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Simultaneous Measurement of Lung Diffusing
Capacity and Puimonary Hemodynamics
Reveals Exertional Alveolar-Capillary
Dysfunction in Heart Failure With Preserved
Ejection Fraction
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BACKGROUND: Hemodynamic perturbations in heart failure with preserved ejection fraction (HFpEF) may alter the distribution of
blood in the lungs, impair gas transfer from the alveoli into the pulmonary capillaries, and reduce lung diffusing capacity. We
hypothesized that impairments in lung diffusing capacity for carbon monoxide (DL.) in HFpEF would be associated with high

mean pulmonary capillary wedge pressures during exercise.

METHODS AND RESULTS: Rebreathe DL, and invasive hemodynamics were measured simultaneously during exercise in pa-
tients with exertional dyspnea. Pulmonary pressure waveforms and breath-by-breath pulmonary gas exchange were recorded
at rest, 20 W, and symptom-limited maximal exercise. Patients with HFpEF (n=20; 15 women, aged 65+11 years, body mass
index 36+8 kg/m?) achieved a lower symptom-limited maximal workload (52+27 W versus 106+42 W) compared with controls
with noncardiac dyspnea (n=10; 7 women, aged 55+10 years, body mass index 30+5 kg/m?). DL was lower in patients with
HFpEF compared with controls at rest (DL, 10.4+2.9 mL/min per mm Hg versus 16.4+6.9 mL/min per mm Hg, P<0.01) and
symptom-limited maximal exercise (DL 14.6+4.7 mL/min per mm Hg versus 23.8+10.8 mL/min per mm Hg, P<0.01) be-
cause of a lower alveolar-capillary membrane conductance in HFpEF (rest 16.8+6.6 mL/min per mm Hg versus 28.4+11.8 mL/
min per mm Hg, P<0.01; symptom-limited maximal exercise 25.0+6.7 mL/min per mm Hg versus 45.5+22.2 mL/min per
mm Hg, P<0.01). DL, was lower in HFpEF for a given mean pulmonary artery pressure, mean pulmonary capillary wedge
pressure, pulmonary arterial compliance, and transpulmonary gradient.

CONCLUSIONS: Lung diffusing capacity is lower at rest and during exercise in HFpEF due to impaired gas conductance across
the alveolar-capillary membrane. DLy is impaired for a given pulmonary capillary wedge pressure and pulmonary arterial
compliance. These data provide new insight into the complex relationships between hemodynamic perturbations and gas
exchange abnormalities in HFpEF.
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(HFpEF) is characterized by impaired left ventric-
ular (LV) relaxation and an inability to augment
cardiac output during exercise without abnormal in-
creases in LV filling pressures. The gold standard for

Heart failure (HF) with preserved ejection fraction

diagnosing HFpEF is through invasive hemodynamic
demonstration of high pulmonary venous pressure,
specifically a mean pulmonary capillary wedge pres-
sure (PCWPmM) >15 mm Hg at rest or >25 mm Hg
during exercise.> An abnormally high PCWPm relates
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Fermoyle et al

CLINICAL PERSPECTIVE

What Is New?

e Pulmonary vascular changes and alveolar-
capillary gas transfer dysfunction contribute to
exercise intolerance and are key components of
the clinical syndrome of heart failure with pre-
served ejection fraction.

What Are the Clinical Implications?

e High pulmonary vascular pressure leads to re-
modeling and poor outcomes; however, it may
be required to recruit and distend pulmonary
capillaries and augment cardiac output during
exercise, which may explain why pulmonary
vasodilators do not improve exercise capacity.

