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Abstract

Pulmonary hypertension is commonly associated with heart failure with preserved ejection fraction. In heart failure with
preserved ejection fraction, the elevated left-sided filling pressures result in isolated post-capillary pulmonary hypertension or
combined pre- and post-capillary pulmonary hypertension. Although right heart catheterization is the gold standard for diagnosis,
it is an invasive test with associated risks. The ability of sub-maximum cardiopulmonary exercise test as an adjunct diagnostic tool
in pulmonary hypertension-associated heart failure with preserved ejection fraction is not known. Forty-six patients with heart
failure with preserved ejection fraction and pulmonary hypertension (27 patients with combined pre- and post-capillary pulmonary
hypertension and |9 patients with isolated post-capillary pulmonary hypertension) underwent sub-maximum cardiopulmonary
exercise test followed by right heart catheterization. The study also included 18 age- and gender-matched control subjects. Several
sub-maximum gas exchange parameters were examined to determine the ability of sub-maximum cardiopulmonary exercise test
to distinguish between isolated post-capillary pulmonary hypertension and combined pre- and post-capillary pulmonary hyper-
tension. Conventional echocardiogram measures did not distinguish between isolated post-capillary pulmonary hypertension and
combined pre- and post-capillary pulmonary hypertension. Compared to isolated post-capillary pulmonary hypertension, com-
bined pre- and post-capillary pulmonary hypertension had greater ventilatory equivalent for carbon dioxide (VE/VCO,) slope,
reduced delta end-tidal CO, change during exercise, reduced oxygen uptake efficiency slope, and reduced gas exchange deter-
mined pulmonary vascular capacitance. The latter was significantly associated with right heart catheterization determined pul-
monary artery compliance (r=0.5; p =0.0004). On univariate analysis, sub-maximum VE/VCO,, delta end-tidal carbon dioxide,
and gas exchange determined pulmonary vascular capacitance emerged as independent predictors of the extrapolated maximum
oxygen uptake (%predicted) (fS-coefficient values of —7.32, 95% CI: —13.3 — (-1.32), p=0.01; 8.01, 95% CI: 1.96—14.05, p=10.01;
8.78, 95% CI: 2.26—15.29, p =0.01, respectively). Sub-maximum gas exchange parameters obtained during cardiopulmonary
exercise test in an ambulatory setting allows for discrimination between isolated post-capillary pulmonary hypertension and
combined pre- and post-capillary pulmonary hypertension. Additionally, sub-maximum cardiopulmonary exercise test derived
VE/VCO,, delta end-tidal carbon dioxide, and gas exchange determined pulmonary vascular capacitance influences aerobic capac-
ity in heart failure with preserved ejection fraction.
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Introduction

Pulmonary hypertension (PH) is a progressive disease that
results from various different processes. Regardless of origin,
the diagnosis of PH requires the presence of a mean pulmo-
nary artery pressure (mPAP)>20mmHg on resting right
heart catheterization (RHC)." In the western world, PH asso-
ciated with left heart disease (PH-LHD) represents the most
common cause of PH and its presence portends a poorer
prognosis.” PH-LHD is sub-divided into two groups accord-
ing to RHC hemodynamic values as isolated post-capillary
PH (Ipc-PH) and combined pre- and post-capillary PH (Cpc-
PH). Both sub-groups are defined by elevated pulmonary
artery wedge pressure (PAWP) > 15mmHg but are further
dichotomized based on the presence or absence of an abnor-
mal pulmonary vascular resistance (PVR) with Cpc-PH
having a PVR >3 Woods Unit (WU) and Ipc-PH having a
PVR <3 WU.! PH-LHD is constituted primarily by left-
sided valvular heart disease and those with left heart failure.
Left-sided heart failure with preserved ejection fraction
(HFpEF), defined as symptomatic heart failure occurring in
the setting of a left ventricular ejection fraction (EF) >50%,
accounts for approximately 50% of patients admitted with
heart failure.’

Resting RHC remains the gold standard for diagnosing
PH. However, it remains an invasive test with accompanying
risks and is used infrequently to monitor disease progression.
While imperative for the diagnosis of PH, resting RHC
has little utility in examining the dynamic effects of hemody-
namic perturbation that accounts for the exertional and
functional limitation seen in PH patients during exercise.
Trans-thoracic echocardiography (TTE) is often referred to
as the first-line test in the initial work-up in patients with
suspected PH.* TTE is a safe, non-invasive imaging test
that allows for estimation of pulmonary artery systolic pres-
sure (PASP) from the maximum trans-tricuspid valvular
regurgitant jet velocity. However, marked discordance
between non-invasive pressure and invasive pressure measure-
ments does occur.” ® The causes of inaccurate PASP estima-
tion by TTE include poor acoustic windows and Doppler
misalignment with the tricuspid regurgitant jet.” Importantly,
while certain echocardiographic features have been shown to
differentiate between Ipc-PH and Cpc-PH,'™'! these were
either studied in a mixed cohort of left heart disease patients'”
or were reliant on estimation of the highly variable PASP."!

