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Abstract

Pulmonary hypertension due to left heart disease (PH-LHD) is the most common form of 
PH affecting approximately 1% of adults worldwide. Initially considered as just a passive 
consequence of increased pressure in the left chambers, new evidence shows the potential 
role of genetics, biological factors, or left atrial function. Along with the hemodynamic 
study, cardiac imaging techniques are essential to advance in the characterization of patients 
and select therapeutic strategies. Orphan of pharmacological treatments, new therapeutic 
targets are currently under investigation. The current review aims to review novelties in 
the fields of pathophysiology, diagnosis, and treatment in this entity.
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INTRODUCTION

Pulmonary hypertension (PH) involves mul-
tiple diseases characterized by increased pul-
monary arterial pressure (PAP) and right ven-
tricular (RV) dysfunction. They are currently 
classified into five groups by the World Health 
Organization based on common clinical char-
acteristics, pathophysiological basis and hemo-
dynamics1,2 (Table 1). Group 2 or PH due to left 
heart disease (PH-LHD) represents the most 
prevalent form of PH worldwide. Up to two-
thirds of the patients with heart failure (HF) 
with both reduced (HFrEF) and preserved 
(HFpEF) left ventricular ejection fraction3-5 de-
velop PH. Considering that HF affects 1-2% of 
the world population in developed countries, 
reaching up to 10% of patients older than 
70 years, it is estimated that the prevalence of 
PH-LHD is around 1% of the adult popula-
tion6. In addition, this prevalence is expected 
to increase in the following decades because 
of the aging population and the improvement 
in survival from cardiovascular processes.

Current clinical guidelines define PH as a 
mean PAP ≥  25  mmHg measured by right 
heart catheterization (RHC)2 however, a lower 
threshold of 20 mmHg in mean pulmonary 
artery pressure (mPAP) has been suggested 
in the last World Symposium on PH1. This 
proposal is based on an observed higher mor-
tality in patients with mean PAP between 20 
and 25mmHg compared to healthy individu-
als7. PH-LHD diagnosis also requires a pul-
monary artery wedge pressure (PAWP) value 
>  15mmHg, a surrogate of left atrium (LA) 
pressure overload2. In this regard, an accurate 
determination of PAWP is critical to correctly 
classify patients with PH8. In addition, based 
on the presence of a precapillary component, 

PH-LHD can be further classified into isolated 
postcapillary PH (IpcPH) or combined pre- 
and post-capillary PH (CpcPH). CpcPH is char-
acterized by higher pulmonary vascular resis-
tance (PVR), more severe pulmonary arterial 
remodelling and poorer prognosis9-11. Table 1 
shows the diagnostic criteria for both entities. 

PH confers a higher risk to LHD patients. The 
incremental risk is associated with the hemo-
dynamic severity12 and more especially with 
the RV adaptation and failure13. Moreover, the 
excess in mortality in patients with border-
line PAP values has also been confirmed in 
PH-LHD in a large cohort of patients7. Due to 
its high prevalence and associated bad prog-
nosis, PH-LHD is currently considered a rel-
evant medical need that deserves dedicated 
research. In the present paper, we will review 
novelties in the physiopathology knowledge, 
diagnosis, and management of the disease. 

NOVELTIES IN THE KNOWLEDGE  
OF PH-LHD PHYSIOPATHOLOGY 

Figure 1 illustrates the main physiopatholog-
ical mechanisms of PH-LDH. 

The continuum concept in PH

Despite PH groups 1 (pulmonary arterial hy-
pertension [PAH]) and group 2 being tradi-
tionally considered completely distinctive en-
tities, some researchers have pointed out a 
possible continuum of the disease from Ip-
cPH to typical PAH, being CpcPH and atyp-
ical PAH halfway (Fig.  2). In this sense, 
several studies have shown a similar degree of 
pulmonary arterial remodelling in PAH and 
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Table 1. Hemodynamic and WHO classification of pulmonary hypertension

Pulmonary hemodynamics WHO classification

PH mPAP ≥ 25 mmHg* All

Precapillary PH mPAP ≥ 25 mmHg* Group 1 Pulmonary arterial hypertension

PCWP ≤ 15 mmHg Group 3 PH due to lung disease

DPG ≥ 7 mmHg Group 4 CTEPH

Group 5 PH with multifactorial or unclear mechanism

Postcapillary PH mPAP  ≥ 25 mmHg Group 2 PH LHD

PCWP > 15 mmHg

DPG < 7 mmHg and/or PVR ≤ 3 mmHg Isolated postcapillary PH

DPG ≥ 7 mmHg and/or PVR > 3 mmHg Combined pre- and postcapillary PH

*A threshold of 20 mmHg instead of 25 mmHg has been suggested in the last World Symposium on Pulmonary Hypertension1.
CTEPH: chronic thromboembolic pulmonary hypertension; DPG: diastolic pulmonary gradient; mPAP: mean pulmonary artery pressure; LHD: left heart disease; PCWP: pulmo-
nary capillary wedge pressure; PH: pulmonary hypertension; PVR: pulmonary vascular resistance; WHO: World Health Organization.

Figure 1. Main pathophysiological mechanisms involved in pulmonary hypertension due to left heart disease. In bold letters: novel 
mechanisms recently suggested to play a role in the physiopathology of the disease. Created with BioRender. 
ECV: extracellular volume; LA: left atrial; LHD: left heart disease; RV: right ventricular.
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CpcPH. Investigators from the Comparative, 
Prospective Registry of Newly Initiated Thera-
pies for Pulmonary Hypertension (COMPERA) 
study found that patients with Cpc-PH close-
ly resembled patients with PAH and asso-
ciated cardiovascular risk factors (known as 
atypical PAH) in terms of clinical character-
istics, hemodynamics, response to therapy and 
mortality14. Further evidence of this concept 
comes from the study of Assad et al.15, who 
found a substantial number of single-nucleo-
tide polymorphisms to be common between 
patients with CpcPH and PAH patients. Due 
to the challenging differential diagnosis in 
some patients, a pre-test evaluation to estab-
lish an LHD phenotype has been proposed 

during the 6th World Symposium on Pulmo-
nary Hypertension16 and extensive research is 
currently ongoing to better classify patients’ 
phenotypes. 

Fixed pulmonary hypertension

Fixed PH is considered irreversible if it per-
sists after an acute vasodilator administra-
tion. Although related to the superimposed 
pre-capillary component in Cpc-PH patients, 
they are not synonymous terms. Fixed PH is 
of special interest in patients with advanced 
heart failure as it is one of the main concerns 
regarding eligibility for heart transplantation 

Figure 2. Spectrum of patients’ characteristics from typical pulmonary hypertension to isolated postcapillary pulmonary hypertension 
and shared characteristics between atypical pulmonary arterial hypertension and combined pre- and postcapillary pulmonary 
hypertension. Created with BioRender. 
CpcPH: combined pre- and postcapillary pulmonary hypertension; CV: cardiovascular; IpcPH: isolated postcapillary pulmonary 
hypertension; PAH: pulmonary arterial hypertension; PVR: pulmonary vascular resistances; SNPs: single nucleotide polymorphisms.
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(HT). The presence of fixed PH critically asso-
ciates with the development of acute graft dys-
function after HT due to the damage of pres-
sure overload in a non-adapted, stunned and 
ischemic RV. Values of PVR > 5 and gradient 
transpulmonary (GTP) > 16 after a vasodilator 
testing represent a contraindication for HT in 
most centers, while patients with PVR > 3 and 
GTP > 14 are considered high-risk recipients17,18. 
In the study by Ghio et al.19 pulmonary he-
modynamics improved significantly more in 
Cpc-PH than in Ipc-PH patients after vasodila-
tor challenge, but the first maintained an unfa-
vourable pulmonary arterial compliance (PAC)-
PVR relationship and worse prognosis. These 
results suggest that the baseline hemodynam-
ic profile (Cpc-PH versus Ipc-PH) cannot be 
used to predict the presence of irreversible 
PH (also known as fixed PH). Interestingly, 
PAC was the only hemodynamic parameter 
related to the irreversible component in Cpc-
PH patients. The same authors subsequently 
showed that PAC < 1.2 mL/mm, and also di-
astolic blood pressure < 70 mmHg and PVR 
> 5 Wood units, were independently associat-
ed with a poor response to vasodilator testing 
and the presence of two of them was associ-
ated with a 90% of being a nonresponder19.

Different treatment options have been tested 
in the scenario of fixed PH, including pharma-
cological approaches such as PAH vasodila-
tors, or mechanical therapies as left ventricu-
lar support. The latest has shown better results 
regarding the hemodynamic profile with a 
greater reduction in PVR and improvement in 
cardiac output20,21. Moreover, long-term out-
comes in patients treated with left ventricular 
assist device (LVAD) as a bridge to HT in the 
context of fixed PH seem not to differ from 
patients in which no fixed PH is present22.

Differences in PH-HFrEF  
and PH-HFpEF

Postcapillary PH initiates by persisting back-
ward transmission of elevated filling pressures 
in the left heart; however, differences regard-
ing patient characteristics, putative molecular 
pathways associated with its development and 
persistence, and potential treatment vary be-
tween patients with HFrEF and HFpEF. 

As brilliantly reviewed by Guazzi et al.23, LA 
pressure elevation depends on LA adaptation 
to the type of LV remodeling, which in turn 
varies in HFpEF and HFrEF. In HFpEF, LV is 
characterized by concentric hypertrophy and 
increased diastolic stiffness, being hyperten-
sion, obesity and diabetes the main comorbid 
associated conditions. These conditions may 
directly affect the myocardium by stimulating 
oxidative stress, hypertrophy and inflamma-
tion, increasing collagen proliferation and con-
sequently LV stiffness5,24. On contrast, LV 
involvement in HFrEF is mainly driven by ex-
cessive wall stress and ischemia causing cham-
ber dilatation and eccentric hypertrophy.  In 
this scenario, LA typically develops enlarge-
ment and eccentric remodeling due to severe 
mitral regurgitation (MR), whereas in HFpEF 
the LA becomes stiffer earlier, dilates more 
slowly and presents a higher incidence of atrial 
fibrillation25. Adir et al.26 compared pulmonary 
hemodynamics in response to LA pressure el-
evation in PH-HFrEF and PH-HFpEF and found 
that for similar PAWP, PH-HFpEF presented 
higher diastolic pulmonary gradient (DPG) 
and PVR, similar PAC and less MR, suggest-
ing more pronounced pulmonary vascular 
disease under similar pulsatile loading possi-
bly associated with a more pronounced inflam-
matory environment. Patient phenotyping by 
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machine learning that includes hemodynamics, 
imaging and omics data may help to identify 
the future subsets of patients that could benefit 
from specific treatments (i.e., mitral reparation, 
LVAD, anti-inflammatory drugs, or others).