Nonstandard Abbreviations and Acronyms

DL, lung diffusing capacity for carbon
monoxide

DLy, lung diffusing capacity for nitric oxide

Dm alveolar-capillary membrane conductance

HFpEF heart failure with preserved ejection
fraction

PAP pulmonary artery pressure

PAPm mean pulmonary artery pressure

PCWP pulmonary capillary wedge pressure

PCWPm mean pulmonary capillary wedge
pressure

SV stroke volume

TPG transpulmonary gradient

Ve pulmonary capillary blood volume

VCO, carbon dioxide production

Vo, oxygen consumption

V; tidal volume

to exercise intolerance, evidenced by reductions in
exercise capacity and ventilatory efficiency,>° sug-
gesting that cardiopulmonary interactions play an im-
portant role in exercise intolerance in HFpEF.
Pulmonary hypertension is common in HFpEF,
initially caused by passive increases in mean pulmo-
nary artery pressure (PAPm) due to left atrial hyper-
tension, which results in elevated pulmonary capillary
hydrostatic pressure.”® Elevated pulmonary capillary
pressure can lead to lung fluid accumulation,® or,
with chronic exposure, remodeling of the pulmonary
vasculature. With an increase in lung fluid accumula-
tion and/or adverse capillary remodeling, diffusion of
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gases between the alveoli and the pulmonary capil-
laries, a crucial link in the oxygen transport chain, and
ventilation-perfusion matching would be impaired.
Indeed, lung diffusing capacity is impaired at rest and
during exercise in HFpEF and appears to be primar-
ily due to reductions in alveolar-capillary membrane
conductance (Dm) and somewhat to the inability to
augment pulmonary capillary blood volume (Vc) during
exercise.'® In healthy individuals during exercise, re-
cruitment and distension of the pulmonary capillaries
distributes blood throughout the lung, expands lung
surface area available for gas exchange, and prevents
abnormal increases in pressure, resulting in a linear in-
crease in Vc with cardiac output.' In HFpEF, elevation
in LV filling pressures may cause blood to accumulate
in the pulmonary capillaries, uncoupling increases in
V¢ from cardiac output and generating high pulmonary
vascular pressures that further impair lung diffusing ca-
pacity. However, no study has directly assessed com-
ponents of lung diffusing capacity as well as invasive
hemodynamics simultaneously in patients with HFpEF.

Accordingly, the purpose of this study was to char-
acterize the relationship between lung diffusing ca-
pacity and central hemodynamics during exercise in
patients with HFpEF. It was hypothesized that patients
with HFpEF would have impaired lung diffusing capac-
ity and that the degree of impairment would correlate
with higher pulmonary vascular pressures.

METHODS

Patients

The data that support the findings of this study are
available from the corresponding author upon rea-
sonable request. Patients with symptoms of exer-
tional dyspnea and suspected HFpEF undergoing
exercise right heart catheterization were prospec-
tively enrolled after review of their medical record.
The experimental protocol was approved by the
Mayo Clinic institutional review board in accordance
with the Declaration of Helsinki and all participants
provided written informed consent. Patients were
defined as those with clinical symptoms of HFpEF:
dyspneic, LV ejection fraction >50%, and a PCWPm
>15 mm Hg at rest and/or >25 mm Hg during exer-
cise. Controls were defined as participants with no
demonstrable cardiac cause for symptoms, includ-
ing normal PAPm (<25 mm Hg at rest) and PCWPm
(<15 mm Hg at rest or <25 mm Hg with exercise).
Patients with other causes of HF such as significant
valvular heart disease; pericardial disease; infiltra-
tive, restrictive, or hypertrophic cardiomyopathy; and
high-output HF were excluded. Patients with ejection
fraction <60% were also excluded.
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Study Design

All patients performed incremental stage cycling exer-
cise with a right heart catheter placed in the internal
jugular vein and a systemic arterial catheter placed in
the radial artery as previously described.>® Exercise
was performed in the supine position with a cycle
ergometer attached to a catheterization table (Cath
Ergometer, Medical Positioning Inc) and comprised
5 minutes of exercise at 20 W before the workload was
increased by 20 W every 3 minutes until volitional ex-
haustion. Breath-by-breath pulmonary gas exchange,
arterial blood pressure, and ECG were recorded con-
tinuously, and lung diffusing capacity, hemodynamic,
and hematological measures were recorded at rest,
a fixed work rate (20 W), and symptom-limited maxi-
mal exercise. At rest and during each exercise stage,
rate of perceived exertion and dyspnea were recorded
using the Borg and Modified Borg scales, respec-
tively.'”” Resting echocardiographic variables were as-
sessed including the ratio of early mitral inflow velocity
to early diastolic mitral annular velocity, and pulmonary
function measurements, including forced vital capac-
ity (FVC) and forced expiratory volume in 1 second
(FEV,), were assessed clinically according to American
Thoracic Society guidelines, along with NT-proBNP
(N-terminal pro-B-type natriuretic peptide), estimated
glomerular filtration rate, and creatinine.'

Hemodynamic Measures

An arterial catheter (4F to 6F radial arterial cannula) was
placed under local anesthesia (2% lidocaine) for arte-
rial blood draws and continuous blood pressure re-
cordings. Systolic arterial blood pressure and diastolic
blood pressure were taken as the maximum and mini-
mum of the arterial pressure waveform, respectively.
Mean arterial pressure was calculated as one third
systolic blood pressure plus two thirds diastolic blood
pressure. Right heart catheterization was performed
through a 9F sheath via the internal jugular vein. A high-
fidelity, 2F micromanometer-tipped catheter (Aeris X
PressureWire, Abbott) advanced through the lumen
of a 7F fluid-filled catheter (Balloon Wedge-Pressure
Catheter, Arrow) was placed in the internal jugular vein
for pulmonary artery (PA) blood draws and pressure
waveform monitoring of the PA pressure (PAP) and
pulmonary capillary wedge pressure (PCWP). Pressure
transducers were zeroed at mid-axilla by laser calipers.
PCWP position was confirmed by fluoroscopy, typical
waveforms, and oximetry. Continuous pressure wave-
forms were measured from both catheters and digitally
stored for subsequent offline analysis. Systolic PAP
and diastolic PAP were measured at end-expiration,
PAPmM was calculated as 0.61*systolic PAP+2,"* and
mean right atrial pressure and PCWPm were meas-
ured at the mid a-wave of end-expiration.
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Blood samples were drawn from the systemic and
PA catheters to measure hemoglobin and O, satura-
tions, at a standard temperature of 37°C, and subse-
quently used to calculate systemic and PA O, content
and arteriovenous O, difference (arteriovenous O,
difference=systemic-PA O, content). Cardiac output
was calculated by the direct Fick method (cardiac out-
put=0, consumption/arteriovenous O, difference), and
stroke volume (SV) was determined from cardiac out-
put and heart rate (SV=cardiac output/heart rate). The
transpulmonary gradient (TPG) was calculated as the
difference between PAPm and PCWPm. Pulmonary
vascular resistance was calculated as TPG/cardiac
output. Pulmonary arterial (PA) compliance was calcu-
lated as SV/(systolic PAP—-diastolic PAP).

