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Abstract

Aims: Little data is available regarding prognostic implications of Invasive exercise testing

in heart failure (HF) with preserved ejection fraction (HFpEF). The present study aimed to
investigate whether rest/exercise central hemodynamic abnormalities are associated with adverse
clinical outcomes.

Methods and results: Patients with exertional dyspnea and EF=50% (n=764) underwent
invasive exercise testing and follow-up for HF hospitalization or death. There were 117 patients
with events over a median follow-up of 2.7 (IQR 0.5-4.6) years. Among patients with normal
resting PAWP (<15mmHg, n=380 [50%]), increased exercise PAWP (=25mmHg, n= 187 [24%])
was associated with 2.4-fold higher risk of events compared to those with normal exercise PAWP
(<25mmHg, n= 193 [25%]) (HR 2.44; 95%Cl, 1.11-5.36; p=0.03), while patients with elevated
resting PAWP (=15mmHg, n=384 [50%]) displayed even higher risk compared to HFpEF with
normal resting PAWP (HR 2.24; 95%ClI, 1.38-3.65; p=0.001). Similar findings were observed
for rest/exercise right atrial pressure, and rest/exercise pulmonary artery pressures. Higher peak
VO, was associated with decreased risk of events, and this relationship was solely explained by
exercise cardiac output. In a multivariable-adjusted Cox model, each 1 SD increase in exercise
PAWP was associated with a 41% greater hazard of events (HR 1.41 [95% CI: 1.13-1.76];
p=0.002), while each 1 SD decrease in exercise CO was associated with a 37% increased risk (HR
0.63 [95% CI: 0.47-0.83]; p=0.001).

Conclusions: Hemodynamic abnormalities currently used for diagnosis of HFpEF are
associated with increased risk for adverse events. Treatments that reduce central pressures while
improving cardiac output reserve may offer greatest benefit to improve outcomes in HFpEF.

Graphical Abstract
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Consecutive Patients with Unexplained Dyspnea and Preserved Ejection Fraction
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Invasive exercise hemodynamic abnormalities currently used to diagnose or exclude HFpEF was
also better for risk stratifications in patients with unexplained dyspnea. AVO,diff, arterial-venous
O, content difference; CO, cardiac output; CPET, cardiopulmonary exercise testing; HFpEF, heart
failure with preserved ejection fraction; iCPET, invasive CPET; NCD, non-cardiac dyspnea; PA,
pulmonary artery; PAWP, pulmonary artery wedge pressure; PCWL, workload-adjusted PAWP;
PH, pulmonary hypertension; RA, right atrial; RHC, right heart catheterization; VO,, oxygen
consumption.
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INTRODUCTION

Heart failure (HF) with preserved ejection fraction (HFpEF) is characterized by an inability
of the heart to perfuse the body without pathological increases in cardiac filling pressures
during exertion.1=3 This is manifest by elevations in pulmonary artery (PA) wedge pressure
(PAWP) during exercise, often associated with blunted cardiac output (CO) reserve,*5
impaired peripheral O, extraction and uptake in muscle (reduced arterial-venous O, content
difference, AVO, diff),”* 8 and impaired pulmonary vasodilation.>: 8 © Collectively, these
abnormalities interact to limit aerobic capacity (peak oxygen consumption, VO,) and impair
health status in people with HFpEF.4: 10-12

While the pathophysiologic significance of these hemodynamic abnormalities is self-
evident, their prognostic implications are less well-understood. Elevated PAWP at rest or
exercise is used for diagnosis of HFpEF,2 and increases in PAWP indexed to workload!3
and CO 15 have been associated with greater risk of adverse events, but the prognostic
relevance of individual hemodynamic parameters that become abnormal in HFpEF and are
used for clinical diagnosis are not well-described. Reduced peak VO, is associated with
mortality in HFpEF.16: 17 According to the Fick principle, VO is equal to the product of
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central (CO) and peripheral (AVO, diff) determinants, but no study has yet evaluated which
components is most relevant to outcome in HFpEF.

