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Abstract

Aims

and results

Conclusions

Pulmonary hypertension (PH) and pulmonary vascular disease (PVD) are common and associated with adverse
outcomes in left heart disease (LHD). This study sought to characterize the pathophysiology of PVD across the spectrum
of PH in LHD.

Patients with PH-LHD [mean pulmonary artery (PA) pressure >20 mmHg and PA wedge pressure (PAWP)
>15 mmHg] and controls free of PH or LHD underwent invasive haemodynamic exercise testing with simultaneous
echocardiography, expired air and blood gas analysis, and lung ultrasound in a prospective study. Patients with
PH-LHD were divided into isolated post-capillary PH (IpcPH) and PVD [combined post- and pre-capillary PH
(CpcPH)] based upon pulmonary vascular resistance (PVR <3.0 or >3.0 WU). As compared with controls (n= 69)
and IpcPH-LHD (n =55), participants with CpcPH-LHD (n = 40) displayed poorer left atrial function and more severe
right ventricular (RV) dysfunction at rest. With exercise, patients with CpcPH-LHD displayed similar PAWP to IpcPH-
LHD, but more severe RV-PA uncoupling, greater ventricular interaction, and more severe impairments in cardiac
output, O, delivery, and peak O, consumption. Despite higher PVR, participants with CpcPH developed more severe
lung congestion compared with both |pcPH-LHD and controls, which was associated lower arterial O, tension, reduced
alveolar ventilation, decreased pulmonary O, diffusion, and greater ventilation-perfusion mismatch.

Pulmonary vascular disease in LHD is associated with a distinct pathophysiologic signature marked by greater exercise-
induced lung congestion, arterial hypoxaemia, RV—PA uncoupling, ventricular interdependence, and impairment in O,
delivery, impairing aerobic capacity. Further study is required to identify novel treatments targeting the pulmonary
vasculature in PH-LHD.
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Key Question

The pathophysiologic mechanisms underlying exertional intolerance in patients with pulmonary hypertension due to left heart disease
(PH-LHD) with or without pulmonary vascular disease (PVD) remain unclear, particularly as they relate to pulmonary function.

Key Finding

The presence of PVD in patients with PH-LHD is characterized by more severe increases in lung congestion during exercise compared to
patients without PVD, resulting in impairments in gas exchange, greater ventilation-perfusion mismatch, increased dead space ventilation,
and development of arterial hypoxemia, in addition to right ventricular-pulmonary vascular uncoupling and enhanced ventricular

interdependence.

Take Home Message

PVD in PH-LHD is characterized by distinct pathophysiologic features leading to greater severity of lung congestion, right heart failure,
and impaired oxygen uptake and delivery during exercise. Further study is required to better understand and treat PVD in PH-LHD.
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Introduction

Left heart disease (LHD) is the most common cause of pulmonary
hypertension (PH)."™ While PH-LHD is initially caused by passive
transmission of high left atrial (LA) pressures, some patients develop
pulmonary vascular disease (PVD), defined by an increase in pulmonary
vascular resistance (PVR).% Patients with PH-LHD and PVD display
poorer outcomes.®"* This is likely related in part to right ventricular
(RV) dysfunction in this cohort,”™° but the impact of PVD on the
lungs is not well-described.

Diuretics and vasodilators reduce PVR in some patients with
PH-LHD 82 impugning vasoconstriction and vascular oedema as
mechanisms, but other patients develop vascular structural remodel-
ling that coexists with vasoconstriction.?”1° This remodelling is often
conceptualized as affecting small arterial vessels,'®** but venous re-
modelling was described decades ago in mitral valve disease,>* and
recent studies have revealed venous remodelling in non-valvular re-
lated forms of PH-LHD, including heart failure.”*® This venous con-
striction could exaggerate pulmonary capillary hypertension out of
proportion to the observed increase in LA pressure, worsening
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lung oedema. Structural and functional abnormalities in PVD also ex-
tend to the level of the pulmonary capillaries, which may further im-
pair systemic O, delivery during stress.?’2®

We hypothesized that in addition to impairments in RV-pulmonary
vascular coupling, patients with PVD would display abnormalities in
the arterial, capillary, and venous components of the lung circulation
during exercise that lead to greater increases in lung congestion and
abnormalities in gas exchange. To test this hypothesis, we performed
a prospective, simultaneous invasive/imaging study with expired gas
and blood gas analysis at rest, and during exercise in patients with
and without PVD.

Methods

Study population

The study cohort consisted of patients undergoing invasive haemodynamic
exercise testing for the evaluation of dyspnoea at the Mayo Clinic,
Rochester, MN, USA between February 2018 and May 2021 who agreed
to participate in this prospective study. Puimonary hypertension-left heart
disease was defined by the presence of New York Heart Association
(NYHA) Functional Class -l dyspnoea, elevated mean pulmonary artery
(PA) pressures at rest (>20 mmHg),”® and elevated PA wedge pressure
(PAWP) at rest (=15 mmHg), regardless of ejection fraction (EF).'
Individuals with LHD manifest exclusively by exercise-induced elevation in
PAWP or PA pressure were not included. Participants with PH-LHD
were then categorized as those without or with PVD based upon PVR, as
isolated postcapillary PH (IpcPH, PVR <3.0 WU) or combined post- and
pre-capillary PH (CpcPH; PVR >3.0 WU).! Controls free of PH or LHD
were included as an additional comparator group. These patients showed
no evidence of myocardial or valve disease on echocardiogram, normal
rest, and exercise PAWP (rest <15 mmHg, exercise <25 mmHg) and
normal mean PA pressures (rest <20 mmHg, exercise <40 mmHg). All
controls were found to have dyspnoea related to deconditioning and/or
psychogenic aetiologies, as cardiac, pulmonary, and pulmonary vascular
disorders had been excluded prior to or at the time of catheterization. In
all patients, the probability for heart failure with preserved EF was deter-
mined according to the HoFPEF and HFA-PEFF scores.*®*’

Patients with underlying lung disease (including both parenchymal and
thromboembolic disease) were excluded, along with patients with
pre-load failure, hypertrophic, infiltrative, or RV cardiomyopathies,
constrictive pericarditis, high-output heart failure, and unstable coronary
artery disease (see Supplementary material online, Figure ST). All partici-
pants provided written informed consent and the study was approved by
the Mayo Clinic Institutional Review Board. All authors have read and
agreed to the manuscript as written.