Pulmonary Gas Exchange Measures
Breath-by-breath pulmonary gas exchange was
measured using a pneumotach (Medical Graphics
Corporation) and mass spectrometer (MGA 1100,
Marquette Electronics) configured with a commer-
cially available software package (BreezeSuite 6.4.1
SP5, Medical Graphics Corporation). Oxygen uptake
(VO,), carbon dioxide production (VCO,), minute ven-
tilation (Vg), end-tidal partial pressure of carbon diox-
ide P;CO,,expired partial pressure of carbon dioxide
PCO,, tidal volume (V5), breathing frequency (f,), ven-
tilatory equivalent for VCO, (V¢/VCO,), respiratory ex-
change ratio (VCO,/VO,), dead space to tidal volume
ratio via the Bohr equation [Vy/V; = (P,CO,—PCO,)/
P,CO,], and alveolar to arterial O, difference (AaDO,),
calculated using the alveolar gas equation, were quan-
tified breath by breath before being averaged for analy-
sis. The final 30 seconds of gas exchange data at rest,
a fixed work rate (20 W), and symptom-limited maximal
exercise are reported.

Lung Diffusing Capacity Measures

Lung diffusing capacity for carbon monoxide (DLg)
and for nitric oxide (DLy,) were measured in tripli-
cate at rest, and once at a fixed work rate (20 W) and
symptom-limited maximal exercise. The simultaneous
measurement of DL., and DL, using a rebreathe
technique has been previously described in detail.'5-""
Briefly, patients breathed on a mouthpiece attached
to a switching valve (Hans Rudolph) that enabled the
inspired air to be switched at end-expiration from
room air to a mixture of gases (35% O,, 0.6% C,H.,
0.3% C™80, 40 ppm NO, 9% He, and balance N,) from
a-5L bag filled to =120% of the patient’s tidal volume.
Patients were instructed to rebreathe from the bag at
a rate of 32 breaths per minute for 8 to 10 breaths,
before switching back to room air. Gas concentrations
in the bag were sampled using a mass spectrometer
(Marquette 1100 Medical Gas Analyzer, Perkin-Elmer)
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and nitric oxide analyzer (Sievers Instruments), and the
rate of disappearance of gases was used to calculate
DLy, and DL, with custom software.'®

Simultaneous measurement of DL, and DL, allows
for the calculation of Dm and Vc according to European
Respiratory Society guidelines.'® Lung diffusing capacity
tests were excluded if the DL /DL, ratio was <2.32,
since calculated Dm and Vc values are not physiological
as the DL, /DL, ratio approaches the a ratio.'

Statistical Analysis

Between-group demographic differences were com-
pared using a t test assuming unequal variance
(Table 1) and performed using JMP (JMP Pro 14.1.0,
SAS Institute Inc) with a statistical significance level
of P<0.05. Values are reported as mean+SD, except
NT-proBNP, which is reported as median (range).
Repeated measures ANOVA was used to determine
between-group (HF versus control) differences, within-
group (rest, 20 W, and symptom-limited maximal ex-
ercise) differences, and interactions, and Pearson
correlation coefficients were computed to explore the
relationship between VO, and Dm (SPSS Statistics ver-
sion 25, IBM), and reported as mean+standard error.

RESULTS

Patients

Among 30 patients who completed the study, 20 pa-
tients met the diagnostic criteria for HFpEF, and 10
patients demonstrated normal PAPm (<25 mm Hg at
rest) and PCWPmM (<15 mm Hg at rest or <25 mm Hg
with exercise) and were considered controls (baseline
hemodynamics in Table 2). Demographics and medica-
tion use at the time of the study are reported in Table 1.
Patients were predominantly women, and the propor-
tion of women was similar in both groups. Patients with
HFpEF were older, had a higher body mass index, early
diastolic mitral annular velocity ratio, and NT-proBNP;
lower hemoglobin and estimated glomerular filtration
rate; and a greater proportion of diuretics use. FVC and
FEV, were lower in patients with HFpEF.