The present study was undertaken to fill these gaps in the literature, assessing the prognostic
value of rest and exercise hemodynamic variables currently used in practice to definitively
diagnose or exclude HFpEF, in a large series of consecutive patients undergoing invasive
hemodynamic exercise testing for the evaluation of unexplained dyspnea.

METHODS

Study Population

Patients undergoing invasive hemodynamic study during maximal effort supine exercise
testing with simultaneous expired gas analysis for the evaluation of unexplained dyspnea at
the Mayo Clinic, Rochester, MN, between 2006 and 2018 were retrospectively identified.
HFpEF case status was defined by the presence of New York Heart Association (NYHA)
functional class Il-111 dyspnea with activity, preserved left ventricular ejection fraction
(LVEF) =50%, and elevated left heart filling pressures at rest (PAWP=15mmHg) and/or with
exercise (PAWP =25mmHg), fulfilling diagnostic criteria from current guidelines.? Patients
with non-cardiac dyspnea (NCD) were defined as those with normal hemodynamics at rest
and during exercise, including normal PAWP, mean PAP (mPAP) <20 mmHg and pulmonary
vascular resistance (PVR) <3 WU at rest, and mPAP <30 mmHg or total pulmonary
resistance <3 WU during exercise.1®

Two-dimensional, M-mode, Doppler, and tissue Doppler echocardiography was performed
according to the American Society of Echocardiography guidelines in all patients.1®

Those with any history of reduced ejection fraction (<50%), valvular heart disease

(greater than moderate left-sided regurgitation, greater than mild stenosis), infiltrative,
restrictive, or hypertrophic cardiomyopathy, constrictive pericarditis, primary pulmonary
arterial hypertension (non-Group 2), and NYHA class IV were excluded. The study was
approved by the Mayo Clinic Institutional Review Board and all participants provided
consent for data use through completion of research authorization forms. All the authors had
full access to the data and take responsibility for its integrity.

Catheterization Protocol

Patients underwent invasive hemodynamic exercise testing with simultaneous expired gas
analysis during supine cycle ergometry to volitional exhaustion, using methods we have
previously described.> 20 Right atrial (RA) pressure (RAP), PAP, and PAWP were measured
at end-expiration at rest, and both at end-expiration and as an average of at least 3
respiratory cycles during exercise. For the primary analysis, exercise pressures are averaged
over the respiratory cycle. The ratio of PAWP at peak exercise to workload normalized to
body weight (PCWL [mmHg/watts/kg]) was calculated as described previously.13 A 4-6

Fr radial arterial cannula was used to measure arterial blood pressure (BP) and obtain
arterial blood gas samples throughout the test. Arterial venous O, difference (AVO, diff)
was directly measured as the difference between systemic arterial and PA O, contents
(=saturationxhemoglobinx1.34). Oxygen consumption (VO,) was measured using expired
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gas analysis (MedGraphics, St. Paul, MN), with values taken as the mean from 30
seconds preceding arterial and venous blood sampling in each phase. Cardiac output
was calculated using the direct Fick method (CO=VO,/AVO, diff). Pulmonary vascular
resistance [PVR=(mean PAP-PAWP)/CQO] and PA compliance (PAC=stroke volume/PA
pulse pressure) were calculated. Total pulmonary resistance (TPR) was defined by the
quotient of mean PAP/CO. While PVR is mainly determined by the resistance of the
pulmonary vasculature, TPR is determined by downstream left atrial pressure, as well as
PVR, and in many cases, dominated by LV filling pressures.

After baseline data were acquired, hemodynamic assessment and expired gas analysis were
performed during exercise, starting at 20 W workload for 5 minutes, and increasing 20

W increments in 2—3 min stages to volitional exhaustion. Increases in PAWP and mean
PAP were normalized to changes in CO during exercise (PAWP/CO slope, PAP/CO slope)
by subtracting rest data from peak exercise data, with abnormal slopes defined as values
>2 mmHg/l/min and >3 mmHg/I/min, respectively, based upon prior studies.1# 15 A few
patients (22 [2.9%]) experience reduction in CO with exercise, which would result in

a negative slope. For these patients, we substituted +0.1 I/min for the change in CO

with exercise for the purposes of outcome analysis, ensuring that these patients would

be considered as abnormal, and divided the observed changes in PAWP or PAP by this
denominator.