The role of the left atrium 

The LA has acquired great value within the 
HF-PH continuum in recent years. The struc-
tural and functional changes in the LA are 
usually due to a chronic increase in intraatri-
al pressure which is transmitted to the pul-
monary circulation, both at rest and especial-
ly under exercise.  

LA remodeling is typically studied by echo-
cardiography. Nowadays, the indexed volume 
of the LA has been consolidated as the best 
parameter for establishing structural changes 
and it is also well correlated with the risk and 
events due to HF27. According to the latest rec-
ommendations of the American and European 
guidelines28, the dilation of the LA is defined 
as > 34 ml/m2. LA is a dynamic structure that 
plays a role as a reservoir, passive conduit, and 
priming pump for the LV. The loss of atrial 
function contributes significantly to the onset 
of symptoms and progression of HF and can 
be determined using LA speckle-tracking/strain 
techniques. The most used techniques to study 
the LA function are the assessment of LA glob-
al strain (LA-GS) and its reservoir function de-
termined by the peak of positive deformation 
of longitudinal LA strain (PALS). Numerous 
studies have shown that decreased LA strain is 
correlated with a worse prognosis, even inde-
pendently of LA dilation and HF subtypes29,30. 
There is also a good correlation between the 
reduction in PALS and PAWP29,30. As already 

commented, LA remodeling is different in pa-
tients with HFrEF, who present greater eccen-
tric atrial dilatation, and HFPEF, in which atrial 
stiffness predominates. Different structural phe-
notypes and atrial adaptation to exercise could 
explain the typically better pulmonary vascula-
ture profile in patients with HFrEF3,26. Regard-
less of its phenotype, patients with impaired 
LA function, measured by strain, have higher 
PVR, lower PAC, and poorer RV function32.

Genetics

Evidence regarding genetics in PH-LHD is 
scarce as compared with the available evi-
dence in PAH. Rare mutations in genes typi-
cally involved in PAH disease, such as BMPR2, 
have been seldom described in patients with 
CpcPH33. In a cohort of patients with CpcPH, 
the presence of nitric oxide synthase (NOS3) 
rs1799983 polymorphism correlated with the 
transpulmonary gradient (TPG), suggesting a 
potential role of endothelial NOS in the pro-
nounced pulmonary remodeling observed in 
CpcPH34. Assad et al.15 found that CpcPH and 
PAH patients shared 75 single-nucleotide poly-
morphisms involving cell structure, extra-
cellular matrix, and immune function, also 
suggesting a genetic predisposition for the 
development of exaggerated pulmonary vas-
cular disease. 

Interestingly, we know that genetics are not 
limited to the inherited genetic material but 
also to the result of its interaction with the 
environment through methylation, non-cod-
ing RNA and chromatin modification. Recent 
evidence points to the involvement of epigen-
etic changes in the pathogenesis of PH35. In 
this sense, miR-206, a muscle-specific RNA 
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associated with the regulation of cardiac my-
ocytes and PA smooth muscle cell growth, 
has been found to be decreased in patients 
with PH-LHD36.

The microbiome

Studies in HFrEF patients have shown chang-
es in the composition of the microbiome 37-40 

in both directions: a significantly higher in-
testinal permeability and larger quantities 
of pathogenic bacteria and candida species37, 
and downregulation in key intestinal bacteri-
al groups, such as Blautia, Collinsella, uncl. 
Erysipelothrichaceae and uncl. Ruminococca-
ceae38and Eubacterium rectae and Dorea lon-
gicatena, compared to healthy individuals39. 
Interestingly, Kummen et al.40 reported an 
association between a low abundance of 
Lachnospiraceae NC2004 and T-cell activa-
tion marker soluble CD25, thus suggesting 
that altered gut microbiota might be asso-
ciated with persistent T-cell activation. Trime-
thylamine-N-oxide (TMAO), a gut microbe-de-
pendent metabolite of dietary choline and 
other trimethylamine-containing nutrients, is 
elevated in HF patients and has been related 
with cardiomyocyte mitochondrial dysfunc-
tion41, myocardial hypertrophy and fibrosis 
in an experimental model of HF42. Regarding 
clinical implications, few trials have studied 
the effect of probiotics on heart disease with 
contradictory results. A pilot study by Costan-
za et al.43 observed that a 3-month therapy with 
S. Boulardii resulted in a reduction of LA 
diameter and an improvement of LV ejection 
fraction. However, these results were not con-
firmed in a recent larger trial44. In this trial, 
neither S. boulardii nor rifaximin, an oral anti-
biotic with bactericidal activity against a broad 

array of enteric pathogens, had a significant 
effect on LV ejection fraction, microbiota diver-
sity and function, circulating levels of TMAO 
or systemic inflammation.  Although no spe-
cific studies are available addressing microbi-
ome in PH-LHD, it is expected that if it is as-
sociated with the severity of HF, it will be also 
associated with an increased incidence of sec-
ondary PH. In addition, microbiome has shown 
predictive potential for PAH which opens the 
door for other forms of PH45. In this sense, 
projects like the Human Microbiome Project46 

will shed light to this branch of knowledge.

NOVELTIES IN THE DIAGNOSIS  
OF PH-LHD AND SUBTYPES

Figure 3 shows schematically the main tests 
performed for the diagnosis of PH-LHD.

Hemodynamic indices

The TPG, traditionally used for the definition 
of CpcPH, was removed from the latest clini-
cal guidelines because it was considered to be 
easily influenced by volume load and LV fill-
ing pressure47. Instead, guidelines introduced 
a new approach using the DPG. This change 
was argued based on vascular physiology, as 
the pulmonary flow during diastole is low 
and thus less affected by loading conditions 
and stroke volume47, and evidence of the cor-
relation between DGP with histological pul-
monary arterial remodelling48. However, DPG 
has not been definitively adopted by the car-
diology scientific community for several rea-
sons. On the one hand, DPG has not been 
demonstrated to increase the prognostic value 
of TGP or PVR in specific populations such as 
cardiomyopathies49 or recipients of HT50. On 
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Figure 3. Diagnostic flow in patient with suspicion of PH. Created with BioRender. 
CpcPH: Combined pre- and postcapillary pulmonary hypertension; ISGLT2: Sodium glucose co-transporter 2 inhibitors; LHD: left heart 
disease; LV: left ventricle; PAH: pulmonary arterial hypertension; PH: pulmonary hypertension.
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the other hand, DPG often presents a negative 
value related to errors in measuring the PAWP 
as observed in the metanalysis by Caravita 
et al.51. This metanalysis showed a 2% increase 
in the risk for events for every unitary in-
crease in DPG, comparable with the prognos-
tic impact of PVR51. For all this, PVR is cur-
rently considered the most robust parameter 
to define a pre-capillary component. New 
guidelines, expected to be published soon, 
will clarify the best approach to discriminate 
the specific subgroups of PH-LHD.

Two other hemodynamic parameters have 
gained attention in recent years: pulmonary 
artery pulsatility index (PAPi) and PAC.

PAPi, calculated as the ratio between PA pulse 
pressure and right atrial pressure, confers 
valuable information regarding the RV func-
tion. It has shown independent prognostic 
value for mortality or need for hospitalization 
in chronic HF52 and, recently, in dilated car-
diomyopathy53.  Also, it has been demonstrat-
ed to predict RV failure, acute kidney injury 
and one-year mortality in patients undergoing 
HT54 as well as the evolution of pulmonary 
hemodynamics after LVAD implantation55. 

PAC, calculated as SV/(sPAP-dPAP) (SV: stroke 
volume; sPAP: systolic pulmonary artery 
pressure; dPAP: diastolic pulmonary artery pres-
sure), is a strong prognostic factor in postcap-
illary PH56. Lower indexed PAC has been as-
sociated with increased risk of right HF and 
mortality following LVAD implantation57. PAC 
tends to improve rapidly after LVAD implan-
tation58 which translates into an improvement 
in RV afterload59. However, in Cpc-PH patients 
PAC has been shown to remain lower at one 
year after HT60.

Echocardiography

Current guidelines propose a new algorithm to 
assess the probability of PH depending on the 
tricuspid regurgitation peak velocity (TRPV) 
and indirect signs of PA-RV adaptation such as 
the PA diameter, the dilatation of the right atria 
or the interventricular septum flattening2. Al-
though sPAP estimation by echocardiography is 
not an accurate diagnostic measurement, it re-
tains an intrinsic value regarding risk stratifica-
tion61. In addition, new non-invasive methods to 
differentiate between precapillary and postcap-
illary PH have been postulated. Thereby, Scalia 
et al.62 found that the echocardiographic pul-
monary to left atrial ratio, calculated as TRPV 
divided by the mitral E/e’ ratio, significantly 
differed between patients with precapillary 
and postcapillary PH, and between IPcPH and 
CpcPH. Venkatesvaren et al.63 used a slightly 
different approach by using the echocardio-
graphic pulmonary to left atrial global strain ra-
tio (TRPV/LA global strain) with similar results. 

The accessibility of echocardiography as a 
non-expensive, non-invasive technique able 
to evaluate the right heart, great veins and 
proximal pulmonary artery confers a great 
value in all forms of PH.  However, due to the 
retrosternal position and complex geometry 
of the RV, its evaluation by echocardiography 
continues to be challenging. In this regard, the 
use of 3D techniques and strain has gained 
relevance based on their increased reproduc-
ibility and prognostic value64,65.

Lung ultrasound

Lung ultrasound (LUS) has emerged as a 
semi-quantitative, simple, and reliable method 



BARCELONA
RESPIRATORY
NETWORK

Collaborative research

81

J.J. Rodríguez-Arias et al.: Novelties in PH Secondary to Left Heart Disease

to assess pulmonary congestion through the 
identification of “B-lines” (also known as 
“lung comets”). LUS had been routinely used 
for the differential diagnosis of acute dys-
pnoea but in recent years, its role has been 
extended to monitor congestion in patients 
with HF which associates with the probabil-
ity of readmission66. The same group also re-
ported the correlation between dynamic PAWP 
changes after volume administration with the 
increase of B-lines during LUS monitoring 
in patients with HFpEF and unexplained dys-
pnoea67. Similarly, Scali et al.68 showed the 
exercise-induced B-lines in patients with HFrEF 
and their correlation with basal natriuretic 
peptides and maximum peak oxygen con-
sumption. Moreover, the presence of more 
than 30 B-lines during exercise was signifi-
cantly associated with cardiovascular events 
during a 12-month follow-up. These and oth-
er studies support the possibility of monitor-
ing pulmonary congestion during exercise, 
and this aspect could help in the etiologic 
diagnosis of PH. The increase in the number 
of B-lines during exercise and, especially, 
their correlation with the systolic PAP estimated 
by echo, could guide the diagnosis of PH-LHD. 
However, this concept is a preliminary hy-
pothesis and further studies are needed to 
confirm that. 