Exercise capacity was reduced in patients with HFpEF
compared with controls, with lower symptom-limited
VO, (HFpEF: 877+60 mL/min, controls: 1264+121 mL/
min; P=0.003) and respiratory exchange ratio (HFpEF:
0.92+0.02, controls: 1.02+0.03; P=0.003), while symptom-
limited maximal power output during incremental exer-
cise testing was 51% lower in patients with HFpEF than
controls (HFpEF: 52+6 W, controls: 106+13 W, P<0.01).
Postexercise arterial lactate was lower in patients with
HFpEF (2.5+0.3 mmol/L versus 4.7+1.1mmol/L, P=0.014).
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Table 1. Patient Characteristics
Control HFpEF
n=10 n=20 P Value

Patient characteristics
Women, % 70 75 0.780
Age, y 55+10 65+11 0.023
Height, cm 170.9+9.6 167.9+10.6 0.454
Weight, kg 88.4+19.2 100.8+21.3 0.130
BMI, kg/m? 30.0+4.7 36.0+£8.4 0.045
BSA, m? 2.0£0.3 2.2+0.3 0.258
NT-proBNP, 69.9 (25-170) 601.4 0.015
pg/mL (25-3299)
Hemoglobin, 13.8+1.5 11.9+1.7 0.012
g/dL
Creatinine, 1.0+0.2 1.2+0.5 0.218
mg/dL
eGFR, mL/min 75.4+9.4 59.3+18.8 0.038
per m?
Smoking 30 37 0.724
history, %

Medications
ACEl, % 30 45 0.447
B-Blocker, % 32 35 0.155
Diuretics, % 30 70 0.038
Calcium 60 30 0.122
channel
blocker, %

Pulmonary function
FVC, % 1019 80+18 <0.01
predicted
FEV,, % 100+14 76+20 <0.01
predicted
FEV,/FVC, % 98+8 95+12 0.520
predicted
FEF s 150 % 104+40 78450 0.214
predicted

Echocardiography
Ejection 63+4 62+3 0.811
fraction, %
LV mass 84.8+22.9 86.1£15.5 0.882
index, g/m?
LA volume 24.6+8.6 36.7+15.2 0.081
index, mL/m?
E/A ratio 1.1+0.3 1.9+0.9 0.062
E/e’ ratio 74411 13.6+£5.5 0.026

Wilcoxon rank sum nonparametric test was used to calculate P value.
Values are reported as mean+SD. ACEI indicates angiotensin-converting
enzyme inhibitor; BMI, body mass index; BSA, body surface area; E/A, ratio
of early to late filling velocity; E/e’, ratio of early mitral inflow velocity to early
diastolic mitral annular velocity; eGFR, estimated glomerular filtration rate,
values of >90 were considered to be 90; FEF,; 5, forced expiratory flow
at 26% to 756% of forced vital capacity; FEV,, forced expiratory volume in
1 second; FVC, forced vital capacity; HFpEF, heart failure with preserved
ejection fraction; LA, left atrial; LV, left ventricular; NT-proBNP, N-terminal
pro-B-type natriuretic peptide, reported as median (range), with values <25
considered to be 25.
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Table 2. Pulmonary Gas Exchange, Hemodynamics, Lung Diffusing Capacity, and Blood Gas Metrics at Rest, 20-W, and
Symptom-Limited Maximal Exercise

