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PREFACE

This doctoral thesis is mainly composed of three articles | published as first author during the

last years:

- Caravita S, Faini A, Carolino D'Araujo S, Dewachter C, Chomette L, Bondue A, Naeije R, Parati
G, Vachiéry JL. Clinical phenotypes and outcomes of pulmonary hypertension due to left heart

disease: Role of the pre-capillary component. PLoS One. 2018 Jun 19;13(6):e0199164

- Caravita S, Dewachter C, Soranna D, D'Araujo SC, Khaldi A, Zambon A, Parati G, Bondue A,
Vachiéry JL. Haemodynamics to predict outcome in pulmonary hypertension due to left heart

disease: a meta-analysis. Eur Respir J. 2018 Apr 4;51(4). pii: 1702427

- Caravita S, Faini A, Deboeck G, Bondue A, Naeije R, Parati G, Vachiéry JL. Pulmonary
hypertension and ventilation during exercise: Role of the pre-capillary component. J Heart Lung

Transplant. 2017 Jul;36(7):754-762

| tried to unify and harmonize them in this single manuscript since they are deeply interrelated.
as the main focus of my research has been the clinical significance of the pre-capillary

component in patients with pulmonary hypertension due to left heart disease.

Also part of the content of a review article for which | participated as a co-author is obviously

embedded in this thesis manuscript:

- Naeije R, Gerges M, Vachiery JL, Caravita S, Gerges C, Lang IM. Hemodynamic Phenotyping of

Pulmonary Hypertension in Left Heart Failure. Circ Heart Fail. 2017 Sep;10(9). pii: e004082

All the above cited articles are included in the appendix of this thesis.



ABSTRACT (English)

Background. In pulmonary hypertension (PH), both post-capillary and pre-capillary pulmonary
vascular alterations may affect right ventricular (RV) afterload, eventually contributing to

exercise intolerance, RV failure and prognosis.

Objectives. To characterize the impact of pulmonary haemodynamics on the RV, exercise

pathophysiology, and outcome in patients with PH.

Methods. We firstly conducted a retrospective analysis (2007-2014) at a PH referral Center,
comparing patients with PH due to left heart disease (LHD) and treatment-naive
idiopathic/heritable pulmonary arterial hypertension (PAH, n=35). Patients with PH-LHD were
further subdivided according to pulmonary haemodynamics in Isolated post-capillary PH (IpcPH:
diastolic pressure gradient, DPG<7 mmHg and pulmonary vascular resistance, PVR<3 WU, n=37),
Combined post- and pre-capillary PH (CpcPH: DPG>7 and PVR>3, n=27), and “indeterminate”
PH-LHD (either DPG>7 or PVR>3, n=29). We then conducted a meta-analysis on studies focusing
on the association between pulmonary haemodynamics (PVR, DPG and pulmonary arterial

compliance, Ca) and outcome in PH-LHD.

Results. Haemodynamic severity (pulmonary artery pressures, PVR, pulmonary vascular
gradients), prevalence of echocardiographic signs of RV failure (RV dilation + dysfunction), and
exercise hyperventilation linearly increased from IpcPH, to “indeterminate”, CpcPH and PAH
(p<0.001), while peak oxygen consumption and prevalence of exercise oscillatory ventilation
showed an opposite behavior, being higher in IpcPH. Survival did not differ between PH-LHD and
PAH; however, CpcPH had worse prognosis than IpcPH and PAH, but similar to “indeterminate”
patients. In our retrospective cohort, NT-proBNP and Ca independently predicted survival in PH-

LHD. In the meta-analysis, both Ca, PVR and DPG were associated with outcome in PH-LHD.



Conclusions. Haemodynamic characterization of PH-LHD according to DPG and PVR is associated
with disease severity, exercise pathophysiology, predisposition to RV failure and prognosis. The
CpcPH phenotype appear to have haemodynamic profile closer to PAH but with worse outcome.

Ca, PVR and DPG are associated with survival in PH-LHD.



ABSTRACT (Frangais)

Contexte. Dans I'hypertension pulmonaire (PH), Les altérations vasculaires pulmonaires,
gu’elles soient post- ou pré-capillaires, peuvent avoir un effet sur la post-charge du ventricule
droit (RV), et contribuer ainsi a la réduction de la capacité d’exercice, a la défaillance du RV et

au pronostic du patient.

Objectives. Nous avons voulu caractériser I'impact de I’'hémodynamique pulmonaire sur le RV,

la physiopathologie de I'exercice, et sur le pronostic des patients avec PH.

Méthodes. Nous avons d’abord effectué une analyse rétrospective (2007-2014) dans un centre
de référence pour I’'PH, en comparant des patients avec une PH lié a une maladie du cceur
gauche (LHD) et des patients avec une hypertension artérielle pulmonaire (PAH, n=35)
idiopathique ou héréditaire. Les patients avec une PH-LHD ont été subdivisés en fonction de
I’'hémodynamique pulmonaire en: PH post-capillaire isolée (lpcPH : gradient diastolique
pulmonaire, DPG < 7 mmHg et résistance vasculaire pulmonaire, PVR<3 UW, n=37), PH
combinée post- et pré-capillaire (CpcPH : DPG>7 et PVR>3, n=27), et PH-LHD « indéterminée »
(DPG=7 ou PVR>3, n=29). Par la suite, nous avons conduit une méta-analyse des études ayant
évalué I'association entre I’"hémodynamique pulmonaire (PVR, DPG et compliance de I'artére

pulmonaire, Ca) et le pronostic des patients PH-LHD.

Résultats. La sévérité hémodynamique (pressions artérielles pulmonaires, PVR, gradients
vasculaires pulmonaires), la prévalence des signes échocardiographiques de défaillance du RV
(dilatation + dysfonction du RV) et I’hyperventilation a I’effort augmentaient de facon linéaire
en passant de IpcPH, aux PH-LHD « indéterminés », jusqu’aux CpcPH et PAH (p<0.001), alors que
la consommation d’oxygéne au pic exercice et la prévalence des oscillations ventilatoires
suivaient un comportement opposé, en étant les plus élevées chez les IpcPH. La survie n’était

pas différente entre PH-LHD et PAH. Cependant, les patients CpcPH avait un pronostic plus



mauvais que les IpcPH et les PAH, mais similaire aux patients PH-LHD « indéterminés ». Dans
notre cohorte rétrospective, NT-proBNP et Ca étaient associés de facon indépendante a la
survie. Dans la méta-analyse, Ca, PVR et DPG étaient associés au pronostic chez les patients PH-

LHD.

Conclusions. La caractérisation hémodynamique des patients PH-LHD en fonction du DPG et PVR
est associée a la sévérité de la maladie, a la physiopathologie de I'exercice, au risque de
défaillance du RV et au pronostic. Le phénotype CpcPH présente un profil hémodynamique
proche de la PAH mais avec un plus mauvais pronostic. La Ca, la PVR et le DPG sont associés a la

survie chez les patients PH-LHD.



ABSTRACT (Italiano)

Razionale. Nell'ipertensione polmonare (PH), alterazioni sia post- sia pre-capillari possono
influire sul postcarico del ventricolo destro (RV), contribuendo alla limitazione della capacita di

esercizio, alla disfunzione del RV e alla prognosi.

Obiettivi. Caratterizzare I'impatto dell’emodinamica polmonare sul RV, sulla fisiopatologia

dell’esercizio e sulla prognosi in pazienti con PH.

Metodi. Abbiamo innanzitutto condotto una analisi retrospettiva (2007-2014) presso un centro
di riferimento per PH, confrontando pazienti con PH secondaria a malattia del cuore sinistro
(LHD) e pazienti con ipertensione arteriosa polmonare idiopatica/ereditaria (PAH, n=35). |
pazienti con PH-LHD sono stati ulteriormente suddivisi in funzione dell’emodinamica polmonare
in PH post-capillare isolata (IpcPH: gradiente diastolico polmonare, DPG<7 mmHg e resistenza
vascolare polmonare, PVR<3 UW, n=37), PH combinata post- e pre-capillare (CpcPH: DPG2>7 e
PVR>3, n=27) e PH-LHD “indeterminata” (DPG2>7 o PVR>3, n=29). Abbiamo quindi condotto una
meta-analisi su studi focalizzati sull’associazione tra I’emodinamica polmonare (PVR, DPG e

compliance dell’arteria polmonare, Ca) e la sopravvivenza in PH-LHD.

Risultati. La severita emodinamica (pressioni arteriose polmonari, PVR, gradienti vascolari
polmonari), la prevalenza di segni ecocardiografici di disfunzione del RV (dilatazione +
disfunzione del RV), e l'iperventilazione da sforzo aumentavano linearmente da IpcPH a PH-LHD
“indeterminati”, CpcPH e PAH (p<0.001), mentre il consumo di ossigeno di picco e |la prevalenza
di oscillazioni ventilatorie durante esercizio mostrava un comportamento opposto, risultando
piu alta nei IpcPH. La sopravvivenza dei pazienti PH-LHD non era diversa da quella dei pazienti
PAH; tuttavia, i pazienti CpcPH presentavano una prognosi peggiore dei pazienti IpcPH e dei
pazienti PAH, ma simile ai pazienti PH-LHD “indeterminati”. Nella nostra coorte retrospettiva,

NT-proBNP e Ca risultavano associati in maniera indipendente alla sopravvivenza in PH-LHD.



Conclusioni. La caratterizzazione emodinamica dei pazienti PH-LHD in funzione di DPG e PVR &
associata alla gravita di malattia, alla fisiopatologia dell’esercizio, alla predisposizione a
disfunzione del RV e alla prognosi. Il fenotipo CpcPH sembra avere un profilo emodinamico
simile alla PAH ma con una prognosi peggiore. Ca, PVR e DPG sono associate alla sopravvivenza

in PH-LHD.
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ABBREVIATIONS

ACE-I=angiotensin converting enzyme inhibitor
ARB=angiotensin receptor blocker

AT=anaerobic threshold

BP=blood pressure

Ca=Pulmonary Artery Compliance

Cl=cardiac index

CKD-EPI=Chronic Kidney Disease Epidemiology Collaboration
CO=Cardiac Output

COPD=Chronic Obstructive Pulmonary Disease
CpcPH=Combined post- and pre-capillary Pulmonary Hypertension
CPET=cardiopulmonary exercise test

CRT-D=cardiac resynchronization therapy — defibrillator
DBP=diastolic blood pressure

DPG=Diastolic Pressure Gradient

EF=ejection fraction

eGFR=estimated glomerular filtration rate
EOB=Exercise Oscillatory Breathing

GOLD=Global Initiative for Obstructive Lung Disease
Hb=hemoglobin

HFpEF=heart failure with preserved ejection fraction
HFrEF=heart failure with reduced ejection fraction
HR=heart rate

ICD=implanted cardioverter defibrillator

IpcPH=lIsolated post-capillary Pulmonary Hypertension
LAP=Left Atrial Pressure

LHD=Left Heart Disease

LV=left ventricle

MVV=maximal voluntary ventilation
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NYHA=New York Heart Association
NTproBNP=N-terminal pro brain natriuretic peptide
02=oxygen

O2p=oxygen pulse

OSAS=obstructive sleep apnea syndrome
PAH=Pulmonary Arterial Hypertension
PAP=Pulmonary Artery Pressure
PAWP=Pulmonary Artery Wedge Pressure
PetCO2=end-tidal pressure for carbon dioxide
PH=pulmonary hypertension

PVR=Pulmonary Vascular Resistance
RAP=right atrial pressure

RC=resistance compliance product
RVOT=right ventricular outflow tract
SaO2=arterial oxygen saturation

SBP=systolic blood pressure

SpO2=peripheral oxygen saturation
SV=stroke volume

SvO2=mixed venous oxygen saturation
TAPSE=Tricuspid Annular Plane Systolic Excursion
TPG=Transpulmonary Pressure Gradient
TR=tricuspid regurgitation

RER=respiratory exchange ratio

RV=Right Ventricle

RVSWI=Right Ventricular Stroke Work Index
VCO2=carbon dioxide production

VE=minute ventilation

VO2=0oxygen consumption
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INTRODUCTION

Post-capillary pulmonary hypertension (PH) is a frequent complication of left heart disease
(LHD). In the majority of cases, the increase in pulmonary artery pressure (PAP) is explained by
passive backward transmission of high filling pressure from the left chambers of heart to the
pulmonary circulation, defining isolated post-capillary PH (IpcPH). However, in a minority of

patients a pre-capillary component is superposed on a post-capillary PH [1-3].

How to define this pre-capillary component, as well as the clinical implications of such definition,
have been object of intense debate in recent years [1-4]. In particular, pathophysiological
arguments, histological demonstrations and prognostic instances has been advanced to

propose, defend or refuse the significance of distinct haemodynamic parameters [2].

This debate grew since 2013, when the diastolic pressure gradient (DPG) was revived and
advocated as a suitable candidate to describe the presence and extent of a pre-capillary
component, based on physiological arguments [5], further supported by clinical,

histopathological and prognostic evidences [6].

As illustrated in figure 1,

DPG = diastolic PAP — PAWP,

where PAWP is pulmonary artery wedge pressure, which approximates left atrial pressure (LAP).

Normally, the DPG should be in the range 0-3 mmHg, with an upper limit of normal at 5 mmHg
derived from historical series. Adopting a cautious approach for a small number, it was proposed
to consider as “abnormal” a DPG 27 mmHg [1,2,5,7]. In the context of PH-LHD a high DPG stands
for an increase of PAP which is not uniquely due to backward PAWP transmission to the
pulmonary circulation (hence the difference between diastolic PAP and PAWP). Interestingly,

patients with PH-LHD and a pre-capillary component, defined by a DPG > 7 mmHg were found

13



to have some degree of pulmonary arteriolar remodeling at histological analysis, resembling

pulmonary arterial hypertension (PAH) [6].

From a physiological perspective, the DPG was advanced to present distinct advantages as
compared to the transpulmonary pressure gradient (TPG) and to the pulmonary vascular

resistance (PVR).

TPG = mean PAP — PAWP

PVR=TPG /CO

where CO is cardiac output.

Indeed, as compared to the TPG, the DPG is less flow- and PAWP- dependent [5], as show in
figure 2. This is extremely important, since patients with PH-LHD may often present with low
flow (low CO) and high PAWP, leading to high TPG (and potentially high PVR) despite normal

DPG.

Nevertheless, the prognostic discrimination offered by the DPG was not uniformly confirmed
[6,8-16], and many retrospective patients’ series reported a significant proportion (up to 30%)
of negative DPGs [2]. This is deemed to be physiologically implausible, but might mainly reflect
the lack of standardization in the measure of PAWP (mean PAWP vs mid-A PAWP vs QRS-gated
“diastolic” PAWP), that may become extremely important when either mitral regurgitation or
left atrial overdistension with loss of atrial compliance occur [17]. Moreover, technical

limitations and interpretations drawbacks can occur also for diastolic PAP determination [2,4,17]

These are reasons why other variables, such as the PVR or the pulmonary arterial compliance

(Ca) were then proposed as haemodynamic markers of disease severity [2,3,7].
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The PVR has the undoubtable advantage to have been widely utilized in clinical practice and
since long time, physician in charge of patients with PH or LHD being familial with it. It is a quite

robust variable, resisting through decades as a haemodynamic marker of disease severity.

The PVR corrects the TPG for flow; however, it is not uncommon for patients with PH-LHD, low
CO and high PVR, to normalize or near normalize haemodynamics when increasing CO by means
of inotropes or systemic vasodilators [2]. At the same time, the incorporation in a single variable
of a marker of cardiac performance (CO), and of the pulmonary circulation (mean PAP - PAWP),
might concur to explain why it has been repeatedly associated with survival in PH-LHD [10,16,18-

20].

Ca has been proposed more recently in this specific setting. The simplified formula used to
estimate it overestimate the real compliance by 60 to 80% [2]. However, it repeatedly proved

to predict outcome in LHD [16,18-20], and even in the absence of PH [21].

Given these uncertainties and ongoing debates on the definition and the clinical and prognostic
implications of the presence of a pre-capillary component in PH-LHD, we decided to perform the
research that constitute my PhD thesis, and whose results have been published within 3 articles

[4,22-23].

In particular, we retrospectively analyzed the clinical characteristics of patients with PH-LHD
according to the presence or absence of a pre-capillary component, using patients with
idiopathic or heritable pulmonary arterial hypertension (PAH, i.e. patients with a pre-capillary
PH due to a “true” pulmonary vascular disease) as a comparator. In doing this, we focused on
the relationship between pulmonary haemodynamics and right ventricular (RV) function, the

cardiorespiratory adaptation to exercise, and survival.

Then, to substantiate and complete our results, we conducted a meta-analysis of available

studies on the prognostic role of haemodynamics in PH-LHD, restricting our field to those where
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DPG or PVR or Ca were rigorously considered to be or not to be associated with survival in

univariate and/or multivariate analysis.

METHODS

1) Retrospective data analysis, Erasme cohort

The study had been approved by the Ethics Committee of the Erasme Hospital (ref. n.
P2015/359). In agreement with Belgian laws and with local Ethics committee, informed consent
was not required according to the retrospective nature of the study. None of the patients had
denied the use for research purposes of anonymized data collected in routine clinical practice

at an academic hospital.

We retrospectively compared patients with PH undergoing a first elective assessment in stable
clinical conditions at the Pulmonary Hypertension and Heart Failure Clinic of the Erasme Hospital
between January 2007 and October 2014. Clinical indication for right heart catheterization was
given according to international guidelines [7,24]. PH was defined and classified according to
ESC/ERS guidelines [7]. In particular, PH was defined by a mean PAP > 25 mmHg. Distinction
between pre-capillary and post-capillary PH was made based on a PAWP < or > 15 mmHg,
respectively [7]. We first compared patients with PH-LHD versus patients with idiopathic or

heritable PAH naif of specific therapy. Then, we subdivided PH-LHD in:

o} IpcPH, if DPG < 7 mmHg and PVR <3 WU
o} CpcPH, if DPG 2 7 mmHg and PVR >3 WU
o] “intermediate” PH-LHD, if either DPG < 7 mmHg or PVR <3 WU
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We kept for the analysis only patients with complete haemodynamic data and not presenting
severe lung disease as a comorbid condition, such as chronic obstructive pulmonary disease
(COPD) in Global Initiative for Chronic Obstructive Lung Disease (GOLD) class 4, severe interstitial
lung disease. Glomerular filtration rate was calculated according to the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation. Chronic thromboembolic PH was ruled out in
all patients by a combination of clinical history, lung scintigraphy, computed tomography of the

chest, pulmonary haemodynamics.

Haemodynamics

All right heart catheterizations were performed and reviewed by a cardiologist expertin PH. The
transducer was zeroed at the midthoracic line in a supine patient, halfway between the anterior
sternum and the bed surface [7]. Pulmonary artery pressures were measured at end-expiration
and averaged over several cardiac cycles (5 to 8). PAWP was measured by a single expert reader
at mid-A wave, as it more closely approximates left ventricular end-diastolic pressure [17].
Cardiac output was measured by thermodilution in triplicate (using an average of three
measurements within 10% of agreement). DPG was calculated as the difference between
diastolic PAP and PAWP [1,2,7]. PVR was calculated as (mean PAP — PAWP) / cardiac output [2,7].
Ca was estimated as the ratio between stroke volume and pulmonary arterial pulse pressure,
and the resistance-compliance product (RC-time) as the product of Ca and PVR, and expressed

in seconds [2].

The right ventricle and right ventricular function

Right ventricular (RV) enlargement was defined as a ratio between right ventricle and left
ventricle >1 [7]. Reduced RV systolic function was qualified as a fractional area change < 35%
[25,26] by an experienced cardiologist blinded to invasive haemodynamics. Validation was then

performed on a sample of 74 subjects by an independent observer who recalculated fractional
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area change. RV dysfunction was defined as a combination of reduced RV systolic function and
RV enlargement, i.e. as a failing of the homeometric adaptation of the RV faced to an increased
afterload [27]. Tricuspid annular plane systolic excursion (TAPSE) was measured according to
current recommendations [25,26]. Also, the ratio between TAPSE and systolic PAP was
calculated, as a possible surrogate index of RV to pulmonary artery coupling [8]. We kept in the
analysis only the echocardiographic examinations which had been performed between 90 days
before and one week after right heart catheterization, given that there were no significant

changes in treatment between echocardiography and invasive haemodynamic assessment.

RV stroke work index (RVSWI), an index of RV workload, was calculated as (mean PAP — right

atrial pressure) * (cardiac index / heart rate) * 0.0136.

The ratio between right atrial pressure and PAWP was used as a haemodynamic surrogate of RV

dysfunction [28].