In addition to standard diagnostic evaluation, cardiopul-
monary exercise testing (CPET) is frequently utilized as an
adjunct in the diagnosis and management of patients with
PH."? More recently, sub-maximum CPET has garnered
increasing attention in the diagnostic evaluation of patients
with PH."* !¢ Unlike conventional CPET, a maximum exer-
cise effort is not required, making it an attractive option for
patients with cardio-pulmonary or musculoskeletal disor-
ders and elderly patients who often are unable to undergo
maximum exercise testing. While previous research have
examined the diagnostic utility of sub-maximum CPET in

PH, these initial studies were limited to patients with pul-
monary arterial hypertension (PAH) only."*'® Recently,
Klaassen et al., showed that an abnormal ventilatory effi-
ciency (VE/VCO,) in HFpEF patients during sub-maximum
CPET is associated with greater PVR and increased mortal-
ity." However, the diagnostic utility of sub-maximum gas
exchange parameters to help distinguish Ipc-PH and Cpec-
PH remains unknown. Early identification of Ipc-PH can
help prevent unnecessary invasive RHC and allow for
immediate management directed toward HFpEF symptom-
atology and its associated conditions.'” The latter interven-
tion could potentially help prevent progression toward
Cpc-PH'® which portends a worse prognosis.'!
Accordingly, in this study, we sought to examine whether
VE/VCO,, oxygen uptake efficiency slope (OUES), gas
exchange derived estimate of pulmonary vascular (PV)
capacitance (GXcap), resting end-tidal carbon dioxide
(ETCO,), and delta ETCO, measured during sub-
maximum CPET differ between HFpEF patients with Ipc-
PH and Cpc-PH in an ambulatory setting. We hypothesize
that Cpc-PH would exhibit more significant derangement of
the aforementioned variables thus providing a useful
adjunct investigative tool in the management of HFpEF.

Methods

Study population and design

We enrolled patients from our Pulmonary Vascular Disease
(PVD) clinic between January 2019 and August 2020 who
underwent clinically indicated sub-maximum CPET (step
test) followed by diagnostic RHC study. The study protocol
was approved by our Institutional Review Board (IRB
2000024783). Included patients consented to have their clin-
ical and investigative data used for research purposes.

The study included 46 consecutive patients with HFpEF
who were seen at our PVD clinic. All HFpEF patients had
left ventricular EF >50% with no significant valvular
abnormalities'” along with resting supine mPAP
>20mmHg and PAWP > 15mmHg on RHC study. This
new mPAP threshold replaced the prior mPAP threshold
of >25mmHg following the most recent recommendation
by the 6th World Symposium on PH Task Force.! The
HFpEF group was further classified as Ipc-PH if the PVR
was <3 WU or as Cpc-PH if the PVR >3 WU.' Once we
identified our HFpEF cohort, we then selected 18 age- and
gender-matched controls. The control subjects consisted of
patients referred for unexplained dyspnea with unremark-
able investigative testing at the time of presentation. The
diagnostic association of control subjects is described in
Table S1. Patients with physical or musculoskeletal limita-
tion (including contracture deformity of the limbs) that pre-
cluded satisfactory sub-maximum CPET and those with left
ventricular EF < 50% and significant valvular abnormalities
were excluded from this study.'®
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Sub-maximum exercise step protocol

It is our standard of practice to have all patients who are
capable to undergo sub-maximum exercise step testing
(Shape Medical Systems, Inc., St Paul, MN, USA) during
their ambulatory PVD clinic visit. This non-invasive sub-
maximum test has been previously shown to differentiate
PAH patients from healthy controls'® and help in the diag-
nosis of systemic sclerosis-associated PH.'*!* It consists of a
portable unit with a 14 cm high step that patients step up
and down for three minutes. The unit is equipped with a
portable metabolic cart and a mouthpiece that is connected
to a continuous gas exchange analyzer. The entire duration
of the test is six minutes: two minutes of rest for baseline
monitoring, three minutes of step exercise followed by one
minute of recovery. The test measures sub-maximum and
extrapolated maximum exercise oxygen consumption (VO,)
(% predicted), ventilatory efficiency expressed as VE/VCO,,
OUES, GXcap, ETCO, at rest and during exercise, heart
rate and rhythm, and peripheral oxygen saturation. After
the two minutes of baseline measurements, patients are
instructed to “begin exercise” by stepping on and off of a
platform at the speed indicated by a metronome set by the
test administrator. After each minute of exercise, the test
administrator increases the metronome speed. After three
minutes of exercise, the patient is instructed to stop and
stand idle for an additional minute for data collection. Gas
exchange parameters, heart rate, and peripheral O, satura-
tion are collected throughout the entire two minutes of rest,
three minutes of step exercise, and one minute of recovery.