Outcome Assessment

Patient follow-up was initiated on the day of invasive hemodynamic cardiopulmonary
exercise testing. Mortality data were ascertained from medical records, death certificates,
obituaries, and notices of death in the local newspapers. Data on all deaths were obtained
from the State of Minnesota annually. Heart failure hospitalizations were determined from
the Mayo Clinic electronic medical record and adjudicated by a single cardiologist (K.O.).
Patient follow-up was initiated on the day of cardiac catheterization. Patients were censored
at last follow-up contact.

Statistical Analysis

Data are presented as mean + standard deviation (SD), median (interquartile range, IQR)
or number (%). Between-group differences were compared by unpaired t-test, Wilcoxon
rank-sum test, 2 or Fisher’s exact test as appropriate. Event rates were compared using
Kaplan—Meier curve analysis. Risk of the composite outcome was compared among

3 patient groups defined a priori: (1) NCD (normal rest and exercise hemodynamics,
defined above), (2) HFpEF with normal resting PAWP (<15 mmHg), but abnormal
exercise PAWP (=25 mmHg), and (3) HFpEF defined by abnormal resting PAWP (=15
mmHg). Risk was also compared in HFpEF based upon externally-validated diagnostic
cutpoints, including leg raise PAWP= or <19 mmHg,2! and by grouping patients with
HFpEF by PAWP during exercise above and below the median. Similar comparisons were
made using other hemodynamic measures in HFpEF above and below the group median
values for other hemodynamic and O, transport measures, as compared to NCD. To
further evaluate prognostic implications for hemodynamic abnormalities in a continuous
manner, independent of partition values used to define the study groups (i.e., NCD or
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HFpEF) univariable and multivariable Cox proportional hazards models were created

to assess prognostic relationships independent of relevant baseline group differences
including age, sex, body mass index, atrial fibrillation, EF, and estimated glomerular
filtration rate. Integrated variables including PCWP/CO slope and mean PAP/CO with non-
normal distributions were log-transformed. A two-sided Pvalue of <0.05 was considered
statistically significant. All data were analyzed using JMP14.0 (SAS Institute Inc., Cary, NC,
USA).

Subject Characteristics

Consistent with multiple prior studies, patients with HFpEF were older, more obese, had
more comorbidities, and displayed poorer kidney function and higher N-terminal-pro-B-type
natriuretic peptide (NT-proBNP) levels compared to patients with NCD (Table 1). As
compared to patients with HFpEF that became apparent only by exercise hemodynamics

(Ex HFpEF; resting PAWP<15mmHg and exercise PAWP=25mmHg), those with HFpEF
evident at rest (rest HFpEF, resting PAWP=15mmHg) were more obese, anemic and had
higher NT-proBNP levels. The prevalence of PH (defined by mean PAP>20 mmHg) was
79% among patients with HFpEF overall, 63% among those with rest HFpEF and 16%
among those with HFpEF diagnosed only during exercise. While LVEF was similar in all
groups, patients with HFpEF displayed greater LV mass and impaired diastolic function with
higher E/e’ and larger left atrial volume index, these were more pronounced in patients with
rest HFpEF as compared to Ex HFpEF. Subjects with rest HFpEF displayed more impaired
RV systolic function as compared to subjects with Ex HFpEF and NCD (Table 1).

Baseline and Exercise Hemodynamics

Patients with HFpEF displayed higher central pressures, with lower CO at rest, where
patients with rest HFpEF displayed more elevated central pressure as compared to Ex
HFpEF (Table 2). With exercise, as compared to subjects with NCD, patients with HFpEF
displayed greater increase in left- and right-side filling pressures and more blunted increased
in CO with exercise, resulting in impaired functional capacity, and these changes were

more pronounced in patients with rest HFpEF as compared to Ex HFpEF. Abnormalities in
hemodynamics at peak exercise were similar at a common matched submaximal objective
exercise workload (20W) (Supplemental Table 1).