Symptom-Limited
Rest 20 W Maximal Exercise ANOVA Results, P Value
Control HFpEF Control HFpEF Control HFpEF HF ‘ Stage ‘ HF*Stage
Pulmonary gas exchange
VO,, mL/min 304+26 316+21 786+42 640+43* 1264+121 877+60* 0.008 <0.001 | 0.005
VO,, mL/min per kg 3.56+0.2 3.2+0.2 9.1+0.5 6.5+0.4* 14.5+1.1 9.0+0.7* <0.001 |<0.001 |0.001
VCO,, mL/min 240+17 260++19 649+51 525+38 1299+141 809+60* 0.002 <0.001 | <0.001
RER 0.80+0.02 0.82+0.03 | 0.82+0.04 0.82+0.01 1.02+0.03 0.92+0.02* | 0.161 <0.001 | 0.0385
RPE 7.3+0.7 6.0+0.5 10.8+0.8 11.7£0.9 17.1+0.9 14.6+0.8 0.255 <0.001 |0.060
Dyspnea 1.1+£0.5 1.1+0.5 2.9+0.8 4.4+0.6 7.6+1.0 7.0+0.5 0.940 <0.001 0.195
Ve, L/min 9.4+0.8 9.4+0.7 23.5+3.7 18.6+1.3 45.2+5.8 28.2+2.4* 0.007 <0.001 0.012
f,, breaths per min 15.7+1.5 18.8+1.2 27.9+4.5 26.7+1.4 35.7+4.9 34.1+2.2 0.979 <0.001 |0.378
Vo, mL 65777 529+36 892+59 716+48* 1360+170 844+54* 0.003 <0.001 | 0.009
PgCO,, mm Hg 33.1+1.7 37.4+1.1* 35.2+1.6 35.8+1.3 33.7+1.9 34.9+1.3 0.298 0.061 0.066
PeCO,/PCO, 0.69+0.02 0.66+0.01 | 0.75+0.01 0.73+0.01 0.79+0.01 0.76+0.01* 0.105 <0.001 | 0.960
Ve/VCO, 39.7+2.3 36.8+1.4 34.9+2.3 36.0+1.6 34.7+2.4 35.3+1.6 0.863 0.073 0.290
Vy/Vy 0.35+0.03 0.40+0.02 | 0.28+0.02 0.35+0.02* 0.24+0.02 0.30+0.02 0.025 <0.001 ]0.889
AaDO,, mm Hg 18.4+3.4 221+1.8 19.0+3.3 28.7+4.1 22.2+1.6 28.8+2.3 0187 0.321 0.633
Hemodynamics
Cardiac output, L/min 6.5+0.6 7.4+0.6 9.3+0.4 7.5+0.6" 11.8+£0.8 9.1+0.7* 0.154 <0.001 | 0.004
Cardiac index, L/min 3.2£0.2 3.4x0.2 4.6+0.2 3.56+0.3" 5.8+0.2 4.2+0.3" 0.026 <0.001 | 0.001
per m?
HR, beats per min 70+5 72+3 91+7 89+4 121+11 98+5* 0.307 <0.001 | 0.010
% predicted maximal HR | 42+8 47+9 55+12 58+12 73+20 63+13 0.847 <0.001 | 0.003
SV, mL 97+11 1038 108+10 85+6* 106+12 96+8 0.449 0.586 0.021
MAP, mm Hg 97+5 99+3 11345 11545 12215 116+5 0.958 <0.001 |0.166
RAPmM, mm Hg 71 12+1* 1041 21+2* 11 211 <0.001 <0.001 0.003
PAPmM, mm Hg 18+1 29+2* 26+1 43+3* 29+1 43+3* <0.001 |<0.001 |0.007
PCWPmM, mm Hg 101 18+1* 16+1 30+2* 18+2 30+2* <0.001 |<0.001 |0.014
TPG, mm Hg 91+1.6 11.0+1.6 10.1+1.3 12.9+2.4 10.7+1.8 12.4+2.2 0.474 0.296 0.809
PVR, mm Hg/L per min 1.5+0.3 1.9+0.4 11£0.2 2.4+0.9 1.0+0.2 1.6+0.4 0.269 0.200 0.308
PA compliance, mL/ 7.7+1.3 5.2+0.7 5.7+0.6 2.8+0.3* 5.2+0.8 3.3+0.4* 0.002 0.002 0.243
mm Hg
Lung diffusing capacity
DL¢o, mL/min per mm Hg | 16.4+2.3 10.4+0.7* 20.3+2.8 13.0+£0.9* 23.8+3.6 14.6+1.1* 0.003 <0.001 | 0.113
DLy, mL/min per mm Hg | 48.0+6.5 29.3+2.4* 62.1+8.5 37.4+2.2* 73.4+10.9 42.8+2.7" 0.001 <0.001 | 0.081
Dm, mL/min per mm Hg | 28.4+3.9 16.8+1.6* 37.9+5.4 21.7+1.2* 45.5+7.4 25.0+1.5* <0.001 <0.001 0.073
Ve, mL 84.9+11.2 69.5+6.0 85.3+9.2 75.6+7.2 100.9+12.6 83.0+8.8 0.263 0.129 0.918
Blood gases
Sa0o, 97+0.81 95+0.50 96+0.88 94+0.61 98+0.56 95+1.02 0.027 0.196 0.572
PaCO, 36+2.14 42+113* 37+2.26 41£1.33 35+2.28 39+1.74 0.471 <0.001 | 0.003
Pao, 84+4.61 72+3.04* 85+5.50 72+2.81* 90+3.61 75+3.67* 0.011 0.116 0.897

ANOVA results include the P value of between-patient effect (heart failure [HF]), within-patient effect (stage), and the interaction between the 2 effects
(HF*stage). Data are presented as mean+SEM. AaDO, indicates alveolar to arterial O, difference; DL, lung diffusing capacity for carbon monoxide; DL,
lung diffusing capacity for nitric oxide; Dm, alveolar-capillary membrane conductance; f,, breathing frequency; HFpEF, heart failure with preserved ejection
fraction; HR, heart rate; MAP, mean arterial pressure; PA, pulmonary artery, PAPmM, mean pulmonary artery pressure; PCWPm, mean pulmonary capillary
wedge pressure; PcCO,, expired partial pressure of carbon dioxide; P¢;CO,, end-tidal partial pressure of carbon dioxide; PVR, pulmonary vascular resistance;
RAPm, mean right atrial pressure; RER, respiratory exchange ratio; RPE, rate of perceived exertion; SaO,, arterial O, saturation; SV, stroke volume; TPG,
transpulmonary gradient; Ve, pulmonary capillary blood volume; VCO,, carbon dioxide production; V/Vy, ratio of dead space to tidal volume; Vg, minute
ventilation; VO,, O, consumption; and V-, tidal volume.