Right heart hemodynamic assessment

RHC was performed in the supine position with a 7.5F
Swan-Ganz catheter (Edwards LifeSciences, Irvine, CA,
USA) inserted percutaneously under fluoroscopic and ultra-
sound guidance into the internal jugular vein. Right atrial,
right ventricular, pulmonary arterial, and pulmonary arterial
wedge pressures along with superior vena cava, right atrial,
and pulmonary arterial oxygen saturations were measured.
All pressures were recorded at the end of passive exhalation.
When significant respirophasic changes to the hemodynamic
tracings persisted, an electronic average was used.”® A zero
reference was obtained at the mid-thoracic level.*'** Cardiac
output (CO) was determined using the thermodilution
method. PVR was calculated by (mPAP — PAWP)/CO and
expressed in Wood units (WU). Stroke volume (SV) was cal-
culated as CO divided by the heart rate. CO and SV were
indexed to body surface area to obtain both cardiac index
and SV index. Pulmonary artery (PA) compliance was calcu-
lated as the ratio of SV to PA pulse pressure (the difference
between systolic PA pressure and diastolic PA pressure) and
expressed as mL/mmHg. Diastolic pressure gradient (DPG)
was calculated as the difference between diastolic PA pres-
sure and PAWP. 2%

Statistical analysis

Unless otherwise stated, values are presented as mean and
standard deviation. Comparisons of baseline characteristics,
echocardiogram data, RHC data, and sub-maximum CPET
variables between controls, Ipc-PH, and Cpc-PH were per-
formed using one-way ANOVA with Bonferroni post hoc
correction. The comparison of sub-maximum CPET varia-
bles between Ipc-PH and Cpc-PH was performed using
t-test. Receiver-operating characteristic curve analysis was
used to assess the ability of the different sub-maximum
CPET variables to distinguish between Ipc-PH and Cpc-
PH. Pearson correlation was performed to determine the
correlation between sub-maximum gas exchange derived
GXcap and RHC-determined PA compliance. Univariate
analysis was performed to determine predictors of extrapo-
lated maximum VO, on sub-maximum step test. Only non-
colinear variables (i.e. Pearson correlation r<0.6) were
incorporate in the univariate model. A probability value
of <0.05 was considered significant. Statistical analyses
were performed using GraphPad Prism 7 (GraphPad
Software, LLC, La Jolla, CA, USA) and SAS 9.4 (SAS
Institute Inc., Cary, NC, USA).

Results

Demographic and clinical characteristics

There was no statistical difference in the age and gender
between the three groups. HFpEF patients had greater
body mass index (BMI) compared to controls as well as
greater echocardiogram-determined right ventricle (RV)
systolic pressure, left atrium indexed volume, and ratio of
early mitral inflow velocity and mitral annular early diastol-
ic velocity. There were no differences in any of the echocar-
diographic parameters between Ipc-PH and Cpc-PH. The
baseline characteristics, co-morbidities, and echocardio-
gram parameters are summarized in Table 1.

Resting RHC data

HFpEF patients had greater right atrial pressure compared
to controls. Cpc-PH had greater mPAP (47 £ 11 vs. 33+
SmmHg, p<0.05) with lower cardiac (2.14+0.1 vs. 3.1+
09L/min, p<0.05) and SV (32.0+£9.8 vs. 428+
12.1 mL/min/m?, p < 0.05) indices compared to Ipc-PH. By
study design, Cpc-PH had greater PVR and DPG compared
to Ipc-PH. Cpc-PH had the lowest PA compliance
between the groups. The resting RHC data are summarized
in Table 1.

Sub-maximum CPET data

Cpc-PH exhibited greatest VE/VCO, between the three
groups. Delta ETCO,, GXcap, and OUES were lowest in
Cpc-PH group. There was no difference between resting
ETCO,, VE/VCO,, delta ETCO,, and GXcap between
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Table |. Characteristics of patients with HFpEF.