Risk of Outcome by Categorical Hemodynamic Classifications

Over a median follow-up period of 2.7 years (IQR 0.5-4.6), 117 patients experienced

the composite endpoint, including 61 deaths without HF hospitalization (8%) and 56 HF
hospitalizations with or without death (7%). Patients with HFpEF and elevated resting
PAWP (n=380 [50%]) displayed higher risk of events compared to NCD (n=193 [25%)],
HR 5.48; 95%Cl, 2.75-10.9; p<0.0001) and to patients with normal resting PAWP (n=187
[24%], HR 2.24; 95%Cl, 1.38-3.65; p=0.001) (Figure 1). However, patients with normal
rest PAWP but elevated PAWP with exercise displayed a 2.4-fold greater risk of events as
compared to NCD (HR 2.44; 95%Cl, 1.11-5.36; p=0.03). Similarly, greater elevation in
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PAWP during leg raise, low-level exercise (20W), and peak exercise were all associated with
greater risk for adverse events in patients with HFpEF (Figure 1).

Patients with HFpEF and increasing PA and RA pressures at rest, low-level exercise, and
peak exercise displayed progressively greater risk of adverse events, with both HFpEF
groups displaying higher risk that patients with NCD (Figure 2, Supplemental Figures 1 and
2). Patients with worsening PAC compliance and PVR at rest and during exercise were also
found to display higher risk for adverse events (Supplemental Figures 3 and 4).

Patients with HFpEF and peak VO, above the group median (>8.9 ml/min/kg, n=264)
displayed higher risk of events than patients with NCD (HR 2.40; 95% Cl, 1.13-5.08;
p=0.03), and patients with HFpEF and peak VO, below the group median (<8.9 ml/min/kg,
n=263) displayed incrementally higher risk than HFpEF patients with peak VO, above the
median (HR 2.61; 95% ClI, 1.68-4.07; p<0.0001). There was no statistically significant
association between resting CO (HR 0.80; 95% CI, 0.54-1.17; p=0.3) or resting AVO, diff
(HR 0.88; 95% ClI, 0.60-1.29; p=0.5) and risk of events in patients with HFpEF (Figure 3,
Supplemental Figure 5). There was no association between exercise AVO, diff and event
rates in patients with HFpEF (HR 1.37; 95% ClI, 0.92-2.06; p=0.1) (Supplemental Figure 5),
but lower cardiac output during exercise in HFpEF was associated with progressively greater
risk (HR 2.35; 95% Cl, 1.50-3.68; p=0.0002) (Figure 3).

Abnormal PAWP/CO slope (>2mmHg/l/min) and mPAP/CO slope (>3 mmHg/l/min) defined
using established cutpoints did not differentiate risk among patients with HFpEF (HR

1.28; 95% ClI, 0.72-2.25; p=0.4, and HR 1.23; 95% ClI, 0.73-2.08; p=0.4, respectively)
(Supplemental Figure 6). However, comparing groups according to median observed values
in the HFpEF group revealed a trend for higher incidence of composite events with
PAWP/CO slope >4.2 mmHg/l/min (HR 1.43; 95% Cl, 0.94-2.15; p=0.09) and higher risk in
those with mean PAP/CO slope >5.5 mmHg/l/min (HR 1.75; 95% Cl, 1.15-2.67; p=0.009;
Supplemental Figure 6).

Risk of Outcome by Continuous Hemodynamic Measures

When examined as continuous measures rather than by predefined groups, increasing PAWP,
PA pressure, RA pressure, and PVR were all associated with increased risk of events, as
was increasing PCWL, lower PA compliance and lower peak VO (Table 3, Figure 4). In
multivariable linear regression analyses, peak VO, was related to both exercise CO (p=0.94
per 1 I/min, p<0.0001) and exercise AVO, diff (3=0.56 per 1 mi/dl, p<0.0001). However,
only exercise CO was associated with risk of adverse events (HR 0.55; 95% CI, 0.43-0.69;
p<0.0001), as there was no association of risk and exercise AVO, diff (HR 0.87; 95% ClI,
0.72-1.06; p=0.2) (Table 3, Figure 4). In an univariable Cox model, there were statistically
significant associations between continuous values of log peak PAWP/CO slope, log peak
mean PAP/CO slope and risk of events (HR 1.40; 95% Cl, 1.21-1.60; p<0.0001 and HR
1.39; 95% ClI, 1.20-1.61; p<0.0001, respectively) (Table 3, Figure 4).