Cardiopulmonary exercise test

All cardiopulmonary exercise tests (CPET) has been performed on an electromagnetically braked
cycle ergometer, with the patient connected to the VMAX Metabolic Cart (SensorMedics, Yorba
Linda, CA, USA) through a mask. After a 3-minutes warm-up period (unloaded pedaling), a 1-
minute step-increase protocol (5 to 10 W/min) had been performed in order to achieve
exhaustion in about 10 minutes [29]. An average of the last 30-second period of exercise was
taken as peak value for the variables of interest. Ventilatory threshold was calculated by the V-
slope method and confirmed by the analysis of the end-tidal pressures plot and the ventilatory
equivalents plot by two independent operators. The regression slope of minute ventilation over
carbon dioxide production (VE/VCO2 slope) was calculated over the linear component of VE

versus VCO2 [29]. Exercise oscillatory breathing (EOB) was defined as cyclic fluctuations in VE at
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rest that persist during effort lasting > or = 60% of the exercise duration, with an amplitude > or

= 15% of the average resting value [30].

We kept for CPET analysis only patients with complete haemodynamic data, who had a CPET
within 7 days from right heart catheterization. Patients with a respiratory exchange ratio at peak

exercise < 1.00 were discarded.

Statistics

Descriptive data are reported as meantstandard deviation for continuous variable and as
absolute numbers and percentages for categorical variables. Distribution of variables in terms
of proximity to normal curve and the homogeneity of variances were detected by Shapiro-Wilk
test and Bartlett test, respectively. When needed, either a logarithmic or box-cox transformation
was performed to achieve normal distribution. ANOVA with “a posteriori contrasts” was used
for variables normally distributed and homoscedastic; otherwise ANOVA “on ranks” was
performed. For multiple comparisons, the algorithm which controls the expected rate of false-
positive results for all positive results (false discovery rate) was used [31]. Linear dependence
between prevalence of RV dysfunction and TAPSE/systolic PAP on one side, and PVR, DPG and
Ca on the other side, was evaluated with Pearson correlation coefficient. Pearson's Chi-squared
contingency table test or Fisher Exact test for count data has been used to analyze categorical

variables, as necessary.

Estimates of the survival probability were calculated using the Kaplan-Meier method, and the
log rank test was employed to test the null hypothesis of equality in overall survival among
groups. Univariate and multivariate Cox regression models were calculated to examine factors
associated with adverse outcomes. Predictors in the multiple Cox model were selected from the
set of variables that reached statistical significance in univariate analysis, by a stepwise

procedure with the significance limit set to 0.05, taking care to avoid the simultaneous inclusion

19



of collinear variables. The proportional-hazards assumption was tested using Schoelfeld
residuals, with p<0.05 evidence for non-proportionality. Results were expressed as hazard ratios

with 95% confidence intervals.

The regression analysis between both diastolic pressure gradient and PVR vs end-tidal pressure
for carbon dioxide (PetC0O2) at the anaerobic threshold was performed using the ordinary least-
squares method, while vs VE/VCO2 slope and VE/VCO2 at the anaerobic threshold was
performed using a robust regression with MM-type estimator [32,33]. Pearson's Chi-squared
contingency table test has been used to analyze categorical variables; the p-value was computed

for a Monte Carlo test [34] with 2000 replicates when needed.

An a level of 0.05 was used for all hypothesis tests. All data analyses were performed using R

Core Team (2016), Vienna, Austria.

2) Meta-analysis

Identification of articles

We conducted a Medline literature research according to PRISMA recommendations [35] on
articles published between 2013, when the diastolic pressure gradient (DPG) was introduced as
a possible marker of the pre-capillary component in PH-LHD [5], and November 2017. We used
the following combinations of search terms (“pulmonary hypertension” OR “heart failure” OR
“left heart disease”) AND (“prognosis” OR “outcome” OR “outcomes” OR “survival”’) AND
(“pulmonary vascular resistance” OR “diastolic pressure gradient” OR “diastolic pressure
difference” OR “diastolic pulmonary gradient” OR “diastolic pulmonary vascular pressure
gradient” OR “pulmonary artery compliance” OR “hemodynamics”). We only considered papers

in which DPG and/or PVR and/or Ca were analysed for their capability to predict survival in PH-
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LHD. We excluded articles reporting composite outcome, those focusing only on outcome after

heart transplantation, evaluating short-term follow-up, or including unstable patients.

Statistics

We pooled the original estimates by using both the fixed-effects model and the random-effects
model. Heterogeneity between study-specific estimates was tested using the Q statistic and 12
index. When a significant heterogeneity was found (Q statistic p-value <0.05), the results from
the random-effects model were presented. To evaluate publication bias, the “trim and fill”
method was used [36]. This is an extension of the funnel plot technique, where “missing studies”

are identified and estimated based on the symmetry of the funnel plot [37].

RESULTS

1) Retrospective data analysis, Erasme Hospital cohort

From January 2007 to October 2014, 548 patients underwent right heart catheterization.
Patients with group 3-5 PH, associated PAH, congenital heart disease, veno-occlusive disease,
patients with mean PAP < 25 mmHg as well as patients undergoing right heart catheterization
in unstable clinical conditions were discarded from analysis. Thus, one hundred and twenty-
eight patients met the inclusion criteria, consisting in 93 patients with PH-LHD and 35

idiopathic/heritable PAH (figure 3).

The subdivision of PH-LHD according to the haemodynamic classification is depicted in table 1.

General characteristics

Table 2 summarizes the general characteristics of the study population. Pooled together, PH-

LHD were heavier than PAH patients, and presented with slightly lower glomerular filtration
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rate. New York Heart Association (NYHA) class and N-terminal pro brain natriuretic peptide

(NTproBNP) levels did not differ between the two groups.

When further subdividing PH-LHD in IpcPH, intermediate and CpcPH, general characteristics
were similar in the three groups, although CpcPH presented with slightly higher weight and body

mass index than intermediate patients (p<0.05).

The underlying causes of PH-LHD were similar between the three groups, with heart failure with
preserved ejection fraction being the leading etiology, followed by heart failure with reduced
ejection fraction and a small number of patients with valvular heart disease (table 3). Patients
with heart failure and a reduced ejection fraction were more likely treated with drugs acting on
the renin-angiotensin-aldosterone system and with beta-blockers as compared with patients
with a preserved ejection fraction (p<0.01), while diuretics prescription was similar among
subgroups. Known obstructive sleep apnea was not represented in the “intermediate” group.
The remaining spectrum of comorbidities, as well as background treatment, did not differ
between the three subgroups (table 3). COPD GOLD 2 was diagnosed in 3 PAH, 3 CpcPH, 1

“intermediate”, 1 IpcPH patients, while COPD GOLD 3 only in 2 IpcPH patients.

Haemodynamics

The haemodynamic profile was more disturbed in PAH patients (higher pulmonary pressures,

gradients and PVR, and lower Ca and cardiac index) as compared with PH-LHD (table 4).

When further subdividing PH-LHD, we found that the severity of the haemodynamic profile
(pulmonary pressures, pulmonary gradients and PVR) stepwisely increased from lpcPH to
intermediate to CpcPH to PAH (table 4). However, diastolic and mean pulmonary pressure did
not significantly differ when comparing CpcPH and PAH (p=0.308 and p=0.052, respectively), and

Ca was similar between CpcPH and intermediate patients (p=0.169). There was no significant
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difference in PAWP and cardiac index across the three subgroups of PH-LHD, although PAWP
was slightly higher and stroke volume slightly lower in intermediate patients compared with
IpcPH (p=0.053 and p=0.063, respectively). All patients but one in the intermediate group had
PVR >3 WU and DPG < 7 mmHg. When subdividing patients according to left ventricular ejection
fraction, we could not find any difference in the principal haemodynamic variables except in
cardiac index, which resulted lower in patients with a reduced than in those with a normal left

ventricular ejection fraction (1.9+0.4 vs 2.5+0.6, p<0.01).

Effect of the DPG on the PVR-Ca relationship

Figure 4A depicts the Log(PVR) — Log(Ca) as a function of PAWP and DPG. PH-LHD with low DPG,
PH-LHD with high DPG and PAH all presented with a similar slope of the Log(PVR)-Log(Ca)
regression relationship, but with different intercepts, so that the slope of PH-LHD with high DPG
lied in between PH-LHD with low DPG and PAH. The relation between RC-time and PAWP across
the three different conditions was not linear as it would have been expected, with PH-LHD with
high DPG presenting with higher RC-time than PH-LHD with a low DPG for a nearly identical

PAWP (Figure 4B).

RV afterload and RV dysfunction

Eighty-three percent of echocardiography had been performed within 72 hours from right heart
catheterization, 91% within 1 week and 97% between 1 month and a few days after right heart
catheterization. Mean and median time span between right heart catheterization and
echocardiography was -4 +12 days and -1 (-78 to +6) days, respectively. Thus, a minimal data set

from echocardiography was available in 119 over 128 patients.
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RV enlargement was more prevalent in PAH than in PH-LHD patients. Moreover, RV enlargement
became progressively more frequent passing from IpcPH to “intermediate” PH-LHD to CpcPH to

PAH (table 5).

Echocardiographic signs of reduced RV systolic function were more represented in PAH as
compared with PH-LHD (table 5). However, the prevalence RV dysfunction showed a crescendo
from IpcPH to “intermediate” to CpcPH to PAH patients (p<0.001). Mean PVR and mean DPG of
each haemodynamic subgroup resulted highly correlated with the prevalence of RV dysfunction

(figure 5), while the relation between RV dysfunction and Ca was not linear.

A similar pattern of correlation was found between the same haemodynamic variables on one

side and the ratio between right atrial pressure and PAWP (figure 6).

TAPSE, which was available in 80% of cases, did not significantly differ between groups, while
the ratio between TAPSE and systolic PAP progressively decreased from IpcPH to “intermediate”
PH-LHD to CpcPH to PAH (table 5). TAPSE/systolic PAP resulted highly correlated with Ca but not

with DPG and PVR (figure 7).

Cardiopulmonary exercise test

Seventy patients (55% of the whole cohort; 20 IpcPH, 10 “intermediate” PH, 11 CpcPH and 29
PAH) had a CPET was performed on average 1.3 + 0.8 days before or after right heart

catheterization. CPET results are reported in table 6.

Oxygen consumption (VO2) at peak exercise was lower in PAH than in patients with IpcPH both
when expressed as a percentage of predicted values and as absolute values, but not when

weight- normalized (p<0.05).

At rest, peripheral oxygen saturation (SpO2) was lower in CpcPH and in PAH than in IpcPH

(p<0.05), but only PAH patients developed a real exercise-induced desaturation, with lower
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Sp02 values than all the PH-LHD subgroups both at the anaerobic threshold (p<0.05) and at peak

exercise (p<0.01).

At rest, patients with CpcPH presented with intermediate values of PetCO2 when compared with
the other two PH-LHD subgroups and PAH (p<0.05). Such difference persisted also at the
anaerobic threshold (figure 8) but not at peak exercise, where IpcPH and CpcPH had similar

PetCO2 values, which were overall higher (p<0.001) than in PAH patients.

At rest, the VE/VCO2 was higher in PAH than in IpcPH (p=0.001) and in “intermediate” PH-LHD
(p=0.06) but not different between CpcPH and PAH (p=0.183). VE/VCO?2 ratio at the anaerobic
threshold, as well as the VE/VCO2 slope, were lower in IpcPH and in “intermediate” PH-LHD,
intermediate in CpcPH and higher in PAH patients (figure 3). At peak exercise, the VE/VCO2 was

higher (p<0.01) in PAH than in patients with PH-LHD.

The prevalence of EOB increased (P<0.001) from PAH (absence of EOB) to CpcPH (18%) and

“intermediate” PH-LHD (20%) to IpcPH (50%).

Correlations between ventilatory response to exercise and resting haemodynamics

Across the whole population, both DPG and PVR directly correlated to the VE/VCO2 slope
(R2=0.48 and R2=0.43 respectively, p<0.001), to the VE/VCO2 at anaerobic threshold (R2=0.42
and R2=0.44 respectively, p<0.001, figure 9), and inversely correlated to PetCO2 at anaerobic

threshold (R2=0.48 and R2=0.49 respectively, p<0.001).

Outcome predictors in PH-LHD

Follow-up data were available for 115 patients (90%). There were 36 deaths (31%) over a median

follow up of 26 months (25th and 75th percentile: 11 and 46 months).
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At univariate analysis, glomerular filtration rate, NTproBNP, echocardiographic signs of RV
dysfunction, diastolic, mean and systolic pulmonary pressures, as well as PVR and Ca were
independent predictors of mortality (table 7). However, at multivariate analysis, only NTproBNP

and Ca maintained their prognostic power (table 7).

Survival was similar in PH-LHD and PAH (figure 10A). However, subgrouping PH-LHD according
to DPG and PVR revealed a worse prognosis in CpcPH as compared both with IpcPH and PAH.
Survival was similar in CpcPH and in “intermediate” patients (figure 10B). There were 14 events
(56%) in the CpcPH population, 11 events (31%) in the PAH population, 7 events (30%) in the

“intermediate” population, and 4 events (13%) in the IpcPH population.

When testing the capability of DPG, TPG, PVR and Ca to predict mortality by ROC curves analysis,
we did not find significant differences between the four haemodynamic variables, with area
under the curve in between 69 and 75% (figure 11a). Compared with the optimal cut-off value
of 23 mmHg, a DPG of 27 mmHg was associated with increased (79%) specificity at the expenses

of lower (47%) sensitivity (figure 11b).

Meta-analysis

PRISMA flow diagram is shown in figure 12a.

Out of 32 articles, 10 responded to the pre-specified criteria [6,8,10,15,16,18-20,38,39]. Analysis
of the different populations revealed heterogeneity in terms of age, gender and aetiology of PH-

LHD, as detailed in table 8.

These articles considered DPG, PVR and Ca as continuous or dichotomous variables. For purpose
of consistency, and to better individuate the risk associated with each variable, independently
of arbitrary cut-offs, we only included those that reported the prognostic power of variables

intended in a continuous way. The final analysis was thus conducted on six articles [6,10,16,18-
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20], including 2513 patients with LHD overall, followed up for 9-15 years. In four studies, all
patients had PH [6,10,16,18], while in the remaining two articles at least two-thirds of patients
had PH [19,20]. In the majority of the studies, a multivariate analysis was performed, adjusting
the hazard ratios associated with PVR, DPG and Ca for covariates such as age and sex
[6,10,18,19], body mass index [10,19], ethnicity [18,10], and also for comorbidities [6,20] and

other haemodynamic parameters [18,19].

Mean age was 60 years old, with mean values varying between 49 and 69 years old across the
studies. Younger ages were more represented in heart failure with reduced ejection fraction
(HFrEF) cohorts while older ages were found in cohorts of heart failure with preserved ejection
fraction (HFpEF) or valvular heart disease. Male sex prevalence varied between 25 and 79%.
HFpEF was the leading aetiology in 3 studies [6,16,18], while valvular heart disease was the
leading aetiology or a significant comorbidity (present in up to 30% of patients) in three studies
[6,16,20]. In these latter studies, it is possible that right heart catheterisation has been
performed in some patients as a pre-therapeutic assessment, although this has not been
systematically reported by the authors. Neither symptoms (e.g. New York Heart Association
functional class) nor concomitant relevant pathological conditions were consistently reported in

all studies.

Mean pulmonary artery pressure was on average 35 mmHg, mean PVR 3.0 WU, mean DPG was
1.2 mmHg (this latter derived from five studies [6,10,16,18,19]) and mean Ca 2.5 mL/mmHg
(derived from four studies [16,18-20]). Mean PVR was >3 WU in three studies [16,18,20], mean
DPG was <7 mmHg in all studies, while mean Ca was <2.3 mL/mmHg in two studies [16,18].
Based on meanzsd values, there is a high suspicion of a significant proportion of negative DPGs,

at least in five out of six studies [6,10,16,18-19].
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Forest plots analysis for survival according to DPG, PVR and Ca are depicted in figure 12b.
Increasing values of PVR and DPG were associated with higher risk of death in PH-LHD, while
increasing values of Ca were associated with lower risk. Results did not change when
performing a sensitivity analysis including only the four studies in which all patients had PH
[6,10,16,18]. Some suggestions of presence of publication bias come from the results obtained

|II

from the “trim and fill” method. The summary estimates coming from this method are very
similar to the summary original estimates for each outcome, even if the summary estimates of

DPG and Ca were not statistically significant. Nevertheless, the paucity of included studies puts

caution in interpreting the results obtained by the “trim and fill” method [37].

DISCUSSION

Our studies, taken together, highlight several aspects of PH-LHD. In particular, haemodynamic
phenotyping of PH-LHD adds to the clinical characterization of this cohort. It provides markers
of disease severity with distinct pathophysiological correlates, both in terms of right heart

function and ventilatory adaptation to exercise, as well as prognostic implications.

Haemodynamic severity, right heart remodeling and ventilator adaptation to exercise

in PH-LHD

Our population reflects current knowledge: PH, whichever its cause, is associated with poor
functional status (high NYHA class), significant neurohumoral activation (high NT-proBNP levels)
and poor outcomes [7,40]. Importantly, the haemodynamic impact of PH seemed to be largely
independent of LHD etiology and of background treatment, with few differences in
haemodynamic parameters between heart failure with preserved and heart failure with reduced

ejection fraction. Moreover, survival of PH-LHD was not different from PAH.
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However, further subdividing PH-LHD according to DPG and PVR allowed the discrimination of a
subgroup of patients that may present a milder form of PH (namely IpcPH) as opposed to
“intermediate” patients and to CpcPH. Indeed, in spite of minimal differences in general
patients' characteristics, the haemodynamic profile of the three PH-LHD subgroups diverged
significantly: haemodynamic severity increased stepwisely from IpcPH to “intermediate” to
CpcPH, so that this latter resulted closer to PAH. Such haemodynamic differences were
somehow paralleled by a stepwise increase in RV dimensions and RV workload, suggesting that

they could be maladaptive, negatively impacting on the RV.

Additionally, haemodynamics severity was mirrored on the ventilatory adaptation to exercise.
In particular, in the subgroup of patients undergone CPET within a week from right heart
catheterization, we could observe two main findings. Firstly, the degree of exercise
hyperventilation was quite fairly and directly correlated with haemodynamic markers of a pre-
capillary component, increasing in a stepwise fashion from IpcPH and “intermediate” PH-LHD,
to CpcPH, to PAH. Secondly, EOB displayed an opposite behavior, with an exceptionally high
prevalence in IpcPH, being absent in PAH, and with an in-between prevalence in “intermediate”
PH-LHD and CpcPH patients. All this occurred with minimal differences in exercise capacity,

which was on average slightly better in IpcPH and slightly worse in PAH.

Many factors have been proposed to explain excessive exercise-induced hyperventilation in
heart failure and in pulmonary hypertension [41-50], with a plausibly prominent role of neural

reflex pathways [50,51].

Stimulation of stretch receptors in the right heart chambers (Bainbridge reflex) [52], might be
called into question to contribute to our results, either directly or via interaction with the
chemoreflex. This may be supported in our population by echocardiographic findings (RV

dilation) as well as by the ratio between right and left filling pressures, which was higher in PAH,
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intermediate in CpcPH and lower in IpcPH, somehow mirroring the afterload imposed by the
different conditions on the right heart. Despite a progressive increase of right ventricular
afterload from IpcPH, to “intermediate” PH-LHD, to CpcPH, to PAH, exercise capacity was not
strikingly different between the different groups: only PAH patients showed a pattern consistent
with a more impaired stroke volume (02 pulse) rise than PH-LHD [29,53], which was somehow
partly counterbalanced by a less decreased heart rate reserve. But a similar stroke volume
response to exercise in conditions characterized by progressively increasing afterload at rest
may imply that Starling’s heterometric adaptation [27] might become more prominent when
passing from IpcPH to CpcPH to PAH, further supporting of a role for right heart chambers

stretch in driving the ventilatory response to exercise in these subpopulations [45].

Interestingly, EOB decreased its prevalence in PH-LHD patients with high PVR and/or high DPG.
As recently reported, EOB is generally not found in PAH [54], reinforcing the concept that
increased pulmonary wedge pressure should play a major role in the development of Cheyne-
Stokes and oscillatory respiration [55,56], over sympathetic dysregulation and peripheral
reflexes [57]. In our population as well as in other studies [8], however, pulmonary wedge
pressure was similar in the subgroup of patients with PH-LHD at rest, and there is no reason to
suspect that it may behave differently during exercise [58]. We may thus speculate that the pre-
capillary component in PH-LHD might exert a sort of upstream “protective” barrier limiting the
afferentinput implicated in the genesis of oscillatory ventilation (J-receptors) [59]. Alternatively,
the same reflex mechanism underlying exercise-induced hyperventilation might centrally
interact with chemoreflex in such a way to leftward shift the CO2 threshold [57], thus overriding

and stabilizing oscillations.