Control (n=18) Ipc-PH (n=19) Cpc-PH (n=27)

Characteristics

Age, years 61 +£8 62+ 14 69+ 10

BMI (kg/m?) 25+4 41+ 14 32+8°

Female gender, n (%) 13 (72) 17 (89) 23 (85)

NT-proBNP, pg/mL n/a 1215+ 1203 2111 +2288
NYHA functional class (n (%))

| 6 (33) 2 (10) 2(7)

Il 12 (67) 12 (63) 12 (44)

11l n/a 5 (26) 12 (44)
Co-morbidities (n (%))

Systemic hypertension 7 (38) 15 (79)* 18 (67)

Diabetes I (5) 7 (37)* 5 (20)

Coronary artery disease 0 3 (15) 3(1)

Atrial fibrillation 0 6 (32)° 12 (44)

Obstructive sleep apnea I (7) 8 (42)° 6 (22)

Interstitial lung disease 0 2 (10) 3(1)

COPD 0 4 (21) 3(12)
Medications (n (%))

Beta blocker I (6) 8 (47)° I5 (55)°

Calcium channel blocker 2. (1) 7 (41)* 4 (14)

ACE inhibitor or ARB I (6) 7 (41)? 8 (30)*

Diuretics 3 (l6) Il (65)° 19 (70)*
Echocardiogram

LV ejection fraction (%) 65+7 65+7 66+ 6

RV systolic pressure (mmHg) 30+ 12 55+ 147 65+ 19°

TAPSE (cm) 24404 2.1+£07 23+04

TAPSE/RVSP (mm/mmHg) 0.92+0.4 0.43+0.2° 0.33+0.17

LA volume index (cm/m?) 29+ 13 44+ 16" 46 +17%

Ele’ 841 12+4° 13+£6%
Right heart catheterization

Right atrial pressure (mmHg) 3+3 12+3% 13457

Cardiac index (L/min/m?) 34+08 3.1£09 2.1 +£0.5*°

SV index (mL/min/m?) 48.6 4 12.1 428+ 12.1 320+9.8*°

mPAP (mmHg) I5£5 33+5% 471170

PAWP (mmHg) 6+4 21 £5% 19+4

DPG (mmHg) 341 343 144720

PA compliance (mL/mmHg) 73+34 3.7+ 1.5% 1.6 +0.5°

PVR (WU) 1.5+0.6 1.9+0.7 6.9 +22%°

Note: Data presented as no. (%) or mean =+ SD.

Ipc-PH: isolated post-capillary pulmonary hypertension; Cpc-PH: combined pre-and post-capillary pulmonary hypertension; BMI: body mass index; NT-proBNP: N-
terminal prohormone brain natriuretic peptide; NYHA: New York Heart Association; COPD: chronic obstructive pulmonary disease; ACE: angiotensin converting
enzyme; LV: left ventricle; RV: right ventricle; TAPSE: tricuspid annular systolic plane excursion; RVSP: right ventricular systolic pressure; LA: left atrium; E/e’: ratio of
early mitral inflow velocity and mitral annular early diastolic velocity; mPAP: mean pulmonary artery pressure; SV: stroke volume; PAWP: pulmonary artery wedge
pressure; PVR: pulmonary vascular resistance; WU: Woods unit; DPG: diastolic pulmonary gradient; PA: pulmonary artery.

*p-value < 0.05 vs. controls.
Pp-value < 0.05 vs. Ipc-PH.

Ipc-PH and controls. Peak exercise oxygen saturation
(SpO,) was lower in Cpc-PH compared to controls but
not different compared to Ipc-PH. Both HFpEF group
exhibited similarly depressed sub-maximum VO, (% pre-
dicted) and O, pulse compared to controls. The sub-
maximum CPET parameters between the three groups
and between Ipc-PH and Cpc-PH are summarized in
Table 2 and Fig. 1, respectively.

Using the different sub-maximum CPET parameters to
distinguish between Cpc-PH from Ipc-PH, GXcap and VE/
VCO, emerged as the best predictors. The area under the
curve (AUC) for GXcap was 0.84 +£0.06 (p=0.001) with a
sensitivity of 73% and a specificity of 85% at an optimal
cut-off point of 394 mL*mmHg. For VE/VCO,, the AUC
was 0.79+£0.07 (p=0.001) with a sensitivity of 76% and a
specificity of 67% at an optimal cut-off point of 33. Other
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Table 2. Sub-maximum CPET parameters.

Control (n=18) Ipc-PH (n=19) Cpc-PH (n=27)
Time between RHC and sub-maximum CPET, median (IQR), days 51 (10-107) 19 (8-34) 15 (8-23)
ETCO, (mmHg) 35£5 38+4 34+ 4°
Rest SpO, (%) 97 £1 95+2° 95+2*
Peak SpO, (%) 95+2 90+ 3* 90 +4*
RER 1.03+0.1 1.03+£0.1 1.04 +0.1
VE/VCO, 3I£10 31£7 41 £ 1170
Delta ETCO, (mmHg) 1.9+£5.0 —-02+4.0 —3.6434*°
GXcap (ML*mmHg) 6111247 541 £ 141 348+ 137*°
OUES (% predicted) 102+22 79 +£20° 61+ 15
O, pulse (mL/O,/beat) 180 + 102 10l +£22° 98 +36°
Sub-maximum VO, (% predicted) 98+ 18 64+ 117 60+ 18°
Extrapolated maximum VO,(% predicted) 121 +44 69+ 18 62+21°

Note: Data presented as no. (%) or mean =+ SD unless otherwise stated.