In a multivariable Cox model, each 1 SD increase in PAWP, PCWL, RA pressure, mean and
systolic PAP, resting PVR, and log peak PCWP/CO slope, and each 1 SD decrease in rest
PA compliance and peak exercise CO remained significantly associated with risk for adverse
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events after adjustment for age, sex, body mass index, atrial fibrillation, LVEF, hemoglobin
and estimated glomerular filtration rate (Table 3).

Most associations between hemodynamics and risk of adverse outcome were consistently
observed using pressures during exercise measured at end-expiration rather than an average
of respiratory cycles (Supplemental Table 2). In a multivariable-adjusted Cox model, log
mean PAP/CO slope measured at end-expiration was significantly associated with risk for
adverse events (HR 1.18; 95% Cl, 1.005-1.38; p=0.04), while the same variable using the
average of respiratory cycles was no longer statistically significant (HR 1.16; 95% Cl, 0.98—
1.37; p=0.08).

DISCUSSION

The present study provides new insights into the prognostic implications of invasive
exercise hemodynamic abnormalities currently used to diagnose or exclude HFpEF, from

a large consecutive series of individuals with unexplained dyspnea (Graphical Abstract).
The data reveal greater risk for adverse events as hemodynamic abnormalities at rest and
with exercise worsen. Patients with elevated PAWP at rest display the greatest risk, but
importantly, the presence of elevated PAWP during exercise or leg-rise is shown to be
associated with increased risk of adverse events among patients with normal resting PAWP.
In addition, we also provide a comprehensive analysis of all other hemodynamic data that
are available from rest/exercise invasive testing, most particularly, cardiac output and AVO»,
difference reserve, as well as pulmonary vascular function and right heart filling pressures.
Importantly, aerobic capacity, measured as peak VO,, was correlated with both exercise CO
and AVO,diff, but only exercise CO was associated with adverse events, emphasizing the
importance of CO reserve in HFpEF. These data further validate the importance of invasive
exercise hemodynamics, expanding the clinical significance from diagnosis to include risk
stratification. These data further emphasize the importance of limitations in CO reserve,

in addition to elevated central hemodynamics as key treatment targets to improve clinical
outcomes in HFpEF.

Prognostic Influence of Left Heart Filling Pressures

Hemodynamic abnormalities represent the physiologic force linking alterations in
myocardial structure, function, and loading conditions to symptoms, functional impairment,
and organ damage in HF.22 In patients with HFpEF, increases in PAWP and PA pressure
during exercise lead to development of lung congestion that acutely promotes dyspnea, 11 23
chronically alters pulmonary vascular structure and function,24-26 and eventually leads to
development of clinically overt right-sided HF.27: 28 In addition to congestive abnormalities
related to high filling pressures, impairments in O, delivery to the tissues are also common
in HFpEF, related to limitations in CO reserve, anemia, and abnormalities in pulmonary
and skeletal muscle gas diffusion.* 12: 25 For these reasons, invasive exercise testing has
emerged as the gold standard method to diagnose or exclude HFpEF,2=3 and has further been
proposed as a key method to help phenotype patients based upon physiologic responses to
stress.12
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Despite this established value for diagnosis and pathophysiologic phenotyping, there is less
data available regarding the prognostic implications of exercise hemodynamics in HFpEF.
Dorfs et al. first reported that elevation in PAWP indexed to workload during exercise was
associated with increased risk of all-cause mortality.13 While this observation has supported
the importance of exercise PAWP elevation, it has remained unclear if the finding was driven
more by PAWP elevation (numerator), or by the denominator of peak workload achieved
during exercise, especially as it is well established that exercise capacity is also a powerful
predictor of mortality.18: 17. 29 Two separate studies demonstrated a that PAWP/CO slope>2
during upright exercise was associated with greater risk of cardiovascular events.14: 15