Haemodynamic evaluation
Participants underwent maximal-effort supine cycle ergometry testing
with simultaneous expired gas analysis, echocardiography, blood
sampling, and lung ultrasound, using methods we have previously
described.>>3* Transducers were zeroed at mid-thorax, and all pressure
tracings were digitized (240 Hz) and stored for offline analysis. At rest,
right atrial pressure (RAP), PA pressures, and PAWP were measured
at end-expiration from the mean of >3 beats using 2-Fr high fidelity
micromanometer-tipped catheters advanced through the lumen of a
7-Fr fluid-filled catheter. During exercise, pressures were taken as the
average over >3 respiratory cycles.*®

PAWP position was confirmed by the appearance on fluoroscopy,
characteristic pressure waveforms, and oximetry (saturation >94%).
Because the focus of this analysis is on pulmonary vascular pressure

loading downstream of the RV and PA, rather than left ventricular
(LV) responses to exercise, PAWP was defined as the mean area under
the pressure-time curve downstream of balloon occlusion, including A,
C, and V waves, rather than mid-A wave.>® Left ventricular transmural
pressure (LVTMP), which reflects LV pre-load independent of right heart
filling pressure and external pericardial restraint, was estimated as
PAWP-RAP.*3#

A 4-6 Fr radial arterial cannula was used to measure arterial blood
pressure (BP) and enable arterial blood gases sampling. Arteriovenous
O, difference (AVO, diff) was directly measured as the difference be-
tween systemic arterial O, content (CaO;) and PA O, content
(CvO,) (=saturation x haemoglobinx 1.34). Cardiac output (Qr) was
then calculated using the direct Fick method [ = oxygen consumption
(VO,)/AVO, diff]. Convective O, delivery (DO,) was calculated as
Qr x CaO,. Pulmonary vascular resistance [(mean PA—PAWP)/Q7]
and PA compliance [PAC=stroke volume/(PA systolic—diastolic
pressure)] were calculated using standard equations.

After baseline data were acquired, haemodynamic assessment and
expired gas analysis were performed during supine exercise, starting at
20 W for 5 min (to allow imaging during submaximal exercise), increas-
ing in 20 W increments in 3 min stages to volitional exhaustion, at which
time peak measurements were obtained. Symptoms of dyspnoea and fa-
tigue during exercise were rated by subjects during each stage according
to the Borg perceived dyspnoea (0—10) and fatigue scales (6-20).

Expired gas and blood gas analysis
Breath-by-breath VO,, carbon dioxide production (Vco,), tidal volume
(V1), minute ventilation (Vg), and respiratory rate were measured
throughout each study (MedGraphics, St Paul, MN, USA)3%
Ventilatory efficiency was assessed by the slope of Vg to VCO,, which
was calculated from the slope of all V¢ and VCO, data points during ex-
ercise.>* The degree of V/Q mismatch was estimated from the ratio of
dead space ventilation to tidal volume (Vp/Vr) determined from the
modified alveolar gas equation (higher values indicate greater dead space
ventilation and higher V/Q),>**° and by the physiologic pulmonary shunt
fraction determined by the Berggren equation (higher values indicate
greater physiologic right-to-left shunt and lower V/Q).*' Detailed meth-
ods for the derived blood gas and ideal alveolar equation parameters are
described in Supplementary material online, Supplementary Methods.

Cardiac structure and function
Two-dimensional, M-mode, Doppler, and tissue Doppler echocardiog-
raphy were performed by cardiologists according to the American
Society of Echocardiography guidelines.*? Left ventricular ejection fraction
(LVEF) was calculated using the Teichholz method. Heart failure with re-
duced EF was defined as EF <<50%. Left ventricular diastolic function was
assessed using the early diastolic mitral inflow velocity (E), early diastolic an-
nular tissue velocity at septal and lateral annulus (€'), and the average E/e
ratio. Speckle tracking strain analyses were performed using commercially
available software (Image Arena, TomTec, Unterschleissheim, Germany)
from resting images. Left atrial reservoir strain was measured taking the
mean of three beats from the apical two-chamber and four-chamber views
using the ECG R wave as fiducial point.*? Right atrial (RA) reservoir strain
was measured from the four-chamber views.** The average values of peak
longitudinal systolic strain obtained from all segments of the free wall and
septal wall of the right ventricle and only from the free wall were defined
as RV global longitudinal strain (GLS) and RV-free wall longitudinal strain
(FWLS), respectively.?

Echocardiographic data were also obtained simultaneously with inva-
sive_ haemodynamic assessment at rest and during all stages of exer-
cise.>33 Right ventricular function was assessed using tricuspid annular
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Table 1 Baseline characteristics

Control subjects (n =69)

IpcPH (n=55)

CpcPH (n=40)

P-value

Age (years)
Female sex, n (%)
Body mass index (kg/m?)
Obesity
HFpEF/HFrEF/VHD
Comorbidities, n (%)
Coronary disease
Diabetes mellitus
Hypertension
Atrial fibrillation
Medications, n (%)
ACEIl or ARB
B-Blocker
Loop diuretic
Laboratories
Haemoglobin (g/dL)
Estimated GFR (mL/min/1.73m?)
NT-proBNP (pg/mL)
Cardiac structure and function
LA volume index (mL/m?)
LA reservoir strain (%)
LA booster strain (%)
LVEF (%)
LV mass index (g/m?)
Septal e’ (cm/s)
Lateral €’ (cm/s)
E/e’ ratio
RV basal dimension (mm)
RV mid cavity dimension (mm)
RV longitudinal dimension (mm)
RV GLS (%)
RV FWLS (%)
RA reservoir strain (%)
RA booster strain (%)
Moderate or greater TR, n (%)
Moderate or greater MR, n (%)
Pulmonary function test
FVC (% predicted) (n=81)
FEV, (% predicted) (n=281)

41 (59%)
292 457
29 (42%)

18 (26%)
7 (10%)

60 (87%)
3 (4%)

15 (22%)
22 (32%)
15 (22%)

132+ 16
69 + 17
62 (39, 188)