CPET: cardiopulmonary; Ipc-PH: isolated post-capillary pulmonary hypertension; Cpc-PH: combined pre-and post-capillary pulmonary hypertension; RHC: right
heart catheterization; ETCO,: end tidal carbon dioxide; SpO,: peripheral oxygen saturation; RER: respiratory exchange ratio; VE/VCO;: ventilatory efficiency;
GXcap: gas exchange derived pulmonary vascular capacitance; OUES: oxygen uptake efficiency slope; VO,: oxygen consumption.

*p-value < 0.05 vs. controls.
Pp-value < 0.05 vs. Ipc-PH.

sub-maximum CPET parameters including resting ETCO,
(AUC: 0.73£0.08; p=0.01), OUES (AUC: 0.74+£0.08;
p=0.02), and delta ETCO, (AUC: 0.71£0.08; p=0.02)
provided less discrimination between Ipc-PH and Cpc-PH
(Fig. 2). There was a significant correlation between sub-
maximum GXcap from CPET and resting RHC-determined
PA compliance (r=0.5; p=0.0004) (Figure S1). On univar-
iate analysis, the sub-maximum CPET variables of VE/
VCO,, delta ETCO,, and GXcap Were significantly associ-
ated with the extrapolated maximum VO, (%predicted)
(Table S2).

Discussion

In the current study, we demonstrate that an easily executed
sub-maximum exercise test incorporating ventilatory gas
analysis provides a clear distinction between Ipc-PH
and Cpc-PH. This simplified exercise test also provides
physiological reasoning for the differential exertional limi-
tation experienced by Ipc-PH and Cpc-PH patients.
Additionally, we also show that reduced delta ETCO, and
GXcap during sub-maximum exercise is associated with
reduced exercise capacity in HFpEF.

Why is the distinction between Ipc-PH and Cpc-PH in
HFpEF important? Patients with Cpc-PH have worse out-
comes compared with those with Ipc-PH owing possibly to
worse RV function.'' The sub-maximum exercise testing
can serve as an adjunctive diagnostic tool, while also offer-
ing pathophysiological reasoning for patients’ exercise lim-
itation and prognostic information in HFpEF. The
constellation of a clinical and echocardiographic phenotype
consistent with HFpEF, along with abnormal gas-exchange
parameters on sub-maximum exercise testing, can help obvi-
ate the immediate need for an invasive RHC. Maximum
VO, is an important prognostic indicator in patients with

heart failure.”>?® In the present study, similar to prior
reports, HFpEF was associated with reduced sub-
maximum?’  and maximum VO, (%predicted).”®*
Extrapolated maximum VO, has been shown to closely cor-
relate with actual maximum VO, attained during exercise
and is independent of exercise duration.’*! It can be
obtained by mathematically extrapolating the relation
between VO, and carbon dioxide production (VCO,) to
the point at which respiratory exchange has risen to
double the value at the onset of exercise*® or using a loga-
rithmic curve fitting model which incorporates the OUES.*!
An important finding of the present study is that the sub-
maximum CPET variables VE/VCO,, delta ETCO,, and
GXcap were significantly associated with the extrapolated
maximum VO, (%predicted) (Table S2).

Sub-maximum VE/VCO, has been previously shown to
confer prognostic significance in HFpEF."? The current
study adds further significance to sub-maximally derived
CPET parameters as we also demonstrate that reduce
delta ETCO, and GXcap during sub-maximum exercise is
associated with reduced exercise capacity in HFpEF.
Notably, unlike VE/VCO,, both of these parameters are
not routinely reported on conventional non-invasive
CPET and therefore provide a novel prognostic indicator
in HFpEF.

In the present study, the two parameters which offered
the best discrimination between Ipc-PH and Cpc-PH were
GXcap and VE/VCO, (Fig. 2). Other gas exchange param-
eters including resting ETCO,, delta ETCO,, and OUES
were also significantly different but provided less discrimi-
nation between Ipc-PH and Cpc-PH (Table 2 and Fig. 1).
While conventional echocardiographic measures of LV dia-
stolic impairment clearly discriminated HFpEF from con-
trols, they did not distinguish Cpc-PH from Ipc-PH (Table
2). We showed a significant correlation between GXcap
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Fig. 1. Sub-maximum CPET parameters between patients with isolated post-capillary pulmonary hypertension (Ipc-PH) and combined pre- and
post-capillary pulmonary hypertension (Cpc-PH). Data presented as mean =+ SD.