As with the Dorfs study, it was again unclear whether the authors’ finding was related

to pathologic PAWP increase (numerator), blunted CO increase (denominator), or some
combination of both.14 The present study now resolves these questions. Importantly,

among patients with normal PAWP at rest, those with abnormal increases in PAWP during
exercise to currently-endorsed cutpoints (=25 mmHg) displayed 2.4-fold greater risk for the
combined endpoint of HF hospitalization or death compared to those without exertional
PAWP elevation, providing further evidence to the diagnostic cutpoints for exercise PAWP in
consensus guidelines.2

Aerobic Capacity, O, Transport, and Outcome

Peak VO, is well known to predict risk of adverse outcome in HFpEF, just as in

HFrEF.16. 17. 29 According to the Fick principle, VO, is equal to the product of CO and
AVO,diff. While both components are known to correlate with peak VO, in HFpEF,#: 8 12
to our knowledge, no study has yet reported on the prognostic impact of these individual
determinants of VO, in this patient population. While resting PAWP and PA pressures
were associated with outcome, we found that patients with HFpEF and low resting CO had
similar risk of events as HFpEF patients with normal resting CO (Figure 3A). Conversely,
impairments in CO reserve (i.e. the ability to augment CO with exercise) were strongly
predictive of adverse outcome, similar to prior observations in HFrEF.39: 31 Patients with
HFpEF are well-known to display abnormalities in myocardial stress reserve with exercise,
often despite apparently normal resting values,32-34 explaining this limitation, and by
confirming the prognostic impact of this reserve limitation, the current data reinforce the
clinical significance for impairments in CO reserve in HFpEF.

In contrast to exercise CO, there was no association between AVO,diff at rest or exercise
and risk for adverse outcomes. Multiple (though not all) studies have shown that the ability
to augment AVO,, difference with exercise is blunted in patients with HFpEF, contributing to
impairments in exercise capacity.”- 8- 12 In the present study, we observed highly significant
associations with peak VO», but no association between exercise AVO, difference. However,
not all patients were able to attain an RER at peak exercise indicating a true “maximal”
workload. This may result in lower AVO, difference as compared to what would be expected
at higher RER, which could influence the prognostic value of peak AVO, difference. It
should also be remembered that AVO, difference increases as CO decreases, because there
is prolonged capillary transit time to allow for O, diffusion in the tissues, functioning as an
“auto-correcting” adaptation to tissue hypoperfusion.# 12 It is also important to consider
that relationships with HF hospitalizations or death are not equivalent to relationships
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with exercise capacity, quality of life, or health status, and peripheral impairments are
well-known to play important roles in these aspects of the HFpEF syndrome.”: 8: 12

Integrated Measures

Limitations

Applying partition values previously shown to be associated with risk during upright
exercise, mean PAP/CO slope (>3 mmHg/I/min)1® and PAWP/CO slope (>2 mmHg/I/min)14
were both associated with increased risk of events in univariate analysis in the overall group
(i.e. including both NCD and HFpEF), but this was not maintained in the multivariable

Cox analysis, except for mean PAP/CO using end-expiratory pressure.1* 15 However, these
slopes were determined based upon peak exercise and resting data alone, rather than

through linear regression of multipoint pressure and flow measures throughout the totality of
exercise, and this methodologic difference may explain some of the discrepant findings.

Other reasons for the different findings between the present study and the prior two
studies'® 15 are not clear, but may relate in part to differences in body position during
exercise, and the method of deriving the pressure-flow slopes as well as differences in
patient characteristics. The prior studies included patients who were much younger, less
obese, and that displayed much lower comorbidity burden than in the present study, and
also included a more heterogenous sample, including patients with other disease states such
as precapillary pulmonary hypertension.14: 15 In this study, the pressure-flow slopes derived
relied on subtraction of peak from baseline values. This is quite distinct from the multiple
matched PCWP and CO measurements used in these two studies, which may have less
variability through use of repeated measures.