Haemodynamic phenotyping and the effect of DPG on PVR-Ca relationship
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Noteworthy, the degree of PAP, pulmonary vascular gradients and PVR elevation resulted largely
independent of PAWP when comparing IpcPH and CpcPH, reinforcing the idea that there might
be an additional mechanism at pulmonary arterial level that may explain the precapillary
component in CpcPH [6,15,60]. Interestingly, “intermediate” patients, i.e. predominantly those
patients with an isolated elevation of PVR, presented with a slightly higher PAWP and a slightly
lower stroke volume than IpcPH, suggesting that in this specific case the increase in PAP and
transpulmonary gradient might be partly explained by low flow and by the exaggerated

amplification of left-sided filling pressures [5].

In this perspective, our data seem to support the pathophysiological reasoning suggesting that
the DPG may be a marker of the pre-capillary component [6,15,60]. Increasing the DPG in PH-
LHD led to a rightward and upward shift of the PVR-Ca relationship, so that patients with PH-
LHD and high DPG lied in between PAH and patients with PH-LHD with low DPG, consistently
with a previous report [8], and supporting a distinct pulmonary vascular phenotype in CpcPH
[15]. Moreover, patients with high DPG presented also with higher PVR than “intermediate” PH-

LHD patients.

Haemodynamics and prognosis

Haemodynamic predictors of prognosis in LHD may be influenced by the study characteristics
(single center vs multicentric), the methodology (univocally standardized haemodynamic
assessment with review of single traces vs utilization of protocol data), the characteristics of the
referral center (mainly heart failure vs mainly PH center) as well as of the population (heart
failure pre-transplant, reduced or preserved left ventricular ejection fraction, valvular heart
disease, cardiomyopathies, PH). All these factors may explain at least in part the different and
sometimes contrasting results obtained in recent years by several groups [6,8,10,15,16,18,

20,39,61-64]. In this context, our own data seem to confirm that the milder haemodynamic
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profile of IpcPH (low DPG, low PVR) is mirrored by an overall lower prevalence of RV dysfunction,
and a clearly overall better prognosis than the other PH-LHD patients [8]. As such, despite
several differences in haemodynamics, we may be tempted to pool CpcPH and “intermediate”
all together in saying that when patients with PH-LHD have high PVR, their prognosis is dismal
[7,10,20] (acknowledging that high DPG with low PVR in PH-LHD appears to be extremely
uncommon [65]). In this perspective, the current guidelines subdivision of PH-LHD in two rather
than three groups might be sufficient [16]. Anyway, it is also interesting to point out that in a
contemporary PH population, newly diagnosed PAH had overall better survival than patients
with PH-LHD and a pre-capillary component. This on one side may confirm that approved and
currently prescribed treatment in PAH referral centers had impacted the outcome of this
condition [7], at the same time reinforcing the need for further research efforts in order to
better understand and possibly improve prognosis of the subgroups of PH-LHD at higher risk

[66].

Our meta-analysis may reconcile contrasting theories and evidences on which parameter(s) to
define a pre-capillary component and/or to predict prognosis in PH-LHD. In particular, pooling
together data from more than 2500 PH-LHD patients, heterogeneous in terms of age, aetiology,
proportion of negative DPGs and haemodynamic presentation, our meta-analysis shows that
both DPG, PVR and Ca are associated with prognosis. The DPG is a small number, whose unitary
increase carries a small increase in risk, in the order of 2%. The unitary increase in PVR is
associated with 9% increase in risk of adverse outcome. At variance, a unitary increase in Ca is

associated with better outcome and 27% risk reduction.

We may speculate that these variables should be viewed as complementary and may be used in
combination as an intrinsic control. Which combination of variables would best be used to

predict outcome remains a matter of debate.
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CONCLUSIONS

PH-LHD embodies a broad spectrum of haemodynamic presentations. The presence of a
precapillary component, defined by a DPG >= 7 mmHg and/or PVR > 3 WU is associated with
adverse right heart remodeling, distinct ventilatory adaptation to exercise and a worse
prognosis as compared with patients with low DPG and low PVR. Ca and NT-proBNP may better
predict outcome than other clinical and haemodynamic variables suggesting that
characterization of patients with PH-LHD should probably incorporate further elements,
probably in combination, including RV function. Collaborative study should be encouraged in
order to provide a more precise characterization of patients with PH-LHD at high risk, that may

help improving the current haemodynamic definition.
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TABLES

PH-LHD DPG (mmHg)
N=93 <7 =7
IpcPH Intermediate
= <3
= N=37 N=1
E]>: Intermediate CpcPH
[a >3

N=28 N=27

Table 1. Patients’ subdivision according to the haemodynamic classification of pulmonary
hypertension due to left heart disease. CpcPH=combined post- and pre-capillary pulmonary
hypertension; DPG=diastolic pressure gradient; IpcPH=isolated post-capillary pulmonary
hypertension; PH-LHD=pulmonary hypertension due to left heart disease; PVR=pulmonary

vascular resistance.
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PAH PH-LHD CpcPH Interm IpcPH P value,
n=35 N=93 n=27 n=29 n=37 overall
Demographics &
anthropometrics
Females, n (%) 19 (54%) | 51 (55%) 14 (52%) 16 (55%) 21 (57%) 0.984
Age (years) 57+16 64+13 64+14 67+13 62+13 0.075
Height (cm) 165+10 166+10 168+10 166110 16549 0.560
Weight (Kg) 71+14 79+17 85+16 75+17 79+17 0.005
BMI (Kg/m?) 2615 2915 3015 2714 2916 0.010
NYHA class 0.372
I-11 7 (20%) 29 (31%) 8 (30%) 7 (24%) 14 (38%)
-1V 28 (80%) | 64 (69%) 19 (70%) 22 (76%) 23 (62%)
Blood tests
(fnr;gg”e 1104 | 14407 | 1.4#0.6 1.540.9 13106 | 0.148
(fnGL,;/:nin/l.Bmz) 70124 59+25 58+25 55+26 63+25 0.056
Sodium (mmolL/L) 14143 141+4 14143 140+4 141+4 0.829
(';';}’Z: f)BNP 2930£3002 | 36856936 | 413643845 | 5034+11573 | 2214+2126 | 0.211

Table 2. Patients’ general characteristics. BMI=body mass index; CocPH=combined post- and
pre-capillary pulmonary hypertension; eGFR=estimated glomerular filtration rate;
Interm=intermediate; |pcPH=Isolated post-capillary pulmonary hypertension; NYHA=New York
Heart Association; NT-proBNP=N-terminal pro Brain Natriuretic Peptide; PAH=pulmonary

arterial hypertension; RV=right ventricle.
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IpcPH Interm CpcPH value
n=37 n=29 n=27 | P
Etiology of left heart failure 0.210
HFpEF, n (%) 19(51%) | 13(45%) | 17 (63%)
Valvular heart disease, n 0 (0%) 3(10%) 2 (7%)
(%)
HFrEF, n (%) 18 (49%) | 13(45%) | 8(30%)
Comorbidities
l(f,/j)hem icheart disease,n | 13 350) | 14(a8%) | 5(19%) | 0.064
Diabetes Mellitus, n (%) 14 (41%) 10 (35%) | 10 (37%) 0.956
%e”a’ Hypertension, n 19(51%) | 17 (59%) | 18(67%) | 0.470
Dyslipidemia, n (%) 17 (46%) | 19(66%) | 11(41%) | 0.139
Obesity, n (%) 15 (41%) 8(28%) | 12(44%) | 0.384
Permanent atrial 0 0 0
fibrillation, n (%) 4 (11%) 6(21%) | 4(15%) 0.538
Smoking habits, n (%) 16 (43%) 13 (45%) | 11 (41%) 0.953
Chronic obstructive o 0 0
pulmonary disease, n (%) 3 (8%) 1(3%) 3 (11%) 0.380
5’;;‘;’” and treated O5AS, | 5 (150 0(0%) | 6(22%) | 0.024
Treatment
Diuretics 28(76%) | 26(90%) | 22(82%) | 0.360
ACE-I or ARBs 27 (73%) | 24(83%) | 19(70%) | 0.515
Beta-blockers 26 (70%) 24 (83%) | 19 (70%) 0.446
Spironolactone 18 (49%) 12 (41%) 7 (26%) 0.182
Digoxin 5(14%) 3 (10%) 4 (15%) 0.857
Amiodaron 7 (19%) 7 (24%) 6 (22%) 0.872
Anticoagulant 12 (32%) 13 (45%) 9 (33%) 0.536
Antiplatelet 19 (51%) | 12 (41%) | 10(37%) | 0.491
Insulin 6 (22%) 7(24%) | 7(19%) 0.872
02 therapy 4 (15%) 0 (0%) 2 (5%) 0.081
CRT-D 7 (19%) 5(17%) 0 (0%) 0.363
IcD 5 (13%) 2 (7%) 1 (4%) 0.371

Table 3. Clinical characteristics of patients with pulmonary hypertension secondary to left
heart disease. ACE-lI=angiotensin converting enzyme inhibitor; ARB=angiotensin receptor
blocker; COPD=chronic obstructive pulmonary disease; CocPH=combined post- and pre-capillary

pulmonary hypertension; CRT-D=cardiac resynchronization therapy — defibrillator; HFpEF=heart
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failure with preserved ejection fraction; HFrEF=heart failure with reduced ejection fraction;
Interm=intermediate; IpcPH=isolated post-capillary pulmonary hypertension; ICD=implanted

cardioverter defibrillator; 02=oxygen; OSAS=obstructive sleep apnea syndrome.
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PAH PH-LHD CpcPH Interm IpcPH
n=35 n=93 np=27 n=29 :=37 ANOVA

HR (bpm) 7915 71+13 74113 71+14 69113 0.017
BP (mmHg)

Systolic 126+18 130430 131431 137431 123428 0.183

Diastolic 7912 72114 74116 74113 67111 0.002

Mean 95+12 91+17 94+18 95+17 86114 0.037
PAP (mmHg)

Systolic 86+17 61118 76116 63+16 4818 <0.001

Diastolic 3718 2818 357 2816 2344 <0.001

Mean 53+11 39+10 4919 39+8 3145 <0.001
PAWP (mmHg) 10+4 23+5 24+6 25+6 22+4 <0.001
RAP (mmHg) 815 1316 1416 1346 1145 <0.001
RAP/PAWP 0.88+0.46 0.54+0.21 0.60+0.22 0.54+0.21 0.50%0.21 <0.001
Sa02 (%) 92+4 9613 9415 9743 9713 <0.001
Sv02 (%) 59+10 638 60+7 64+8 6418 0.005
SV (mL) 45+14 59+19 58+21 54+14 64120 <0.001
Cl (L/min/m?) 1.910.4 2.2+0.6 2.3+0.5 2.1+0.6 2.2+0.7 0.041
TPG (mmHg) 44+11 168 25+8 1545 10+3 <0.001
DPG (mmHg) 2749 545 1145 342 142 <0.001
PVR (WU) 13+4 4413 74 4+1 2+1 <0.001
Ca (mL/mmHg) 0.9+0.3 2.1+1.1 1.5+0.6 1.841.3 2.7t0.9 <0.001
RC-time (s) 0.69+0.13 0.41+0.13 0.51+0.08 0.40+0.16 0.35+0.07 <0.001

Table 4. Patients’ invasive haemodynamic profile. BP=systemic blood pressure; Cl=cardiac
index; CpcPH=combined post- and pre-capillary pulmonary hypertension; DPG=diastolic
pressure gradient; Interm=intermediate; lpcPH=isolated post-capillary pulmonary hypertension;
PAH=pulmonary arterial hypertension; PAP=pulmonary artery pressure; PAWP=pulmonary
artery wedge pressure; PVR=pulmonary vascular resistance; RAP=right atrial pressure; RC-
time=resistance-compliance product; SV=stroke volume; TPG=transpulmonary pressure

gradient; SaO2=arterial oxygen saturation; SvO2=mixed venous oxygen saturation.
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CpcPH=combined post- and pre-capillary pulmonary hypertension; Intem="intermediate PH-
LHD”; IpcPH=isolated post-capillary pulmonary hypertension; LV=Ileft ventricle; PAH=pulmonary
arterial hypertension; PH-LHD=pulmonary hypertension due to left heart disease; sPAP=systolic

pulmonary artery pressure;

RVSWI=right ventricular stroke work index; TAPSE=tricuspid annular plane systolic excursion;

TR=tricuspid regurgitation.

RV=right ventricle;
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PAH PH-LHD CpcPH Interm IpcPH p value,
overall
RVOT, proximal 3746 326 3647 3046 3116 <0.001
(mm)
RV/LV>1 82% 51% 69% 39% 46% 0.001
Reduced RV 79% 47% 52% 45% 38% 0.005
systolic function
TAPSE (mm) 15+4 18+6 18+5 1745 19+7 0.083
TAPSE/SPAP 0.18+0.07 0.32+0.14 0.251+0.08 0.2940.11 0.40+0.16 <0.001
(mm/mmHg)
TR > than
moderate, n (%) 9 (30) 14 (21) 5 (24) 7 (30) 4(17) 0.703
RVSWI
+ + + + +
(a/m?/beat) 15.6+5.3 11.3+5.1 14.1+5.8 10.7+4.8 9.814.1 <0.001
Table 5. Right ventricular function in the different haemodynamic subgroups.

RVOT=right ventricular outflow tract;




PAH

CpcPH

Interm

IpcPH

n=29 n=11 n=10 n=20 | Overal

VE (L/min) 16+5 14+3 13+4 12+3 0.012
Sp02 (%) 93+5 95+ 4 97+3 98+ 1 <0.001
PetCO2 (mmHg) 25+5 29+5 33+3 33+4 <0.001

|u—, VE/VCO2 54 +13 48+ 8 45+5 42+7 0.001

E VE/VO2 47 £ 12 43+9 40+ 5 38+ 8 0.017

HR (bpm) 84 +17 77 £ 12 69+12 72 +14 0.009

SBP (mmHg) 117+ 23 131 +37 129+ 36 125+ 27 0.466

DBP (mmHg) 85+ 13 72+11 70+ 16 76+ 18 0.020

Identifiable, n (%) | 29 (100) 9(82) 8 (80) 17 (85) 1.000

VE (L/min) 26+8 254 22+8 244 0.631
Sp02 (%) 91+5 95+3 9% + 4 97+1 <0.001
PetCO2 25 2945 3343 3545 | <0.001

- VE/VCO2 52+12 43+8 38+4 355 <0.001
< VE/VO2 49+ 11 40+ 9 375 33+6 <0.001
HR (bpm) 98+ 18 94 +11 85+ 18 91+14 0.216

02 p (mL/beat) 5.6+1.8 71+18 | 74+37 | 85+27 | 0.002
VO2 (L/min) 0.6+0.2 0.7+0.2 0.6+0.3 0.8+0.2 0.017
V02 (mL/Kg/min) 7.7+2.6 8.2+1.9 8.3+55 10.1+2.5 0.013

VE (L/min) 61+19 47 £ 12 40+ 11 53+14 0.002
$p02 (%) 88+7 9% +4 9513 96 +3 <0.001
PetCO2 206 27 %5 305 305 <0.001
VE/VCO2 64 +21 45+ 12 40+ 7 38+7 <0.001
VE/MVV, % 68+ 17 63+ 15 59+11 58+ 12 0.111
MVV - VE 33+23 28+ 17 30+ 17 39+ 16 0.550

HR (bpm) 130+ 28 115+ 18 97+21 113+ 24 0.004

i HR (% max pred) 79+ 13 75+ 10 74 + 16 71+ 15 0.018
a | 02 p (mL/beat) 6.9+2.2 8.6+28 | 94+38 | 11.0+4.2 | <0.001
Workload (W) 51+25 51+22 46 + 26 73+ 30 0.015

VO2 (L/min) 0.9+0.3 1.0+0.3 0.9+04 1.2+0.5 0.029

V02 (mL/min) 12.5+4.5 11.7+2.7 12.3+1.8 15.7+5.5 0.063

VO2 (% pred) 48 + 16 6l1+27 52+15 70+ 31 0.019

RER 1.16 + 0.06 1.12+0.09 | 1.15+0.08 | 1.19+0.08 0.108

SBP (mmHg) 147 + 26 150+ 43 141 + 35 149 + 37 0.917
DBP (mmHg) 96+ 13 85+ 11 79+17 85+ 16 0.007
VE/VCO2 slope 53+16 41 +11 31+5 335 <0.001
EOB, % 0 18 20 50 <0.001
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Table 6. Cardiopulmonary exercise test in the three groups of patients. AT=anaerobic
threshold; CpcPH=combined post- and pre-capillary pulmonary hypertension; DBP=diastolic
blood pressure; EOB=exercise oscillatory breathing; HR=heart rate; IpcPH=isolated post-
capillary pulmonary hypertension; MVV=maximal voluntary ventilation; O2p=oxygen pulse;
PAH=pulmonary arterial hypertension; PetCO2=end tidal partial pressure for carbon dioxide;
RER=respiratory exchange ratio; RR=respiratory rate; SBP=systolic blood pressure;
SpO2=peripheral oxygen saturation; VE=minute ventilation; VO2=oxygen consumption;

VCO2=carbon dioxide production; Vt=tidal volume.
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Univariate Multivariate
Hazard Ratio p-value Hazard Ratio p-value
(95% Cl) (95% ClI)
Clinical parameters
Age, years 1.016 (0.986-1.046) 0.302
Male sex 1.501 (0.740-3.047) 0.260
BMI, Kg/m? 0.959 (0.894-1.028) 0.236
NYHA 1lI-1V 0.772 (0.356-1.672) 0.511
Ischemic aetiology 0.982 (0.479-2.014) 0.960
Atrial fibrillation 1.137 (0.437-2.960) 0.793
Diabetes mellitus 1.504 (0.720-3.139) 0.277
Smoking history 0.954 (0.474-1.919) 0.895
Heart rate, beats/min 1.021 (0.994-1.048) 0.134
Laboratory parameters
Hb, g/dL 0.937 (0.805-1.091) 0.403
GFR, mL/min/1.73 m? | 0.979 (0.964-0.993) 0.004
proBNP > 1400 pg/mL | 4.768 (1.662-13.678) | 0.004 | 5.066 (1.751-14.660) | 0.003
Echocardiographic
variables
Reduced LV EF 0.915 (0.435-1.927) 0.816
RV dysfunction 2.242 (1.095-4.592) 0.027
TAPSE/sPAP < 0.35 1.565 (0.514-4.767) 0.430
Haemodynamic
variables
mPAP, mmHg 1.034 (1.003-1.066) 0.030
sPAP, mmHg 1.018 (1.000-1.037) 0.050
dPAP, mmHg 1.044 (1.003-1.088) | 0.036
PAWP, mmHg 1.051 (0.984-1.123) 0.136
RAP, mmHg 1.011 (0.955-1.070) 0.709
RAP/PAWP 0.706 (0.146-3.399) 0.664
DPG, mmHg 1.049 (0.993-1.108) 0.088
TPG, mmHg 1.037 (0.999-1.077) 0.058
Cl, L/min/m? 0.941 (0.526-1.686) 0.839
RVSWI, g/m?/beat 1.037 (0.975-1.103) 0.246
PVR, WU 1.130 (1.016-1.256) 0.024
Ca, mL/mmHg 0.602 (0.391-0.926) 0.021 0.509 (0.298-0.872) 0.014

Table 7. Univariate and multivariate predictors of survival in pulmonary hypertension due to
left heart disease. BMI=body mass index; Ca=pulmonary arterial compliance; Cl=cardiac index;
DPG=diastolic pressure gradient; GFR=estimated glomerular filtration rate; Hb=haemoglobin; LV

EF=left ventricular ejection fraction; NTproBNP=N terminal pro Brain Natriuretic Peptide;
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NYHA=New York Heart Association; dPAP=diastolic pulmonary artery pressure; mPAP=mean
pulmonary artery pressure; sPAP=systolic pulmonary artery pressure; PAWP=pulmonary artery
wedge pressure; PVR=pulmonary vascular resistance; RAP=right atrial pressure; RV=right

ventricle; TPG=transpulmonary pressure gradient.
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Author Year | Country | Lenght | PH- Age, Males | pEF | rEF | VHD Variables, | Variables, Covariates in
of LHD, years univariate | multivariate | multivariate
study, n analysis
years
Miller20 2013 | USA 8.5 337 57+13 79% 0% 100% | Significant VHD | Ca bin PVR bin Risk factors different
2 1/3 of patient Ca cont among the groups
(comorbidity) at baseline and
clinically important
factors
Gerges® 2013 | Austria 15 1094 63+13 61% ~55% | =~45% | Significant VHD DPG cont Sex, age, GFR <60,
= 1/3 of patient CAD
(comorbidity)
Al-Naamanil8 2015 | USA 9.8 73 69+12 26% 100% | 0% DPG cont Ca cont Age, sex, ethnicity,
DPG bin BMI,
PVR cont haemodynamic
parameters
Tampakakis® | 2015 | USA 11 469 49 74% DPG cont Age, gender, race,
PVR cont BMI
O’Sullivan®® 2015 | Switz. 6.3 269 8315 42% 100% DPG bin Age, sex, BMI, DM,
previous CABG,
PVD, previous Ml,
CAD, LVEF <30%,
COPD
Dragu19 2015 | lIsrael >9 264 66+12 45% 76% 24% PVR cont
Gerges8 2015 | Austria 17 668 63112 67% 38% 62% DPG bin Sex, age, GFR <60,
CAD
Assad?®® 2016 | USA 18 1361 60+14 56% Significant VHD | DPG bin DPG cont Age, sex, BMI,
= 8% of patient COPD, ILD, OSA,
(comorbidity) CAD, AF, VHD,
lupus, scleroderma
Palazziniié 2017 | ltaly 18 276 69 25% 41% 9% 50% DPG cont
(60-75) DPG bin
PVR cont
PVR bin
Ca cont
Ca bin.
Brunner38 2017 | Canada 10 133 80+8 53% 100% DPG bin Age, sex, BMI,
PVR bin PASP at echo
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Table 8. Studies meeting inclusion criteria for meta-analysis. AF=atrial fibrillation;
bin.=binary; BMI= body mass index; Ca=pulmonary arterial compliance; CABG=coronary
artery by-pass grafting; CAD=coronary artery disease; COPD=chronic obstructive
pulmonary disease; cont.=continuous; DPG=diastolic pressure gradient; DM=diabetes
mellitus; eGFR=estimated glomerular filtration rate; ILD=interstitial lung disease; LHD=left
heart disease; LVEF=left ventricular ejection fraction; MIl=myocardial infarction;
NTproBNP=N-terminal pro brain natriuretic peptide; pEF=preserved ejection fraction;
OSA=obstructive sleep apnea; rEF=reduced ejection fraction; PASP=pulmonary artery
systolic pressure; PH=pulmonary hypertension; PVD=pulmonary vascular disease;

PVR=pulmonary vascular resistance; RV=right ventricle; VHD=valvular heart disease
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FIGURES

b

pulmonary artery wedging

Figure 1. Graphical representation of the diastolic pressure gradient (DPG), i.e. the
difference between diastolic pulmonary artery pressure (dPAP) and pulmonary artery

wedge pressure (PAWP).