*Indicates post hoc difference between groups.
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Hemodynamic Measures

At rest, cardiac output, heart rate, and SV were not
different between groups (Table 2). At a fixed work rate
(20 W), patients with HFpEF had lower cardiac output,
attributable to lower SV. At symptom-limited maximal
exercise, SV was similar between groups, but cardiac
output was lower in patients with HFpEF as a result
of lower heart rate. At rest and during exercise, mean
arterial pressure was not different between groups
(Table 2). At rest and during exercise, mean right atrial
pressure, PAPm, and PCWPm were higher in patients
with HFpEF, despite a similar TPG and pulmonary vas-
cular resistance (Table 2).

Pulmonary Gas Exchange and Lung
Diffusing Capacity Measures

At rest, gas exchange and ventilatory parameters were
similar between groups (Table 2); however, patients with
HFpEF had a higher end-tidal partial pressure of CO..
At 20 W, tidal volume and VO, (absolute and normal-
ized to mass) were lower, and the ratio of dead space
to tidal volume was higher in patients with HFpEF. At
symptom-limited maximal exercise, VCO,, ventilation,
and tidal volume were lower in patients with HFpEF.
At rest and throughout exercise, DL, and DL, were
lower in patients with HFpEF, attributable to lower Dm,
while V¢ was not different between groups (Table 2).
During symptom-limited maximal exercise, there was a
significant correlation between VO, and Dm (R=0.82,
P<0.001).

Relationship Between Lung Diffusing
Capacity and Pulmonary Hemodynamics
The relationship between lung diffusing capacity varia-
bles (DL, Dm, and Vc) and PAPm was shallower and
rightward-shifted in patients with HFpEF compared
with controls (Figure 1), resulting in lower DL, Dm,
and Vc for a given PAPm. In controls, there was a linear
increase in DL, and Dm relative to PAPm from rest
to symptom-limited maximal exercise, while patients
with HFpEF increase DL, and Dm relative to PAPm
from rest to 20 W exercise and then reached a plateau.
Similarly, Vc increased from rest to 20 W and then
reached a plateau in both groups at symptom-limited
maximal exercise.

Similarly, the relationship between lung diffusing ca-
pacity variables (DLs,, Dm, and Vo) and PCWPm was
shallower and rightward-shifted in patients with HFpEF
compared with controls (Figure 1), resulting in lower
DLso, Dm, and Ve for a given PCWPm. In controls,
there was a linear increase in DL, and Dm relative to
PCWPm from rest to symptom-limited maximal exer-
cise, while patients with HFpEF increase DL, and Dm
relative to PCWPmM from rest to 20 W exercise and then
reached a plateau. Similarly, Vc increased from rest to
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20 W and then reached a plateau in both groups at
symptom-limited maximal exercise.

The relationship between lung diffusing capacity
variables (DL, Dm, and Vc) and PA compliance was
blunted and leftward-shifted in patients with HFpEF
compared with controls (Figure 2), resulting in lower
DLy, Dm, and Ve for a given PA compliance. In con-
trols, there was a linear increase in DL, and Dm relative
to PA compliance from rest to symptom-limited maximal
exercise, while patients with HFpEF increase DL, and
Dm relative to PA compliance from rest to 20 W exercise
and then reached a plateau at symptom-limited maximal
exercise. In patients with HFpEF from rest to 20 W, there
was a greater increase in Vc for a given decrease in PA
compliance compared with controls.

The relationship between lung diffusing capac-
ity variables (DLs,, Dm, and Vc) and TPG was shal-
lower and rightward-shifted in patients with HFpEF
compared with controls (Figure 3), resulting in lower
DLy, Dm, and Vc for a given TPG. In controls, there
was a linear increase in DL, and Dm relative to TPG
from rest to symptom-limited maximal exercise, while
patients with HFpEF increase DL, and Dm relative to
TPG from rest to 20 W exercise and then reached a
plateau. In patients with HFpEF from rest to 20 W, there
was a greater increase in Vc for a given increase in
TPG compared with controls.

DISCUSSION

In this study employing simultaneous measures of lung
diffusing capacity and invasive central hemodynamics
during exercise in HFpEF, we observed that lung dif-
fusing capacity was reduced for a given PAP, PCWP,
pulmonary arterial compliance, and transpulmonary
gradient in patients with HFpEF both at rest and dur-
ing exercise compared with controls without HFpEF.
Consistent with previous studies, impaired lung dif-
fusing capacity in HFpEF was predominantly due to
a reduction in alveolar-capillary membrane conduct-
ance'®?0 rather than reductions in pulmonary capil-
lary blood volume. Given that lung diffusing capacity
impairments were associated with altered pulmonary
hemodynamics in this study, alveolar-capillary mem-
brane dysfunction may play a central role in pulmo-
nary limitations previously described in HFpEF such
as ventilation-perfusion mismatch, a thickening of the
pulmonary capillaries due to remodeling, or the devel-
opment of extravascular lung fluid due to increased
pulmonary capillary hydrostatic pressure.*921
Alveolar-capillary membrane conductance reflects
the total diffusive surface area in the lung, where venti-
lation and perfusion are matched and gas transfer can
occur. Ventilation-perfusion inhomogeneity, estimated
by the ratio of the partial pressure of expired CO, to
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Figure 1. The relationship between lung diffusing capacity for carbon monoxide (DL, top), alveolar-capillary membrane
conductance (Dm, middle), and pulmonary capillary blood volume (Vc, bottom) and (A) mean pulmonary artery pressure
(PAPm) and (B) mean pulmonary capillary wedge pressure (PCWPm) measured at rest (circles), a fixed work rate (20 W,