26 (21, 34)
320 + 87
157 +57
60 + 6
81+ 19
73+ 21
100 + 25
9(8,12)
3B+6
29 + 10
71+ 1
191 + 35
216 + 50
364 + 102
174+ 58
101)
0(0)

98 + 20
95 + 20

30 (55%)
34.8 4 8.3*
39 (71%)
46/6/3

17 (31%)
16 (29%)
52 (95%)
22 (40%)

20 (36%)
23 (42%)
23 (42%)

129+ 15
68 + 20
363 (90, 890)*

34 (27, 48)*
226 + 9.0%
114 + 49%
58 + 11
95 + 31
74426
9.0 + 3.0
11 (9, 16)*
42 4+ 9%
33+9
76 + 10
163 + 4.6*
208 + 6.4
247 + 13.0%
134 + 5.2%
5 (9)
5(9)

84 + 15%
80 + 16*

71 4 13%%x
24 (60%)
317 + 84
19 (48%)
26/8/6

10 (25%)
18 (45%)
35 (88%)
28 (70%)

22 (55%)
29 (73%)
31 (78%)

125+ 19
53 £ 16%**

1576 (939, 2766)***

46 (36, 60)k**
129 + 6.5%%x
49 + 31%%x
55 + 14%
102 + 33*
5.3 4 1.7%%%
7.3 4+ 2.6%%%
18 (13, 25)%**
45 + 9%
34+9
77 £ 11%
141 £ 34%%x
17.6 + 5.0%%x
12.1 4 8.8%*x
6.3 + 4.5%%%
17 (43)
8 (20)

78 + 16*
/2 e (I

0.8

0.0002

0.3
<0.0001

0.002
0.0002
<0.0001

0.1
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
0.03
0.003
<0.0001
<0.0001
<0.0001
<0.0001
0.04
0.02
<0.0001
0.007
<0.0001
<0.0001
<0.0001
0.0009

<0.0001
<0.0001

Continued
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Table 1 Continued

Control subjects (n=69)

FEV4/FVC ratio (%) (n=93) 76 +7

DLco (mL/min*mmHg) (n=91) 20+ 5
Probability of HFpEF

H,FPEF score 2(1,3)

HFA-PEFF score 2 (0, 2)

IpcPH (n=55) CpcPH (n=40) P-value
74 + 8 73+7 0.2
18+5 12 £ S¥*x <0.0001
5(3, 5)* 7 (6, 8)*** <0.0001
4 (2, 6)% 6 (5, 6)*** <0.0001

Data are mean + SD, median (interquartile range), or n (%). Final column reflects overall group differences.

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CpcPH, combined post- and pre-capillary pulmonary hypertension; DLCO, diffusing capacity for
carbon monoxide; EF, ejection fraction; FEV4, forced expiratory volume in 1s; FVC, forced vital capacity; FWLS, free wall longitudinal strain; GFR, glomerular filtration rate; GLS, global
longitudinal strain; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IpcPH, isolated post-capillary pulmonary hypertension; LA,
left atrial; LHD, left heart disease; LV, left ventricular; MR, mitral regurgitation; NT-pro BNP, N-terminal-pro-B-type natriuretic peptide; RA, right atrial; RV, right ventricular; TR,

tricuspid regurgitation; VHD, valvular heart disease.
*P < 0.05 vs. controls, #P < 0.05 vs. IpcPH groups.

plane systolic excursion (TAPSE), RV systolic tissue velocity at the lateral
tricuspid annulus (RV's'), and RV fractional area change (FAC). Right ven-
tricular—pulmonary artery coupling was assessed by the ratio of RV ¢/,
TAPSE, and FAC to invasively measured systolic PA pressure as in prior
studies."®3* Ventricular interaction was assessed by the LV eccentricity
index, whereby higher values indicate more septal flattening and greater

. . . I .. 3845
ventricular interaction/pericardial restraint.”™

Lung congestion imaging

Lung ultrasound was performed simultaneously at rest and during exer-
cise to provide a quantitative measure of extravascular lung water
(EVLW) as previously described.>* Lung ultrasound was performed using
a phased array transducer using positions along the mid-axillary and mid-
clavicular lines in the left third and fourth intercostal spaces. Because of
time constraints for imaging of the lung and right heart in tandem, lung
ultrasound was restricted to these four imaging windows with B-lines
summed for the four windows at each stage. The total number of
B-lines was calculated at rest and during all stages of exercise. The repro-
ducibility of B-lines measurement was assessed in 20 randomly selected
patients. Intra-observer agreement was evaluated after the same obser-
ver (K.O.) repeated the measurements 4 weeks later, and inter-observer
agreement was tested by comparing the measurement made by another
experienced reader (H.S.). The intraclass correlation coefficients for
intra-observer and inter-observer agreement for B-lines at rest were
0.93 and 0.98 and B-lines with exercise were 0.86 and 0.96.

Pulmonary function test

Participants underwent assessment (when clinically indicated) of spirom-
etry including assessment of forced vital capacity (FVC), forced expira-
tory volume in 1s (FEV4), and the diffusing capacity of the lungs for
carbon monoxide (DLco) using the single-breath method.

Statistical analysis

Data are reported as mean and standard deviation (SD) for normally distrib-
uted data, median, and interquartile range (IQR) for non-normally distribu-
ted data, or number with relative frequency. Between-group differences
were first compared by one-way ANOVA, the Kruskal-Wallis H test, or
X° test, as appropriate. The Tukey honestly-significant-difference test or
Steel-Dwass was then used to compare between two individual groups.
Linear regression analyses and Pearson correlation coefficients were used
to assess relationships between changes in variables of interest. A two-sided

P-value of <0.05 was considered statistically significant. As the present study
was focused on pathophysiology and mechanisms rather than treatment al-
gorithms, no correction for multiple hypothesis testing was performed. All
data were analysed using JMP14.0 (SAS Institute Inc,, Cary, NC, USA).