55



w 25 -

I

€

E‘ .- TPG

8 20 - -

c -

9 .

e _-

© -

) -

S 15 - ”/

5 -

> P

(8] e

w -

g d”

> 10 < "

S /d

© -

c -

o] -

E

=3 5 -

N IS E DPG
1 T T
10 20 30

PAWP, mmHg

Figure 2. Exemplificative relationship between pulmonary vascular gradients (the
transpulmonary gradient, TPG, and the diastolic pressure gradient, DPG) and the
pulmonary artery wedge pressure (PAWP). The DPG is more stable than the TPG when

PAWP increases.
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1 25 acutely decompensated HF I

3 C 12 with PAWP < 15 mmHg 1

v - 4 on inotropic support 1

I, 3 unreliable PAWP traces 1
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36 |d'9pathlc or on stable clinical b= mmm s
hereditary PAH conditions

_________ DPG<7andPVR <3 DPG=z7and PVYR>3

I 1 patientexcluded: 1
1 - PAWP > 15mmHg |
--------- DPG<7 DPGz27

and and
37 lpcPH PVR>3 | PVR<3 27 CpcPH
35 Idiopathic or
hereditary PAH
| J

1 |
| 29 «intermediate» PH-LHD |

Figure 3. Patients disposition according to the study protocol and haemodynamic
definitions. CpcPH=Combined post- and pre-capillary Pulmonary Hypertension;
DPG=diastolic pressure gradient; HF=heart failure; IpcPH=Isolated post-capillary
Pulmonary Hypertension; LHD=left heart disease; PAH=pulmonary arterial hypertension;
PH=pulmonary hypertension; PAWP=pulmonary artery wedge pressure; PVR=pulmonary

vascular resistance; RHC=right heart catheterization.
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Figure 4. Effects of varying the diastolic pressure gradient and pulmonary artery wedge

pressure on the compliance-resistance relationship in patients with pulmonary

hypertension. Panel a): pulmonary arterial compliance as a function of pulmonary

vascular resistance, both logarithmically transformed. Panel b): resistance-compliance

product as a function of pulmonary artery wedge pressure. Ca=pulmonary arterial

compliance; DPG=diastolic pressure gradient; PAH=pulmonary arterial hypertension; PH-

LHD=pulmonary hypertension due to left heart disease; PVR=pulmonary vascular

resistance; RC-time=pulmonary vascular resistance-compliance product.
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Figure 5. Prevalence of echocardiographic signs of right ventricular dysfunction in the four groups of patients as a function of pulmonary
haemodynamics: pulmonary vascular resistance (panel a), diastolic pressure gradient (panel b), and pulmonary arterial compliance (panel c).
Ca=pulmonary arterial compliance; CpcPH=combined post- and pre-capillary pulmonary hypertension; DPG=diastolic pressure gradient;

Interm=intermediate; IpcPH=isolated post-capillary pulmonary hypertension; PAH=pulmonary arterial hypertension; PVR=pulmonary vascular

resistance; RV=right ventricle.
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Figure 6. The ratio of right atrial pressure and pulmonary artery wedge pressure in the four groups of patients as a function of pulmonary
haemodynamics: pulmonary vascular resistance (panel a), diastolic pressure gradient (panel b), and pulmonary arterial compliance (panel c).
Ca=pulmonary arterial compliance; CpcPH=combined post- and pre-capillary pulmonary hypertension; DPG=diastolic pressure gradient;
Interm=intermediate; IpcPH=isolated post-capillary pulmonary hypertension; PAH=pulmonary arterial hypertension; PAWP=pulmonary artery wedge

pressure; PVR=pulmonary vascular resistance; RAP=right atrial pressure.
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Figure 7. The ratio of tricuspid annular plane systolic excursion and systolic pulmonary artery pressure in the four groups of patients as a function of
pulmonary haemodynamics: pulmonary vascular resistance (panel a), diastolic pressure gradient (panel b), and pulmonary arterial compliance (panel
c). Ca=pulmonary arterial compliance; CpcPH=combined post- and pre-capillary pulmonary hypertension; DPG=diastolic pressure gradient;
Interm=intermediate; IpcPH=isolated post-capillary pulmonary hypertension; PAH=pulmonary arterial hypertension; PAP=pulmonary artery pressure;

PVR=pulmonary vascular resistance; TAPSE=tricuspid annular plane systolic excursion.

61



50
as | ©
40 F
)
I
€35 |
£
E 30 | @ PAH
® @ CpcPH
o~
O lnterm
Sas |
0 OlpcPH
o
20 |
15 o,
10 1 1 1 1 1 1 J
20 30 40 50 60 70 80 90
VE/VCO2 @ AT

Figure 8. The hyperbolic relationship between end-tidal pressure of carbon dioxide and
ventilatory equivalents for carbon dioxide at the anaerobic threshold. AT = anaerobic
threshold; CpcPH = Combined pre- and post-capillary Pulmonary Hypertension; IpcPH =
Isolated post-capillary Pulmonary Hypertension; PAH = pulmonary arterial hypertension;
PetCO2 = end-tidal pressure of carbon dioxide; VE = minute ventilation; VCO2 = carbon

dioxide production.
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Figure 9. Regression analysis between the ventilatory equivalents at the anaerobic
threshold and haemodynamics markers of pulmonary vascular disease. AT=anaerobic
threshold; CpcPH=combined post- and pre-capillary pulmonary hypertension.
DPG=diastolic pressure gradient; IntcPH="intermediate” PH; IpcPH=isolated post-
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PVR=pulmonary vascular resistance; VCO2=carbon dioxide production; VE=minute

ventilation.
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Abstract

Background

In pulmonary hypertension (PH), both wedge pressure elevation (PAWP) and a precapillary
component may affect right ventricular (RV) afterload. These changes may contribute to RV
failure and prognosis. We aimed at describing the different haemodynamic phenotypes of
patients with PH due to left heart disease (LHD) and at characterizing the impact of pulmo-
nary haemodynamics on RV function and outcome PH-LHD.

Methods

Patients with PH-LHD were compared with treatment-naive idiopathic/heritable pulmonary
arterial hypertension (PAH, n = 35). PH-LHD patients were subdivided in Isolated post-capil-
lary PH (IpcPH: diastolic pressure gradient, DPG<7 mmHg and pulmonary vascular resis-
tance, PVR<3 WU, n = 37), Combined post- and pre-capillary PH (CpcPH: DPG>7 mmHg
and PVR>3 WU, n = 27), and “intermediate” PH-LHD (either DPG <7 mmHg or PVR <3
WU, n =29).

Results

Despite similar PAWP and cardiac index, haemodynamic severity and prevalence of RV
dysfunction increased from IpcPH, to “intermediate” and CpcPH. PVR and DPG (but not
compliance, Ca) were linearly correlated with RV dysfunction. CpcPH had worse prognosis
(p<0.05) than IpcPH and PAH, but similar to “intermediate” patients. Only NTproBNP and
Caindependently predicted survival in PH-LHD.

Conclusions

In PH-LHD, haemodynamic characterization according to DPG and PVR provides important
information on disease severity, predisposition to RV failure and prognosis. Patients
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presenting the CpcPH phenotype appear to have haemodynamic profile closer to PAH but
with worse prognosis. In PH-LHD, Ca and NTproBNP were independent predictors of
survival.

Introduction

Post-capillary pulmonary hypertension (PH) is a frequent complication of left heart disease
(LHD) [1,2]. However, a small number of PH-LHD patients may present an increase in pul-
monary artery pressures (PAP) that cannot be explained by an increase in pulmonary artery
wedge pressure (PAWP). In these cases, a cascade of events involving complex interplay of
endothelial dysfunction, vasoconstriction and possibly remodeling, may contribute to the
development of a pre-capillary component superimposed to post-capillary PH [1-4].

How to define a pre-capillary component in PH-LHD has been debated in recent years.
Current ESC/ERS PH guidelines have proposed a haemodynamic definition that subdivides
post-capillary PH based on the diastolic pressure gradient (DPG) and on pulmonary vascular
resistance (PVR): Isolated post-capillary PH (IpcPH, with PVR <3 WU and/or DPG <7
mmHg), and Combined post- and pre-capillary PH (CpcPH, with PVR >3 WU and/or DPG
>7 mmHg) [1].

However, this definition has also been recently challenged [5-7]. Firstly, its literal applica-
tion may result in an ambiguous classification of a proportion of patients (i.e. those with PVR
>3 WU or DPG >7 mmHg, that may fall in both in the IpcPH and in the CpcPH group) [5].
Moreover, each of the two variables (DPG and PVR) presents with certain advantages and dis-
advantages: the DPG was initially introduced based on solid physiological background as a
potential marker of the pre-capillary component [2,3] but its prognostic role is controversial
[4, 8-17], while PVR was proposed mainly due to its solid prognostic significance [1,11,18]
although it may be highly sensitive to PAWP and cardiac output changes [3]. Finally, pulmo-
nary arterial compliance (Ca) has been suggested to carry additional insights in particular in
patients’ description and outcome [17,19-21]. More specifically, Ca has been shown to be sen-
sitive to changes in PAWP in the presence of PH [22]. It has been also suggested to have prog-
nostic significance even in the absence of PH [23].

With the present work, we aimed at describing the clinical and haemodynamic profile of a
PH-LHD population assessed in a PH referral center, as compared with patients with pulmo-
nary arterial hypertension (PAH). Secondly, we aimed at evaluating the predictors of progno-
sis in PH-LHD and determine whether the current classification of IpcPH vs CpcPH provides
additional risk stratification.

Methods

The study had been approved by the Ethics Committee of the Erasme Hospital (ref. n. P2015/
359). In agreement with Belgian laws and with local Ethics committee, informed consent was
not required according to the retrospective nature of the study. None of the patients had
denied the use for research purposes of anonymized data collected in routine clinical practice
at an academic hospital.

We retrospectively compared patients with PH undergoing a first elective assessment in sta-
ble clinical conditions at the Pulmonary Hypertension and Heart Failure Clinic of the Erasme
Hospital between January 2007 and October 2014. Clinical indication for right heart catheteri-
zation was given according to international guidelines [1,24]. PH was defined and classified
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according to recent ESC/ERS guidelines [1]. In particular, PH was defined by a mean

PAP > 25 mmHg. Distinction between pre-capillary and post-capillary PH was made based
ona PAWP < or > 15 mmHg, respectively [1]. We first compared patients with PH-LHD ver-
sus patients with idiopathic or heritable PAH naif of specific therapy. Then, we subdivided
PH-LHD in:

o IpcPH, if DPG < 7 mmHg and PVR < 3 WU
o CpcPH, if DPG > 7 mmHg and PVR > 3 WU
o “intermediate” PH-LHD, if either DPG < 7 mmHg or PVR < 3 WU

We kept for the analysis only patients with complete hemodynamic data and not presenting
severe lung disease as a comorbid condition, such as chronic obstructive pulmonary disease
(COPD) in Global Initiative for Chronic Obstructive Lung Disease (GOLD) class 4, severe
interstitial lung disease. Sleep apnea was not an exclusion criterion. Glomerular filtration rate
was calculated according to the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation [25]. Chronic thromboembolic PH was ruled out in all patients by a com-
bination of clinical history, lung scintigraphy, computed tomography of the chest, pulmonary
haemodynamics.

Haemodynamics

All right heart catheterizations were performed and reviewed by a cardiologist expert in PH.
The transducer was zeroed at the midthoracic line in a supine patient, halfway between the
anterior sternum and the bed surface [1]. Pulmonary artery pressures were measured at end-
expiration and averaged over several cardiac cycles (5 to 8). PAWP was measured by a single
expert reader at mid-A wave, as it more closely approximates left ventricular end-diastolic
pressure [26]. Cardiac output was measured by thermodilution in triplicate (using an average
of three measurements within 10% of agreement). DPG was calculated as the difference
between diastolic PAP and PAWP [1-3]. PVR was calculated as (mean PAP-PAWP) / cardiac
output [1]. Ca was estimated as the ratio between stroke volume and pulmonary arterial pulse
pressure, and the resistance-compliance product (RC-time) as the product of Ca and PVR,
and expressed in seconds [22].

The right ventricle and right ventricular function

RV enlargement was defined as a ratio between right ventricle and left ventricle >1 [1].
Reduced RV systolic function was qualified as a fractional area change < 35% by an experi-
enced cardiologist blinded to invasive haemodynamics. Validation was then performed on a
sample of 74 subjects by an independent observer who recalculated fractional area change. RV
dysfunction was defined as a combination of reduced RV systolic function and RV enlarge-
ment, i.e. as a failing of the homeometric adaptation of the RV faced to an increased afterload
[27].

Tricuspid annular plane systolic excursion (TAPSE) was measured according to current
recommendations [28,29]. Also, the ratio between TAPSE and systolic PAP was calculated, as
a possible surrogate index of RV to pulmonary artery coupling [8].

RV stroke work index (RVSWI), an index of RV workload, was calculated as (mean PAP-
right atrial pressure) * (cardiac index / heart rate) * 0.0136.

The ratio between right atrial pressure and PAWP was used as a haemodynamic surrogate
of RV dysfunction [30].
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Statistics

Descriptive data are reported as means+standard deviations for continuous variable and as abso-
lute numbers and percentages for categorical variables. Distribution of variables in terms of prox-
imity to normal curve and the homogeneity of variances were detected by Shapiro-Wilk test and
Bartlett test, respectively. When needed, either a logarithmic or box-cox transformation was per-
formed to achieve normal distribution. ANOVA with contrasts a posteriori was used for variables
normally distributed and homoscedastic; otherwise ANOVA on ranks was performed. For multi-
ple comparisons, the algorithm which controls the expected rate of false-positive results for all
positive results (false discovery rate) was used. Linear dependence between prevalence of RV dys-
function and TAPSE/systolic PAP on one side, and PVR, DPG and Ca on the other side, was eval-
uated with Pearson correlation coefficient. Pearson’s Chi-squared contingency table test or Fisher
Exact test for count data has been used to analyze categorical variables, as necessary.

Estimates of the survival probability were calculated using the Kaplan-Meier method, and
the log rank test was employed to test the null hypothesis of equality in overall survival among
groups. Univariate and multivariate Cox regression models were calculated to examine factors
associated with adverse outcomes. Predictors in the multiple Cox model were selected from
the set of variables that reached statistical significance in univariate analysis, by a stepwise pro-
cedure with the significance limit set to 0.05, taking care to avoid the simultaneous inclusion
of collinear variables. The proportional-hazards assumption was tested using Schoelfeld resid-
uals, with p<0.05 evidence for non-proportionality. Results were expressed as hazard ratios
with 95% confidence intervals.

An a level of 0.05 was used for all hypothesis tests. All data analyses were performed using
R Core Team (2016), Vienna, Austria.

Results

From January 2007 to October 2014, 548 patients underwent right heart catheterization.
Patients with group 3-5 PH, associated PAH, congenital heart disease, veno-occlusive disease,
patients with mean PAP < 25 mmHg as well as patients undergoing right heart catheterization
in unstable clinical conditions were discarded from analysis. Thus, one hundred and twenty-
eight patients met the inclusion criteria, consisting in 93 patients with PH-LHD and 35 idio-
pathic/heritable PAH (S1 Fig). The subdivision of PH-LHD according to the haemodynamic
classification is depicted in Table 1.

General characteristics

Table 2 summarizes the general characteristics of the study population. Pooled together,
PH-LHD were heavier than PAH patients, and presented with slightly lower glomerular filtra-
tion rate. NYHA class and NTproBNP levels did not differ between the two groups.

Table 1. Patients’ subdivision according to the haemodynamic classification of pulmonary hypertension due to
left heart disease.

PH-LHD DPG (mmHg)
N=93 <7 >7
PVR (WU) <3 IpcPH Intermediate
N=37 N=1
>3 Intermediate CpcPH
N=28 N=27

CpcPH = combined post- and pre-capillary pulmonary hypertension; DPG = diastolic pressure gradient;
IpcPH = isolated post-capillary pulmonary hypertension; PH-LHD = pulmonary hypertension due to left heart

disease; PVR = pulmonary vascular resistance.

https://doi.org/10.1371/journal.pone.0199164.t001
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Table 2. Patients’ general characteristics.

Demographics &
anthropometrics

Females, n (%)
Age (years)
Height (cm)
Weight (Kg)
BMI (Kg/m?)
NYHA class
I-11
II-1v
Blood tests

Creatinine (mg/dL)
eGFR (mL/min/1.73m>)

Sodium (mmoL/L)

NT-proBNP (pg/mL)

PAH PH-LHD CpcPH Interm IpcPH P
n=35 N=93 n=27 n=29 n=37 overall
19 (54%) 51 (55%) 14 (52%) 16 (55%) 21 (57%) 0.984
57+16 64+13 64+14 67+13 62+13 0.075
165+10 166+10 168+10 166+10 165+9 0.560
7114 79+17 85+16 75%17 79+17 0.005
265 2945 3045 27+4 29+6 0.010
0.372
7 (20%) 29 (31%) 8 (30%) 7 (24%) 14 (38%)
28 (80%) 64 (69%) 19 (70%) 22 (76%) 23 (62%)
1.1+0.4 1.4+0.7 1.4+0.6 1.5+£0.9 1.3+0.6 0.148
70+24 59+25 58+25 55+26 63+25 0.056
141+3 141+4 14143 140+4 141+4 0.829
293043002 3685+6936 4136+3845 5034+11573 221442126 0.211

BMI = body mass index; CpcPH = combined post- and pre-capillary pulmonary hypertension; eGFR = estimated glomerular filtration rate; Interm = intermediate;

IpcPH = Isolated post-capillary pulmonary hypertension; NYHA = New York Heart Association; NT-proBNP = N-terminal pro Brain Natriuretic Peptide;

PAH = pulmonary arterial hypertension; RV = right ventricle.

https://doi.org/10.1371/journal.pone.0199164.t1002

When further subdividing PH-LHD in IpcPH, intermediate and CpcPH, general character-
istics were similar in the three groups, although CpcPH presented with slightly higher weight
and body mass index than intermediate patients (p<0.05).

