulmonary hypertension
FEV, Forced expiratory volume in one second
FvC forced vital capacity
PAP mean pulmonary artery pressure
LVEF left ventricular ejection fraction
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PCWP pulmonary capillary wedge pressure
TLC total lung capacity
TPG trans-pulmonary gradient
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Clinical Perspectives
Competency in Medical Knowledge:

Abnormal pulmonary arterial pressure responses to exercise are independently associated
with adverse clinical outcomes among patients with chronic dyspnea, even when
pulmonary arterial pressure is normal at rest.

Translational Outlook:

More research is needed to clarify the therapeutic implications of an abnormal pulmonary
hemodynamic response and how specific interventions influence the precapillary and
post-capillary components of exercise-induced pulmonary hypertension.
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Figure 1. Pulmonary hemodynamic responses to exercise are associated with future clinical
outcomes.

Kaplan-Meier curves for clinical outcomes in patients with high PAP/CO slope (defined as
PAP/CO slope >3 mmHg/L/min, shown in solid line) vs normal PAP/CO slope (dotted line).
Panel A shows combined primary endpoint of CV hospitalization or all-cause death, panel B
shows CV hospitalization, and panel C shows all-cause death.
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CENTRAL ILLUSTRATION: Cardiovascular Event-Free Survival Among
Individuals With Dyspnea by Pulmonary Hypertension Status

100% -
T'>u 80% A
= P < 0.0001
£
=
g 60% -
] P <0.0001
R
£ 40% -
(7]
>
w
S 20% 4
0% T T T T T 1
0 1 2 3 4 5 6
Years
N at risk
—— No PH 384 262 189 104
—— Exercise PH 184 13 70 46
—— Rest PH 146 73 33 21

Ho, J.E. et al. J Am Coll Cardiol. 2020;75(1):17-26.

Central lllustration. Cardiovascular Event-Free Survival Among Individuals with Dyspnea by
Pulmonary Hypertension Status.

Colors designate those without PH (blue), rest PH (red, defined as rest PAP >20 mmHg),
and exercise PH (yellow, defined as rest PAP <20 mmHg and PAP/CO slope >3 mmHg/L/
min).
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Table 1.

Baseline characteristics by high and normal PAP/CO slope

High PAP/CO N=296 Normal PAP/CO N=418 P-value
Age, years 63 (13) 52 (16) <0.001
Women, n (%) 170 (57) 252 (60) 0.58
Body-mass index, kg/m?2 29.1(6.1) 29.2 (6.7) 0.79
Hypertension, n (%) 184 (62) 189 (45) <0.001
Diabetes mellitus, n (%) 65 (22) 50 (12) <0.001
Current smoker, n (%) 12 (4) 10 (2) 0.21
Past/present smoker, n (%) 149 (53) 131 (33) <0.001
Pulmonary arterial hypertension, n (%) 8(3) 6(1) 0.24
Prior HFpEF, n (%) 58 (20) 29 (7) <0.001
Myocardial infarction, n (%) 16 (5) 13 (3) 0.13
Interstitial lung disease, n (%) 38 (13) 23 (6) 0.001
COPD, n (%) 54 (18) 22 (5) <0.001
Coronary artery disease , n (%) 62 (21) 53 (13) 0.003
Valve disease, n (%) 39 (13) 17 (4) <0.001
Connective tissue disease, n (%) 24 (8) 37(9) 0.70
Biomarkers (n=678)
NT-proBNP, pg/mL median (IQR) 154 (64, 535) 52 (26, 127) <0.001
hsCRP, pg/mL median 25(1.2,5.3) 1.5 (0.6, 3.8) <0.001
Pulmonary function test (n=671)
% predicted FEV4, % 78 (22) 92 (18) <0.001
% predicted FVC, % 84 (20) 96 (18) <0.001
% predicted FEV,/FVC, % 93 (14) 96 (10) <0.001
% predicted DLCO, % 62 (21) 80 (20) <0.001
COPD GOLD stage 3™ n (%) 25 (9) 6(2) <0.001
Severe ILD ™, n (%) 6(2) 5(1) 0.36

Page 15

*
GOLD stage 3 or greater defined as FEV1/FVC < 70% predicted and FEV1< 50% predicted. ILD defined as FVVC <50% pred and DLCO <=35%

predicted (33)
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Exercise Parameters by PAP/CO slope

Table 2.

High PAP/CO slope Normal PAP/CO slope

Rest Exercise Rest Exercise
Peak VO2, ml/kg/min 140 4.0~ 18.8 (6.0)
% predicted peak VO,, % 46 (12)° 58 (16)
Work, watts 82 (35)" 116 (47)
VE/VCO, slope 39 (10)* 36 (9)
Peak respiratory exchange ratio 1.16 (0.14) 1.17 (0.12)
A-a0, 3122~ 22 (21)
VDNVT 33(10)*  28(1)F  28(11)  20(10)
Pa0, 88(14)° 87()" 97(14)  99(18)
PacO, 376) 3@ 3606) 34 (5)
PETCO, RE" uE* 320 35(5)
C(a-v)0, 60(1.2)% 114(22)% 55(12) 111(20)
Hemodynamic parameters
Systolic blood pressure, mmHg 152 (26) * 189 (32) *142(21) 182 (27)
Heart rate, bpm 75(14)F  126(26)F  77(16) 144 (24)
Pulmonary artery pressure, mmHg 20 (6) " 43(11)" 15 (4) 32(7)
Pulmonary capillary wedge pressure, mmHg 84~ 25(8) 6(2) 18 (6)
Transpulmonary gradient, mmHg 12 ()" 18(9)” 9(3) 13(5)
Fick cardiac output, L/min 47(15% 93@7* 55(14) 13.0(3.0)
0, pulse 92(3.1)" 10.9 (3.4)
PAP/CO slope 5.8 (4.6) 1.9 (0.6)
TPG/CO slope 1.7(1.9)% 0.6 (0.5)
PCWP/CO slope 403" 14(11)
Ventriculography
Right ventricular ejection fraction, % 50 (8) " 50 (9) 52 (8) 55 (8)
Left ventricular ejection fraction, % 62 (9) " 65(8) " 64 (8) 69 (7)

*
denotes P<0.05 comparing high vs normal PAP/CO slope groups
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