Cardiac magnetic resonance

Cardiac magnetic resonance (CMR) rep-
resents the gold standard technique for the 
evaluation of the RV. In addition to accurate-
ly assessing the overall structure and func-
tion of the RV, advances in the application of 
this technique in the area of PH by our group 
demonstrate that it is potentially useful to 

study the microstructure by detecting the 
expansion of myocardial extracellular vol-
ume (ECV)69,70, evaluate segmental alter-
ations in contractility71, PA stiffness72, RV-
PA coupling73,74 and to estimate and monitor 
PVR75,76. T1-mapping and flow imaging are 
probably leading the current research in 
this field. 

T1 mapping allows tissue characterization 
based on a map of relaxation times (T1) and 
the estimation of ECV, which increases in 
myocardial disease77. Our group was the first 
demonstrating that native T1 and ECV values 
initially increased at the RV insertion points 
in an experimental model of postcapillary 
PH69. Their values correlated with RV-PA cou-
pling, pulmonary hemodynamics and RV 
function. Moreover, ECV values significantly 
differed between animals with experimental 
PH but still normal RV ejection fraction and 
control individuals, thus suggesting its poten-
tial to early detect RV damage in PH. We could 
also demonstrate increased ECV at the RV 
insertion points in a model of PH generated 
by systemic to pulmonary shunt70. In this 
case, increased ECV at the LV was additionally 
observed because of LV volume overload. Lat-
er, further evidence in the same direction has 
been published in patients with PH-LHD78 and 
other forms of PH78,79.

CMR flow imaging technology allows visual-
ization of intracavity and transvalvular flow80. 
We were also pioneers in the assessment of 
PA flow in PH patients and first used the PA 
mean velocity obtained by 2D flow for the 
estimation of PVR in patients with diagno-
sis or suspicion of PH76. Moreover, we could 
demonstrate that changes in PA mean veloc-
ity correlated with dynamic changes in PVR 
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in experimental models of postcapillary PH 
and repeated embolization with microspheres69. 
Subsequently, Kheyfets VO et al.81 also de-
veloped a model to estimate PVR based on 
PA velocities as assessed by 4D flow. Several 
mechanisms may contribute to the tight rela-
tion between changes in PVR and changes 
in PA flow velocity. First, increased PVR in 
chronic PH is associated with vasoconstric-
tion and remodelling of distal vessels, so 
blood transit through the pulmonary tree 
is hampered; and secondly, increased PVR 
subsequently causes PA dilatation and asso-
ciated changes of flow pattern characterized 
by the presence of systolic retrograde flow 
and the formation of flow vortices. The pres-
ence and duration of vortex formations by 2D 
or 4D flow imaging have been found to be 
linearly related to mPAP82,82. This opens the 
possibility of PA hemodynamic estimation 
and monitoring in a non-invasive manner, 
particularly in patients with poor acoustic 
window, that could help to reduce the num-
ber of repeated RHC procedures during fol-
low-up. Moreover, prognostic value CMR-es-
timated PVR has been reported in patients 
with chronic HF84,85.

NOVELTIES IN THE TREATMENT  
OF PH-LHD

Pharmacological therapies

PAH specific drugs

Although there are different pharmacolog-
ical treatment options available in PAH, 
none of them have shown a beneficial effect 
on PH-LHD (Table 2). Randomized clinical 
trials evaluating the effect of prostanoids 

(epoprostenol)86 and endothelin inhibitors 
(bosentan)87,88 in patients with advanced HF 
and LV systolic dysfunction were stopped 
due to an increase in adverse events. While 
these initial clinical trials did not select the 
population based on the presence or absence 
of PH, the subsequent results of the Maciten-
tan in Subjects With Combined Pre- and 
Post-capillary Pulmonary Hypertension (Cp-
cPH) Due to Left Ventricular Dysfunction 
(MELODY) clinical trial89, focused on patients 
with CpcPH, reinforced the message as no ben-
efit was shown with macitentan compared to 
placebo. Phosphodiesterase 5 inhibitors have 
also failed to demonstrate robustly a benefit 
in PH-LHD patients. Within this group, in 
PH-LHD secondary to HFrEF, there is only 
one small single-centre study published by 
Lewis et al.90 in which sildenafil improved 
exercise capacity and quality of life associat-
ed with a significant reduction in PVR, and 
some observational studies that have report-
ed hemodynamic improvement prior to HT91. 
In HFpEF, the randomized study by Guazzi 
et al.92 showed encouraging results; however, 
these were not replicated in the Phosphodi-
esterase-5 Inhibition to Improve Clinical Sta-
tus and Exercise Capacity in Diastolic Heart 
Failure (RELAX) trial93 or in the randomized 
trial by Hoendermis et al.94, both neutral, and 
neither in the multicentre clinical trial Silde-
nafil for Secondary Pulmonary Hypertension 
Due to Valvular Disease (SIOVAC)95. In this 
latest trial, which included 200 patients with 
residual PH after valve surgery, the sildena-
fil-treated group demonstrated a higher rate 
of adverse events. In this regard, the consen-
sus of the 6th World Symposium on Pulmo-
nary Hypertension included a strong recom-
mendation against the use of pulmonary 
vasodilators in PH-LHD16.
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Table 2. Main studies regarding the use of pulmonary vasodilators in pulmonary hypertension due to left heart disease 

Author Population characteristics Drug Outcomes Result

Califf et al.86 n = 471 
LVEF < 25% 
NYHA IIIb/IV 
PAWP > 15, CI < 2.2 

Epoprostenol 
versus placebo

Primary: death, major event (need for 
mechanical ventilation, inotropic drugs, 
mechanical circulatory support or death)
Secondary: QoL test, 6MWD, clinical 
status at three months.

Early termination due 
to increased mortality 
of HF patients in the 
treatment group

Kalra et al.87 n = 1613
LVEF < 35% 
NYHA IIIb – IV

Bosentan versus 
placebo

All-cause mortality or HF hospitalization Worsening HF 
andincreased risk 
for hospitalization

Packer et al.88 n = 370
LVEF < 35%  
NYHA II-IV

Bosentan (slow 
titration) versus 
Bosentan (rapid 
titration) versus 
placebo

Primary: change in clinical status after 
26 weeks
Secondary: combined all-cause mortality 
and worsening heart failure

Increased risk for HF 
during the first month

Vachiery et al.89 n = 63
LVEF > 35%
NYHA II-IV
CpcPH criteria

Macitentan 
versus placebo

Primary: safety and tolerability
Secondary: changes in hemodynamics, 
6MWTD and N-terminal proBNP

Greater fluid retention 
in the macitentan group 
compared to placebo. 
No differences in 
secondary outcomes

Lewis et al.90 n = 13
LVEF > 35% 
NYHA III

Sildenafil Primary: improvement in exercise capacity 
and exercise hemodynamics

Reduction in exercise 
mPAP and PVR as well 
as O2 consumption

Jabbour et al.91 n = 6
Heart transplantation waiting 
list patients
TPG > 15 mmHg

Sildenafil Changes in central venous pressure, mean 
PAP, PVR, TPG, PAWP, systemic pressure 
and vascular resistance, and CO

Reduction in PAWP 
of 5.5 mmHg and TPG 
< 15 mmHg in four 
patients

Guazzi et al.92 n = 45
LVEF > 50%
NYHA II-IV
Systolic PAP by echo 
> 40 mmH

Sildenafil versus 
placebo

Primary: changes in TAPSE and pulmonary 
hemodynamics
Secondary: Quality of life

Reduction in mPAP, 
PAWP, PVR and right 
atrial pressure. 
Improvement in RV 
function and quality 
of life

Redfield et al.93 n = 216
LVEF 50% 
NYHA II-IV

Sildenafil versus 
placebo

Primary: change in peak oxygen 
consumption
Secondary: change in 6MWTD and a 
three-tier hierarchical composite clinical 
status score

No significant 
differences

Hoendermis et al.94 n = 52
LVEF > 45%

Sildenafil versus 
placebo

Change in PAWP, CO, mean PAP  
and peak VO2

No differences between 
groups

Bermejo et al.95 n = 200
mean PAP > 30 mmHg
Mitral/aortic valve replace-
ment at least one year before

Sildenafilo vs 
Placebo

Primary: combined outcome score (NYHA 
class + quality of life + death or HF)
Secondary: clinical score components, 
BNP, 6MWTD echocardiographic 
parameters

Worsening clinical 
status and higher HF 
hospitalizations

Lewis et al.96 n = 34
LVEF <40% 
NYHA II-IV

Sildenafil vs 
Placebo

Primary: Change in VO2
Secondary: change in PVR and 6MWTD

Positive for both 
primary and secondary 
outcomes

Kramer et al.97 n = 40
HFpEF and CpcPH 
WHO FC II-III

Sildenafil or 
Tadalafil

Improvement in N-terminal proBNP, 
clinical, functional, and echocardiographic 
variables

Improvement in 
6MWTD, WHO 
functional class, 
N-terminal proBNP  
and TAPSE

(Continued)
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Despite this recommendation, some groups 
have continued to investigate the effect of 
sildenafil in specific groups of patients with 
PH-LHD based on some favourable results92,96. 
Thereby, Kramer et al.97 published in 2019 an 
observation study showing the evolution of 
40 patients with CpcPH due to HFpEF report-
ing an improvement in functional class and 
quality of life. The same target population was 
evaluated Belyavskiy et al.98 in a small pilot 
randomized clinical trial published in 2020. Pa-
tients receiving sildenafil presented an increase 
in 6-minute walking test distance (6MWTD) 
and improvement in pulmonary hemody-
namics and RV function. More recently, Mon-
zo et al.99 studied the acute effect of sildenafil 
on PA-RV coupling and load-independent RV 
contractility in patients with advanced HF 

and associated CpcPH, finding a reduction in 
PAWP an RV volume and better RV ejection 
fraction. In this line, our group also demon-
strated a significant improvement in RV func-
tion associated with a reduction in myocar-
dial apoptosis in an experimental model of 
postcapillary PH100. 