The underlying causes of PH-LHD were similar between the three groups, with heart failure
with preserved ejection fraction being the leading etiology, followed by heart failure with
reduced ejection fraction and a small number of patients with valvular heart disease (S1
Table). Patients with heart failure and a reduced ejection fraction were more likely treated
with drugs acting on the renin-angiotensin-aldosterone system and with beta-blockers as com-
pared with patients with a preserved ejection fraction (p<0.01), while diuretics prescription
was similar among subgroups. Known obstructive sleep apnea was not represented in the
“intermediate” group. The remaining spectrum of comorbidities, as well as background treat-
ment, did not differ between the three subgroups (S1 Table). COPD GOLD 2 was diagnosed in
3 PAH, 3 CpcPH, 1 “intermediate”, 1 IpcPH patients, while COPD GOLD 3 only in 2 IpcPH
patients.

Haemodynamics

The hemodynamic profile was more disturbed in PAH patients (higher pulmonary pressures,
gradients and PVR, and lower Ca and cardiac index) as compared with PH-LHD (Table 3).
When further subdividing PH-LHD, we found that the severity of the hemodynamic profile
(pulmonary pressures, pulmonary gradients and PVR) stepwisely increased from IpcPH to
intermediate to CpcPH to PAH (Table 3). However, diastolic and mean pulmonary pressure
did not significantly differ when comparing CpcPH and PAH (p = 0.308 and p = 0.052, respec-
tively), and Ca was similar between CpcPH and intermediate patients (p = 0.169). There was
no significant difference in PAWP and cardiac index across the three subgroups of PH-LHD,
although PAWP was slightly higher and stroke volume slightly lower in intermediate patients
compared with IpcPH (p = 0.053 and p = 0.063, respectively). All patients but one in the
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Table 3. Patients’ invasive hemodynamic profile.

PAH PH-LHD CpcPH Interm IpcPH ANOVA
n=35 n=93 n=27 n=29 n=37
HR (bpm) 79%15 71+13 74+13 71+14 69+13 0.017
Systolic BP 126£18 130£30 131+31 137+31 123128 0.183
Diastolic BP 79+12 72+14 74+16 74+13 67+11 0.002
Mean BP 95+12 91+17 94+18 95+17 86+14 0.037
Systolic PAP (mmHg) 86+17 61+18 76x16 63£16 48+8 <0.001
Diastolic PAP (mmHg) 3748 28+8 357 2816 23+4 <0.001
Mean PAP (mmHg) 53%11 39+10 49+9 39+8 31+5 <0.001
PAWP (mmHg) 104 23+5 24+6 2516 22+4 <0.001
RAP (mmHg) 845 1346 1446 1346 1145 <0.001
RAP/PAWP 0.88+0.46 0.54+0.21 0.60£0.22 0.54+0.21 0.50+0.21 <0.001
Sa02 (%) 92+4 96+3 94+5 97+3 97+3 <0.001
SvO2 (%) 59+10 6318 6017 64+8 64+8 0.005
Stroke volume (mL) 45+14 59+19 58+21 54+14 64+20 <0.001
CI (L/min/m?) 1.9+0.4 2.240.6 2.31£0.5 2.1+£0.6 2.2+0.7 0.041
TPG (mmHg) 44+11 16+8 2518 15+5 10+3 <0.001
DPG (mmHg) 2719 5+5 11£5 312 1+2 <0.001
PVR (WU) 13+4 413 7+4 4+1 2+1 <0.001
Ca (mL/mmHg) 0.9+0.3 2.1+1.1 1.5+£0.6 1.8+1.3 2.7+£0.9 <0.001
RC-time (s) 0.69+0.13 0.41+0.13 0.51+0.08 0.40+0.16 0.35+£0.07 <0.001

BP = systemic blood pressure; CI = cardiac index; CpcPH = combined post- and pre-capillary pulmonary hypertension; DPG = diastolic pressure gradient;

Interm = intermediate; IpcPH = isolated post-capillary pulmonary hypertension; PAH = pulmonary arterial hypertension; PAP = pulmonary artery pressure;

PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure; RC-time = resistance-compliance product;

TPG = transpulmonary pressure gradient; SaO2 = arterial oxygen saturation; SvO2 = mixed venous oxygen saturation.

https://doi.org/10.1371/journal.pone.0199164.t003

intermediate group had PVR > 3 WU and DPG < 7 mmHg. When subdividing patients
according to left ventricular ejection fraction, we could not find any difference in the principal
haemodynamic variables except in cardiac index, which resulted lower in patients with a
reduced than in those with a normal left ventricular ejection fraction (1.9+0.4 vs 2.5+0.6,

p<0.01).

Effect of the DPG on the PVR-Ca relationship

Fig 1A depicts the Log(PVR)-Log(Ca) as a function of PAWP and DPG. PH-LHD with low
DPG, PH-LHD with high DPG and PAH all presented with a similar slope of the Log(PVR)-
Log(Ca) regression relationship, but with different intercepts, so that the slope of PH-LHD
with high DPG lied in between PH-LHD with low DPG and PAH. The relation between RC-
time and PAWP across the three different conditions was not linear as it would have been
expected, with PH-LHD with high DPG presenting with higher RC-time than PH-LHD with a
low DPG for a nearly identical PAWP (Fig 1B).

RYV afterload and RV dysfunction

We kept in the analysis only the echocardiographic examinations which had been performed

between 90 days before and one week after right heart catheterization, given that there were no
significant changes in treatment between echocardiography and invasive haemodynamic
assessment. Eighty-three percent of echocardiography had been performed within 72 hours
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Fig 1. Effects of varying the diastolic pressure gradient and pulmonary artery wedge pressure on the compliance-resistance relationship in patients with
pulmonary hypertension. Panel a): pulmonary arterial compliance as a function of pulmonary vascular resistance, both logarithmically transformed. Panel b):
resistance-compliance product as a function of pulmonary artery wedge pressure. Ca = pulmonary arterial compliance; DPG = diastolic pressure gradient;
PAH = pulmonary arterial hypertension; PH-LHD = pulmonary hypertension due to left heart disease; PVR = pulmonary vascular resistance; RC-time = pulmonary

vascular resistance-compliance product.

https://doi.org/10.1371/journal.pone.0199164.9001

from right heart catheterization, 91% within 1 week and 97% between 1 month and a few days
after right heart catheterization. Mean and median time span between right heart catheteriza-
tion and echocardiography was -4 +12 days and -1 (-78 to +6) days, respectively. Thus, a mini-
mal data set from echocardiography was available in 119 over 128 patients.

RV enlargement was more prevalent in PAH than in PH-LHD patients. Moreover, RV
enlargement became progressively more frequent passing from IpcPH to “intermediate”
PH-LHD to CpcPH to PAH (Table 4).

Echocardiographic signs of reduced RV systolic function were more represented in PAH as
compared with PH-LHD (Table 4). However, the prevalence RV dysfunction showed a cre-
scendo from IpcPH to “intermediate” to CpcPH to PAH patients (p<0.001). Mean PVR and
mean DPG of each hemodynamic subgroup resulted highly correlated with the prevalence of
RV dysfunction (Fig 2), while the relation between RV dysfunction and Ca was not linear. A
similar pattern of correlation was found between the same haemodynamic variables on one
side and the ratio between right atrial pressure and PAWP (S2 Fig).
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Table 4. Right ventricular function in the different haemodynamic subgroups.

RVOT, proximal (mm)
RV/LV>1

Reduced RV systolic function
TAPSE (mm)

TAPSE/sPAP (mm/mmHg)
RVSWI (g/m’/beat)

PAH PH-LHD CpcPH Interm IpcPH P
overall
37£6 32+6 36+7 30+6 31£6 <0.001
82% 51% 69% 39% 46% 0.001
79% 47% 52% 45% 38% 0.005
15+4 18+6 18+5 17£5 19+7 0.083
0.18+0.07 0.32+0.14 0.25+0.08 0.29+0.11 0.40+0.16 <0.001
15.6£5.3 11.3%5.1 14.1£5.8 10.7+4.8 9.8+4.1 <0.001

CpcPH = combined post- and pre-capillary pulmonary hypertension; Intem = “intermediate PH-LHD”; IpcPH = isolated post-capillary pulmonary hypertension;

LV = left ventricle; PAH = pulmonary arterial hypertension; PH-LHD = pulmonary hypertension due to left heart disease; SPAP = systolic pulmonary artery pressure;
RV = right ventricle; RVOT = right ventricular outflow tract; RVSWI = right ventricular stroke work index; TAPSE = tricuspid annular plane systolic excursion.

https://doi.org/10.1371/journal.pone.0199164.t004

TAPSE, which was available in 80% of cases, did not significantly differ between groups,
while the ratio between TAPSE and systolic PAP progressively decreased from IpcPH to
“intermediate” PH-LHD to CpcPH to PAH (Table 4). TAPSE/systolic PAP resulted highly cor-
related with Ca but not with DPG and PVR (S3 Fig).

Outcome predictors in PH-LHD

Follow-up data were available for 115 patients (90%). There were 36 deaths (31%) over a
median follow up of 26 months (25" and 75" percentile: 11 and 46 months).

At univariate analysis, glomerular filtration rate, NTproBNP, echocardiographic signs of
RV dysfunction, diastolic, mean and systolic pulmonary pressures, as well as PVR and Ca were
independent predictors of mortality (Table 5). However, at multivariate analysis, only
NTproBNP and Ca maintained their prognostic power (Table 5). Survival was similar in
PH-LHD and PAH (Fig 3A). However, subgrouping PH-LHD according to DPG and PVR

1001 1001 1001
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© CpcPH r=-0.90, p=0.129
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< 801 80 80
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_5 pe —— ——— —@—
© , 4
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Fig 2. Prevalence of echocardiographic signs of right ventricular dysfunction in the four groups of patients as a function of pulmonary haemodynamics:
pulmonary vascular resistance (panel a), diastolic pressure gradient (panel b), and pulmonary arterial compliance (panel c). Ca = pulmonary arterial compliance;
CpcPH = combined post- and pre-capillary pulmonary hypertension; DPG = diastolic pressure gradient; Interm = intermediate; IpcPH = isolated post-capillary
pulmonary hypertension; PAH = pulmonary arterial hypertension; PVR = pulmonary vascular resistance; RV = right ventricle.
https://doi.org/10.1371/journal.pone.0199164.9002
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Table 5. Univariate and multivariate predictors of survival in pulmonary hypertension due to left heart disease.

Univariate Multivariate
Hazard Ratio (95% CI) p-value Hazard Ratio (95% CI) p-value

Clinical parameters

Age, years 1.016 (0.986-1.046) 0.302

Male sex 1.501 (0.740-3.047) 0.260

BMI, Kg/m2 0.959 (0.894-1.028) 0.236

NYHA III-IV 0.772 (0.356-1.672) 0.511

Ischemic aetiology 0.982 (0.479-2.014) 0.960

Atrial fibrillation 1.137 (0.437-2.960) 0.793

Diabetes mellitus 1.504 (0.720-3.139) 0.277

Smoking history 0.954 (0.474-1.919) 0.895

Heart rate, beats/min 1.021 (0.994-1.048) 0.134
Laboratory parameters

Hb, g/dL 0.937 (0.805-1.091) 0.403

eGFR, mL/min/1.73 m” 0.979 (0.964-0.993) 0.004

NTproBNP > 1400 pg/mL 4.768 (1.662-13.678) 0.004 5.066 (1.751-14.660) 0.003
Echocardiographic variables

Reduced LV EF 0.915 (0.435-1.927) 0.816

RV dysfunction 2.242 (1.095-4.592) 0.027

TAPSE/systolic PAP < 0.35 1.565 (0.514-4.767) 0.430
Haemodynamic variables

Mean PAP, mmHg 1.034 (1.003-1.066) 0.030

Systolic PAP, mmHg 1.018 (1.000-1.037) 0.050

Diastolic PAP, mmHg 1.044 (1.003-1.088) 0.036

PAWP, mmHg 1.051 (0.984-1.123) 0.136

RAP, mmHg 1.011 (0.955-1.070) 0.709

RAP/PAWP 0.706 (0.146-3.399) 0.664

DPG, mmHg 1.049 (0.993-1.108) 0.088

TPG, mmHg 1.037 (0.999-1.077) 0.058

Cardiac Index, L/min/m? 0.941 (0.526-1.686) 0.839

RVSWI, g/mz/beat 1.037 (0.975-1.103) 0.246

PVR, WU 1.130 (1.016-1.256) 0.024

Ca, mL/mmHg 0.602 (0.391-0.926) 0.021 0.509 (0.298-0.872) 0.014

BMI = body mass index; Ca = pulmonary arterial compliance; DPG = diastolic pressure gradient; eGFR = estimated glomerular filtration rate; Hb = haemoglobin; LV

EF = left ventricular ejection fraction; NTproBNP = N terminal pro Brain Natriuretic Peptide; NYHA = New York Heart Association; PAP = pulmonary artery pressure;

PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure; RV = right ventricle; TPG = transpulmonary pressure

gradient.

https://doi.org/10.1371/journal.pone.0199164.t005

revealed a worse prognosis in CpcPH as compared both with IpcPH and PAH. Survival was
similar in CpcPH and in “intermediate” patients (Fig 3B). There were 14 events (56%) in the
CpcPH population, 11 events (31%) in the PAH population, 7 events (30%) in the “intermedi-
ate” population, and 4 events (13%) in the IpcPH population.

When testing the capability of DPG, TPG, PVR and Ca to predict mortality by ROC curves
analysis, we did not find significant differences between the four hemodynamic variables, with
area under the curve in between 69 and 75% (S4A Fig). Compared with the optimal cut-off
value of >3 mmHg, a DPG of >7 mmHg was associated with increased (79%) specificity at the
expenses of lower (47%) sensitivity (S4B Fig).
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Fig 3. Kaplan-Meier curves of survival for patients with pulmonary arterial hypertension and patients with pulmonary
hypertension due to left heart disease. In the panel a) patients with pulmonary hypertension due to left heart disease
are all pooled together, while in the panel b) they are subdivided in three groups according to the diastolic pressure
gradient and pulmonary vascular resistance. CpcPH = combined post- and pre-capillary pulmonary hypertension;
Interm = intermediate PH-LHD; IpcPH = isolated post-capillary pulmonary hypertension; PAH = pulmonary arterial
hypertension; PH-LHD = pulmonary hypertension due to left heart disease.

https://doi.org/10.1371/journal.pone.0199164.g003

Discussion

In our population of PH, we could confirm that deranged pulmonary haemodynamics is asso-
ciated with poor survival. However, subdivision of PH-LHD according to DPG and PVR
allowed the discrimination of different profiles of disease severity, so that the prevalence of RV
dysfunction increased with increasing DPG and PVR. Moreover, we could show the effect of
high/low PAWP and high/low DPG on the PVR-Ca relationship in our PH population, dem-
onstrating that patients with PH-LHD and high DPG may display some characteristics of the
pulmonary circulation in between IpcPH and PAH. Finally, despite several differences in pul-
monary haemodynamics between patients with high DPG and high PVR as compared with
patients with high DPG and/or high PVR, prognosis was similar in these two groups, and only
Ca and NTproBNP independently predicted outcome in our PH-LHD population.

Our population reflects current knowledge: PH, whichever its cause, is associated with poor
functional status (high NYHA class), significant neurohumoral activation (high NT-proBNP
levels) and poor outcomes [1,31]. Importantly, the haemodynamic impact of PH seemed to be
largely independent of LHD etiology and of background treatment, with few differences in
haemodynamic parameters between heart failure with preserved and heart failure with
reduced ejection fraction. Moreover, survival of PH-LHD was not different from PAH.

However, further subdividing PH-LHD according to DPG and PVR allowed the discrimi-
nation of a subgroup of patients that may present a milder form of PH (namely IpcPH) as
opposed to “intermediate” patients and to CpcPH. Indeed, in spite of minimal differences in
general patients’ characteristics, the haemodynamic profile of the three PH-LHD subgroups
diverged significantly: haemodynamic severity increased stepwisely from IpcPH to “intermedi-
ate” to CpcPH, so that this latter resulted closer to PAH. Such haemodynamic differences were
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somehow paralleled by a stepwise increase in RV dimensions and RV workload, suggesting
that they could be maladaptive, negatively impacting on the RV.

Noteworthy, the degree of PAP, pulmonary vascular gradients and PVR elevation resulted
largely independent of PAWP when comparing IpcPH and CpcPH, reinforcing the idea that
there might be an additional mechanism at pulmonary arterial level that may explain the pre-
capillary component in CpcPH [4,16,32]. Interestingly, “intermediate” patients, i.e. predomi-
nantly those patients with an isolated elevation of PVR, presented with a slightly higher PAWP
and a slightly lower stroke volume than IpcPH, suggesting that in this specific case the increase
in PAP and transpulmonary gradient might be partly explained by low flow and by the exag-
gerated amplification of left-sided filling pressures [3].

In this perspective, our data seem to support the pathophysiological reasoning suggesting
that the DPG may be a marker of the pre-capillary component [4,16]. Increasing the DPG in
PH-LHD led to a rightward and upward shift of the PVR-Ca relationship, so that patients with
PH-LHD and high DPG lied in between PAH and patients with PH-LHD with low DPG, con-
sistently with a previous report [8], and supporting a distinct pulmonary vascular phenotype
in CpcPH [16].

Despite this, DPG taken in isolation did not discriminate survival. Haemodynamic predic-
tors of prognosis in LHD may be influenced by the study characteristics (single center vs mul-
ticentric), the methodology (univocally standardized haemodynamic assessment with review
of single traces vs utilization of protocol data), the characteristics of the referral center (mainly
heart failure vs mainly PH center) as well as of the population (heart failure pre-transplant,
reduced or preserved left ventricular ejection fraction, valvular heart disease, cardiomyopa-
thies, PH). All these factors may explain at least in part the different and sometimes contrasting
results obtained in recent years by several groups [4,8,11,16-18,20,33-37]. In this context, our
data seem to confirm that the milder haemodynamic profile of IpcPH (low DPG, low PVR) is
mirrored by an overall lower prevalence of RV dysfunction and a clearly overall better progno-
sis than the other PH-LHD patients [8]. As such, despite several differences in haemody-
namics, we may be tempted to pool CpcPH and “intermediate” all together in saying that
when patients with PH-LHD have high PVR, their prognosis is dismal [1,11,18] (acknowledg-
ing that high DPG with low PVR in PH-LHD appears to be extremely uncommon [5]). In this
perspective, the current guidelines subdivision of PH-LHD in two rather than three groups
might be sufficient [17]. However, this would neglect that neither PVR nor DPG seem to be
independent predictors of outcome in our cohort of PH-LHD. In this perspective, our data
suggest that other parameters (both haemodynamic and non-haemodynamic) may better
(independently) discriminate prognosis in PH-LHD, in agreement with previous reports [17-
20]. In particular, estimates of Ca may be more sensitive to early vascular changes, and accord-
ingly to right heart dysfunction, because of their nonlinear relation with PVR [38], thus con-
firming its supposed better discriminative potential across patients without PH or with
relatively low PVR [10]. Keeping in mind that PVR increased from PH-LHD with low DPG to
PH-LHD with high DPG to PAH [31], our data also show that, at a given PVR, Ca would be
higher with high than with low DPG, thus linking these three variables and possibly contribut-
ing to explain why even some patients with low DPG may present with RV failure and poor
outcomes. As such, PVR and DPG should be probably viewed as complementary rather than
mutually exclusive, as previously suggested [6,7]. In addition to a hemodynamic phenotype
based on these pressure variables, outcome prediction appears reinforced by the integration of
Ca [17], parameters of RV function [31] and biomarkers. In other words, a combined
approach of a set of variables appears to have more clinical relevance than any one taken in
isolation.
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Finally, it is also interesting to point out that in a contemporary PH population, newly diag-
nosed PAH had overall better survival than patients with PH-LHD and a pre-capillary compo-
nent. This on one side may confirm that approved and currently prescribed treatment in PAH
referral centers had impacted the outcome of this condition [1], at the same time reinforcing
the need for further research efforts in order to better understand and possibly improve prog-
nosis of the subgroups of PH-LHD at higher risk [39].

Study limitations

This is a retrospective study done on a relatively small number of patients evaluated at a PH
referral center. This selection bias may partly explain differences of our population and of our
results with those normally evaluated at mainly heart transplant or heart failure centers.
Despite our small sample size, high mortality rates and adequate follow-up time allowed mean-
ingful subgroup analysis.

Ca was not directly measured, but rather estimated by the simplified formula using parame-
ters obtainable from right heart catheterization, acknowledging that this practice, albeit accu-
rate, may result in a significant overestimation of its real value [40]. RV function was evaluated
only by means of standard echocardiography and invasive haemodynamics rather than relying
on magnetic resonance imaging or 3D echo, both of which allow for better characterization of
the complex geometry of the RV.