VE/VCO;: ventilatory efficiency; ETCO,: end tidal carbon dioxide; delta ETCO,: change in ETCO, from rest to end exercise; O,: oxygen;
GXcap: gas exchange derived measure of pulmonary vascular capacitance.

obtained during sub-maximum CPET and PA compliance
derived from resting RHC (Figure S1). The lower GXcap
seen in Cpc-PH is likely attributed to the compounding
effect of increased resistive RV afterload to an increased
pulsatile afterload driven by elevated PAWP. The increase
in RV afterload seen with Cpc-PH is similar to PAH in that
both are driven by dynamic augmentation of resistive and
pulsatile afterload during exercise.”®*’ During invasive
cardio-pulmonary exercise testing (iCPET), PA compliance
(with which GXcap has a significant correlation with) is
similarly reduced in PAH and HFpEF patients with abnor-
mal PVR response during exercise.”’ However, the mecha-
nism by which PA compliance worsens during exercise and
the subsequent increase in RV pulsatile afterload differs
between PAH and Cpc-PH. Approximately 20% of PA
compliance is stored in the main PA and proximal left
and right PAs, with the remaining 80% resides within the
distal pulmonary vasculature.?? The pathologic hallmark of
PAH implicates a vasculopathy of the distal pre-capillary

pulmonary vasculature, in particular the small resistive
vessel.”” Hence, the distal pre-capillary PV remodeling
seen in PAH reduces PA compliance and this increases
RV pulsatile afterload. Additionally, pre-capillary PV
remodeling contributes to increases in PVR and impairment
of PV distensibility.”” Consequently, in PAH, the inability
of the distal pulmonary vasculature to first recruit and later
distend culminates in dynamic worsening of RV pulsatile
and resistive afterload during exercise.”

The greater RV afterload encountered by Cpc-PH com-
pared to Ipc-PH prevents the expectant increase in pulmo-
nary blood flow during exercise leading to under-perfusion
of well-ventilated lung units. Ventilation—perfusion (V/Q)
mismatch ensues contributing to the greater VE/VCO,
slope and failure of expectant increase in ETCO, from
rest to peak exercise (i.e. negative delta ETCO,) in Cpc-
PH. We recently showed that in HFpEF, RV function
and its SV deteriorate by 50% of the peak VO,.”’
Consequently, the CO is insufficient to meet the increasing
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Ipc-PH vs. Cpc-PH

100 e
80
s
T s
= +
7] +
5 404 * —+— GXeap (AUG 0.84, C1 0.71 - 0.96)
0 —e— VeVCO, (AUG 0.80, C1 0.66 - 0.83)
204 —%— OUES (AUC 0.74, C1 0.57 - 0.90)
#— ETCO, (AUC 0.73, CI D.57 - 0.88)
& DetaETCO, (AUCO0.71,C10.56-0.87)
0 T T T T 1
0 20 40 60 80 100

100% - Specificity%

Fig. 2. Receiver operating characteristic curve for discriminating
between patients with isolated post-capillary pulmonary hypertension
(Ipc-PH) and combined pre- and post-capillary pulmonary hyperten-
sion (Cpc-PH). GXcap and VE/VCO, provided the best discriminating
parameters between |pc-PH and Cpc-PH.

VE/VCO;: ventilatory efficiency; ETCO,: end tidal carbon dioxide;
delta ETCO,: change in ETCO, from rest to end exercise; O,: oxygen;
GXcap: gas exchange derived measure of pulmonary vascular capaci-
tance; OUES: oxygen uptake efficiency slope; AUC: area under the
curve; Ipc-PH: isolated post-capillary pulmonary hypertension; Cpc-
PH: combined pre- and post-capillary pulmonary hypertension.

metabolic demands of exercising muscle. This reduction in
O, delivery contributes to the earlier attainment of the
anaerobic threshold (AT) and subsequent lactic acidosis.
The resulting proton (H") and CO, generation stimulates
chemoreceptors and increases the ventilatory response.® >
Patients with Cpc-PH have intrinsic pre-capillary PVD from
chronic pulmonary venous hypertension.'® This pre-
capillary PV remodeling process likely contributes to the
greater degree of hypoxemia seen in Cpc-PH from VQ mis-
match and reduced O, diffusion capacity. The resulting hyp-
oxemia is a potent stimulator of ventilation.'® Additionally,
juxta-capillary receptors which terminate in the lung
parenchyma adjacent to the capillaries are stimulated by
development of interstitial edema.’’ Altogether, this
hyper-ventilatory response along with reduced pulmonary
blood flow results in the lower ETCO, and greater VE/
VCO, seen in Cpc-PH during exercise.