Results

Participants with CpcPH were older and displayed higher preva-
lences of diabetes and atrial fibrillation, with more severe kidney
dysfunction and higher N-terminal pro-B-type natriuretic peptide
levels (Table 7). Participants with PH-LHD displayed lower LVEF,
greater RV basal dilation, and LV mass index as compared with con-
trols. Participants with CpcPH displayed lower septal and lateral €/,
higher E/e’ ratio, more severely impaired LA and RA reservoir and
booster strain, RV GLS, and RV FWLS, and greater LA volumes,
and significant tricuspid regurgitation and mitral regurgitation com-
pared with controls and IpcPH. Participants with available spirometry
measurements did not differ from those without these data (see
Supplementary material online, Table ST). Compared with controls,
patients with PH-LHD displayed lower %predicted FVC and lower
%predicted FEV4 Participants with CpcPH reduced pulmonary
diffusion capacity assessed by DLco, although the FEV4/FVC ratio
was similar in all groups. Participants with PH-LHD displayed higher
H,FPEF score and HFA PEFF score as compared with controls but
has higher probability in CpcPH compared with IpcPH (Table 1,
Supplementary material online, Figure S2).

Haemodynamics

As compared with controls and IpcPH, participants with CpcPH
displayed higher biventricular filling pressures, PA pressures, and
(by definition) PVR, with lower PA compliance at rest (Table 2).
Peak exercise workload achieved was lower in participants with
CpcPH compared with IpcPH and controls (34 + 25 and 53 + 28
vs. 67 + 40 W, P<0.0001). During exercise, patients with IpcPH
and CpcPH reached severe and similar elevation in PAWP that greatly
exceeded controls, but RAP and PA pressures increased to a greater
extent in CpcPH than both IpcPH and controls, along with higher PVR
and lower PA compliance (Table 3). Systemic arterial pressures were
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Table 2 Resting haemodynamics and integrated cardiopulmonary function

Control subjects (n=69) IpcPH (n=55) CpcPH (n=40) P-value
Vialsigns
Heart rate (b.p.m.) 72+ 12 76 + 20 71 £ 15 0.2
Systolic BP (mmHg) 142 + 22 156 + 23* 149 + 28 0.009
Mean BP (mmHg) 95 +12 104 + 13% 97 + 16 0.002
Ventricular filling pressures
RAP (mmHg) 5+2 12 + 4% 15 £ 5¥*x <0.0001
PAWP (mmHg) 8+3 20 + 3* A3 g 4R <0.0001
PAWP V wave (mmHg) 10+4 26 + 6% 34 + 11%%x <0.0001
RAP/PAWP ratio 0.67 + 0.25 0.62 + 0.18 0.66 + 0.19 0.5
LVTMP (mmHg) 2(1,4) 7 (4,10)* 8 (4, 11)* <0.0001
Pulmonary circulation
PA systolic pressure (mmHg) 2545 42 + 10% 67 + 18%** <0.0001
PA diastolic pressure (mmHg) 10+ 3 20 + 5% 27/ 4 G55 <0.0001
PA mean pressure (mmHg) 16 + 3 29 + 6% 44 + 9FH* <0.0001
Diastolic pressure gradient (mmHg) 2(0,4) 1(-2,3) 3(0,7) ** 0.002
PVR (WU) 1.5 (1.2, 2.0) 1.6 (1.2, 2.1) 4.8 (3.8, 7.5)%*x* <0.0001
PAC (mL/mmHg) 52+18 4.0 + 1.6% 1.6 £ Q.7%** <0.0001
Oxygen transport
VO, (mL/min/kg) 27 +08 27+ 06 25+ 06 0.2
Q7 (L/min) 55+14 59+15 3.9 £ 1.2%%% <0.0001
AVO, diff (mL/dL) 41+ 07 4.6 + 1.0% 56 = (2= <0.0001
DO; (mL/min) 909 + 256 926 + 226 583 £+ 191%* <0.0001
VO,/DO, 0.25 + 0.04 0.28 + 0.05% 0.38 £+ 0.09%* <0.0001
Pulmonary function and gas exchange
Ve (L/min) 78 + 338 84 +128 69 +1.9 0.1
Vr (mL) 500 (389, 633) 493 (409, 619) 451 (378, 539) 0.3
Respiratory rate (/min) 15+5 16+ 5 16+ 5 0.4
Va (L/min) 47 +25 49+ 16 39+10 0.08
Vol/Vr 0.39 + 0.09 0.41 + 0.08 0.45 + 0.08* 0.02
Physiologic shunt fraction 0.05 (0, 0.10) 0.08 (0, 0.16) 0.09 (0.05, 0.14) 0.3
DLO; (mL/min/mmHg) 9(5,19) 9(7,11) 8 (6, 13) 0.6
PAO, (mmHg) 94 + 18 97 + 19 93+ 16 0.6
Arterial SaO; (%) 96 + 2 95 + 3% 93 £ 5%* <0.0001
Arterial pO, (mmHg) 79 + 14 72 +12% 67 + 13% 0.0001
Arterial pCO, (mmHg) 37+ 6 40 + 5 40+ 7 0.03
PA SvO, (%) 72+5 68 +5 58 + 9** <0.0001
PA pO, (mmHg) 39+7 36+3 I o <0.0001
PA pCO, (mmHg) 39+5 42+6 44 + 6% 0.0009
Alveolar—arterial O, gradient (mmHg) 15 (2, 32) 29 (18, 35)* 29 (15, 35)* 0.005

Continued
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Table 2 Continued

Control subjects (n=69)

Right heart function

RV's" (cm/s) 1M1+3

TAPSE (mm) 20+5

RV FAC (%) 45+7

RV s'/systolic PA (cm/s*mm Hg) 047 + 0.19

TAPSE/systolic PA (mm/mm Hg) 0.82 + 0.27

FAC/systolic PA (%/mm Hg) 1.85 + 0.49
Ventricular interaction

Eccentricity index at end diastole 1.06 + 0.12

Eccentricity index at end systole 0.96 + 0.09
Pulmonary congestion

Number of B-lines 0 (0-0)

IpcPH (n=55) CpcPH (n=40) P-value
10+3 8 4 ¥k <0.0001
18+ 5 14 £+ S¥** <0.0001
42 +9 35 4 9k <0.0001

0.25 + 0.10% 0.12 + 0.06%** <0.0001
045 4+ 0.16* 0.22 + 0.10%** <0.0001
1.06 £+ 0.35% 0.57 + 0.25%*x* <0.0001
1.08 + 0.15 112 + 0.16 0.1
1.01 + 0.06 1.14 £ 0.18%%* <0.0001
0 (0-2)* 2 (0-5)* <0.0001

Data are mean + SD, median (interquartile range), or n (%). Final column reflects overall group differences.