Finally, we acknowledge that Cheyne-Stokes respiration and central sleep apnea were not
routinely assessed, albeit they can be highly prevalent and related both to pulmonary haemo-
dynamics and to prognosis in LHD [41].

Conclusions

PH-LHD represents a broad spectrum of haemodynamic presentations. The presence of a pre-
capillary component, defined by a DPG > 7 mmHg and/or PVR > 3 WU is associated with a
worse prognosis as compared with patients with low DPG and low PVR. Ca and NTproBNP
may better predict outcome than other clinical and haemodynamic variables suggesting that
characterization of patients with PH-LHD should probably incorporate further elements,
including RV function. Collaborative study should be encouraged in order to provide a more
precise characterization of patients with PH-LHD at high risk, that may help improving the
current haemodynamic definition.
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tance (panel a), diastolic pressure gradient (panel b), and pulmonary arterial compliance
(panel ¢). Ca = pulmonary arterial compliance; CpcPH = combined post- and pre-capillary
pulmonary hypertension; DPG = diastolic pressure gradient; Interm = intermediate;

IpcPH = isolated post-capillary pulmonary hypertension; PAH = pulmonary arterial hyperten-
sion; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance;

RAP = right atrial pressure.

(PDF)

S3 Fig. The ratio of tricuspid annular plane systolic excursion and systolic pulmonary
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S4 Fig. Panel a) Receiver operating characteristic curves of haemodynamic predictors of
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Haemodynamics to predict outcome in
pulmonary hypertension due to left heart
disease: a meta-analysis

To the Editor:

Pulmonary hypertension (PH) is a common complication of left heart disease (LHD), as the result of a
“passive” increase of left atrial pressure (LAP), leading to isolated post-capillary PH [1-3]. Several
haemodynamic parameters have been proposed to identify a more severe phenotype of PH-LHD, for
which the increase in pulmonary artery pressure cannot be accounted for by the increase in LAP, and
described as combined post-capillary PH with a pre-capillary component, or CpcPH [1-3]. The latter
haemodynamic phenotype may potentially expose patients to a higher risk of right ventricular failure and
a poorer outcome [4, 5]. However, since the last World Symposium in 2013, how to define the
pre-capillary component in PH-LHD has been a matter of debate, as pathophysiological arguments have
been suggested to potentially contrast with clinical and prognostic evidences [1].

Given current controversies and uncertainties on this topic, we sought to perform a meta-analysis in order
to determine which variable would be associated with mortality in PH-LHD.

We conducted a Medline literature research according to PRISMA recommendations [6] on articles
published since 2013, when the diastolic pressure gradient (DPG) was introduced as a possible marker of
the pre-capillary component in PH-LHD [2]. We used the following combinations of search terms
(“pulmonary hypertension” OR “heart failure” OR “left heart disease”) AND (“prognosis” OR “outcome”
OR “outcomes” OR “survival”) AND (“pulmonary vascular resistance” OR “diastolic pressure gradient”
OR “diastolic pressure difference” OR “diastolic pulmonary gradient” OR “diastolic pulmonary vascular
pressure gradient” OR “pulmonary artery compliance” OR “hemodynamics”). We only considered papers
in which DPG and/or pulmonary vascular resistance (PVR) and/or pulmonary artery compliance (PAC)
were analysed for their capability to predict survival in PH-LHD. We excluded articles reporting composite
outcome, those focusing only on outcome after heart transplantation, evaluating short-term follow-up, or
including unstable patients. PRISMA flow diagram is shown in figure la.

Out of 32 articles, 10 responded to the above-mentioned criteria [4, 5, 7-14]. These articles considered
DPG, PVR and PAC as continuous or dichotomous variables. For purpose of consistency, and to better
individuate the risk associated with each variable, independently of arbitrary cut-offs, we only included
those that reported the prognostic power of variables intended in a continuous way. The final analysis was
thus conducted on six articles [4, 7-11], including 2513 patients with LHD overall, followed up for 9—15
years. In four studies, all patients had PH [4, 8, 9, 11], while in the remaining two articles at least
two-thirds of patients had PH [7, 10]. In the majority of the studies, a multivariate analysis was
performed, adjusting the hazard ratios associated with PVR, DPG and PAC for covariates such as age and
sex [4, 8, 10, 11], body mass index [10, 11], ethnicity [8, 11], and also for comorbidities [4, 7] and other
haemodynamic parameters [8, 10].

Analysis of the different populations revealed heterogeneity in terms of age, gender and aetiology of
PH-LHD. Mean age was 60 years old, with mean values varying between 49 and 69 years old across the
studies. Younger ages were more represented in heart failure with reduced ejection fraction (HFrEF)
cohorts while older ages were found in cohorts of heart failure with preserved ejection fraction (HFpEF) or
valvular heart disease. Male sex prevalence varied between 25 and 79%. HFpEF was the leading aetiology
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FIGURE 1 a) Flow diagram of study selection. b) Forest plot analysis for survival according to pulmonary vascular resistance (PVR), diastolic
pressure gradient (DPG) and pulmonary arterial compliance (PAC). HTx: heart transplant; PH: pulmonary hypertension.

in 3 studies [4, 8, 10], while valvular heart disease was the leading aetiology or a significant comorbidity
(present in up to 30% of patients) in three studies [4, 7, 9]. In these latter studies, it is possible that right
heart catheterisation has been performed in some patients as a pre-therapeutic assessment, although this
has not been systematically reported by the authors. Neither symptoms (e.g. New York Heart Association
functional class) nor concomitant relevant pathological conditions were consistently reported in all studies.

Mean pulmonary artery pressure was on average 35 mmHg, mean PVR 3.0 WU, mean DPG was
1.2 mmHg (this latter derived from five studies [4, 8-11]) and mean PAC 2.5 mL-mmHgfl(derived from
four studies [7-10]). Mean PVR was >3 WU in three studies [7-9], mean DPG was <7 mmHg in all
studies, while mean PAC was <2.3 mL~mmHg_1 in two studies [8, 9]. Based on mean+sp values, there is a
high suspicion of a significant proportion of negative DPGs, at least in five out of six studies [4, 8-11].

We pooled the original estimates by using both the fixed-effects model and the random-effects model.
Heterogeneity between study-specific estimates was tested using the Q statistic and I* index. When a
significant heterogeneity was found (Q statistic p-value <0.05), the results from the random-effects model
were presented. To evaluate publication bias, the “trim and fill” method was used [15]. This is an
extension of the funnel plot technique, where “missing studies” are identified and estimated based on the
symmetry of the funnel plot [16].

Forest plots analysis for survival according to DPG, PVR and PAC are depicted in figure 1b. Increasing
values of PVR and DPG were associated with higher risk of death in PH-LHD, while increasing values of
PAC were associated with lower risk. Results did not change when performing a sensitivity analysis
including only the four studies in which all patients had PH [4, 8, 9, 11]. Some suggestions of presence of
publication bias come from the results obtained from the “trim and fill” method. The summary estimates
coming from this method are very similar to the summary original estimates for each outcome, even if the
summary estimates of DPG and PAC were not statistically significant. Nevertheless, the paucity of
included studies puts caution in interpreting the results obtained by the “trim and fill” method [16].

This meta-analysis may thus reconcile contrasting theories and evidences on which parameter(s) to define
a pre-capillary component and/or to predict prognosis in PH-LHD.

Indeed, the DPG was re-introduced as a marker of disease in 2013 based on solid physiological
background, histological demonstration of association with pulmonary arterial remodelling, and possible
prognostic potential [2, 4]. However, the DPG is a small number highly subjected to background noise,
partly related to problems in the measurement of diastolic pulmonary artery pressure and pulmonary
artery wedge pressure (PAWP) [1, 17], so that over 30% of patients in the published series may present
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with negative DPG, which is deemed to be physiologically impossible [1]. This may be due to technical
limitations and interpretations drawbacks in the accuracy of PAWP and/or diastolic pulmonary artery
pressure determination [1-3, 17], that may also affect, to some extent, PAC and PVR [1]. It is also
interesting to note that only a minority of patients with PH-LHD may present with high DPGs, which is
confirmed by low mean DPGs values (about 1 mmHg) in the whole cohort that was subjected to
meta-analysis. However, at variance from some individual reports, DPG was found to be associated with
outcome, with a 2% increase in risk for a unitary increase in DPG.

Based on contrasting evidences on DPG, PVR was reintroduced because it may have additional value as an
indirect reflection of right ventricular function [3] since, in patients with PH-LHD, it may normalise when
improving cardiac output by means of systemic vasodilators or inotropes. It should be underscored that
PVR is a well-consolidated and longstanding used variable in clinical practice, despite physiological
limitations due to its flow and filling pressure dependency [1]. Our meta-analysis confirms available data
on the prognostic discriminative potential of PVR. A unitary increase in PVR was associated with 9%
increase in risk of adverse outcome.

Recently, PAC has been increasingly investigated in PH-LHD, and it was proposed as a predictor of
outcome [1, 7-10]. However, PAC is an even smaller number than DPG, it may be highly dependent on
PAWP [18], and the formula utilised to calculate it in clinical practice may overestimate the true PAC by
60 to 80% [1]. Despite these limitations, PAC is also associated with outcome, with higher values being
related with lower risk.

Some other limitations of this analysis should be underlined. In particular, only few retrospective studies
(or retrospective analysis of a prospective registry) were available for this analysis, without prospective
validation of haemodynamic measurements. This should encourage confirmation of our results in ad hoc
designed prospective studies.

In summary, the present analysis confirms that the population of PH-LHD is heterogeneous in terms of
age, aetiology, proportion of negative DPGs and haemodynamic presentation. However, despite the
differences in cohorts and the intrinsic limitations of each variable [1], PVR, DPG and PAC appear to be
associated with survival in PH-LHD. Importantly, we may speculate that these variables should be viewed
as complementary and may be used in combination as an intrinsic control. Which combination of
variables would best be used to predict outcome remains a matter of debate.
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Pulmonary hypertension and ventilation during
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KEYWORDS: BACKGROUND: Excessive exercise-induced hyperventilation and high prevalence of exercise
pulmonary oscillatory breathing (EOB) are present in patients with post-capillary pulmonary hypertension (PH)
hypertension; complicating left heart disease (LHD). Patients with pre-capillary PH have even higher hyperventilation
cardiopulmonary but no EOB. We sought to determine the impact of a pre-capillary component of PH on ventilatory
exercise test; response to exercise in patients with PH and left heart disease.

ventilation; METHODS: We retrospectively compared patients with idiopathic or heritable pulmonary arterial

oscillatory breathing;
diastolic pressure
gradient

hypertension (PAH, n = 29), isolated post-capillary PH (IpcPH, n = 29), and combined post- and pre-
capillary PH (CpcPH, n = 12). Diastolic pressure gradient (DPG = diastolic pulmonary artery pressure
— pulmonary wedge pressure) was used to distinguish IpcPH (DPG <7 mm Hg) from CpcPH (DPG
>7 mm Hg).

RESULTS: Pulmonary vascular resistance (PVR) was higher in PAH, intermediate in CpcPH, and low in
IpcPH. All patients with CpcPH but 1 had PVR >3 Wood unit. Exercise-induced hyperventilation (high
minute ventilation over carbon dioxide production, low end-tidal carbon dioxide) was marked in PAH,
intermediate in CpcPH, and low in IpcPH (p < 0.001) and correlated with DPG and PVR. Prevalence of
EOB decreased from IpcPH to CpcPH to PAH (p < 0.001).

CONCLUSIONS: Patients with CpcPH may have worse hemodynamics than patients with IpcPH and
distinct alterations of ventilatory control, consistent with more exercise-induced hyperventilation and
less EOB. This might be explained at least in part by the presence and extent of pulmonary vascular
disease.

J Heart Lung Transplant 2017;36:754-762

© 2017 International Society for Heart and Lung Transplantation. All rights reserved.

One characteristic of pre-capillary pulmonary hyper-
tension (PH) is the exaggerated ventilatory response to
exercise, as expressed by an increased ratio between minute
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ventilation (VE) and carbon dioxide production (VCOZ)."3
An increased VE/VCO; ratio can also be found, although to
a lesser extent, in patients with left heart disease (LHD).] In
the latter patients, the development of post-capillary
pulmonary hypertension (PH) may have an additional
impact on the control of ventilation during exercise,” °
which might be even more pronounced in the presence of a
pre-capillary component.”* Exercise oscillatory breathing
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(EOB), another manifestation of ventilatory control de-
rangement, has been related to the presence of post-capillary
PH in patients with LHD,’ but it is generally not found in
patients with pre-capillary PH.’

How to identify a pre-capillary component in patients
with PH-LHD has been revised in recent years.'”"' Based
on physiologic reasoning, the diastolic pressure gradient
(DPG) has been proposed as 1 of the hemodynamic
parameters serving this purpose.'”'*'? In addition, patho-
logic specimens from patients with PH-LHD and an
elevated DPG present with some degree of arterial
remodeling evoking a real pulmonary vasculopathy, in
contrast to the general sparing of the arterial side of the
pulmonary circulation in cases of isolated post-capillary PH
(IpcPH).'"* Therefore, combined post- and pre-capillary
PH (CpcPH) appears to represent a distinct phenotype of
PH-LHD.'"'*'*!5 We hypothesized that the presence of
exercise hyperpnea, as reflected by a high VE/VCO, ratio
and low end-tidal pressure for carbon dioxide (PETCO,),
would be linked to the degree of pulmonary vasculopathy.
In addition, as EOB is virtually absent in purely pre-
capillary PH but extremely frequent in post-capillary PH, we
hypothesized that in PH-LHD a pre-capillary component
might be associated with less EOB. Therefore, the aim of
our study was to determine whether patients with CpcPH
would have an exercise profile closer to patients with PAH
compared with patients with IpcPH.

Methods

The study was approved by the Ethics Committee of the Erasme
Hospital (reference number P2015/359). We retrospectively
compared patients with PH undergoing an elective assessment at
the Pulmonary Hypertension and Heart Failure Clinic of the
Erasme Hospital between January 2007 and October 2014. PH was
defined according to European Society of Cardiology and Euro-
pean Respiratory Society guidelines.'” Three groups of patients
were studied: patients with idiopathic or heritable PAH naive of
specific therapy and patients with PH-LHD, further subdivided into
patients with IpcPH, with DPG < 7 mm Hg, and patients with
CpcPH, with DPG > 7 mm Hg. Only patients with complete
hemodynamic data, who had a cardiopulmonary exercise test
within 7 days from right heart catheterization, were included.
Patients with a respiratory exchange ratio at peak exercise < 1.00
were excluded.

Hemodynamics

All right heart catheterizations were performed and reviewed by a
cardiologist expert in PH. Pulmonary artery pressures (PAPs) were
measured at end expiration and averaged over several cardiac
cycles (5-8 cycles). Cardiac output was measured by thermodilu-
tion in triplicate (using an average of 3 measurements within 10%
of agreement). DPG was calculated as the difference between
diastolic PAP and pulmonary wedge pressure.'’”'> Transpulmo-
nary pressure gradient (TPG) was calculated as the difference
between mean PAP and pulmonary wedge pressure.'” Pulmonary
vascular resistance (PVR) was calculated as the ratio between TPG
and cardiac output.

Cardiopulmonary exercise test

All cardiopulmonary exercise tests were performed on an electro-
magnetically braked cycle ergometer with the patient connected to
the Vmax Metabolic Cart (SensorMedics Corp., Yorba Linda, CA)
through a mask. After a 3-minute warm-up period (unloaded
pedaling), a 1-minute step-increase protocol (5-10 W/min) was
performed to achieve exhaustion in approximately 10 minutes.'®
An average of the last 30-second period of exercise was taken as
peak value for the variables of interest. Ventilatory threshold was
calculated by the V-slope method and confirmed by analysis of the
end-tidal pressures plot and the ventilatory equivalents plot by
2 independent operators. The VE/VCO, slope was calculated over
the linear component of VE vs VCOZ.](‘ EOB was defined as cyclic
fluctuations in VE at rest that persist during effort lasting >60% of
the exercise duration, with an amplitude >15% of the average
resting value.'”

Statistics

Descriptive data are reported as mean = SD for continuous
variables and absolute number with percentage for categorical
variable. Distribution of the variables in terms of proximity to
normal was detected by the Shapiro-Wilk test; the homogeneity of
variances was performed with the Bartlett test. When needed, a
logarithmic transformation was performed to achieve normal
distribution. For the variables normally distributed and homosce-
dastic, analysis of variance with contrasts a posteriori was used.
A Kruskal-Wallis rank sum test was used with pairwise Wilcoxon
rank sum test as post-hoc when necessary. For multiple
comparisons, the algorithm that controls the expected rate of
false-positive results for all positive results (false discovery rate)
was used.'® The regression analysis between both DPG and PVR
vs PETCO, at the anaerobic threshold was performed using the
ordinary least-squares method. The regression analysis between
both DPG and PVR vs Vg/VCO, slope and vs VE/VCO, at the
anaerobic threshold was performed using a robust regression with
MM-type estimator.'*>° Pearson’s chi-square contingency table test
was used to analyze categorical variables; the p-value was computed
for a Monte Carlo test”" with 2,000 replicates when needed. An «
level of 0.05 was used for all hypothesis tests. All data analyses were
performed using R (R Foundation, Vienna, Austria).

Results

From 2007 to 2014, 548 patients with PH were assessed.
Inclusion criteria were met by 70 patients, including 41
patients with PH-LHD (12 CpcPH, 29 IpcPH) and 29
with PAH.

General characteristics

The general characteristics of the 3 groups of patients are
reported in Table 1. The New York Heart Association class
and NT-proBNP values did not differ between the 3 groups.
There were no significant differences in the etiology of
LHD, comorbidities, and background therapy between
IpcPH and CpcPH (Table 2). Of patients with PH-LHD,
49% presented with preserved left ventricular ejection
fraction. Chronic thromboembolic PH was ruled out by
ventilation/perfusion scan and computed tomography (CT)
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Table 1 General Characteristics of the 3 Groups of Patients
p-value
CpcPH vs  CpcPH vs  IpcPH vs
IpcPH (n = 29) CpcPH (n = 12) PAH (n =29) Overall IpcPH PAH PAH
Demographics and anthropometrics
Female patients, n (%) 13 (45) 6 (50) 14 (48) 0.943
Age, years 63 = 11 66 £ 12 57 * 16 0.081
Height, cm 166 = 9 170 = 13 167 = 10 0.406
Weight, kg 75 = 17 87 £ 21 72 £ 14 0.033  0.050 0.030 0.496
BMI, kg/m2 27 £ 6 30 * 4 26 £ 5 0.080
NYHA class 2.6 £ 0.6 2.7 £ 0.5 2.9 £ 0.3 0.076
NT-proBNP, pg/ml 2,713 + 2,819 2,636 + 2,421 2,946 *+ 3,149 0.972
Lung function tests
Spirometry, n 26 11 28
FEV,, liter 2.0 £ 0.6 1.9 £ 0.5 2.4 £ 0.8 0.091
FEV,, % of predicted 78 = 19 71 £ 13 83 £ 17 0.146
FVC (L) 2.4 + 0.7 2.6 £ 0.8 3.0 = 1.0 0.065
FVC, % of predicted 77 = 20 75 = 13 86 + 18 0.118
FEV,/FVC 81 +38 75 £ 9 79 £ 9 0.118
Diffusion capacity, n 20 10 27
Dico, % of predicted 62 = 16 58 * 24 51 * 26 0.237
Kco, % of predicted 66 * 14 53 £ 21 49 *= 25 0.026  0.176 0.593 0.023

BMI, body mass index; CpcPH, combined pre- and post-capillary pulmonary hypertension; Dico, diffusing capacity for carbon monoxide; FEV;, forced expired
volume in one second; FVC, forced vital capacity; IpcPH, isolated post-capillary pulmonary hypertension; Kco, diffusing capacity for carbon monoxide normalized
for alveolar volume; NYHA, New York Heart Association; NT-proBNP, N-terminal prohormone brain natriuretic peptide; PAH, pulmonary arterial hypertension.

angiography of the lungs. Results of lung spirometry group. However, 4 patients (2 in the IpcPH group)
(Table 1) were available for all patients except 3 in the underwent high-resolution CT scan of the chest, excluding
IpcPH group, 1 in the CpcPH group, and 1 in the PAH parenchymal lung disease. The prevalence of chronic