In response to left atrial hypertension, there is a dispro-
portionate increase in mPAP with resulting reduced PA
compliance.”® Consequently, the trans-pulmonary gradient
(TPG) and therefore the PVR can be elevated even in the
absence of pulmonary vasoconstriction or remodeling.
Unlike the TPG, DPG, which is less dependent on volume
load and SV, has been shown to be a useful marker to help
distinguish between Ipc-PH and Cpc-PH.!"**3® In the cur-
rent study, Cpc-PH and Ipc-PH were defined by a PVR >3
WU and PVR < 3 WU, respectively. Five out of 27 in Cpc-
PH group had DPG < 7mmHg and 1 out of 19 in Ipc-PH
group had DPG >7mmHg. During our RHC study, if the
systemic blood pressure permits, we routinely perform

intravenous nitroprusside challenge followed by repeat
hemodynamic measurement in patients with left heart dis-
ease. Three out of five of the Cpc-PH patients who under-
went intravenous nitroprusside challenge normalized their
PAWP (i.e.<15mmHg) with persistent abnormality of
their PVR >3 WU, indicating the presence of fixed pre-
capillary PVD (data not shown). It is therefore unlikely
that the incorporation of PVR and DPG would have
changed the current interpretation of our results given (a)
the severity of our Cpc-PH population (mean DPG in the
Cpc-PH was 14mmHg with mean PVR of 6.9 WU), (b)
the similar PAWP between the HFpEF groups, and (c)
the majority of Cpc-PH patients exhibited hemodynamic
evidence of pre-capillary PVD while only one Ipc-PH
patient had a DPG >7mmHg.

The current finding of a greater VE/VCO, seen in Cpc-
PH population is in keeping with prior reports.'**® VE/
VCO, shares a close relationship with DPG and PVR and
can therefore be used a marker of PVD burden.'**® Using
invasive CPET (iCPET), we previously showed that PAH
patients exhibited greater degree of ventilatory inefficiency
(i.e. abnormal VE/VCO, slope) compared to HFpEF
patients who develop an abnormal PVR response during
maximum cycle ergometer testing in the upright position.>
There was no significant difference in other non-invasive
CPET variables, including delta ETCO, and peak VO, (%
predicted). However, the HFpEF population studied was
distinct from the current study in that they were defined
by their peak exercise hemodynamic values during upright
cycle ergometer testing. Caravita and colleagues compared
various maximum CPET variables between PAH and Cpc-
PH (from underlying HFpEF, systolic heart failure, and
valvular heart disease). They found that PAH patients
exhibited greater VE/VCO, with lower prevalence of exer-
cise oscillatory breathing (EOB) compared to Cpe-PH.*® To
our knowledge, no prior study has examined whether CPET
parameters obtained during sub-maximum or maximum
exercise helps differentiate between HFpEF-associated
Cpc-PH from PAH.

The OUES reflects the global (pulmonary, cardiovascu-
lar, and skeletal muscle) functional impairment that com-
bines VO, and VE/VCO, slope. It is calculated as the
logarithmic transformation of minute ventilation (VE)
with VO,, creating a liner relationship between VE and
VO,.'> OUES has been shown to significantly correlate
with peak VO, and remains stable throughout exercise,
making it ideal for the evaluation of sub-maximum exercise
capacity.’® A reduction in VO, is the result of depressed
peak exercise CO and/or impaired systemic oxygen extrac-
tion. We and other groups showed that during maximum
invasive CPET, reduced peak VO, in HFpEF patients is
predominantly ~ attributed to CO limitation.?%*°
Accordingly, in HFpEF, the reduced blood flow/CO and
hyperventilation contributes to reduced OUES. Compared
to controls subjects, HFpEF patients are therefore unable
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to consume as much oxygen (i.e. reduced VO,) for a given
increase in VE during exercise leading to a reduced OUES
(Table 2).

Several studies that have demonstrated improvement in
various non-invasive CPET parameters in patients with
chronic thromboembolic pulmonary hypertension*' and
heart failure with reduced ejection fraction (HFrEF),***
owing in large part to the known pharmacotherapeutic
benefits seen with PAH-targeted and HFrEF therapies. In
contrast, CPET outcomes in response to pharmacotherapy
in HFpEF have not been as favorable.** *® Because of the
limited therapeutic success seen with HFpEF, at the current
juncture, there is limited utility in longitudinal testing to
assess treatment response in HFpEF. However, the current
study supports the prognostic role for longitudinal sub-
maximum CPET in HFpEF as it would help identify pro-
gression toward Cpc-PH,'® a phenotype that is known to
have a worse prognosis compared to Ipc-PH."!