In summary, we have robust evidence against 
the use of prostanoids and endothelin recep-
tor antagonists in PH-LHD86-88, but further 
research is still needed to identify if a specific 
subgroup of PH-LHD patients, very well char-
acterized, could benefit from sildenafil. Final-
ly,  the use of riociguat, a soluble guanylate 
cyclase stimulator, resulted neutral for the pri-
mary outcome (mean PAP) both in PH sec-
ondary to HFrEF101 and HFpEF102, although 

Table 2. Main studies regarding the use of pulmonary vasodilators in pulmonary hypertension due to left heart disease (continuation)

Author Population characteristics Drug Outcomes Result

Belyavskiy et al.98 n = 50
HFpEF and CpcPH

Sildenafil versus 
placebo

Primary: change in 6MWTD
Secondary: change in NYHA functional 
class, exercise duration and maximal 
achieved workload during cycle  
ergometry, mitral E/e’ ratio and systolic PAP 
both at rest and during diastolic stress

50 meters increase 
in the 6MWTD as well 
as improvement in 
secondary outcomes

Monzo et al.99 n = 22 
LVEF < 40% 
In consideration for heart 
transplant

Sildenafil Acute changes in pulmonary  
hemodynamics, RV ejection fraction

RV afterload reduction, 
improved RV ejection 
fraction, reduced RV 
volumes and lower 
PAWP

Bonderman et al.101 n = 201
LVEF < 40%, 
NYHA II-IV

Riociguat versus 
Placebo

Primary: mean PAP
Secondary: other hemodynamic 
parameters

No significant 
differences in mean PAP
Increase in cardiac 
index and reduction 
in PVR in the treatment 
group

Bonderman et al.102 n = 39
LVEF > 50%
Symptomatic HF

Riociguat versus 
Placebo

Primary: peak decrease in mean PAP  
from baseline to 6 h
Secondary: additional hemodynamic  
and echocardiographic parameters, 
biomarker levels, safety variables,  
and pharmacokinetics

No significant 
differences in mean 
PAP

BNP: brain natriuretic peptide; CO: cardiac output; CpcPH: combined pre- and postcapillary pulmonary hypertension; HF: heart failure; HFpEF: heart failure preserved ejection 
fraction; HFrEF: heart failure reduced ejection fraction; NYHA: New York heart association functional class; LVEF: left ventricular ejection fraction; PAP: mean pulmonary 
artery pressure; PAWP: pulmonary artery wedge pressure;  PVR: pulmonary vascular resistances; QoL: quality of life; RV: right ventricle; TAPSE: Tricuspid annular plane 
systolic excursion; TPG: transpulmonary gradient; VO2: oxygen consumption; WHO: World Health Organization. 6MWTD: 6 minutes walking test distance.
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differences in PVR and cardiac output signifi-
cantly favoured riociguat94. The following sec-
tion is devoted to vericiguat, a member of the 
same family of drugs.

Vericiguat 

Vericiguat is a new soluble guanylate cyclase 
stimulator recently tested in patients with 
HFrEF regardless of the presence of PH. The 
VerICiguaT GlObal Study in Subjects With 
Heart Failure With Reduced EjectIon FrAc-
tion  (VICTORIA) trial randomized 5050 symp-
tomatic patients with LV ejection fraction < 45% 
and at least one previous hospitalization six 
months before the enrolment or use of intra-
venous diuretic treatment in the last three 
months to vericiguat versus placebo. At one-
year follow-up, vericiguat reduced in a 10% 
the primary outcome (cardiovascular death 
or hospitalization for HF), mainly achieved 
through a reduction in HF hospitalizations103. 
Vericiguat has been recently approved by the 
EMA and recommended by the latest Europe-
an guidelines of HF for symptomatic HF pa-
tients (NYHA functional class III-IV) and a 
previous hospitalization despite optimized HF 
treatment. Considering some hemodynamic 
benefits (in PVR and cardiac output) observed 
with riociguat in the pilot study101, an addi-
tional beneficial effect on pulmonary hemody-
namics with vericiguat might be speculated. 

Sodium glucose co-transporter 2 
inhibitors (ISLGT2)  

ISGLT2 have become a mainstay in the treat-
ment of HFrEF104 and a promising therapy in 
HFpEF, after the recent publication of the EM-
Pagliflozin outcomE tRial in Patients With 

chrOnic heaRt Failure with Preserved ejec-
tion fraction (EMPEROR-PRESERVED)-trial105. 
These large trials did not incorporate hemody-
namic evaluation, so the direct effect of these 
drugs on pulmonary hemodynamics was not 
available. However, a recent small clinical tri-
al randomizing 78 diabetes to dapagliflozin or 
placebo for six months observed a significant 
reduction of the primary outcome RV systolic 
pressure during exercise106. Also, in the exper-
imental field, treatment with empagliflozin 
significantly reduced RV systolic pressure and 
pulmonary arterial remodelling in the model 
of PH induced by monocrotaline in rats107. Fur-
ther preclinical and clinical studies evaluating 
the efficacy of iSGLT2 in PH-LHD are needed. 

β3 adrenoreceptor agonists

β3 adrenoreceptors (β3AR) are expressed in 
human myocardium and vessels and have been 
described to be upregulated in LHD108. They 
are coupled to G proteins and the downstream 
activated pathways include NOS, nitric ox-
ide-activated guanylyl cyclase and cyclic guany-
lyl monophosphate synthesis, directly related 
to PH pathogenesis109. It is known that cyclic 
nucleotides exert several favourable effects on 
pulmonary vasculature, including vasodilata-
tion, inhibition of smooth muscle cell prolifer-
ation, and prevention of platelet aggregation110. 
Due to these characteristics, this receptor 
emerged as a new possible therapeutic target 
for PH. 

Our group was the first to study the effect of 
β3AR agonists on PH. In a porcine model 
of postcapillary PH, β3AR agonism was asso-
ciated with a significant reduction of PVR 
and pulmonary vascular remodelling and an 
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improvement in RV performance. Also, its 
administration in human pulmonary smooth 
muscle cells culture caused a reduction in cell 
proliferation by a nitric oxide-mediated mech-
anism111. These promising results and the ev-
idence of a good safety profile of mirabegron, 
a selective oral β3AR agonist used for the 
treatment of overactive bladder syndrome, 
both in urological112 and HF patients106encour-
aged us to evaluate its use in patients with 
PH-LHD. The Beta3 Adrenergic Agonist Treat-
ment in Chronic Pulmonary Hypertension 
Secondary to Heart Failure (SPHERE-HF) tri-
al (NCT02775539)114 is a multicentre clinical 
trial that has randomized 81 patients present-
ing CpcPH to mirabegron versus placebo for 
16 weeks. Patients have followed complete char-
acterization by RHC, echocardiography, CMR 
(or computed tomography in case of contra-
indication), blood analysis and 6MWTD, at 
baseline and after the 16-week treatment pe-
riod. The main outcome is PVR at the end of 
treatment whereas the pre-specified second-
ary outcomes include clinical, biochemical and 
RV performance parameters. Data is current-
ly under analysis and results will be pub-
lished soon and will hopefully shed some 
light regarding the use of β3AR as a potential 
treatment for PH. 

Interventional strategies

Percutaneous treatment of valvular 
heart disease

Mitral valve regurgitation is a major cause 
of PH-LHD as the high pressure in the LV 
during systole is freely transmitted backwards. 
Its surgical correction has been demonstrated 
long ago to reduce PVR and LA pressure115 

despite a recurrence during the follow-up in 
a considerable percentage of patients116. Also 
relevant, PH is associated with an increased 
risk of mortality after mitral valve surgery for 
mitral regurgitation117.

Nowadays, less invasive reparation by a per-
cutaneous approach is available. In the Car-
diovascular Outcomes Assessment of the 
MitraClip Percutaneous Therapy for Heart 
Failure Patients With Functional Mitral Re-
gurgitation (COAPT) trial, the MitraClip de-
vice significantly reduced two-year mortality 
and HF hospitalizations compared to medi-
cal therapy118. In a sensitivity analysis pub-
lished later119, the primary outcome was re-
duced irrespective of baseline systolic PAP 
although in general, patients with systolic 
PAP ≥ 50 mmHg before intervention had 
higher two-year rates of death or hospital-
ization compared to those with systolic PAP 
< 50 mmHg (68.8% versus 49.1%, p = 0.002). In 
another study of patients following MitraClip 
implantation120, systolic PAP significantly de-
creased in patients with severe PH, but sur-
prisingly remained unchanged in those with 
mild PH, and even increased in patients with-
out PH at baseline. In-hospital outcomes did 
not vary significantly according to pre-ex-
isting PH in another observational study of 
1037 patients undergoing MitraClip procedure121. 
However, in a larger multicentre cohort in-
cluding 4071 patients undergoing MitraClip 
implantation, there was a clear association 
between preprocedural PH severity and one-
year mortality and admissions for HF, even af-
ter multivariable adjustment (HR per 5 mmHg 
of mean PAP increase = 1.05, 95% CI, 1.01-1.09, 
p  =  0.02)122. In summary, evidence suggests 
that pre-existing PH is associated with in-
creased mortality and readmissions for HF 
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in patients undergoing MitraClip system for 
severe mitral regurgitation, while it is true 
that in survivors the severity of PH tends 
to improve after the procedure. Finally, in a 
small series of cases recently published in 
end-stage HF patients previously excluded for 
HT due to PH, the use of MitraClip reduced 
PAP enough to redeem patients eligible for 
transplantation. This is of course an off-label 
indication of this device and further evidence 
is needed to confirm the potential benefit in 
this scenario123. 

Left ventricular assist devices 

HT is the gold standard treatment for end-
stage HF104 but severe fixed PH is considered 
a contraindication. In this scenario, the im-
plantation of an LVAD reduces LV filling pres-
sures and PVR and increases PAC in a few 
weeks after its implantation58 and has become 
a good alternative for end-stage HF patients 
not eligible for HT. However, pre-existent RV 
dysfunction due to PH can cause irreversible 
RV failure after LVAD implantation. In this 
regard, preprocedural evaluation of morphol-
ogy and function of the RV and pulmonary 
hemodynamics are essential to select candi-
dates for LVAD support. The already com-
mented PAC57, PAPi and RV stroke work in-
dex are the most commonly used techniques 
for this purpose52.

Pulmonary arterial denervation

PA denervation (PADN) targets directly the 
sympathetic stimulus over the pulmonary vas-
culature and has emerged as a promising 
therapeutical option for PH.  During the past 

decade, multiple studies have been published 
both in the experimental field and clinical 
arena with controversial results (for an exten-
sive review see a dedicated paper124). Over-
all, a beneficial effect with PADN has been 
observed in experimental models of acute 
PH125,126 and chronic PH induced by monocro-
taline127-129, and also in patients with PAH. 
Nevertheless, the scientific evidence contin-
ues to be limited as there is only one random-
ized clinical trial130, with a small sample size 
and significant methodologic shortcomings. 
Another trial has recently demonstrated a ben-
eficial effect of PADN in chronic thromboem-
bolic PH131. 