Table 2 Clinical Characteristics of Patients With Pulmonary Hypertension Secondary to Left Heart Disease
IpcPH CpcPH p-value
Etiology of left heart failure
HFpEF, n (%) 13 (45) 7 (58)
Valvular heart disease, n (%) 3 (10) 2 (17) 0.558
HFrEF, n (%) 13 (45) 3 (25)
Comorbidities
Diabetes mellitus, n (%) 11 (38) 3 (25) 0.504
Arterial hypertension, n (%) 15 (52) 7 (58) 0.967
Dyslipidemia, n (%) 16 (55) 6 (50) 1.000
Obesity, n (%) 8 (28) 4 (33) 1.000
Permanent atrial fibrillation, n (%) 5 (17) 2 (17) 1.000
Smoking, n (%) 14 (48) 7 (58) 0.733
History of pulmonary embolism, n (%) 5 (17) 3 (25) 0.688
Known and treated 0SAS, n (%) 6 (21) 2 (17) 1.000
Treatment
Diuretics, n (%) 22 (76) 9 (75) 1.000
ACEI or ARB, n (%) 22 (76) 8 (67) 0.545
Beta blockers, n (%) 22 (76) 6 (50) 0.140
Spironolactone, n (%) 13 (45) 4 (33) 0.732
Digoxin, n (%) 3 (10) 3 (25) 0.339
Amiodarone, n (%) 7 (24) 1(8) 0.394
CRT-D, 1 (%) 6 (21) 1(8) 0.339
ICD, n (%) 3 (10) 0 (0) 0.247
Pacemaker, n (%) 0 (0) 1(8) 0.116

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CpcPH, combined post- and pre-capillary pulmonary hypertension;
CRT-D, cardiac resynchronization therapy-defibrillator; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection
fraction; IpcPH, isolated post-capillary pulmonary hypertension; ICD, implanted cardioverter defibrillator; OSAS, obstructive sleep apnea syndrome.
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Table 3 Invasive Hemodynamics at Rest in the 3 Groups of Patients
p-value
IpcPH CpcPH PAH Overall CpcPH vs IpcPH CpcPH vs PAH IpcPH vs PAH

HR, beats/min 70 = 13 74 + 12 77 = 12 0.083
BP, mm Hg

Systolic 124 = 26 131 £ 27 131 = 27 0.675

Diastolic 69 = 11 74 += 13 74 = 13 0.003 0.254 0.168 0.002

Mean 88 £ 14 93 £ 14 93 £ 14 0.117
PAP, mm Hg

Systolic 51 £ 12 73 £ 21 89 = 17 <0.001 <0.001 0.004 <0.001

Diastolic 24 * 4 34 £ 6 389 <0.001 <0.001 0.147 <0.001

Mean 336 47 = 10 55 £ 11 <0.001 <0.001 0.020 <0.001
PAWP, mm Hg 22 * 4 22 = 4 10 = 4 <0.001 0.967 <0.001 <0.001
RAP, mm Hg 11 *£6 13 £ 3 9*5 0.012 0.102 0.014 0.102
RAP/PAWP 0.5 = 0.2 0.6 = 0.2 0.9 = 0.5 <0.001 0.105 0.051 <0.001
Sao,, % 97 = 2 93 £5 91 £ 4 <0.001 0.021 0.238 <0.001
Svoy, % 65 * 8 60 £ 7 59 = 10 0.038 0.093 0.844 0.066
CI, liters/min/m2 2.3 £ 0.5 2.3 £ 0.6 1.9 £ 0.4 0.021 0.921 0.060 0.034
TPG, mm Hg 11 £ 4 25 = 10 46 + 11 <0.001 <0.001 <0.001 <0.001
DPG, mm Hg 22 13 £5 29 £ 9 <0.001 <0.001 <0.001 <0.001
PVR, Wood unit 31 7=*5 14 * 4 <0.001 <0.001 <0.001 <0.001

BP, systemic blood pressure; CI, cardiac index; CpcPH, combined post- and pre-capillary pulmonary hypertension; DPG, diastolic pressure gradient; HR,
heart rate; IpcPH, isolated post-capillary pulmonary hypertension; PAH, pulmonary arterial hypertension; PAP, pulmonary artery pressure; PAWP,
pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; TPG, transpulmonary pressure gradient; Sao,, arterial

oxygen saturation; Svo,, mixed venous oxygen saturation.

obstructive pulmonary disease was similar (p = 0.713) in
the 3 groups (2 in the IpcPH group, 2 in the CpcPH group,
and 2 in the PAH group). The contribution of chronic
obstructive pulmonary disease in PH was considered highly
unlikely, based on pulmonary function tests, CT scan of the
chest, and blood gas analysis. In addition, no patient had
ventilatory limitation to exercise. Lung diffusion capacity
for carbon monoxide (Table 1) was available in a subgroup
of patients. Diffusion capacity for carbon monoxide
corrected for alveolar volume was lower in patients with
PAH than in patients with IpcPH.

Hemodynamics

Patients with CpcPH presented with values of systolic,
mean, and diastolic PAP; PVR; DPG; and TPG in between
IpcPH (lower extreme) and PAH (higher extreme), as shown
in Table 3 and Figure 1. Pulmonary wedge pressure values
did not differ between IpcPH and CpcPH and were as
expected higher in PH-LHD than in PAH. Right atrial
pressure was higher in patients with CpcPH than in patients
with PAH. The ratio between filling pressures (right atrial
pressure/pulmonary artery wedge pressure) was higher in
PAH than in IpcPH. Cardiac output was not different
between CpcPH and PAH but was lower in PAH compared
with IpcPH. Arterial oxygen saturation was lower in PAH
and CpcPH than in IpcPH, without significant differences in
mixed venous saturation between the 3 groups. Among
patients with PH-LHD, all patients with CpcPH but 1 had a
TPG > 12 mm Hg, but 30% of patients with IpcPH had a
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Figure 1 Mean pulmonary artery pressure (mPAP), diastolic
pulmonary pressure (APAP), and pulmonary artery wedge pressure
(PAWP) in the 3 groups of patients.
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Table 4 Cardiopulmonary Exercise Test in the 3 Groups of Patients
p-value
IpcPH CpcPH PAH Overall CpcPH vs IpcPH  CpcPH vs PAH  IpcPH vs PAH

Rest

Ve, liters/min 12 £3 14 = 3 16 = 5 0.001 0.080 0.365 0.001

V7, liters 0.6 = 0.1 0.7 £ 0.2 0.8 = 0.2 <0.001 0.189 0.146 <0.001

RR, minute™* 215 225 21+ 6 0.764

HR, beats/min 71 = 13 76 = 11 84 + 17 0.004 0.287 0.169 0.003

SBP, mm Hg 127 = 30 129 = 36 117 = 23 0.398

DBP, mm Hg 74 = 17 74 £ 12 85 = 13 0.013 0.991 0.055 0.019
AT

Identifiable, n (%) 24 (83) 10 (83) 29 (100) 0.063

VE, liters/min 23 £ 5 27 = 6 26 + 8 0.202

V1, liters 0.9 = 0.3 1.0 = 0.2 1.1 = 0.4 0.200

RR, minute™" 25+ 8 286 25+ 7 0.467

HR, beats/min 90 = 16 93 £ 11 98 * 18 0.171

0, pulse, ml/beat 7.9 =+ 2.8 7.7 £ 2.6 5.6 £ 1.8 0.002 0.804 0.026 0.002

Vo,, liters/min 0.7 = 0.2 0.7 £ 0.2 0.6 = 0.2 0.021  0.757 0.049 0.047

Vo,, ml/kg/min 95+ 24 82*+18 7.7+26  0.029 0.260 0.529 0.026

VCO,, liters/min 0.6 = 0.2 0.7 £ 0.2 0.5 = 0.2 0.032 0.773 0.066 0.066
Peak

Ve, liters/min 48 = 15 48 = 12 61 * 19 0.006 0.962 0.035 0.008

V7, liters 1.3 £ 0.5 1.3 £ 0.4 1.7 £ 0.5 0.017 0.855 0.046 0.030

RR, minute ™ 38+ 9 39 + 10 387 0.872

Ve/MVV, % 58 = 12 63 = 14 68 = 17 0.051

MWV — Ve 35 + 17 29 = 17 33 = 23 0.719

HR, beats/min 108 = 25 113 = 18 130 *= 28 0.006 0.534 0.095 0.005

HR, % maximum predicted 69 * 16 74 = 11 79 = 13 0.024 0.315 0.315 0.020

0, pulse, mL/beat 10.3 =39 9.3 * 3.7 6.9 £ 2.2 <0.001 0.439 0.030 <0.001

Workload, W 62 = 31 55 + 26 51 = 25 0.271

Vo,, liters/min 1.1 £ 0.5 1.0 £ 0.4 0.9 = 0.3 0.119

Vo,, ml/min 14.6 £ 49 119 =26 125 * 4.5 0.103

Vo,, % of predicted 64 *= 28 62 £ 26 48 £ 16 0.035 0.867 0.125 0.043

VCO,, liters/min 1.3 £ 0.5 1.2 £ 0.4 1.0 £ 0.4 0.085

RER 1.18 = 0.08 1.12 = 0.08 1.16 %= 0.06 0.073

SBP, mm Hg 145 = 39 148 = 41 147 = 26 0.989

DBP, mm Hg 83 £ 16 86 = 11 96 = 13 0.003 0.474 0.084 0.003
Ve/VCO, slope 325 40 * 11 53 = 16 <0.001 0.029 0.010 <0.001

AT, anaerobic threshold; CpcPH, combined post- and pre-capillary pulmonary hypertension; DBP, diastolic blood pressure; HR, heart rate; IpcPH, isolated
post-capillary pulmonary hypertension; MVV, maximal voluntary ventilation; PAH, pulmonary arterial hypertension; PETCO,, end-tidal partial pressure for
carbon dioxide; RER, respiratory exchange ratio; RR, respiratory rate; SBP, systolic blood pressure; Ve, minute ventilation; Vo,, oxygen consumption; VCO,,

carbon dioxide production; V1, tidal volume.

TPG > 12 mm Hg. PVR was >3 Wood units in 11 of 12
patients with CpcPH compared with 9 of 29 patients
with IpcPH.

Cardiopulmonary exercise test

Cardiopulmonary exercise testing was performed on
average 1.3 days *= 0.8 before or after right heart
catheterization. Cardiopulmonary exercise test results are
reported in Table 4. Oxygen consumption (Vo) at peak
exercise was lower in patients with PAH than in patients
with IpcPH as a percentage of predicted values but not when
expressed as absolute or weight-normalized values. At rest,
peripheral oxygen saturation (Spo,) was lower in patients
with CpcPH and patients with PAH than in patients with
IpcPH, but only patients with PAH developed a real

exercise-induced desaturation, with lower Spo, values than
PH-LHD both at the anaerobic threshold and at peak
exercise (Figure 2). At rest, patients with CpcPH had
intermediate values of PETCO, (30 mm Hg = 5) compared
with IpcPH and PAH (33 mm Hg * 4 and 25 mm Hg = 5,
respectively, p < 0.05). This difference persisted also at the
anaerobic threshold (Figure 3) but not at peak exercise,
where patients with IpcPH and patients with CpcPH had
similar PETCO, values (30 mm Hg = 5 vs 28 mm Hg * 5,
p = 0.275), which were overall higher (p < 0.001) than in
patients with PAH (20 mm Hg * 6). At rest, the VE/VCO,
ratio was higher (p = 0.001) in patients with PAH (54 * 13)
than in patients with IpcPH (43 = 6) but was not different
between patients with CpcPH (47 * 8) and patients with
PAH (p = 0.136) or between patients with CpcPH and
patients with IpcPH (p = 0.222). The VE/VCO, ratio at the
anaerobic threshold and the VE/VCO, slope were lower in
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Figure 3 Hyperbolic relationship between PETCO, and equivalents at the anaerobic threshold (AT) and hemodynamics

ventilatory equivalents for CO, at the anaerobic threshold (AT).

markers of pulmonary vascular disease.
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Discussion

In this retrospective study, we investigated the cardiores-
piratory profile during exercise in patients with IpcPH,
CpcPH, and idiopathic/heritable PAH. We found a stepwise
increase of exercise-induced hyperventilation as well as a
reduction of the occurrence of EOB passing from IpcPH to
CpcPH to PAH, consistent with our hypothesis. In our
cohort, 25% of the patients who underwent right heart
catheterization had PH-LHD, with CpcPH representing only
5% of the whole cohort. Therefore, CpcPH appears to be a
relatively uncommon condition, which is in keeping with
previous findings.'*'***** With a female predominance
and the inclusion of a significant number of patients with
preserved left ventricular ejection fraction, our population
contrasts with previous reports coming from heart failure
centers,”™*? but it is consistent with the large cohort of
Gerges et al,'” reflecting current practice in PH referral
centers.

DPG alone was used as a marker of disease to
discriminate CpcPH from IpcPH, according to previous
work.'”'*"'* The addition of PVR to DPG as a marker of
pulmonary vasculopathy has been proposed by recent
guidelines,I2 and a “strict” combination of the 2 parameters
(DPG and PVR instead of DPG and/or PVR) appears to be
supported by more recent observations.'”** Given the
severity of our CpcPH population (mean DPG of 13 mm
Hg and mean PVR of 7 Wood units), such refinement of the
definition would not have changed the interpretation of our
results: All patients with CpcPH but 1 had PVR >3 Wood
units, whereas 70% of patients with IpcPH had PVR <3
Wood units; PVR was >3.5 Wood units in only 14%
of patients with IpcPH. In other words, most patients with
PH-LHD with a high DPG presented also with higher TPG
and PVR than patients with a low DPG,”* whereas neither
cardiac output nor wedge pressure differed between the
2 groups. Taken together, these findings may reinforce the
hypothesis that CpcPH could represent a subpopulation of
PH-LHD with a distinct or more severe pulmonary vascular
phenotype'*'”; this supports the pathobiologic hypothesis
of an additional mechanism beyond the increase of
pulmonary artery wedge pressure leading to an elevation
of diastolic PAP in CpcPH.'"

The pattern of exercise response found in our patients
with PAH is consistent with previous findings.' ™’ It is
characterized by clear exercise-induced desaturation and
exercise hyperventilation, with very low PETCO, values
and very high ventilatory equivalent for carbon dioxide.
Similarly, our IpcPH population behaved as expected, with
a high prevalence of EOB and a modest increase in exercise-
induced hyperventilation.”**** Our CpcPH population
behaved as in between IpcPH and PAH, with an
intermediate pattern of ventilatory control derangement,
eventually supporting the hypothesis that CpcPH may
represent a different or more severe phenotype than
IpCPH.'O"‘LIS

A possible link between the presence and extent of a pre-
capillary pulmonary vascular component and the degree of
exercise-induced hyperventilation may be suggested by the

fair correlations we found between markers of pulmonary
vascular disease (e.g., DPG and PVR) and VE/VCO, slope,
VE/VCO, ratio at the anaerobic threshold, and PETCO, at
the anaerobic threshold.

Many factors have been proposed to explain excessive
exercise-induced hyperventilation, including neural reflex
pathways,”’’ right ventricular function,” pulmonary vas-
cular function, and ventilation/perfusion mismatch with
increased dead space ventilation.”**"“* Neural reflex
pathways contributing to sympathetic activation and hyper-
ventilation, and in particular stimulation of stretch receptors
in the right heart chambers (Bainbridge reflex),” might be
plausibly called into question to contribute to our results.
This may be supported by the ratio between right and left
filling pressures, which was higher in PAH, intermediate in
CpcPH, and lower in IpcPH, mirroring the afterload
imposed by the 3 different conditions on the right heart.
Despite a progressive increase of right ventricular afterload
from IpcPH to CpcPH to PAH, exercise capacity was not
strikingly different between the 3 groups; only patients with
PAH showed a pattern consistent with a more impaired
stroke volume (oxygen pulse) increase than PH-LHD,'®*
which was partly counterbalanced by a less decreased heart
rate reserve. However, a similar stroke volume response to
exercise 1in conditions characterized by progressively
increasing afterload at rest may imply that Starling’s
heterometric adaptation’> might become more prominent
when passing from IpcPH to CpcPH to PAH, further
supporting a role for right heart chamber stretch in driving
the ventilatory response to exercise in the 3 study
populations.”®

Chemoreflex also could play a role””’ in justifying the
different pattern of hyperventilation. Patients with CpcPH
presented with modestly but significantly lower Sao, at rest,
possibly secondary to low mixed venous oxygen con-
tent’>?’ and eventually suggesting chronic chemoreflex
stimulation; however, hypoxemia is generally unrelated to
increased VE/VCO, slope in patients with pulmonary
vascular disease.””*° Finally, ventilation/perfusion match-
ing”**%7 is less likely to explain exercise hyperpnea in our
study. Ventilation/perfusion inequality may be effectively
present in patients with PAH,*" but it is thought to be
generally mild,”®*” which contrasts with patients with LHD,
where high dead space ventilation may significantly account
for exercise-induced hyperventilation.”’

The different and opposite behavior of EOB in the
3 conditions (higher prevalence in IpcPH, intermediate
prevalence in CpcPH, and lower prevalence in PAH)
warrants attention. As recently reported, EOB is generally
not found in patients with PAH,” reinforcing the concept
that increased pulmonary wedge pressure should play a
major role in the development of Cheyne-Stokes and
oscillatory respiration”®® over sympathetic dysregulation
and peripheral reflexes.”’ However, in our population as
well as in other studies,'” pulmonary wedge pressure was
nearly identical in patients with IpcPH and CpcPH at rest,
and there is no reason to suspect that it may behave
differently during exercise.”’ Thus, we may speculate that
the pre-capillary component in PH-LHD might exert a sort
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of upstream “protective” barrier limiting the afferent input
implicated in the genesis of oscillatory ventilation."'
Alternatively, the same reflex mechanism underlying
exercise-induced hyperventilation (e.g., Bainbridge reflex)
might centrally interact with chemoreflex in such a way to
shift the carbon dioxide threshold leftward,”” overriding and
stabilizing oscillations.

Limitations

This is a single-center, retrospective study including a
relatively small number of stable patients with PH, which
may limit generalization of the results and requires further
confirmation in larger, independent, and possibly multi-
centric cohorts. Among patients with PH-LHD, we included
both patients with preserved and patients with reduced
ejection fraction as well as a small number of patients with
significant valvular heart disease. Albeit at a first glance
these patients may appear as heterogeneous, they all were
unified by being stable patients with an advanced form of
LHD complicated by PH, receiving a background treatment
that was considered optimized based on clinical information
available before right heart catheterization. Moreover, the
relative distribution of these subgroups as well as comor-
bidities and long-term therapy was similar when comparing
IpcPH and CpcPH. Hemodynamic measurements were
available only at rest. However, exercise hemodynamics
are not routine practice, and many investigators have
reported baseline hemodynamics in association with exer-
cise variables. We relied on non-invasive end-tidal values to
indirectly characterize the ventilatory control, in keeping
with clinical practice. Finally, despite significant intergroup
differences, consistent with what we interpreted as a
different exercise pathophysiology in the 3 conditions,
several variables of interest showed some overlap between
IpcPH and CpcPH and between CpcPH and PAH,
preventing clear implications for everyday clinical practice.

Conclusions

Our results suggest that in patients with PH-LHD, a high
DPG may discriminate a subpopulation with a worst
hemodynamic profile and distinct alterations of ventilatory
control, consistent with more exercise-induced hyperventi-
lation and less EOB. These characteristic alterations of
ventilatory control might be explained, at least in part, by
the presence and extent of pulmonary vascular disease.
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ADVANCES IN HEART FAILURE

Hemodynamic Phenotyping of Pulmonary
Hypertension in Left Heart Failure

See Editorial by Houston and Tedford

ABSTRACT: Increased pulmonary venous pressure secondary to left

heart disease is the most common cause of pulmonary hypertension

(PH). The diagnosis of PH due to left heart disease relies on a clinical
probability assessment followed by the invasive measurements of a mean
pulmonary artery pressure (PAP) 225 mmHg and mean wedged PAP
(PAWP) >15 mmHg. A combination of mean PAP and mean PAWP defines
postcapillary PH. Postcapillary PH is generally associated with a diastolic
pulmonary pressure gradient (diastolic PAP minus mean PAWP) <7 mmHg,
a transpulmonary pressure gradient (mean PAP minus mean PAWP) <12
mmHg, and pulmonary vascular resistance <3 Wood units (WU). This
combination of criteria defines isolated postcapillary PH. Postcapillary

PH with elevated vascular gradients and pulmonary vascular resistance
defines combined post- and precapillary PH (Cpc-PH). Postcapillary PH is
associated with a decreased survival in proportion to increased pulmonary
vascular gradients, decreased pulmonary arterial compliance, and reduced
right ventricular function. The Cpc-PH subcategory occurs in 12% to
13% of patients with PH due to left heart disease. Patients with Cpc-

PH have severe PH, with higher diastolic pulmonary pressure gradient,
transpulmonary pressure gradient, and pulmonary vascular resistance

and more pronounced ventilatory responses to exercise, lower pulmonary
arterial compliance, depressed right ventricular ejection fraction, and
shorter life expectancy than isolated postcapillary PH. Cpc-PH bears
similarities to pulmonary arterial hypertension. Whether Cpc-PH is
amenable to therapies targeting the pulmonary circulation remains to be
tested by properly designed randomized controlled trials.
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the pulmonary circulation by upstream transmis-

sion of increased pulmonary venous pressures
as a cause of pulmonary congestion and pulmonary
vascular remodeling. The histopathologic profile of
pulmonary vascular disease was established before the
introduction of cardiac catheterization in clinical prac-
tice,” and hemodynamic correlates of high pulmonary
vascular gradients and increased pulmonary vascular
resistance (PVR) soon followed.?® Thus, pulmonary
hypertension due to left heart disease (PH-LHD) was
characterized by various combinations of arteriolar
medial hypertrophy, intimal proliferation, adventitial
thickening and microthrombi, rarely fibrinoid necrosis
(identified in exceptionally severe mitral stenosis), capil-
lary congestion with hemosiderosis, thickened alveolo-
capillary membranes and sometimes interstitial fibrotic
changes, venules undergoing medial hypertrophy and
intimal fibrosis, dilated/muscularized lymphatics, but
no plexiform lesions.”* Some of these aspects are illus-
trated in Figure 1.