squares), and symptom-limited maximal exercise (triangles).

Mean and standard error are shown for each stage. HFpEF indicates heart failure with preserved ejection fraction.

end-tidal CO, (PcCO,/PCO,)?? did not differ between
patients with HFpEF and controls. However, there was
a trend towards a greater difference between P,CO,
measured in the blood and end-tidal partial pressure of
carbon dioxide in patients with HFpEF compared with
controls, which might suggest a slight gas exchange
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impairment. Abnormal breathing patterns, such as
rapid and shallow breathing, have been reported in
HFpEF and would lead to increased dead space and
reduced ventilatory efficiency.*® Indeed, there was a
significant effect of HF on the ratio of dead space to tidal
volume, which may be caused by shallower breathing
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Figure 2. The relationship between (A) lung diffusing
capacity for carbon monoxide (DL, top), (B) alveolar-capillary
membrane conductance (Dm, middle), and pulmonary
capillary blood volume (Vc, bottom) and (C) pulmonary artery
compliance (PAC) at rest (circles), a fixed work rate (20 W,
squares), and symptom-limited maximal exercise (triangles).
Mean and standard error shown for each stage. HFpEF indicates
heart failure with preserved ejection fraction.

patterns in patients with HFpEF during exercise. While
increased dead space can contribute to reduced ven-
tilatory efficiency (estimated by the ventilation required
to remove 1 L of CO, from the blood via the lungs),
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Figure 3. The relationship between (A) lung diffusing
capacity for carbon monoxide (DL.,), (B) alveolar-capillary
membrane conductance (Dm), and (C) pulmonary capillary
blood volume (Vc) and transpulmonary gradient (TPG) at rest
(circles), a fixed work rate (20 W, squares), and symptom-
limited maximal exercise (triangles).

Mean and standard error shown for each stage. HFpEF indicates
heart failure with preserved ejection fraction.

Ve/VCO, was not different between patients with
HFpEF and controls. Additionally, severe ventilation-
perfusion mismatch would be expected to cause an
increase in the alveolar to arterial O, difference, and
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while alveolar to arterial O, difference trended higher
in patients with HFpEF, it was not different between
groups. Abnormal breathing patterns and ventilation
perfusion mismatch may contribute to the reduction in
lung diffusing capacity in patients with HFpEF, but do
not appear to be the primary factor.

Consistent with prior hemodynamic studies®® and
an autopsy study of patients with HFpEF revealing re-
modeling of the pulmonary vasculature,®’ pulmonary
arterial compliance during exercise was lower in pa-
tients with HFpEF, coupled with a systematically lower
DLco at rest and during exercise. Interestingly, the re-
duced DLco in patients with HFpEF was predominantly
driven by a reduced alveolar-capillary membrane con-
ductance (Table 2). Collectively, these findings suggest
that remodeling of the alveolar or pulmonary capillary
membrane may impair gas diffusion by increasing the
diffusion distance and decreasing the distensibility of
the pulmonary vessels. While not significantly different,
Vc trended lower in patients with HFpEF, and it is pos-
sible that the absence of difference could be related
to increased variability for this measure. The trend of
a lower Vc in patients with HFpEF suggests that pul-
monary capillaries might be underperfused, which
may relate to the increased dead space in HFpEF.
Alternatively, Vc may be similar in the groups because
of the competing pathophysiologic processes present
in HFpEF that nullify one another. Oligemia and loss of
effective capillary units caused by chronic remodeling
may reduce Vc?' while, concomitantly, the increase in
capillary distending pressure owing to left atrial hyper-
tension may increase capillary recruitment and Vc.?*
The pattern of increase in DLco during exercise was
similar between groups (ie, HFpEF could still augment
DLco during exercise), suggesting that higher pulmo-
nary vascular pressures in patients with HFpEF may
be necessary to maintain, to some extent, ventilation-
perfusion matching at rest and during exercise.

In controls, exercise-induced increases in PCWP
are accompanied by substantial increases in lung dif-
fusing capacity, whereas patients with HFpEF appear
to hit a PCWPm ceiling, beyond which lung diffusing
capacity does not increase. This could be because of
the development of lung fluid, which has been detected
in patients with HFpEF during exercise by sonographic
B-line artifacts or “comet tails”® and CT-derived esti-
mates of extravascular lung fluid.?® It is possible that
lung fluid develops in some patients during exercise
caused by high pulmonary capillary hydrostatic pres-
sure impeding alveolar-capillary gas transfer and caus-
ing a reduction in Dm.