AVO, diff, arterial-venous O, content difference; BP, blood pressure; CpcPH, combined post- and pre-capillary pulmonary hypertension; DLO,, estimated pulmonary diffusing
capacity for oxygen; DO,, oxygen delivery; FAC, fractional area change; IpcPH, isolated post-capillary pulmonary hypertension; LHD, left heart disease; LVTMP, left ventricular
transmural pressure; LV, left ventricular; PA, pulmonary artery; PAC, pulmonary artery compliance; PAWP, pulmonary artery wedge pressure; PAO,, alveolar oxygen tension;
PA-aO,, alveolar-to-arterial O, gradient; PVR, pulmonary vascular resistance; RAP, right atrial pressure; Qr, cardiac output; RV, right ventricular; s’, systolic tissue doppler
velocity; SaO,, arterial oxygen saturation; TAPSE, tricuspid annular plane systolic excursion; Vj, alveolar ventilation; Vp, pulmonary dead space; Vg, minute ventilation; Vi, tidal

volume; Vco,, carbon dioxide volume; VO,, oxygen consumption volume.
*P < 0.05 vs. controls, #P < 0.05 vs. IpcPH groups.

higher at rest in IpcPH compared with controls, and systemic arterial
pressures were lower in CpcPH than both IpcPH and controls during
exercise.

Oxygen transport

As compared with controls and IpcPH at rest, participants with
CpcPH displayed similar VO, but lower Q7 and DO,, resulting in
higher AVO, diff and VO,/DO, ratio (Table 2). With exercise, indi-
viduals with CpcPH displayed markedly reduced peak VO,, which
was related to impaired Qr and DO,, with a higher VO,/DO; ratio
(Figure 1, Table 3).

Right ventricular reserve

Right ventricular function was impaired in the CpcPH group com-
pared with controls and IpcPH at rest (Table 2). During exercise, pa-
tients with CpcPH displayed even more profound RV-PA
uncoupling than what was present at rest, manifest by lower absolute
values of RV s’, TAPSE, and FAC, and lower ratios of RV s’, TAPSE,
and FAC to systolic PA pressure (Table 3). Impairments in RV-PA
coupling during exercise were associated with greater limitations in
cardiac output reserve and greater increases in central venous
pressure (Figure 2, Supplementary material online, Figure S3).

Ventricular interaction

At rest, participants with CpcPH displayed higher LV eccentricity in-
dex at end systole, with a trend for higher end diastolic eccentricity
index (Table 2). During exercise, these differences were amplified, as

patients with CpcPH displayed greater LV eccentricity index both at
end systole and end diastole (i.e. more septal flattening), with a higher
RAP/PAWP ratio, indicating greater dynamic ventricular inter-
dependence (Figure 2). Greater ventricular interaction was further
evidenced by reductions in LVTMP during exercise in CpcPH, indi-
cating a decrease in LV pre-load despite marked elevation in
PAWP, in contrast to increases in LVTMP during exercise in IpcPH
and controls, indicating an increase in LV pre-load (Table 3,
Supplementary material online, Figure S4).

Pulmonary function, lung congestion,

and gas exchange
At rest there were no statistically significant differences between
CpcPH, IpcPH, and controls in measures of minute ventilation, alveo-
lar ventilation, physiologic shunt, lung diffusion, or alveolar pO,, but
there was higher Vp/Vr, greater EVLW, and slightly lower arterial and
venous pO,, in CpcPH (Table 2). Both IpcPH and CpcPH patients dis-
played higher alveolar-arterial O, gradient than controls at rest.
During exercise, patients with CpcPH developed greater increases
in EVLW compared with both IpcPH and controls, reflected by in-
creased appearance of B-line artefacts by lung ultrasound
(Figure 3), even as PAWP during exercise was similar in CpcPH
and IpcPH (Table 3). Participants with CpcPH displayed lower alveo-
lar ventilation, increased dead space ventilation, higher physiologic
shunt fraction, lower lung diffusion, lower mixed venous pO,, and in-
creased Ve /Vco, slope, leading to a greater reduction in arterial O,
tension in CpcPH as compared with both IpcPH and controls
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Table 3 Exercise haemodynamics and integrated cardiopulmonary function

Control subjects (n=69) IpcPH (n=55) CpcPH (n=40) P-value
Vialsigns
Heart rate (b.p.m.) 114 + 24 100 + 22% 86 + 19%*x <0.0001
Systolic BP (mmHg) 182 + 26 179 + 32 161 £ 35%** 0.008
Mean BP (mmHg) 114+ 13 115+ 18 103 + 20%** 0.007
Ventricular filling pressures
RAP (mmHg) 8+4 20 + 7% 26 + 7H** <0.0001
PAWP (mmHg) 15+ 5 31 + 7% 29 + 6* <0.0001
PAWP v wave (mmHg) 18+ 8 42 + 11* 42 + 13* <0.0001
RAP/PAWP ratio 0.57 + 0.24 0.66 + 0.22 0:92 + 0:32#** <0.0001
LVTMP (mmHg) 63,9 10 (6, 16)* 3(-1,9) ** <0.0001
Pulmonary circulation
PA systolic pressure (mmHg) 41+8 62 + 12% 86 + 21%** <0.0001
PA diastolic pressure (mmHg) 17 +5 31 £ 7% J7 = 7R <0.0001
PA mean pressure (mmHg) 28+ 6 46 + 9* 57 + 10%** <0.0001
Diastolic pressure gradient (mmHg) 3(-1,5) 0(-3,5) 6 (2, 11)*** <0.0001
PVR (WU) 1.3(09,1.7) 1.7 (1.0, 2.5)* 4.8 (3.4, 7.9)%** <0.0001
PAC (mL/mmHg) 42+15 33 + 1.3% 1.5 & Q.7%** <0.0001
Exertional symptoms
Borg effort (6-20) 164 + 25 158 +£ 2.0 14.4 £ 2.9%+* 0.0005
Borg dyspnoea (0-10) 72423 64+ 18 59+ 2.2% 0.009
Oxygen transport
VO, (mL/min/kg) 124 + 48 9.7 + 3.5% 6.9 + 2.3%%x <0.0001
Q7 (L/min) 102 + 2.7 93 +128 5.4 + 2.1%%x <0.0001
AVO, diff (mL/dL) 96 +1.8 104 + 23 114 + 2.4* 0.0002
DO, (mL/min) 1789 + 567 1565 + 474* 861 + 335%* <0.0001
VO,/DO, 0.55 + 0.09 0.61 + 0.11%* 0.71 4+ 0.09%* <0.0001
Pulmonary function and gas exchange
Ve (L/min) 374 + 146 327 +£99 22.6 + 9.9%* <0.0001
Vr (mL) 1165 (915-1452) 965 (836-1205)* 846 (594-976)* * <0.0001
Respiratory rate (/min) 31+9 33+ 8 27 + 8%* 0.01
Va (L/min) 274 + 12,6 229 +78 14.9 + 8.1%* <0.0001
Vo/Vr 0.28 + 0.09 0.31 + 0.06* 0.36 + 0.09%* <0.0001
Ve/VCO, slope 335+ 6.6 33.0 + 6.1 39.0 + 10.2%* 0.0008
Physiologic shunt fraction 0.03 (0, 0.05) 0.05 (0.02, 0.09) 0.08 (0.04, 0.12)* 0.001
DLO; (mL/min/mmHg) 41 (25, 65) 23 (17, 34)* 15 (10, 21)* * <0.0001
PAO, (mmHg) 107 + 14 109 + 14 108 + 12 0.8
Arterial and mixed venous blood composition
Arterial SaO; (%) 96 + 4 94+ 4 93 + 4% 0.002
Arterial pO, (mmHg) 84 + 13 74 + 14% 66 + 13%* <0.0001