PH-LHD is currently defined by a mean pulmonary
artery pressure (mMPAP) =25 mmHg with a wedged
PAP (PAWP) >15 mmHg**® and is also called postcap-
illary PH. A passive increase in mPAP in proportion
to increased PAWP defines isolated postcapillary PH
(Ipc-PH). An out-of-proportion increase in mPAP with
respect to increased PAWP suggestive of pulmonary
vascular remodeling and constriction defines combined
post- and precapillary PH (Cpc-PH).24-

H eart failure (HF) has long been known to affect

PULMONARY ARTERIAL COMPLIANCE

The PVR equation rests on the assumptions that the
pulmonary vascular pressure difference-flow rela-
tionship is linear and crosses the origin and that left
atrial pressure is transmitted upstream to mPAP in a
1:1 ratio.” While PAWP is a reasonable estimate of left
atrial pressure,® the assumption of a linear proportional
upstream transmission of left atrial pressure to mPAP
is not correct because of the natural compliance of
pulmonary vessels. Furthermore, PVR calculations do
not take into account the pulsatility of the pulmonary
circulation, that is, the difference between systolic PAP
(sPAP) and diastolic PAP (dPAP) or pulse pressure (PP),
which increases with pulmonary arterial stiffening.
Thus, there is interest in estimating pulmonary arte-
rial compliance (C,,). For this purpose, several meth-
ods have been proposed. The most accurate is the PP
method, which uses a 2-element Windkessel model
with flow waveform and resistance as inputs to esti-
mate the compliance value that best predicts systolic
and diastolic pressures.? However, most clinical studies
use the ratio of stroke volume (SV) to pulmonary artery
PP, or difference between sPAP and dPAP, which is sim-
pler to calculate from standard right heart catheter-

Circ Heart Fail. 2017;10:e004082. DOI: 10.1161/CIRCHEARTFAILURE.117.004082

Figure 1. Histopathology of pulmonary vessels in
pulmonary hypertension due to left heart disease
(PH-LHD).

A, Medial hypertrophy with intimal and adventitial prolifera-
tion of a small pulmonary artery. B, Medial hypertrophy with
intimal and adventitial proliferation of a small pulmonary
vein. C, Recanalyzed fibrotic thrombus in arterioles. Scale
bars are shown for individual panels.

ization measurements. The SV/PP ratio assumes that
the complete SV is buffered in the large elastic arteries
in systole, without any peripheral outflow. In such a
hypothetical closed system, SV is the volume increase
and PP is the associated pressure increase. However,
there is a continuous flow toward the periphery, and
the volume increase during ejection is only a fraction of
SV. Therefore, SV/PP is a theoretical maximum possible
pulmonary vascular compliance and overestimates the
true C,, by 60% to 80%.'° However, whether this is
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clinically relevant has not been tested in patients with
PH. Right ventricular (RV) afterload is determined by a
dynamic interplay between PVR, C,,, and wave reflec-
tions.”" An increase in PAWP decreases C,,'*"* and may,
therefore, be an important cause of RV dysfunction.
On the other hand, the product of PVR and C,, is fairly
constant over a wide range of severities of PH in HF'3
and other types of PH,' suggesting a negligible contri-
bution of wave reflection on RV afterload.

G, integrates the volume change per pressure
change in the entire arterial segment of the pulmonary
circulation. Large artery compliance by magnetic reso-
nance imaging of instantaneous volume changes per
pressure changes amounts to no more than 20% of
G- Therefore, proximal pulmonary arterial stiffness is
then an only minor component of RV afterload.

A decrease in C,, has been shown to be an inde-
pendent predictor of outcome in HF over a wide range
of PVR."™ '8 This may be explained by the fact that
decreased C,, increases RV afterload and may, thus,
determine a predominantly right HF phenotype of poor
prognosis. The exquisite sensitivity of C,, to increased
PAWP™213 makes it also a marker of the severity of left
ventricular (LV) failure, which in itself is an additional
risk factor of decreased survival.

THE TRANSPULMONARY PRESSURE
GRADIENT

Chronically increased pulmonary venous pressure is a
cause of endothelial dysfunction related to perturba-
tion of a series of signaling pathways with increased
endothelin-1 and decreased nitric oxide and prostacy-
clin.®'*2" This is associated with pulmonary vasocon-
striction and remodeling identified at hemodynamic
measurements by a >1:1 upstream transmission of
PAWP and, thus, an increased PVR.%72%22 \When cardiac
output (CO) is normal or low-normal, the difference
between mPAP and PAWP, or transpulmonary pres-
sure gradient (TPG), becomes a major determinant of
increased PVR. The limits of normal TPG are not exactly
known. The upper limit of normal of TPG was thought
to be 10 mmHg until the 1970s,?* but has since drifted
upwards to 12 mmHg?** or even most recently to 15
mmHg.? The differential diagnosis between pulmo-
nary vascular tone versus remodeling versus decreased
C,, as causes of disproportional increase of mPAP may
be difficult. The definitive test is repetition of measure-
ments after a therapeutic decrease in PAWP, such as
with diuretics, acute vasodilator testing in pretransplan-
tation evaluation of HF25%° mechanical left ventricu-
lar assist,?® and of course cardiac transplantation.?® A
persistently high PVR in spite of normalized PAWP can
only but be explained by irreversible pulmonary vascular
remodeling.

Circ Heart Fail. 2017;10:e004082. DOI: 10.1161/CIRCHEARTFAILURE.117.004082

THE DIASTOLIC PULMONARY
PRESSURE GRADIENT

Another more straightforward approach for the diag-
nosis of pulmonary vascular disease in PH-LHD relies on
the measurement of the gradient between dPAP and
mean PAWP (mPAWP) or diastolic pulmonary pressure
gradient (DPG). A progressive increase in PAWP in Ipc-
PH or in healthy subjects inevitably increases sPAP, mPAP,
and dPAP."2'3 The increase in dPAP is proportionally less
than the increase in mPAP. With increased PAWP, the
TPG increases, but DPG on average does not change.”2

The DPG was used in the 1970s in combination
with PAWP, CO (or arteriovenous oxygen content dif-
ference), and systemic blood pressure measurements
for the differential diagnosis of cardiac and pulmonary
causes of acute respiratory failure.®® The upper limit of
normal of DPG was assumed to be 5 mmHg,'? derived
from measurements in healthy athletic young adults.
The true upper limit of normal over the entire age range
and levels of fitness and ages is probably a few mmHg
higher.

Soon after its revival,” DPG was evaluated for the dif-
ferential diagnosis of PH-LHD in a large patient data-
base.3' Pulmonary vascular gradients were assessed
in 3107 patients referred to the catheterization labo-
ratory of the General Hospital of Vienna (AKH-Wien),
Medical University of Vienna. PH-LHD defined by mPAP
>25 mmHg and mPAWP >15 mmHg was diagnosed
in 1094 of these patients, TPG >12 mmHg in 490 of
them, and DPG was in addition increased =7 mm Hg
in 179, accounting for 16% of PH-LHD patients. Sur-
vival of patients with both high TPG and DPG was poor,
like untreated pulmonary arterial hypertension (PAH). In
multivariate analysis, DPG emerged as an independent
predictor of survival with a cutoff value of 7 mmHg rig-
orously derived from the best combination of sensitivity
and specificity.

This data inspired a revision of definitions and ter-
minology of PH-LHD at the 5" World PH Symposium
held in Nice in 2013, with introduction of the new acro-
nyms Ipc-PH and Cpc-PH.* It is of interest that Cpc-PH
was initially defined solely by a DPG =7 mmHg,* but
an element of increased PVR was added in the Euro-
pean guidelines definitions of the European Society of
Cardiology/European Respiratory Society.> Adding a
PVR makes sense, as the DPG is much smaller than PAP
but exposed to the same magnitude of errors on the
measurement. Therefore, a combination of increased
DPG and PVR (or TPG) may indeed be preferable for
more robust Cpc-PH phenotyping. However, increased
DPG with or instead of and increased PVR as written in
the guidelines® doubles the prevalence of Cpc-PH from
some 12%-14% to 24% in patients with PH-LHD.%2
Accordingly, defining Cpc-PH by the combination of
increased DPG and PVR seems preferable.3?33
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Histopathologic correlates of DPG are scarce. Some
sections of pulmonary vessels of patients with both
increased TPG and DPG showed pulmonary vascular
remodeling with medial hypertrophy, intimal thicken-
ing, and adventitial proliferation,*' as previously report-
ed in severe PH secondary to HF."3

Support for the clinical relevance of DPG for the defi-
nition of Cpc-PH was given by a small study in which
the ventilatory equivalents for carbon dioxide (V./Vco,)
slope during a cardiopulmonary exercise test was found
to be high in PAH, intermediate in Cpc-PH, and mild in
lpc-PH, while exercise oscillatory ventilation occurred in
40% of Ipc-PH and 17% of Cpc-PH and was absent in
PAH patients® (Figure 2). Patients with PAH present with
markedly increased ventilation but no oscillatory ven-
tilation during exercise, while patients with advanced
Ipc-PH may present with exercise oscillatory ventilation
known as a marker of poor prognosis.*® In another larg-
er scale study, fluid challenge did not affect the time
constant of the pulmonary circulation, or PVRxC,, in
Cpc-PH or in PAH, while it decreased it significantly in
Ipc-PH, suggesting fixed pulmonary vascular remodeling
in Cpc-PH.3 Biological support for a Cpc-PH phenotype
was recently provided by an analysis of a large database
of 2817 PH patients from Vanderbilt University in Nash-
ville.3” In that study, patients with Cpc-PH were younger
but with more severe pulmonary vascular disease than
patients with lpc-PH, despite similar comorbidities and
prevalence, severity, and chronicity of LHD, and pre-
sented with 75 exonic single-nucleotide polymorphisms
enriched in pathways involving cell structure, extracel-

2 r
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- e o
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Figure 2. Ventilatory equivalents for CO2 (Ve /Vco,) as
a function of end-tidal partial pressure of CO, (PetCO,)
in patients with pulmonary arterial hypertension
(PAH), combined pre- and postcapillary pulmonary
hypertension (Cpc-PH), and isolated postcapillary
pulmonary hypertension (Ipc-PH) showing ventila-
tory responses to exercise measured at the anaerobic
threshold (AT) of Cpc-PH being intermediate to those
of PAH and Ipc-PH.

Data derived from Caravita et al.>*

Circ Heart Fail. 2017;10:e004082. DOI: 10.1161/CIRCHEARTFAILURE.117.004082

lular matrix, and immune function that were shared
with PAH and not with Ipc-PH patients.

The prevalence of Cpc-PH in PH-LHD is not exactly
known, but may be around 12% to 14% in patients
with HF referred to the catheterization laboratory.3”3#
In the database of the Medical University of Vienna,
independent predictive capability of DPG by multivari-
ate analysis was significant in both diastolic HF (DHF)/
HF with preserved ejection fraction (EF) and systolic
HF (SHF)/HF with reduced EF, even when the defini-
tion included a PVR >3 WU. However, PVR alone was
a predictor of outcome in HF with reduced EF but not
in HF with preserved EF (Figure 3). By contrast, in the
database of the Vanderbilt University, DPG did not pre-
dict outcome, while PVR only predicted outcome in
patients with Cpc-PH. Furthermore, prognosis of Cpc-
PH and Ipc-PH was not found to be different.

Previous studies have generally found PVR to be a
strong predictor of outcome in PH-LHD,3%4° raising dis-
cussion about the added predictive value of DPG in PH-
LHD. At present, an almost equal number of studies
have confirmed*'=* or refuted*—¢ the prognostic rele-
vance of DPG. These discrepancies are explained by the
fact that the DPG represents a small number, is exposed
to instability, as shown in studies where high DPGs
were sometimes found in patients with a normal PVR*
or where DPG was reported as negative in a proportion
of patients,*” conditions which are both physiologically
impossible. TPG or PVR have to increase in proportion
of the DPG,” while reported negative DPG values may
be because of improper incorporation of V waves in the
reading of PAWP tracings or simply because of a lack
of precision of the measurement.*® On the other hand,
the severity of PH and degree of RV dysfunction may be
predominant in the impact on outcome.*

THE RIGHT VENTRICLE IN LEFT HEART
FAILURE

PH is associated with decreased exercise capacity and
shorter life expectancy in HF.42> This could be explained
by more advanced HF causing more upstream transmis-
sion of increased PAWP to PAP and, thus, by afterload-
induced RV failure. Preserved RV EF as measured with
radionuclide technology had been shown to predict
exercise capacity and survival in advanced HF.>° The first
study combining pulmonary vascular function and RV
function measurements was reported in 2001.>" The
authors measured pulmonary vascular pressures, CO,
and thermodilution-derived RVEF in 377 consecutive
patients with HF. Mean PAP and RVEF were inversely
correlated, but were shown to be independent predic-
tors of death or urgent transplantation in multivariate
analysis. The prognosis of patients with PH but a pre-
served RVEF was similar to that of patients without PH.
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Figure 3. Survival curves illustrating a population of 636 patients with heart failure with reduced ejection fraction/
systolic heart failure (SHF) pulmonary hypertension (A and B) and 286 patients with heart failure with preserved
ejection fraction/diastolic heart failure (DHF) pulmonary hypertension (C and D) with diastolic pulmonary pressure
gradient (DPG) <7 mmHg and pulmonary vascular resistance (PVR) <3 WU, versus DPG of 27 mmHg and PVR >3
WU (A and C) and PVR <3 WU alone versus PVR >3 WU alone (B and D).

Data derived from Gerges et al.*®

These results have been confirmed,* and emphasize
that RV function is a major determinant of outcome in
severe PH.>

The RV in PH-LHD is exquisitely sensitive to afterload.
As already discussed, increased PAWP increases RV
afterload out of proportion to increased PVR because
of associated decrease in C,,. Furthermore, cardiomy-
opathies of course involve the RV, which may fail to
adapt to minimally increased PAP. This has been dem-
onstrated by rigorously defined coupling of RV func-
tion to the pulmonary circulation by the measurement
of the ratio of end-systolic to arterial elastances in an
animal model of overpacing-induced HF with reduced
EF and “borderline PH.”>4 On the other hand, 20% to
40% of RV systolic pressure results from LV contrac-
tion®; thus, decreased LV contractility and associated
systemic hypotension alters ventricular systolic interde-
pendence and, thereby, impairs coupling of RV function
to the pulmonary circulation. As patients with Cpc-PH
have higher pulmonary vascular pressure gradients and
PVR than Ipc-PH, they are more likely to have RV failure

Circ Heart Fail. 2017;10:e004082. DOI: 10.1161/CIRCHEARTFAILURE.117.004082

and shorter life expectancy, even though this may vary
depending on the underlying cause of HF.

In the large PH-LHD database of the Medical Uni-
versity of Vienna,*® standard echocardiography was not
able to discriminate between Ipc-PH and Cpc-PH, except
when tricuspid annular plane systolic excursion to sPAP
ratio was calculated. The tricuspid annular plane sys-
tolic excursion/sPAP ratio was initially introduced as an
estimate of RV length—tension relationship,®® but also
considered as an indirect estimate of RV-arterial cou-
pling.>’-%° The tricuspid annular plane systolic excursion/
SPAP ratio has been shown to be a potent predictor
of survival in HF, alone,*® combined with cardiopulmo-
nary exercise testing,®” or measured at rest and during
exercise to assess RV contractile reserve.>® However, the
exact functional significance of tricuspid annular plane
systolic excursion/sPAP is not yet entirely understood.>

Accordingly, RV pressure curves of the large cohort
of patients with PH-LHD of the Medical University of
Vienna were analyzed to derive end-systolic and arterial
elastances® as gold standard measures of contractility
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and afterload.> End-systolic elastance increased from
lpc-PH to idiopathic PAH, with Cpc-PH in between,
but the ratio of end-systolic to arterial elastance was
decreased in Cpc-PH only as a function of increased
DPG.?® RV contractility increases in the presence of
increased afterload to preserve RV-arterial coupling.>?
This is observed in PAH at rest,®%*? if not during exer-
cise b2 Altered RV-arterial coupling in severe PH results
in increased RV dimensions, systemic congestion, and
decreased survival.>?

The observation that Cpc-PH is more likely associ-
ated with worse RV function is further underscored by
the DPG-dependent clustering of PAH, Cpc-PH, and
Ipc-PH in relation to RV and LV volumes and a filling
pressures-dependent prediction score for precapillary
PH developed from invasive and noninvasive measure-
ments in 240 patients referred with PH®%* (Figure 4).

PROVOCATIVE TESTING

Provocative testing of the pulmonary circulation
relies mainly on exercise test or fluid challenge. Both
approaches have been part of standard clinical practice
for decades, but have only been recently standardized.

The upperlimit of normal of mPAP during an incremen-
tal dynamic exercise challenge is now well established at
30 mmHg at a CO <10 L/min, which corresponds to a
total pulmonary vascular resistance (TPR, or mPAP/CO).

(or mPAP/CO) of 3 WU.5-57 Meaningful accurate but less
precise noninvasive measurements of PAP and CO dur-
ing exercise are being reported by dedicated groups.5>°
The cause of higher than normal mPAP during “exercise
or exercise-induced PH" is either an upstream transmis-
sion of increased PAWP, such as in HF, or an increase of
PVR, such as in pulmonary vascular disease, disturbed
lung mechanics, or hypoxia.®>%® This differential diagno-
sis is most often clinically straightforward but has to be
established by precise measurement and interpretation
of PAWP or LV end-diastolic pressure. The upper limit of
normal of PAWP during exercise is generally thought to
be between 15 and 20 mmHg, but higher values can be
recorded in athletes and in elderly subjects.%® A cutoff
value of 25 mmHg has been proposed for the diagnosis
of HFE.%70 Likewise, for mPAP, a flow-corrected measure
may be more appropriate for PAWP, but there has been
no study specifically addressing this.

A fluid challenge is probably easier to standardize
than an exercise stress test. Any condition associated
with altered LV diastolic compliance or valvular heart
disease will be associated with a rapid increase in PAWP
when challenged with an increased systemic venous
return.?’' There is an emerging consensus to infuse
500 mL or 7 ml/kg of saline in 5 to 10 minutes as best
compromise between safety and stress efficacy, and
18 mmHg seems to be the optimal cutoff to separate
abnormal from normal.”’-7¢

RV/LV

LVEI

Figure 4. Clustering of isolated
postcapillary pulmonary hy-
pertension (Ipc-PH), combined
pre- and postcapillary pulmo-
nary hypertension (Cpc-PH), and
pulmonary arterial hypertension
(PAH) as a function of diastolic

pulmonary pressure gradient
(DPG).

A high DPG is closely associated

with an increased ratio of right
ventricular (RV) to left ventricular (LV)
surface areas (RV/LV) and decreased
LV eccentricity index (El). A scoring
system from 1 to 6 facilitates the
diagnosis of precapillary pulmonary
hypertension (PH) in patients referred
for PH. Adapted from D'Alto et al®
with permission. Copyright ©2017,
Wolters Kluwer Health, Inc.
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CONCLUSIONS

PH as a complication of left heart conditions with
increased pulmonary venous pressure can be differenti-
ated in Cpc-PH and Ipc-PH phenotypes based on clinical
features, pulmonary vascular pressure gradients, and
RV function. The prognosis of Cpc-PH is poor. Whether
therapies targeting the pulmonary circulation and effi-
cacious in PAH improve the outcome of Cpc-PH remains
to be tested in properly designed multicenter random-
ized controlled trials.
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