DOI: 10.1002/pul2.70002

RESEARCH LETTER

UG TDETSATIEL LN Wy Y2 WILEY

Hemodynamic markers independent of pulmonary
capillary wedge pressure can discriminate between
pre and postcapillary exercise-induced pulmonary

hypertension

Margaret Montovano' ©® |

Paul M. Hassoun’ | Ryan J. Tedford® |

Paul J. Scheel IIT* |

Ilton M. Cubero Salazar' |

Steven Hsu!

Division of Cardiology, Department of Medicine, The Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

Division of Pulmonary and Critical Care Medicine, Department of Medicine, The Johns Hopkins University School of Medicine, Baltimore,

Maryland, USA

3Division of Cardiology, Department of Medicine, The Medical University of South Carolina, Charleston, South Carolina, USA

Correspondence

Steven Hsu, The Johns Hopkins University
School of Medicine, 1800 Orleans St,
Zayed 71258, Baltimore, MD 21287, USA.
Email: steven.hsu@jhmi.edu

Abstract

Funding information

National Heart, Lung, and Blood Institute,
Grant/Award Numbers: NHLBIK23-
HL146889(S.H.), R0O1-HL172830(S.H.)

KEYWORDS

Exercise-induced pulmonary hypertension (EIPH), defined
by a multipoint exercise mean pulmonary artery pressure
(mPAP)/cardiac output (CO) slope >3 mmHg/L/min, is an
early manifestation of latent pulmonary vascular disease
(PVD) or left heart disease (LHD)." EIPH is being increas-
ingly recognized as a distinct clinical entity predictive of
poor outcomes in patients with normal resting hemo-
dynamics and in those with borderline pulmonary hyper-
tension (MPAP 21-24 mmHg).>* The discrimination
between pre and postcapillary etiologies of EIPH relies on
accurate measurement of pulmonary capillary wedge
pressure (PCWP) to estimate left-sided cardiac filling
pressures and calculate pulmonary vascular resistance
[PVR = (mPAP—PCWP)/CO]." The measurement of PCWP

The discrimination between pre and postcapillary exercise-induced pulmonary
hypertension relies on accurate measurement of pulmonary capillary wedge
pressure, which can be unreliable. We found that exercise pulmonary artery
compliance and right atrial pressure (AUC 0.88, 0.89, respectively) can
differentiate subtypes of exercise-induced pulmonary hypertension in the
absence of wedge pressure.

exercise, heart failure, hemodynamics, pulmonary hypertension

during exercise, however, can be unreliable due to motion
artifact, catheter ringing, incomplete PA balloon occlusion
during increased flow, and respiratory variation.”® Given
these challenges, we aimed to investigate the ability of
alternative hemodynamic markers to discriminate between
pre (exercise-induced pulmonary arterial hypertension or
EiPAH) and post-capillary (exercise-induced heart failure
with preserved ejection fraction or EiHFpEF) disease
in EIPH.

We retrospectively studied 25 consecutive partici-
pants diagnosed with EIPH after undergoing invasive
exercise right heart catheterization for evaluation of ex-
ertional dyspnea at a single institution from 2012 to 2023.
EIPH was defined as an exercise mPAP/CO slope of
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>3 mmHg/L/min in patients despite normal resting
hemodynamics (mPAP <20mmHg and PCWP <15
mmHg)." Patients with known PAH or HFpEF were
excluded. Hemodynamics were measured at end-
expiration at rest and after passive leg raise (PLR), and
automatically-derived and averaged across the respira-
tory cycle at the end of each 2-min graded exercise stage
(beginning at 15W and increasing in 10 W increments
until symptom limitation). PCWP was also measured at
end-expiration with exercise. EiHFpEF was defined by an
end-expiratory PCWP > 25 mmHg at any exercise stage.’
Otherwise, EiPAH was diagnosed. Hemodynamic wave-
forms were independently reviewed by two physicians
(S.H. and M.M).