Some of our control subjects are symptomatic patients
who have an eventual diagnosis of dysautonomia on max-
imum iCPET. They represent a cohort of patients with
normal resting RHC hemodynamics and are considered to
have a “normal” physiological response to exercise as deter-
mined by their peak exercise CO and VO, >80% predicted
on iCPET. The other groups of patients that make up the
majority of the control cohort are patients with connective
tissue disease (i.e. approximately 78% of the control sub-
jects). Dysautonomia and connective tissue disease patients
commonly exhibit a hyper-ventilatory response during exer-
cise.*’” This contributes to excessive ventilation relative to
carbon dioxide (CO,) output and likely accounts for the
similarly elevated VE/VCO, and end-exercise ETCO, seen
when compared to Ipc-PH.*

Unlike the findings of the current study, other studies
have shown that certain echocardiographic features are
able to distinguish between Ipc-PH and Cpc-PH.'%!
There are several potential reasons why there was no signif-
icant difference in echocardiographic parameters between
Ipc-PH and Cpc-PH in the current study. The study by
D’Alto et al. incorporated a different and more specific
echocardiographic measures to help distinguish between
Ipc-PH and Cpc-PH.'® Additionally, the study population
from D’Alto et al., unlike our studied cohort, were not
exclusively HFpEF patients. The study from Gerges M
et al. demonstrated that echocardiography derived ratio of
tricuspid annular plane systolic excursion to estimated PA
systolic pressure (TAPSE/PASP) was significantly reduced
in Cpc-PH compared to Ipc-PH. In the current study, how-
ever, we did not find a significant difference in TAPSE/
PASP between Ipc-PH and Cpc-PH. The determination of
TAPSE/PASP relies on accurate determination of PASP
and therefore on good quality acoustic windows and
Doppler alignment. One of the primary reasons for poor
acoustic windows relates to a patients’ body habitus.
The mean BMI in our Ipc-PH and Cpc-PH groups were

41+14kg/m®> and 32+8kg/m? respectively, which
likely limits the acquisition of good quality acoustic
windows. This is in contrast to the BMI of the HFpEF
group in Gerges M et al.’s study who had a mean BMI of
274 2kg/m?.

Limitations

VE/VCO, describes the ventilation needed to eliminate one
liter of metabolic CO, at the level of ventilation that is least
variable. Because of this, VE/VCO, is measured at the level
of the AT or the respiratory compensation point. We did
not obtain serial serum lactate measurements during the
sub-maximal test to determine if subjects reached their
lactic acidosis or AT. However, the respiratory exchange
ratio (RER), which represents the ratio between the
amount of CO, produced (VCO,) and oxygen uptake
(VO,) during exercise, can be used as a gas exchange deter-
minant of the AT. The transition from aerobic metabolism,
where VCO, increases linearly with VO, yielding a RER of
<1, to anaerobic metabolism where the RER is slightly > 1
defines the lactic acidosis threshold or gas exchange AT.*
In the current study, the mean RER across the three groups
was > 1 suggesting that step exercise during sub-maximum
CPET was performed at or near the gas exchange AT
(Table 2).

There is a time delay between the sub-maximum CPET
and RHC study, particularly for the control patients who
underwent further investigative work-up with an invasive
CPET. However, no treatment was instituted or augmented
in any of the HFpEF patients in the interim period between
their sub-maximum CPET and RHC. Caravita and col-
leagues demonstrated that EOB distinguished between
Ipc-PH and Cpc-PH during maximum CPET.*® EOB is
defined as >3 cyclical fluctuations of VE during exercise
lasting >60% of the exercise duration with an amplitude
of either 15% or 25% of the average VE.*** However, in
the current study, the duration of exercise was not sufficient
to allow for adequate observation of EOB.

Conclusions

This study shows that a non-invasive, sub-maximum stress
test can be readily performed in an ambulatory setting and
that the gas exchange parameters obtained during testing, in
particular VE/VCO, and GXcap, allows for a clear distinction
between HFpEF phenotypes. This study also demonstrates
that owing to the additive effects of resistive RV afterload,
Cpc-PH encounter greater degree of ventilatory inefficiency
and reduced GXcap compared to Ipc-PH during exercise.
Additionally, we show that non-conventional CPET
parameters (i.e. reduced delta ETCO, and GXcap) during
sub-maximum exercise are associated with reduced exercise
capacity in HFpEF. Larger studies are warranted to study
its utility in monitoring response to therapeutic interventions
and as an end-point measure for clinical trials.
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