A potentially even more relevant difference is body position. The earlier studies were
performed upright, whereas exercise was performed in the supine position in the present
study. Pressures are lower at rest, and pulmonary vascular pressures increase in a more linear
fashion during exercise when upright, but in the supine position, venous return is higher

at rest and maximized earlier during exercise, such that pressures are higher at rest, rise
more dramatically at lower workloads, and then tend to plateau, resulting in a curvilinear
relationship.3> While the absolute change of CO during exercise was similar in the present
and the prior studies,1° the increase in pulmonary vascular pressures was greater in the
present study with supine exercise. This suggests that a higher cutpoint for PAWP/CO

and mean PAP/CO slope may be necessary for supine exercise, and this is supported by

the stronger associations with outcome using higher cutpoints (>4.2 mmHg/L/min, >5.5
mmHg/L/min) in the present analysis. However, even using these higher cutpoints, risk
stratification using these integrated measures was not superior to using individual pressures
or exercise CO measures and did not remain independently associated with outcome in

the multivariable Cox modeling, with the exception of end-expiratory mean PAP/CO slope.
This reinforces the importance of considering body position in the interpretation of invasive
exercise hemodynamic data for both clinical and research purposes.

Individuals participating in this study were referred for invasive testing at a tertiary referral
center, which may introduce bias. The observational nature of the data does not provide
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ability to discern causality in the associations with outcome. The NCD population was

not truly normal in that they had prevalent comorbidities and by the fact that they were
referred to invasive exercise stress testing for evaluation of exertional dyspnea, but this
would only be expected to bias the results toward the null, as events would be expected to be
less common in a cohort of completely healthy volunteers. Deaths and HF hospitalizations
were identified and adjudicated through exhaustive chart review. While this captures events
occurring within the Mayo Health system and other health systems that using the common
EPIC electronic health record platform, it is possible that some events were not captured.
While this may decrease our estimate for the annual event rate, this limitation applies
equally to HFpEF and NCD patients, resulting in no bias regarding risk stratification. Many
of the hemodynamic indices evaluated in this study may also be estimated noninvasively
using echocardiography and magnetic resonance imaging in place of invasive testing, which
may also have prognostic importance, but the variability and accuracy is less robust for
these methods compared to invasive exercise testing. Pulmonary vascular pressure-flow
relationships were estimated by subtracting resting pressures and CO from corresponding
values at peak exercise, rather than by applying linear regression to multiple datapoints
throughout all exercise stages as shown in the previous studies.}4 15> While values estimated
in this way would differ from regression-based estimates, this method better aligns with

the analysis that is performed in clinical laboratories were multipoint linear regression is
not used in reporting. Finally, as typically observed in practice, not all patients (cases and
controls) were able to attain an RER>1.05 at peak exercise. This may result in lower CO
and AVO, difference as compared to what would be expected at higher RER, which could
influence the associations between CO and AVO, difference with outcomes.

Conclusions

Increases in PAWP at rest and during exercise to levels currently used for diagnostic
evaluation of HFpEF are associated with increased risk of adverse events among patients
with exertional dyspnea and preserved EF. Similar associations with adverse outcome exist
for additional hemodynamic variables, including RA and PA pressure, and PA compliance
at rest and during exercise. While resting CO does not discriminate risk in patients with
HFpEF, limited ability to augment CO with exercise is independently associated with
adverse outcomes and appears to principally explain the association between peak VO,

and outcomes in HFpEF. These data provide new insight into the prognostic implications for
hemodynamic abnormalities observed in patients with HFpEF and support their importance
as therapeutic targets to improve outcome.
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and peak exercise (n=764). HFpEF, heart failure with preserved ejection fraction; NCD,
non-cardiac dyspnea.
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Kaplan-Meier analysis for composite of all-cause death and heart failure hospitalization
categorized by median values of mean pulmonary artery pressure (PAP) (A) at rest (n=762),
(B) 20W exercise (n=640), and peak exercise (n=751).

HFpEF, heart failure with preserved ejection fraction; NCD, non-cardiac dyspnea
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Univariable Cox models were used to determine the hazard ratio (each 1 SD increase) for
the heart failure hospitalization or death. AVO, diff indicates arterial-venous O, content
difference; CO, cardiac output; PA, pulmonary artery; PAC, pulmonary artery compliance;
PAP, pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; PCWL, ratio
of pulmonary capillary wedge pressure at peak exercise to workload normalized to body
weight; PVR, pulmonary vascular resistance; RAP, right atrial pressure and VO, oxygen

consumption volume.
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