Regarding PH-LHD, our group performed 
an experimental study to assess the effect of 
PADN with bipolar clamps in a porcine 
model of postcapillary PH132. In this experi-
ment, transmural PADN produced no benefit 
in terms of PA hemodynamics, and a trend 
towards increased biventricular volumes and 
RV mass evaluated by CMR and histology. 
These results contrast with those coming from 
clinical observations. Zhang et al.133 random-
ized 98 patients suffering from CpcPH to 
PADN or sildenafil plus a sham PADN. At 
6 months, patients in the procedural arm pre-
sented a significantly reduction in PVR and 
an increase in the 6MWTD compared to silde-
nafil plus control procedure133. However, the 
results were confusing as there is no solid 
evidence for the use of sildenafil in CpcPH to 
be used as a comparator; indeed systemic hy-
potension in the control arm might have pre-
cluded the up-titration of HF-specific medi-
cations accounting for a worse evolution. In 
summary, we have some preliminary posi-
tive data suggesting that PADN could be an 
effective therapy for chronic PH, with more 
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convincing data for PAH than PH-LHD. Nev-
ertheless, there are still important gaps of 
knowledge regarding the mechanism of ac-
tion, the best technique for the application, 
the durability of the effect (due the possibili-
ty of autonomic reinnervation) and the ab-
sence of a potential deleterious effect on car-
diac remodelling and function. Currently 
there are two ongoing event-driven trials 
with PADN in PAH (PADN-PAH, NCT02284737 
and PADN-CDFA, NCT03282266) and a pilot 
trial on ultrasound PADN for patients with 
PH-LHD (TROPHY-II, NCT03611270) that will 
shed light on the future of this therapy.

Remote monitoring devices 

In the current connected era, and even more 
after the COVID19 pandemic, remote mon-
itoring of patients has emerged essential. 
Based on the distortion of a piezoelectric 
membrane included in a small device that 
can be implanted in the PA through a femo-
ral vein catheterization, remote methods for 
PAP monitoring have been developed. The 
first of these devices was the Cardiomems 
system. The first study to demonstrate its 
safety and efficacity was the CardioMEMS 
Heart Sensor Allows Monitoring of Pres-
sure to Improve Outcomes in NYHA Class III 
Heart Failure Patients trial (CHAMPION) tri-
al134. In this study, the device presented a 
very low complication rate of 1.4% and a re-
duction in HF hospitalizations of 37% in a 
cohort of patients suffering HF NYHA func-
tional class III and at least one HF hospital-
ization in the previous 12 months128. The ex-
tension of this trial showed that this benefit 
persisted in time135. A more recent study per-
formed in Europe in a similar cohort of HF 

NYHA class III patients (the CardioMEMS 
European Monitoring Study for Heart Failure 
[MEMS-HF] trial), reported even better reduc-
tion in HF hospitalizations (62% reduction) and 
increase in quality of life136. Moreover, results 
from daily clinical practice using this device 
are encouraging as well137. However, no differ-
ences were observed in the combined outcome 
of mortality and total HF events in the very 
recently published randomized clinical trial 
Hemodynamic-GUIDEd management of Heart 
Failure (GUIDE-HF)138. Nevertheless, it should 
be noted that the trial concurred with the 
COVID19 pandemic which could have affect-
ed the results, as a sensitivity analysis indi-
cated a possible benefit of hemodynam-
ic-guided management on the primary 
outcome in the pre-COVID19 period, primar-
ily driven by a lower HF hospitalization rate 
compared with the control group. There are 
ongoing relevant trials aiming to assess the 
cost-effectiveness of hemodynamic monitor-
ing by CardioMEMS in addition to standard 
HF care139.

New devices focused on direct measurement of 
LA pressure are in development. The V-LAP sys-
tem (Vectorious Medical Technologies, Tel Aviv, 
Israel) has proved its utility in a first-in-man re-
ported case during the COVID19 pandemic140. 
The ongoing VECTOR-HF trial (NCT03775161) 
will evaluate its safety and performance in pa-
tients with NYHA functional class II HF. 

CONCLUSIONS

PH-LHD remains a clinical need due to its 
high prevalence, bad prognosis, and lack of 
therapeutic options. The recognition of com-
mon aspects between CpcPH and PAH, the 



BARCELONA
RESPIRATORY
NETWORK

Collaborative research

89

J.J. Rodríguez-Arias et al.: Novelties in PH Secondary to Left Heart Disease

role of the LA, genetics or the microbiome 
move towards a better understanding and 
characterization of this entity. For this aim, 
hemodynamics and imaging techniques re-
main key. The treatment of this currently or-
phan entity will probably evolve by using treat-
ments currently available in specific carefully 
studied subgroups and/or the development 
of new therapeutic targets.

FUNDING

This work was partially funded by Fondo Eu-
ropeo de Desarrollo Regional (FEDER) Insti-
tuto de Salud Carlos III-Fondo de Investigación 
Sanitaria PI20/00742 to Dra. García-Álva-
rez. CNIC is supported by the Ministerio de 
Ciencia, Innovación y Universidades and 
the Pro CNIC Foundation, and is a Severo 
Ochoa Center of Excellence (SEV-2015-0505). 
The IDIBAPS belongs to the CERCA Programme 
and receives partial funding from the Gener-
alitat de Catalunya.

CONFLICTS OF INTEREST

There are no conflicts of interest regarding 
this work other than that Ana García-Álvarez 
is co-inventor of a patent for the use of beta-3 
agonists for the treatment of pulmonary hy-
pertension.

REFERENCES

	 1.	 Simonneau G, Montani D, Celermajer DS et al. Haemodynamic definitions 
and updated clinical classification of pulmonary hypertension. Eur Respir 
J. 2019;53:1801913. 

	 2.	 Galie N, Humbert M, Vachieryc JL et al. 2015 ESC/ERS Guidelines for the 
diagnosis and treatment of pulmonary hypertension The Joint Task Force 
for the Diagnosis and Treatment of Pulmonary Hypertension of the Euro-
pean Society of Cardiology (ESC ) and the European Respiratory Society 
(ERS). Eur Heart J. 2016;37:67-119. 

	 3.	 Gerges M, Gerges C, Pistritto AM et al. Pulmonary hypertension in heart 
failure epidemiology, right ventricular function, and survival. Am J Respir 
Crit Care Med. 2015;192:1234-46. 

	 4.	 Lam CSP, Roger VL, Rodeheffer RJ, Borlaug BA, Enders FT, Redfield MM. 
Pulmonary Hypertension in Heart Failure With Preserved Ejection Frac-
tion. A Community-Based Study. J Am Coll Cardiol. 2009;53:1119-26. 

	 5.	 Miller WL, Grill DE, Borlaug BA. Clinical features, hemodynamics, and 
outcomes of pulmonary hypertension due to chronic heart failure with 
reduced ejection fraction: Pulmonary hypertension and heart failure. JACC: 
Heart Fail. 2013;1:290-9. 

	 6.	 Hoeper MM, Humbert M, Souza R et al. A global view of pulmonary 
hypertension. Lancet Respir Med. 2016;4:306-22. 

	 7.	 Assad TR, Maron BA, Robbins IM et al. Prognostic effect and longitudinal 
hemodynamic assessment of borderline pulmonary hypertension. JAMA 
Cardio. 2017;2:1361-68. 

	 8.	 D’Alto M, Dimopoulos K, Coghlan JG, Kovacs G, Rosenkranz S, Naeije R. 
Right Heart Catheterization for the Diagnosis of Pulmonary Hypertension: 
Controversies and Practical Issues. Heart Fail Clin. 2018;14:467-77. 

	 9.	 Fayyaz AU, Edwards WD, Maleszewski JJ et al. Global pulmonary vascular 
remodeling in pulmonary hypertension associated with heart failure and 
preserved or reduced ejection fraction. Circulation. 2018;137:1796-1810. 

	 10.	 Vanderpool RR, Naeije R. Progress in Pulmonary Hypertension with Left 
Heart Failure. Beyond New Definitions and Acronyms. Am J Respir Crit 
Care Med. 2015;192:1152-4.

	 11.	 Ibe T, Wada H, Sakakura K et al. Combined pre- and post-capillary pulmo-
nary hypertension: The clinical implications for patients with heart failure. 
PLoS ONE. 2021;16:e0247987.. 

	 12.	 Abramson SV, Burke JF, Kelly JJ et al. Pulmonary hypertension predicts 
mortality and morbidity in patients with dilated cardiomyopathy. Ann 
Intern Med. 1992;116:888-95. 

	 13.	 Ghio S, Gavazzi A, Campana C et al. Independent and additive prognostic 
value of right ventricular systolic function and pulmonary artery pressure 
in patients with chronic heart failure. J Am Coll Cardiol. 2001;37:183-8. 

	 14.	 Opitz CF, Hoeper MM, Gibbs JSR et al. Pre-Capillary, Combined, and 
Post-Capillary Pulmonary Hypertension: A Pathophysiological Continu-
um. J Am Coll Cardiol. 2016;68:368-78. 

	 15.	 Assad TR, Hemnes AR, Larkin EK et al. Clinical and Biological Insights 
Into Combined Post- and Pre-Capillary Pulmonary Hypertension. J Am 
Coll Cardiol. 2016;68:2525-36. 

	 16.	 Vachiéry JL, Tedford RJ, Rosenkranz S et al. Pulmonary hypertension due 
to left heart disease. Eur Respir J. 2019;53:1801897. 

	 17.	 Jessup M, Banner N, Brozena S et al. Optimal Pharmacologic and Non-phar-
macologic Management of Cardiac Transplant Candidates: Approaches to 
Be Considered Prior to Transplant Evaluation: International Society for 
Heart and Lung Transplantation Guidelines for the Care of Cardiac Trans-
plant Candidates-2006. J Heart Lung Transplant. 2006;25:1003-23. 

	 18.	 Bozkurt B, Coats AJ, Tsutsui H et al. Universal Definition and Classification 
of Heart Failure: A Report of the Heart Failure Society of America, Heart 
Failure Association of the European Society of Cardiology, Japanese Heart 
Failure Society and Writing Committee of the Universal Definition of Heart 
Failure. J Card Fail. 2021;27:387-413. 

	 19.	 Ghio S, Crimi G, Houston B et al. Nonresponse to Acute Vasodilator Chal-
lenge and Prognosis in Heart Failure With Pulmonary Hypertension. J Card 
Fail. 2021;27:869-76. 

	 20.	 Kumarasinghe G, Jain P, Jabbour A et al. Comparison of continuous-flow 
ventricular assist device therapy with intensive medical therapy in fixed 
pulmonary hypertension secondary to advanced left heart failure. ESC 
Heart Fail. 2018;5:695-702. 

	 21.	 Al-Kindi SG, Farhoud M, Zacharias M et al. Left Ventricular Assist Devic-
es or Inotropes for Decreasing Pulmonary Vascular Resistance in Patients 
with Pulmonary Hypertension Listed for Heart Transplantation. J Card Fail. 
2017;23:209-15. 