Differences between groups were first compared
using unpaired t-tests or Mann-Whitney tests where
appropriate. A mixed-effect model for repeated measures
was applied to determine the effects of group, exercise
stage, and their interaction on hemodynamic variables of
interest. A significant interaction term suggested a dif-
ferent trend across exercise between groups. Logistic
regression with receiver operator characteristic (ROC)
analyses were used to evaluate the diagnostic perform-
ance of selected peak exercise variables. Bootstrap re-
sampling with 1000 replications was employed for
internal validation. Optimal cut-off thresholds were
determined using Youden's index. Values are reported as
mean + SD or median (25%, 75%), as appropriate. Area
under ROC (AUC) values and likelihood ratios (LR) are
reported with 95% confidence intervals. All statistical
analyses were performed using Stata 18.0 and Prism 9.0.
All primary data supporting the analysis are available
upon reasonable request to the corresponding author.

We identified 14 patients with EiHFpEF (56%) and 11
with EiPAH (44%). EiHFpEF and EiPAH patients were
similar in regard to age (65+13 vs. 60+ 10 years,
p =0.28), female sex (21% vs. 27%, p =0.73), and body
surface area (1.92+0.33 vs. 1.87+0.33 m? p=0.74).
Pulmonary artery systolic, diastolic, mPAP, and pulse
(PAPP) pressures, right atrial pressure (RAP), PCWP,
CO, heart rate (HR), and stroke volume (SV) were similar
between groups at rest. Resting PVR was significantly
higher in EiPAH (2.1 +0.8 vs. 1.3 +0.4 WU, p =0.005).
Pulmonary arterial compliance [PAC = SV/PAPP] was
similar in EiPAH (3.8 +1.2mL/mmHg) and EiHFpEF
(4.3+ 0.8 mL/mmHg, p=0.2) at rest.

Both groups achieved a similar peak exercise workload.
Exercise mPAP/CO slopes were similar between groups
(3.9[3.3,5.4] vs. 3.7[3.3,5.1] mmHg/L/min in EiHFpEF vs.
EiPAH, p=0.57). Figure 1 illustrates exercise-induced
hemodynamic changes in each cohort. Pulmonary pres-
sures increased similarly with exercise in both groups. As
expected, end-expiratory PCWP increased to a greater

extent with exercise in EiHFpEF (31 +4 vs. 18 + 5 mmHg,
p=<0.001 at peak; interaction p=<0.001). Multipoint
exercise PCWP/CO slope was similarly higher in EIHFpEF
(2.5[2.2, 4.6] vs. 1.5[0.78, 1.7] mmHg/L/min, p = 0.001).

RAP similarly increased to a greater extent in EiHFpEF
(11+4 vs. 6+2mmHg, p=0.004 at peak; interaction
p=0.002). PVR did not significantly vary with exercise in
either group, remaining higher in EiPAH at peak exercise
(24+0.7 vs. 1.3+0.6 WU, p=<0.001). Exercise PAC,
while declining in both groups, declined to a greater extent
in EiPAH (21404 vs. 3.3+ 1mL/mmHg, p=0.001 at
peak; interaction p =0.03). Reduced exercise PAC in EI-
PAH was driven by both higher PAPP (35+10 vs.
27 + 7mmHg, p=0.03) and HR (136 +28 vs. 114418
bpm, p = 0.03) at peak exercise. The latter is likely reflective
of previously described chronotropic incompetence in
HFpEF patients.® SV and CO were similar between groups
at peak exercise (73+18 vs. 86+23mL, p=0.12 and
9.7+ 2.4 vs. 9.7+ 2.6 L/min, p=0.99 in EiPAH vs. EiHF-
pEF, respectively).