Continued
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Table 3 Continued

Control subjects (n=69)

Arterial pCO, (mmHg) 36 +5
PA SVvO, (%) 43+9
PA pO, (mmHg) 26 + 4
PA pCO, (mmHg) 48 + 8
Alveolar—arterial O, gradient (mmHg) 23 +17
Right heart function
RV's" (cm/s) 15+ 4
TAPSE (mm) 22+5
RV FAC (%) 50+ 6
RV s'/systolic PA (cm/s*mmHg) 0.38 + 0.15
TAPSE/systolic PA (mm/mmHg) 0.57 + 0.18
FAC/systolic PA (%/mmHg) 126 +0.28
Ventricular interaction
Eccentricity index at end diastole 1.04 + 0.12
Eccentricity index at end systole 0.98 + 0.07
Pulmonary congestion
Number of B-lines 0(0, 1)

IpcPH (n=55) CpcPH (n=40) P-value
37i5 ...................... 37i5 ................... 0 3 ......
36 + 11 27 £ 9% <0.0001
25+ 8 2| di 4F <0.0001
50+ 8 53 + 7% 0.03
35 + 20* 4A e I4r <0.0001
13 £+ 3% 9 4 Fens <0.0001
2147 15 + 5% <0.0001
47+ 9 38 4 9FsHx <0.0001
0.22 + 0.08% 0.11 + 0.04%** <0.0001
0.34 + 0.15% 0.18 + 0.08%** <0.0001
0.78 + 0.27* 0.48 £ 0.17%%* <0.0001
110 + 0.12 125 + 0.271%%* <0.0001
1.04 + 0.08 1.36 + 0.06*** <0.0001
2 (0, 4)* 7 (3, 9)* * <0.0001

Data are mean + SD, median (interquartile range), or n (%). Final column reflects overall group differences.

AVO, diff, arterial-venous O, content difference; BP, blood pressure; CO, cardiac output; CpcPH, combined post- and pre-capillary pulmonary hypertension; DLO,, estimated
pulmonary diffusing capacity for oxygen; DO,, oxygen delivery; FAC, fractional area change; IpcPH, isolated post-capillary pulmonary hypertension; LHD, left heart disease;
LVTMP, left ventricular transmural pressure; LV, left ventricular; PA, pulmonary artery; PAC, pulmonary artery compliance; PAWP, pulmonary artery wedge pressure; PAO,,
alveolar oxygen tension; PA-aO,, alveolar-to-arterial O, gradient; PVR, pulmonary vascular resistance; Qr, cardiac output; RAP, right atrial pressure; RV, right ventricular; s/,
systolic tissue Doppler velocity; SaO,, arterial oxygen saturation; TAPSE, tricuspid annular plane systolic excursion; V,, alveolar ventilation; V5, pulmonary dead space; Ve, minute
ventilation; Vr, tidal volume; Vco,, carbon dioxide volume; VO,, oxygen consumption volume.

*P < 0.05 vs. controls, #*P < 0.05 vs. IpcPH groups.

(Figure 4). The increases in dead space ventilation and reductions in
arterial pO, during exercise were directly correlated with resting
PVR, and arterial hypoxaemia worsened with greater increases in
EVLW during exercise (Figure 4). Abnormalities in gas exchange,
haemodynamics, and cardiac function in PVD at peak exercise
were also observed at a common matched submaximal exercise
workload (20 W) (see Supplementary material online, Table S2).

Sensitivity analyses

Sensitivity analyses excluding patients with lung congestion at rest
(B-lines) demonstrated similar results as in the overall population
(see Supplementary material online, Tables S3-S5).

Discussion

The present study provides new insights into the pathophysiology of
exercise intolerance in patients with PH-LHD and pulmonary vascu-
lar disease. Participants with CpcPH were more likely to display con-
ditions associated with microvascular dysfunction, including diabetes
and atrial fibrillation, as compared with IpcPH and controls.
Participants with CpcPH displayed more deranged pulmonary

vascular haemodynamics, impairments in RV—PA coupling, and great-
er ventricular interdependence leading to profound impairments in
cardiac output during exercise. The most novel finding is that pa-
tients with CpcPH, who have historically been considered to be pro-
tected from lung congestion because of ostensible pre-capillary
disease, in fact displayed greater increases in EVLW during exercise,
which was associated with increased dead space ventilation, reduced
alveolar ventilation, and greater physiologic shunting, ultimately lead-
ing to greater ventilation-perfusion mismatch. These abnormalities,
in tandem with reductions in lung diffusing capacity and reduction
in venous O, content, compromised arterial O, tension to a greater
extent in CpcPH, further impairing convective O, delivery
(Structured Graphical Abstract). These data provide new pathophysio-
logic insights into the haemodynamic derangements during stress in
LHD with PVD and point to an important and previously under-
appreciated role of pulmonary abnormalities in CpcPH.