	 22.	 Moayedifar R, Zuckermann A, Aliabadi-Zuckermann A et al. Long-term 
heart transplant outcomes after lowering fixed pulmonary hypertension 
using left ventricular assist devices. Eur J Cardiothorac Surg. 2018;54: 
1116-21. 



BARCELONA
RESPIRATORY
NETWORK

Collaborative research

90

BRN Rev. 2022;8(2)

	 23.	 Guazzi M, Ghio S, Adir Y. Pulmonary Hypertension in HFpEF and HFrEF: 
JACC Review Topic of the Week. Journal of the American College of Car-
diology. 2020;76:1102-11. 

	 24.	 Paulus WJ, Tschöpe C. A novel paradigm for heart failure with preserved 
ejection fraction: Comorbidities drive myocardial dysfunction and remod-
eling through coronary microvascular endothelial inflammation. J Am Coll 
Cardiol. 2013;62:263-71. 

	 25.	 Shah SJ, Borlaug BA, Kitzman DW et al. Research Priorities for Heart 
Failure with Preserved Ejection Fraction: National Heart, Lung, and Blood 
Institute Working Group Summary. Circulation. 2020;1001-26. 

	 26.	 Adir Y, Guazzi M, Offer A, Temporelli PL, Cannito A, Ghio S. Pulmonary 
hemodynamics in heart failure patients with reduced or preserved ejec-
tion fraction and pulmonary hypertension: Similarities and disparities. Am 
Heart J. 2017;192:120-7. 

	 27.	 Tsang TSM, Abhayaratna WP, Barnes ME et al. Prediction of cardiovascular 
outcomes with left atrial size: Is volume superior to area or diameter? J Am 
Coll Cardiol. 2006;47:1018-23. 

	 28.	 Lang RM, Badano LP, Victor MA et al. Recommendations for cardiac cham-
ber quantification by echocardiography in adults: An update from the 
American Society of Echocardiography and the European Association of 
Cardiovascular Imaging. J Am Soc Echocardiogr. 2015;28:1-39.e14. 

	 29.	 Morris DA, Belyavskiy E, Aravind-Kumar R et al. Potential Usefulness and 
Clinical Relevance of Adding Left Atrial Strain to Left Atrial Volume Index 
in the Detection of Left Ventricular Diastolic Dysfunction. JACC: Cardio-
vasc Imaging. 2018;11:1405-15. 

	 30.	 Rossi A, Carluccio E, Cameli M et al. Left atrial remodeling in heart failure: 
coexistence and additive prognostic power of atrial dilation and dysfunc-
tion. Eur Heart J. 2020;41(Suppl 2):2020. 

	 31.	 Cameli M, Lisi M, Mondillo S et al. Left atrial longitudinal strain by 
speckle tracking echocardiography correlates well with left ventricular 
filling pressures in patients with heart failure. Cardiovasc Ultrasound. 
2010;8:1-9. 

	 32.	 Melenovsky V, Hwang SJ, Redfield MM, Zakeri R, Lin G, Borlaug BA. Left 
atrial remodeling and function in advanced heart failure with preserved or 
reduced ejection fraction. Circ: Heart Fail. 2015;8:295-303. 

	 33.	 Chomette L, Caravita S, Dewachter C, Abramowicz M, Vachiery J, Bondue A. 
Pulmonary arterial hypertension-associated genetic variants in combined 
post-capillary and pre-capillary pulmonary hypertension: a case report. Pulm 
Circ. 2021;11:1-5. 

	 34.	 Duarte JD, Kansal M, Desai AA et al. Endothelial nitric oxide synthase 
genotype is associated with pulmonary hypertension severity in left heart 
failure patients. Pulm Circ. 2018;8. 

	 35.	 Gamen E, Seeger W, Pullamsetti SS. The emerging role of epigenetics in 
pulmonary hypertension. Eur Respir J. 2016;48:903-17. 

	 36.	 Jin P, Gu W, Lai Y, Zheng W, Zhou Q, Wu X. The circulating MicroRNA-206 
level predicts the severity of pulmonary hypertension in patients with left 
heart diseases. Cell Physiol Biochem. 2017;41:2150-60. 

	 37.	 Pasini E, Aquilani R, Testa C et al. Pathogenic Gut Flora in Patients With 
Chronic Heart Failure. JACC: Heart Fail. 2016;4:220-7. 

	 38.	 Luedde M, Winkler T, Heinsen FA et al. Heart failure is associated with 
depletion of core intestinal microbiota. ESC Heart Fail. 2017;4:282-90. 

	 39.	 Kamo T, Akazawa H, Suda W et al. Dysbiosis and compositional alterations 
with aging in the gut microbiota of patients with heart failure. PLoS ONE. 
2017;12:1-14. 

	 40.	 Kummen M, Mayerhofer CCK, Vestad B et al. Gut Microbiota Signature in 
Heart Failure Defined From Profiling of 2 Independent Cohorts. J Am Coll 
Cardiol. 2018;71:1184-6. 

	 41.	 Makrecka-Kuka M, Volska K, Antone U et al. Trimethylamine N-oxide 
impairs pyruvate and fatty acid oxidation in cardiac mitochondria. Toxi-
cology Letters. 2017;267:32-8. 

	 42.	 Organ CL, Otsuka H, Bhushan S et al. Choline Diet and Its Gut Microbe-De-
rived Metabolite, Trimethylamine N-Oxide, Exacerbate Pressure Overload-In-
duced Heart Failure. Circ Heart Fail. 2016;9:1-10. 

	 43.	 Costanza AC, Moscavitch SD, Faria Neto HCC, Mesquita ET. Probiotic 
therapy with Saccharomyces boulardii for heart failure patients: A random-
ized, double-blind, placebo-controlled pilot trial. Int J Cardiol. 2015;179: 
348-50. 

	 44.	 Awoyemi A, Mayerhofer C, Felix AS et al. Rifaximin or Saccharomyces 
boulardii in heart failure with reduced ejection fraction: Results from the 
randomized GutHeart trial. EBioMedicine. 2021;70:1-9. 

	 45.	 Kim S, Rigatto K, Gazzana MB et al. Altered Gut Microbiome Profile in 
Patients with Pulmonary Arterial Hypertension. Hypertension. 2020;75: 
1063-71. 

	 46.	 Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon 
JI. The Human Microbiome Project. Nature. 2007;449:804-10. 

	 47.	 Naeije R, Vachiery JL, Yerly P, Vanderpool R. The transpulmonary pressure 
gradient for the diagnosis of pulmonary vascular disease. Eur Respir J. 
2013;41:217-23. 

	 48.	 Gerges C, Gerges M, Lang MB et al. Diastolic pulmonary vascular pressure 
gradient: A predictor of prognosis in “out-of-proportion” pulmonary hyper-
tension. Chest. 2013;143:758-66. 

	 49.	 Tampakakis E, Leary PJ, Selby VN et al. The diastolic pulmonary gradient 
does not predict survival in patients with pulmonary hypertension due to 
left heart disease. JACC: Heart Fail. 2015;3:9-16. 

	 50.	 Tedford RJ, Beaty CA, Mathai SC et al. Prognostic value of the pre-trans-
plant diastolic pulmonary artery pressure-to-pulmonary capillary wedge 
pressure gradient in cardiac transplant recipients with pulmonary hyper-
tension. J Heart and Lung Transplant. 2014;33:289-97. 

	 51.	 Caravita S, Dewachter C, Soranna D et al. Haemodynamics to predict 
outcome in pulmonary hypertension due to left heart disease: A meta-anal-
ysis. Eur Respir J. 2018;51:8-11. 

	 52.	 Kochav SM, Flores RJ, Truby LK, Topkara VK. Prognostic Impact of Pul-
monary Artery Pulsatility Index (PAPi) in Patients With Advanced Heart 
Failure: Insights From the ESCAPE Trial. J Card Fail. 2018;24:453-9. 

	 53.	 Kuwayama T, Morimoto R, Oishi H et al. Efficacy of Pulmonary Artery 
Pulsatility Index as a Measure of Right Ventricular Dysfunction in Stable 
Phase of Dilated Cardiomyopathy. Circ J. 2020;84:1536-43. 

	 54.	 Guven G, Brankovic M, Constantinescu AA et al. Preoperative right heart 
hemodynamics predict postoperative acute kidney injury after heart trans-
plantation. Int Care Med. 2018;44:588-97. 

	 55.	 Jacob J Schaefer, Pavol Sajgalik, Sudhir S Kushwaha, Lyle J Olson John M 
Stulak, Bruce D Johnson JAS. Left ventricle assist device pulsatility index 
at the time of implantation is associated with follow-up pulmonary hemo-
dynamics. J Artif Organs. 2020;43:452-60. 

	 56.	 Pellegrini P, Rossi A, Pasotti M et al. Prognostic relevance of pulmonary 
arterial compliance in patients with chronic heart failure. Chest. 2014;145: 
1064-70. 

	 57.	 Grandin EW, Zamani P, Mazurek JA et al. Right ventricular response to 
pulsatile load is associated with early right heart failure and mortality after 
left ventricular assist device. J Heart Lung Transplant. 2017;36:97-105. 

	 58.	 Masri SC, Tedford RJ, Colvin MM, Leary PJ, Cogswell R. Pulmonary Arte-
rial Compliance Improves Rapidly After Left Ventricular Assist Device 
Implantation. ASAIO J. 2017;63:139-43. 

	 59.	 Houston BA, Kalathiya RJ, Hsu S et al. Right ventricular afterload sensi-
tivity dramatically increases after left ventricular assist device implanta-
tion: A multi-center hemodynamic analysis. J Heart Lung Transplant. 2016; 
35868-76. 

	 60.	 Ghio S, Crimi G, Pica S et al. Persistent abnormalities in pulmonary arterial 
compliance after heart transplantation in patients with combined post-cap-
illary and pre-capillary pulmonary hypertension. PLoS ONE. 2017;12. 

	 61.	 Stefano Ghio, Pier Luigi Temporelli, Catherine Klersy et al. Prognostic 
relevance of a non-invasive evaluation of right ventricular function and 
pulmonary artery pressure in patients with chronic heart failure. Eur J 
Heart Fail. 2013;15:408-14. 

	 62.	 Scalia GM, Scalia IG, Kierle R et al. ePLAR - The echocardiographic Pul-
monary to Left Atrial Ratio - A novel non-invasive parameter to differen-
tiate pre-capillary and post-capillary pulmonary hypertension. Int J Cardi-
ol. 2016;212:379-86. 