Area under ROC analyses revealed exercise PAC and
RAP to be the best discriminators of EiPAH versus
EiHFpEF, with AUCs of 0.88 (0.73-1) and 0.89 (0.75-1),
respectively. Optimism-adjusted bootstrapped AUCs
were 0.88 (0.77-1) and 0.90 (0.81-1) suggesting good
internal validity with minimal overfitting. At peak ex-
ercise, PAC <2.5mL/mmHg and RAP <8 mmHg pre-
dicted EiPAH with 82% sensitivity and 85% specificity
(LR+ 5.7[1.3-21.3] and LR— 0.21[0.06-0.8]), and 89%
sensitivity and 77% specificity (LR+ 3.9[1.4-10.1] and LR
— 0.14[0.02-0.9]), respectively.

EIPH is being increasingly recognized an important
clinical entity associated with poor outcomes including
increased hospitalizations and mortality. Justifiably, it
has been recently re-introduced into formal guidelines.™*
While recognition of EIPH offers an opportunity for early
detection of latent PVD and LHD, the discrimination
between these etiologies is crucial, with obvious diag-
nostic, prognostic, and therapeutic implications. In this
work, we find significant differences in exercise PAC and
RAP between pre- and post-capillary EIPH patients
which may offer an important clinical tool allowing for
successful discrimination between these cohorts in the
absence of reliable PCWP measurement.

Although the presence of PVD is classically defined by
an elevated PVR, a reduction in PAC is a more sensitive
predictor of PVD in PAH.” Loss of PAC, a surrogate for
increased arterial stiffness, occurs early in the development
of PVD, leading to increased pulmonary artery pressure and
pulsatility, enhanced right ventricular (RV) pulsatile after-
load, and incitation of further vascular remodeling.9 PVR
and PAC exhibit a well-described inverse hyperbolic rela-
tionship with a product (RC time =PAC-PVR) that is
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Data graphically depicted as mean + SD. During exercise, EIHFpEF patients demonstrate disproportionate elevations in

both PCWP and RAP, while EiPAH patients demonstrate significant reductions in PAC. * denotes p < 0.05 at peak exercise; 1 denotes
interaction p < 0.05 suggesting a different trend between groups across all exercise stages.

constant across a variety of disease states.”'® The shape of
their inverse hyperbolic relationship suggests that sub-
stantial reductions in PAC are associated with only
minimal elevations in PVR in early PVD.’ Previous
studies have indeed shown that patients with early
PVD demonstrate reductions in PAC despite normal
pulmonary arterial pressures and minimal elevations
in PVR."'"!* Elevations in PCWP notably augment the
relationship between PAC and PVR by decreasing RC
Time thus reducing PAC at any given PVR.'® As seen
in Figure 1, PAC markedly declined during PLR and
submaximal exercise in EiHFpEF, mirroring rapid
elevations in PCWP, but plateaued thereafter. In Ei-
PAH, however, PAC steadily declined with exercise.
This illustrates that greater exercise-induced PAC
reductions in EiPAH are driven by worsening PVD, as
opposed to PCWP elevation. By taking advantage of
this key physiologic difference between EiPAH and
EiHFpEF, we can use PAC as a reliable way to dis-
tinguish the two when confronted with poor PCWP
measurements. Importantly, our PAC measures were

based on automated PA pressure measurements aver-
aged over the respiratory cycle, removing subjectivity
in their interpretations.

We also found that exercise-induced elevations in
RAP occur in tandem with PCWP rise in occult LHD and
are thus more predictive of EiHFpEF. Exercise-induced
RAP elevations in HFpEF have been described and
linked to increased stressed blood volume, obesity,
impaired venous capacitance, RV dysfunction, and en-
hanced interventricular interactions and pericardial
constraint. These highlight how myocardial dysfunction
in HFpEF is a biventricular rather than univentricular
process.”” ' Our work confirms the results of previous
studies demonstrating greater RAP elevations in isolated
post-capillary PH as compared to PAH in a cohort of
EIPH patients."®

Limitations of our study include its retrospective,
single-centered nature, small sample size, and lack of an
external validation cohort. While further work is needed
to validate our findings in a larger cohort of patients, our
results suggest that exercise PAC and RAP may have a
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role in the discrimination between occult PVD and LHD
in EIPH. This observation may offer an important clinical
tool in the diagnosis of EIPH when PCWP is unavailable.
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