Left heart disease is the most common cause of PH in the commu-
nity." Pulmonary hypertension in LHD first develops as a conse-
quence of passive transmission of downstream LA hypertension,
but sustained elevation LA pressure leads to pulmonary vascular re-
modelling and changes in pulmonary arterial tone leading to increases
in PVR and reductions in PA compliance in 13-28% of patients with
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Figure 1 Compared with controls and participants with isolated post-capillary pulmonary hypertension, participants with combined post- and
pre-capillary pulmonary hypertension displayed lower peak VO, (A) and less increase in the cardiac output response to exercise (B). Oxygen de-
livery during exercise was lowest in combined post- and pre-capillary pulmonary hypertension (C), with the highest O, extraction (D). Qr, cardiac
output; CpcPH, combined post-and pre-capillary pulmonary hypertension; IpcPH, isolated post-capillary pulmonary hypertension; VO,, oxygen
consumption; DO,, oxygen delivery. *P < 0.05 vs. controls. +P << 0.05 vs. IpcPH groups.

PH-LHD."*%7 Patients with this coexisting PVD display more se-
vere right heart failure and increased mortality.®~"*'? Greater under-
standing of the pathophysiology underlying PVD in PH-LHD is critical
to inform the design of novel therapies.

The right heart and ventricular

interaction in pulmonary vascular disease
Right ventricular dysfunction at rest is common in PH-LHD and as-
sociated with adverse outcomes.'*'® Changes in RV-PA coupling
during exercise may be even more important. In Group 1 PH, exer-
cise stress reveals limitations in RV reserve resulting in acute RV dila-
tation.*® In patients with LHD in the absence of overt PVD,
abnormalities in RV—PA coupling become manifest during exercise
using imaging-based methods,*? as well as using invasive single-beat
estimates of RV-PA coupling.” Gorter et al.'® found that patients
with CpcPH displayed more RV remodelling and dysfunction at
rest, but cardiac imaging was not performed during exercise to dir-
ectly evaluate RV—PA coupling or ventricular interaction.

The present study identified major deficits in the ability to enhance
RV systolic function during exercise in CpcPH that were consistent
across multiple indices, leading to dramatic limitations in RV—-PA
coupling.'®'® Impairments in RV—PA coupling were associated with
impairments in cardiac output reserve, limiting convective O, deliv-
ery to the tissues, and greater increases in central venous pressure.
Thus, the present study confirms and extends earlier studies in
Group 1 PH and IpcPH,****7 showing that acute worsening of
RV—PA uncoupling plays an even greater role in limiting functional re-
serve in CpcPH.

In tandem with LA dilation, RV and RA dilatation”® in PH-LHD in-
creases total heart volume and augments pericardial restraint and
ventricular interdependence.®** Here, we show that this dynamic
ventricular interaction becomes much more dramatic during exer-
tion in PVD, evidence by acute increases in LV eccentricity index
along with higher RAP/PAWP ratio, indicating greater septal flatten-
ing, encroachment on LV filling. This is further evidenced by reduc-
tion in LVTMP, limiting the augmentation in LV pre-load, even in
the face of marked elevation in pulmonary capillary pressures.
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Figure 2 Right ventricular—pulmonary artery coupling during exercise was worse in the combined post- and pre-capillary pulmonary hypertension
group compared with other groups (A) and was associated with impairments in CO reserve (B) and greater elevation in central venous pressure
(C). Pericardial restraint and diastolic ventricular interdependence are enhanced in combined post- and pre-capillary pulmonary hypertension, evi-
denced by higher right atrial pressure/pulmonary artery wedge pressure ratio (D) and a greater exercise left ventricular eccentricity index compared
with isolated post-capillary pulmonary hypertension and controls (E, F). PA, pulmonary artery; PAP, pulmonary artery pressure; RAP, right atrial
pressure; PAWP, pulmonary artery wedge pressure; RV, right ventricular; s/, systolic tissue doppler velocity; Qr, cardiac output; CpcPH, combined
post-and pre-capillary pulmonary hypertension; |pcPH, isolated post-capillary pulmonary hypertension; VO,, oxygen consumption; DO,, oxygen
delivery. ‘r determined by Pearson’s correlation analysis. *P < 0.05 vs. controls. +P << 0.05 vs. IpcPH groups.

These findings emphasize the importance of interventions to im-
prove RV—PA uncoupling during stress to improve left heart filling
and lung perfusion.

Pulmonary limitations in pulmonary

vascular disease

The most conspicuous lung abnormality in CpcPH relates to its very
operational clinical definition: an elevation in PVR." The notion that
PVR is elevated because of pre-capillary disease in PH-LHD is firmly
entrenched in the field. Indeed, Wood*® himself proposed that high
PVR in PH-LHD ‘protects’ the lung from congestion, and the hypoth-
esis that PVD effectively protects from left heart overload in
PH-LHD persists in the literature.*” The current data argue against
this paradigm, showing for the first time that lung congestion is in
fact greater at rest in patients with LHD and PVD, and this conges-
tion is exaggerated during exercise compared with patients with
IpcPH, even as downstream PAWP was equivalent. What could ex-
plain this seemingly paradoxical finding?

In the normal lung circulation, roughly 40% of PVR resides down-
stream of the capillaries, in the pulmonary veins.>® Recent histo-
pathologic studies have shown that venous remodelling is common
in PH-LHD.”?® If a substantial component of the increase in PVR

in PH-LHD is due to venous disease, this would be expected to fur-
ther pressurize the capillaries out of proportion to the increase in LA
pressure, which could lead to greater increases in lung congestion,
alterations in ventilation-perfusion matching, and lung diffusion ab-
normalities, as observed in the present study. While partitioning of
PVR into arterial and venous resistance was not performed in the
present study, the observation of greater, rather than less EVLW
during exercise raises questions regarding the use of PVR to exclu-
sively reflect ‘pre-capillary’ disease in patients with PH-LHD.