In this study, patients with HFpEF had markedly re-
duced lung diffusing capacity for a given PAP, PCWP,
and pulmonary arterial compliance. Recruitment and
distension of pulmonary capillaries improves ventilation-
perfusion matching within the lungs during exercise
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and allows for the increase in pulmonary blood flow
without a proportional increase in pressure.?® While
recruitment and distension patterns cannot be mea-
sured directly, the distensibility of the pulmonary vas-
culature, estimated by the a coefficient mathematically
determined from the curvilinearity of multipoint PAPm-
cardiac output plots, independently predicts aerobic
capacity and relates to lung diffusing capacity,?” and
distensibility has previously been shown to be reduced
in patients with HFpEF as compared with controls.?® It
is notable that the diminished DL response was sim-
ilar relative to both PAPm and PCWPm in HFpEF, and
here we have chosen to focus on PCWPm since the
increase in filling pressure drives the augmented PAPmM
in patients with HFpEF. The increase in lung diffusing
capacity for a given increase in PCWP may provide in-
sight into the ability of the pulmonary microcirculation
to accommodate increases in blood flow during exer-
cise despite high LV filling pressure.

Lung diffusing capacity was lower for a given
transpulmonary gradient in HFpEF. The transpulmo-
nary gradient describes the ability of the pulmonary
circulation to promote forward blood flow despite
high ventricular filling pressures. In this study, con-
trols appear to increase TPG throughout exercise,
while patients with HFpEF reach a ceiling at 20 W.
Pharmacological reduction of PCWP and the transpul-
monary gradient in older individuals using sildenafil
reduces lung diffusing capacity,?® suggesting that a
higher PCWP and transpulmonary gradient may be
needed to overcome pulmonary vascular remodeling
and maintain lung diffusing capacity. A therapy that
decreases PCWPmM while maintaining or increasing
TPG, such as pericardiotomy, may improve pulmonary
perfusion and alveolar-capillary gas diffusion in these
patients.3°

Study Limitations

For this study, our control group was limited to patients
who were referred for exercise right heart catheteriza-
tion for symptoms of exertional dyspnea. Because of
the prospective enrollment, there was a difference in
age between groups, which may have contributed to
a lower DL, in the HFpEF group, with an expected
decline in DLCO with age of =0.2 mL/min per mm Hg
per year, resulting in a 2-mL/min per mm Hg difference
over 10 years. Consequently, the age difference may
contribute to, but likely does not fully account for, the
6-mL/min per mm Hg difference (at rest) in DL, be-
tween patients with HFpEF and controls. Additionally, a
baseline hemoglobin difference of 2 g/dL may explain
up to a 0.7-mL/min per mm Hg reduction in DL, val-
ues.®" While care was taken to ensure that the control
patients did not have abnormally elevated pulmonary
vascular pressures or evidence of cardiopulmonary
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disease, they may not represent a true healthy popula-
tion. Nevertheless, the control patients enrolled in this
study would bias our results toward the null hypoth-
esis, meaning that the differences shown between
patients with HFpEF and controls would be greater
if completely healthy volunteers were studied as the
control group. In addition, all participants performed
supine exercise consistent with the current institu-
tional clinical protocols, which likely improves recruit-
ment of pulmonary capillaries in the upper regions of
the lungs at rest, and this may alter the distribution of
lung fluid accumulation as compared with upright ex-
ercise. Respiratory exchange ratio at the highest exer-
cise workload was lower in patients with HFpEF than
controls, suggesting a lower hyperpnea response dur-
ing exercise, which may affect exercise comparisons.
Failure to achieve a higher peak respiratory exchange
ratio is common in patients with HFpEF and likely re-
lates to earlier exercise cessation caused by symptom
limitation such as discomfort associated with dyspnea
and lung congestion. Despite the differences in relative
intensity, the comparisons made are valid in that they
both represent the point of volitional exhaustion. Finally,
this was an observational, cross-sectional study, and
thus interventional studies that independently alter
the PCWPmM response to exercise in HFpEF, such as
pericardiotomy,®° are needed to elucidate a possible
causal relationship between pulmonary vascular pres-
sures and lung diffusing capacity.

CONCLUSIONS

Lung diffusing capacity is impaired at rest and during
exercise in HFpEF, particularly when evaluated with
respect to pulmonary distending pressures, which
are significantly higher in this cohort. Interventions
that independently manipulate pulmonary arterial
and venous pressures are required to determine
whether high pressures and impairments in lung dif-
fusing capacity are co-occurring effects of HFpEF or
if high pulmonary vascular pressures are a compen-
satory mechanism to maintain pulmonary perfusion,
and thereby lung diffusing capacity, in the setting of
left heart disease.
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