	 63.	 Venkateshvaran A, Manouras A, Kjellström B, Lund LH. The additive val-
ue of echocardiographic pulmonary to left atrial global strain ratio in the 
diagnosis of pulmonary hypertension. Int J Cardiol. 2019;292:205-10. 

	 64.	 Nagata Y, Wu VCC, Kado Y et al. Prognostic Value of Right Ventricular 
Ejection Fraction Assessed by Transthoracic 3D Echocardiography. Circ 
Cardiovasc Imaging. 2017;10:1-10. 



BARCELONA
RESPIRATORY
NETWORK

Collaborative research

91

J.J. Rodríguez-Arias et al.: Novelties in PH Secondary to Left Heart Disease

	 65.	 Carluccio E, Biagioli P, Alunni G et al. Prognostic value of right ventricular 
dysfunction in heart failure with reduced ejection fraction: Superiority of 
longitudinal strain over tricuspid annular plane systolic excursion. Circ 
Cardiovasc Imaging. 2018;11:1-8. 

	 66.	 Rivas-Lasarte M, Álvarez-García J, Fernández-Martínez J et al. Lung ultra-
sound-guided treatment in ambulatory patients with heart failure: a random-
ized controlled clinical trial (LUS-HF study). Eur J Heart Fail. 2019;21:1605-13. 

	 67.	 Rivas-Lasarte M, Solé-González E, Álvarez-García J et al. Dynamic Correla-
tion Between Cardiac Filling Pressures and B-Lines in a Lung Ultrasound: 
A Pilot Study. J Card Fail. 2021;27:379-81. 

	 68.	 Scali MC, Cortigiani L, Simionuc A, Gregori D, Marzilli M, Picano E. Exer-
cise-induced B-lines identify worse functional and prognostic stage in heart 
failure patients with depressed left ventricular ejection fraction. Eur J Heart 
Fail. 2017;19:1468-78. 

	 69.	 García-Álvarez A, García-Lunar I, Pereda D et al. Association of myocardi-
al T1-mapping CMR with hemodynamics and RV performance in pulmo-
nary hypertension. JACC: Cardiovasc Imaging. 2015;8:76-82. 

	 70.	 Pereda D, García-Lunar I, Sierra F et al. Magnetic Resonance Characteriza-
tion of Cardiac Adaptation and Myocardial Fibrosis in Pulmonary Hyper-
tension Secondary to Systemic-To-Pulmonary Shunt. Circulation: Cardio-
vasc Imaging. 2016;9:1-12. 

	 71.	 Fernandez-Friera L, Garcia-Alvarez A, Guzman G et al. Apical right ven-
tricular dysfunction in patients with pulmonary hypertension demonstrat-
ed with magnetic resonance. Heart. 2011;97:1250-56. 

	 72.	 Stevens GR, Garcia-Alvarez A, Sahni S, Garcia MJ, Fuster V, Sanz J. RV 
dysfunction in pulmonary hypertension is independently related to pul-
monary artery stiffness. JACC: Cardiovasc Imaging. 2012;5:378-87. 

	 73.	 Sanz J, García-Alvarez A, Fernández-Friera L et al. Right ventriculo-arteri-
al coupling in pulmonary hypertension: A magnetic resonance study. Heart. 
2012;98:238-43. 

	 74.	 González Lengua C, Agarwal C, Chokshi A et al. Prognostic Value of Car-
diac Magnetic Resonance Estimates of Ventriculoarterial Coupling in Pul-
monary Hypertension. JACC: Cardiovasc Imaging. 2020;13:2268-70. 

	 75.	 García-Álvarez A, Fernández-Friera L, García-Ruiz JM et al. Noninvasive 
monitoring of serial changes in pulmonary vascular resistance and acute 
vasodilator testing using cardiac magnetic resonance. J Am Coll Cardiol. 
2013;62:1621-31. 

	 76.	 García-Alvarez A, Fernández-Friera L, Mirelis JG et al. Non-invasive esti-
mation of pulmonary vascular resistance with cardiac magnetic resonance. 
Eur Heart J. 2011;32:2438-45. 

	 77.	 Reiter G, Reiter C, Kräuter C, Fuchsjäger M, Reiter U. Cardiac magnetic 
resonance T1 mapping. Part 1: Aspects of acquisition and evaluation. Euro-
pean Journal of Radiology. 2018;109:223-34. 

	 78.	 Saunders LC, Johns CS, Stewart NJ et al. Diagnostic and prognostic signif-
icance of cardiovascular magnetic resonance native myocardial T1 mapping 
in patients with pulmonary hypertension. J Cardiovasc Magn Reson. 2018; 
20:1-11. 

	 79.	 Chen YY, Yun H, Jin H et al. Association of native T1 times with biventric-
ular function and hemodynamics in precapillary pulmonary hypertension. 
International J Cardiovasc Imaging. 2017;33:1179-89. 

	 80.	 van der Geest RJ, Garg P. Advanced Analysis Techniques for Intra-cardiac 
Flow Evaluation from 4D Flow MRI. Curr Radiol Rep. 2016;4:1-10. 

	 81.	 Kheyfets VO, Schafer M, Podgorski CA et al. 4D magnetic resonance flow 
imaging for estimating pulmonary vascular resistance in pulmonary hyper-
tension. J Magn Reson Imaging. 2016;44:914-22. 

	 82.	 Sieren MM, Berlin C, Oechtering TH et al. Comparison of 4D Flow MRI to 
2D Flow MRI in the pulmonary arteries in healthy volunteers and patients 
with pulmonary hypertension. PLoS ONE. 2019;14. 

	 83.	 Reiter G, Reiter U, Kovacs G et al. Magnetic resonance-derived 3-dimen-
sional blood flow patterns in the main pulmonary artery as a marker of 
pulmonary hypertension and a measure of elevated mean pulmonary arte-
rial pressure. Circ Cardiovasc Imaging. 2008;1:23-30. 

	 84.	 Trejo-Velasco B, Fabregat-Andrés Ó, García-González PM et al. Prognostic 
value of mean velocity at the pulmonary artery estimated by cardiovascu-
lar magnetic resonance as a prognostic predictor in a cohort of patients with 
new-onset heart failure with reduced ejection fraction. J Cardiovasc Magn 
Res. 2020;22:1-13. 

	 85.	 Fabregat-Andrés Ó, Estornell-Erill J, Ridocci-Soriano F et al. Prognóstico da 
resistência vascular pulmonar através de ressonância magnética em insu-
ficiência cardíaca. Arq Bras Cardiol. 2016;106:226-35. 

	 86.	 Califf RM, Adams KF, McKenna WJ et al. A randomized controlled trial of 
epoprostenol therapy for severe congestive heart failure: The Flolan Inter-
national Randomized Survival Trial ( FIRST ). Am Heart J. 1997;134:44-54.

	 87.	 Kalra PR, Moon JCC, Coats AJS. Do results of the ENABLE (Endothelin 
Antagonist Bosentan for Lowering Cardiac Events in Heart Failure) study 
spell the end for non-selective endothelin antagonism in heart failure? Int 
J Cardiol. 2002;85:195-7. 

	 88.	 Packer M, McMurray J, Massie BM et al. Clinical effects of endothelin 
receptor antagonism with bosentan in patients with severe chronic heart 
failure: Results of a pilot study. J Card Fail. 2005;11:12-20. 

	 89.	 Vachiéry J luc, Delcroix M, Al-hiti H et al. Macitentan in pulmonary hyper-
tension due to left ventricular dysfunction. Eur Respir J. 2018;51:1-9. 

	 90.	 Lewis GD, Lachmann J, Camuso J et al. Sildenafil improves exercise hemo-
dynamics and oxygen uptake in patients with systolic heart failure. Circu-
lation. 2007;115:59-66. 

	 91.	 Jabbour A, Keogh A, Hayward C, Macdonald P. Chronic sildenafil lowers 
transpulmonary gradient and improves cardiac output allowing successful 
heart transplantation. Eur J Heart Fail. 2007;9:674-7. 

	 92.	 Guazzi M, Vicenzi M, Arena R, Guazzi MD. PDE5 inhibition with sildenafil 
improves left ventricular diastolic function, cardiac geometry, and clinical 
status in patients with stable systolic heart failure: Result of a 1-year, pro-
spective, randomized, placebo-controlled study. Circ Heart Fail. 2011;4:8-17. 

	 93.	 Redfield MM, Chen HH, Borlaug BA et al. Effect of phosphodiesterase-5 
inhibition on exercise capacity and clinical status in heart failure with pre-
served ejection fraction: A randomized clinical trial. JAMA. 2013;309:1268-77. 

	 94.	 Hoendermis ES, Liu LCY, Hummel YM et al. Effects of sildenafil on inva-
sive haemodynamics and exercise capacity in heart failure patients with 
preserved ejection fraction and pulmonary hypertension: a randomized 
controlled trial. Eur Heart J. 2015;36:1-9. 

	 95.	 Bermejo J, Yotti R, Sa PL et al. Sildenafil for improving outcomes in patients 
with corrected valvular heart disease and persistent pulmonary hyperten-
sion: a clinical trial. Eur Heart J. 2018;39:1255-64. 

	 96.	 Lewis GD, Shah R, Shahzad K et al. Sildenafil improves exercise capacity 
and quality of life in patients with systolic heart failure and secondary 
pulmonary hypertension. Circulation. 2007;116:1555-62. 

	 97.	 Kramer T, Dumitrescu D, Gerhardt F et al. Therapeutic potential of phos-
phodiesterase type 5 inhibitors in heart failure with preserved ejection 
fraction and combined post- and pre-capillary pulmonary hypertension. Int 
J Card. 2019;283:152-58. 

	 98.	 Belyavskiy E, Ovchinnikov A, Potekhina A, Ageev F, Edelmann F. Phospho-
diesterase 5 inhibitor sildenafil in patients with heart failure with preserved 
ejection fraction and combined pre- And postcapillary pulmonary hyperten-
sion: A randomized open-label pilot study. BMC Cardiovasc Dis. 2020;20:1-15. 

	 99.	 Monzo L, Reichenbach A, Al-Hiti H et al. Acute Unloading Effects of Silde-
nafil Enhance Right Ventricular–Pulmonary Artery Coupling in Heart Fail-
ure. J Card Fail. 2021;27:224-32. 

	 100.	 Santiago-Vacas E, García-Lunar I, Solanes N et al. Effect of sildenafil on 
right ventricular performance in an experimental large-animal model of 
postcapillary pulmonary hypertension. Transl Res. 2021;228:64-75. 

	 101.	 Bonderman D, Ghio S, Felix SB et al. Riociguat for patients with pulmonary 
hypertension caused by systolic left ventricular dysfunction: A phase IIb 
double-blind, randomized, placebo-controlled, dose-ranging hemodynam-
ic study. Circulation. 2013;128:502-11. 