In addition to pulmonary venous remodelling,726 chronic expos-
ure to LA hypertension causes capillary stress failure and structural
remodelling in the alveolar—capillary interface.® These changes pro-
tect the alveolar interstitium from oedema formation®' but this
comes at the expense of an impairment in lung diffusion capacity.®
Impaired lung diffusion at rest and with exercise has been repeatedly
shown in LHD,?**3 even as overt lung parenchymal disease is ab-
sent,”® which was also the case in the present study where patients
with lung disease were excluded. Indeed, the presence of reduced
lung diffusion capacity in PH-LHD is strongly associated with in-
creased mortality.”® In the present study, we also observed that par-
ticipants with CpcPH displayed greater reduction of DLco, indicating
how PVD also extends to the capillaries. This impairment is likely
mediated by acute decreases in alveolar membrane conductance
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Figure 3 Participants with combined post- and pre-capillary pulmonary hypertension-left heart disease display greater increases in extravascular
lung water during exercise, indicated by increased B-line artefacts on lung ultrasound (A). This was coupled with increases in dead space ventilation
(Vp/V7 ratio), which was directly correlated with resting pulmonary vascular resistance (B, C). EVLWV, extravascular lung water; PVR; pulmonary
vascular resistance, Vp, pulmonary dead space; Vr, tidal volume; Q, cardiac output; CpcPH, combined post-and pre-capillary pulmonary hyperten-
sion; IpcPH, isolated post-capillary pulmonary hypertension; VO,, oxygen consumption; DO,, oxygen delivery. ‘r determined by Pearson’s correl-

ation analysis. #P << 0.05 vs. controls. +P < 0.05 vs. IpcPH groups.

due to lung oedema, as in the present study, as well as the aforemen-
tioned chronic remodelling effects. Lung diffusion also varies with ca-
pillary blood volume, which may be reduced owing to vascular
obliteration in chronic PVD. The individual contributions of mem-
brane conductance and capillary blood volume cannot be assessed
from these data but require further study.

There was also evidence for greater ventilation—perfusion (V/Q)
mismatch in CpcPH in the present study, suggested by higher
Vb/Vt and VeVco, slope and a tendency for a greater physiologic
shunt. As PVD progresses in LHD, lung perfusion is reduced in
more diseased segments, resulting in a higher physiologic dead
space (greater Vp/V7) in those zones. Conversely, in segments de-
veloping increases in EVLW, there may be reductions in the surface
area available for gas exchange, reducing V/Q ratio (higher physio-
logic shunt). Finally, the impairment in Qr during exercise led to
lower mixed venous pO, owing to increased peripheral O, extrac-
tion in the setting of reduced delivery. This mixed venous hypoxia
further worsens arterial hypoxaemia, particularly when V/Q mis-
match is increased.’

Limitations

Individuals participating in this study were referred for invasive test-
ing at a tertiary referral centre, which may introduce bias.
Furthermore, individuals in the control group had been referred
for invasive cardiopulmonary exercise testing to evaluate the aeti-
ology of dyspnoea, and these patients are thus more ill than healthy
volunteers would be. However, this would only be expected to bias

our results toward the null, as a truly normal comparator group
would be expected to have better cardiopulmonary and exercise re-
serve. Importantly, in the absence of invasive testing, one cannot
readily discern PH-LHD from controls, so the inclusion of this con-
trol group is scientifically necessary to test the study hypotheses.
There were baseline differences between the groups, including in
age, body mass index, and the prevalence of atrial fibrillation, but
most of these differences are well-known and believed to be part
of the underlying pathogenesis. Spirometry and lung diffusion cap-
acity were missing in approximately half of the patients, but there
were no baseline differences in patients with or without these data
(see Supplementary material online, Table S1). Ideally, patients should
undergo invasive haemodynamic exercise testing in optimized vol-
ume status, but in this study, many patients with PH displayed evi-
dence of haemodynamic congestion even at rest. While baseline
haemodynamic differences could certainly influence exertional
changes, results were similar in a sensitivity analysis excluding
patients with lung congestion at rest, and the present results
mirror everyday clinical practice, where patients with PH-LHD are
remain undertreated for congestion in the absence of invasive
haemodynamic monitoring.>* Indeed, another implication of the pre-
sent data is that the absence of specific therapies for CpcPH only
magnifies the importance for aggressive diuresis in such patients,
which may be facilitated through the use of implantable monitoring
devices. The reversibility of PVR elevation was not assessed in this
study, thus we cannot determine to what extent this was related
to vasoconstriction, structural remodelling, or both.
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Figure 4 As compared with individuals with isolated post-capillary pulmonary hypertension and controls, individuals with combined post- and
pre-capillary pulmonary hypertension displayed lower arterial pO, with exercise despite similar alveolar O, tension (A, B). Arterial pO, during ex-
ercise decreased with greater increases in extravascular lung water during exercise (C) and higher resting pulmonary vascular resistance (D). PA,
pulmonary artery; PAP, pulmonary artery pressure; RAP, right atrial pressure; PAWP, pulmonary artery wedge pressure; RV, right ventricular; s/,
systolic tissue doppler velocity; Qr, cardiac output; CpcPH, combined post-and pre-capillary pulmonary hypertension; IpcPH, isolated post-capillary
pulmonary hypertension; VO,, oxygen consumption; DO,, oxygen delivery. ‘r determined by Pearson’s correlation analysis. *P < 0.05 vs. controls.

TP < 0.05 vs. IpcPH groups.

Conclusions

Patients with PH-LHD and PVD display specific pathophysiological
features during exercise that differ from and are more severe than
what is observed in individuals with isolated LA hypertension, in-
cluding more severe impairments in pulmonary vascular-right heart
coupling, greater ventricular interdependence, and more severe
pulmonary limitations. Despite the presence of an elevated PVR,
these patients display greater lung congestion during exertion,
which is coupled with increased dead space ventilation, lower al-
veolar ventilation, reduced lung diffusing capacity, abnormal venti-
latory efficiency, and V/Q mismatching leading to hypoxaemia,
which further limits O, delivery during stress. Further study is re-
quired to identify the mechanisms of and therapies for pulmonary
vascular disease to improve outcomes in people with LHD and co-
existing PVD.

Supplementary material

Supplementary material is available at European Heart Journal online.
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