	 102.	 Bonderman D, Pretsch I, Steringer-Mascherbauer R et al. Acute hemody-
namic effects of riociguat in patients with pulmonary hypertension associ-
ated with diastolic heart failure (DILATE-1): A randomized, double-blind, 
placebo-controlled, single-dose study. Chest. 2014;146:1274-85. 

	 103.	 Armstrong PW, , Pieske B, , Anstrom KJ et al. Vericiguat in Patients with Heart 
Failure and Reduced Ejection Fraction Pa. New Engl J Med. 2020;382:1883-93. 

	 104.	 Mcdonagh TA, United CCCC, Gardner RS et al. 2021 ESC Guidelines for 
the diagnosis and treatment of acute and chronic heart failure Developed 
by the Task Force for the diagnosis and treatment of acute and chronic heart 
failure of the European Society of Cardiology (ESC). Eur Heart J. 2021;42: 
3599-3726. 



BARCELONA
RESPIRATORY
NETWORK

Collaborative research

92

BRN Rev. 2022;8(2)

	 105.	 Anker SD, Butler J, Filippatos G, Gomez-Mesa JE. Empagliflozin in Heart 
Failure with a Preserved Ejection Fraction. New Engl J Med. 2021;385: 
1451-61. 

	 106.	 Kayano H, Koba S, Hirano T et al. Dapagliflozin influences ventricular 
hemodynamics and exercise-induced pulmonary hypertension in type  2 
diabetes patients - A randomized controlled trial. Circ J. 2020;84:1807-17. 

	 107.	 Chowdhury B, Luu AZ, Luu VZ et al. The SGLT2 inhibitor empagliflozin 
reduces mortality and prevents progression in experimental pulmonary 
hypertension. Biochem Biophys Res Commun. 2020;524:50-6. 

	 108.	 Moniotte S, Kobzik L, Feron O, Trochu JN, et al. Upregulation of β 3 -Adre-
noceptors and Altered Contractile Response to Inotropic Amines in Human 
Failing Myocardium. Circulation. 2001;103(12):1649-1655. doi:10.1161/01.
CIR.103.12.1649

	 109.	 Rozec B, Gauthier C. β3-Adrenoceptors in the cardiovascular system: Puta-
tive roles in human pathologies. Pharmacol Ther. 2006;111:652-73. 

	 110.	 Baliga RS, MacAllister RJ, Hobbs AJ. New perspectives for the treatment 
of pulmonary hypertension. Brit J Pharmacol. 2011;163:125-40. 

	 111.	 García-Álvarez A, Pereda D, García-Lunar I et al. Beta-3 adrenergic agonists 
reduce pulmonary vascular resistance and improve right ventricular per-
formance in a porcine model of chronic pulmonary hypertension. Basic Res 
Cardiol. 2016;111. 

	 112.	 Khullar V, Amarenco G, Angulo JC et al. Efficacy and tolerability of mira-
begron, a β3-adrenoceptor agonist, in patients with overactive bladder: 
Results from a randomised European-Australian phase 3 trial. Eur Urol. 
2013;63:283-95. 

	 113.	 Bundgaard H, Axelsson A, Hartvig Thomsen J et al. The first-in-man ran-
domized trial of a beta3 adrenoceptor agonist in chronic heart failure: the 
BEAT-HF trial. Eur J Heart Fail. 2017;19:566-75. 

114.	Garcia-Lunar I, Blanco I, Fernández-Friera L et al. Design of the β3-Adrener-
gic Agonist Treatment in Chronic Pulmonary Hypertension Secondary to 
Heart Failure Trial. JACC: Basic Transl Sci. 2020;5:317-27. 

	 115.	 Braunwald E, Braunwald NS, John Ross Jr, Morrow AG. Effects of Mitral-
Valve Replacement on the Pulmonary Vascular Dynamics of Patients with 
Pulmonary Hypertension. New Engl J Med. 1965;274:509-14.

	 116.	 Murashita T, Okada Y, Kanemitsu H et al. The impact of preoperative and 
postoperative pulmonary hypertension on long-term surgical outcome after 
mitral valve repair for degenerative mitral regurgitation. Ann Thorac Car-
diovasc Surg. 2015;21:53-8. 

	 117.	 Mentias A, Patel K, Patel H et al. Effect of Pulmonary Vascular Pressures 
on Long-Term Outcome in Patients With Primary Mitral Regurgitation. 
J Am Coll Cardiol. 2016;67:2952-61. 

	 118.	 Stone GW, Lindenfeld J, Abraham WT et al. Transcatheter Mitral-
Valve Repair in Patients with Heart Failure. New Engl J Med. 2018;379: 
2307-18. 

	 119.	 Ben-yehuda O, Shahim B, Chen S et al. Pulmonary Hypertension in Tran-
scatheter Mitral Valve Repair for Secondary Mitral Regurgitation. J Am Coll 
Cardiol. 2020;76:2595-2606. 

	 120.	 Rashi Y, Haberman D, Tonchev I et al. Pulmonary artery pressures and 
outcomes after MitraClip. ESC Heart Failure. 2020;7:4071-9. 

	 121.	 Ahmed A, Akintoye E, Adegbala O et al. In-hospital outcomes of transcath-
eter mitral valve repair with Mitraclip in patients with pulmonary hyper-
tension: Insights from the National Inpatient Sample. Catheter Cardiovasc 
Interv. 2018;1:1-7. 

	 122.	 Al-Bawardy R, Vemulapalli S, Thourani VH et al. Association of Pulmonary 
Hypertension With Clinical Outcomes of Transcatheter Mitral Valve Repair. 
JAMA. 2019;5:47-56. 

	 123.	 Crimi G, Gritti V, Ghio S et al. MitraClip procedure as ‘bridge to list’, the 
ultimate therapeutic option for end-stage heart failure patients not eligible 
for heart transplantation due to severe pulmonary hypertension. Pulm Circ. 
2018;8:1-4. 

	 124.	 García-Lunar I, Pereda D, Ibanez B, García-Álvarez A. Neurohormonal 
Modulation as a Therapeutic Target in Pulmonary Hypertension. Cells. 
2020;9:1-22. 

	 125.	 Rothman A, Jonas M, Castel D et al. Pulmonary artery denervation using 
catheter-based ultrasonic energy. EuroIntervention. 2019;15:722-30. 

	 126.	 Chen SL, Zhang YJ, Zhou L et al. Percutaneous pulmonary artery denerva-
tion completely abolishes experimental pulmonary arterial hypertension in 
vivo. EuroIntervention. 2013;9:269-76. 

	 127.	 Zhou L, Zhang J, Jiang XM et al. Pulmonary Artery Denervation Attenuates 
Pulmonary Arterial Remodeling in Dogs with Pulmonary Arterial Hyperten-
sion Induced by Dehydrogenized Monocrotaline. JACC: Cardiovasc Interv. 
2015;8:2013-23. 

	 128.	 Huang Y, Liu YW, Pan HZ et al. Transthoracic pulmonary artery denerva-
tion for pulmonary arterial hypertension sympathetic nerve distribution 
and pulmonary artery remodeling. Arterioscler Thromb Vasc Biol. 2019;39: 
704-18. 

	 129.	 Liu C, Jiang XM, Zhang J et al. Pulmonary artery denervation improves 
pulmonary arterial hypertension induced right ventricular dysfunction by 
modulating the local renin-angiotensin-aldosterone system. BMC Cardio-
vasc Dis. 2016;16:1-10. 

	 130.	 Chen SL, Zhang FF, Xu J et al. Pulmonary artery denervation to treat pul-
monary arterial hypertension: The single-center, prospective, first-in-man 
padn-1 study (first-in-man pulmonary artery denervation for treatment of 
pulmonary artery hypertension). J Am Coll Cardiol. 2013;62:1092-1100. 

	 131.	 Romanov A, Cherniavskiy A, Novikova N et al. Pulmonary Artery Dener-
vation for Patients With Residual Pulmonary Hypertension After Pulmo-
nary Endarterectomy. J Am Coll Cardiol. 2020;76:916-26. 

	 132.	 Garcia-Lunar I, Pereda D, Santiago E et al. Effect of pulmonary artery 
denervation in postcapillary pulmonary hypertension: results of a random-
ized controlled translational study. Basic Res Cardiol. 2019;114:1-15. 

	 133.	 Hang Zhang, Uan Zhang, Chen M, DuJian X, Che SL. Pulmonary Artery Dener-
vation Significantly Increases 6-Min Walk Distance for Patients With Combined 
Pre- and Post-Capillary Pulmonary Hypertension Associated With Left Heart 
Failure The PADN-5 Study. JACC: Cardiovasc Interv. 2019;12:274-84. 

	 134.	 Abraham WT, Adamson PB, Bourge RC et al. Wireless pulmonary artery 
haemodynamic monitoring in chronic heart failure: A randomised con-
trolled trial. Lancet. 2011;377:658-66. 

	 135.	 Abraham WT, Stevenson LW, Bourge RC, Lindenfeld JA, Bauman JG, Adam-
son PB. Sustained efficacy of pulmonary artery pressure to guide adjust-
ment of chronic heart failure therapy: Complete follow-up results from the 
CHAMPION randomised trial. Lancet. 2016;387:453-61. 

	 136.	 Angermann CE, Assmus B, Anker SD et al. Pulmonary artery pressure-guid-
ed therapy in ambulatory patients with symptomatic heart failure: the 
CardioMEMS European Monitoring Study for Heart Failure (MEMS-HF). 
Eur J Heart Fail. 2020;22:1891-1901. 

	 137.	 Desai AS, Bhimaraj A, Bharmi R et al. Ambulatory Hemodynamic Moni-
toring Reduces Heart Failure Hospitalizations in “Real-World” Clinical 
Practice. J Am Coll Cardiol. 2017;69:2357-65. 

	 138.	 Lindenfeld JA, Zile MR, Desai AS et al. Haemodynamic-guided manage-
ment of heart failure (GUIDE-HF): a randomised controlled trial. Lancet. 
2021;398:991-1001. 

	 139.	 Brugts JJ, Veenis JF, Radhoe SP et al. A randomised comparison of the effect 
of haemodynamic monitoring with CardioMEMS in addition to standard 
care on quality of life and hospitalisations in patients with chronic heart 
failure: Design and rationale of the MONITOR HF multicentre randomised 
cli. Neth Heart J. 2020;28:16-26. 

	 140.	 Perl L, ben Avraham B, Vaknin-Assa H, ben Gal T, Kornowski R. A rise in 
left atrial pressure detected by the V-LAPTM system for patients with heart 
failure during the coronavirus disease 2019 pandemic. ESC Heart Fail. 
2020;7:4361-6. 


	_Hlk90478010

