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Pulmonary hypertension (PH) is common in patients with heart failure (HF). The role of PH in patients with HF with reduced (HFrEF) and preserved (HFpEF) left ventricular ejection fraction (LVEF) has been extensively characterized during the last years. In contrast, the pathophysiology of HF with mid-range LVEF (HFmrEF), and in particular the role of PH in this context, are largely unknown. There is a paucity of data in this field, and the prevalence of PH, the underlying mechanisms, and the optimal therapy are not well-defined. Although often studied together there is increasing evidence that despite similarities with both HFrEF and HFpEF, HFmrEF also differs from both entities. The present review provides a summary of the current concepts of the mechanisms and clinical impact of PH in patients with HFmrEF, a proposal for the non-invasive and invasive diagnostic approach required to define the pathophysiology of PH and its management, and a discussion of future directions based on insights from mechanistic studies and randomized trials. We also provide an outlook regarding gaps in evidence, future clinical challenges, and research opportunities.
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INTRODUCTION

Pulmonary hypertension (PH) in patients with left heart diseases is the most common form of PH (1). The presence of PH in this context typically reflects an advanced disease stage with exhausted compensatory mechanisms, which is associated with exercise intolerance and a poor prognosis (2). Thus, PH is a manifestation of heart failure (HF). In patients with HF with reduced left ventricular ejection fraction (LVEF; HFrEF) PH is a common feature in the decompensated state that is often reversible following appropriate therapy. In patients with advanced HFrEF, PH may become chronic and thereby is a marker of poor prognosis (3, 4). Intense research during the last decade has revealed that PH may be even more common in patients with HF with preserved LVEF (HFpEF) (2). There is increasing evidence from recent studies using invasive hemodynamics with or without exercise in combination with detailed echocardiographic assessments that the pathophysiology underlying PH in HFpEF is complex and differs from that in HFrEF (5). In contrast, our understanding of the relatively new disease entity of HF with mid-range LVEF (or “mildy reduced” LVEF; HFmrEF) is still evolving, and the pathophysiology and clinical impact of PH in this context have not been defined yet (6). In this review, we discuss the potential role of PH in HFmrEF, highlight the diagnostic challenges, propose a clinical approach, and briefly summarize the therapeutic options in these patients with an outlook to potential future developments. We have to acknowledge that there is still a paucity of data on PH in HFmrEF. Before HFmrEF was clearly defined as a distinct entity, these patients were often included in HFrEF or HFpEF studies on pathophysiology and therapy. We therefore also discuss HFmrEF in the context of concepts regarding PH in HFrEF vs. HFpEF.



DEFINITION OF HFMREF

The relatively new entity of HFmrEF has been introduced by the 2016 European Society of Cardiology (ESC) guidelines on the diagnosis and management of HF (7). In these guidelines, HFmrEF includes the LVEF range between 40 and 49% while patients with LVEF <40% by definition have HFrEF and those with LVEF ≥50% have HFpEF (Table 1). A slightly different definition of HFrEF and HFmrEF has been proposed in the recently published Universal Definition and Classification of Heart Failure (10): HFrEF: LVEF ≤ 40% rather than <40%, HFmrEF: LVEF 41–49% rather than 40–49%. The definition of HFpEF remains unchanged: LVEF ≥50%. In this review, we adopt this new definition. However, when discussing studies specifically looking at HFmrEF, we must be aware that often the “old” LVEF range of 40–49% was applied. The rationale underlying the creation of the HFmrEF category had been as follows: on the one hand, the established HFrEF pharmacotherapy is based on studies that included patients up to an LVEF of 40% (not up to 50%), and on the other hand, it has been realized that in the large randomized “HFpEF studies,” which included patients with LVEF ≥40%/45% (rather than only ≥50%), those with LVEF <50% responded differently to several pharmacological interventions when compared to those with LVEF ≥50% (7). The 2016 ESC guidelines state that apart from the LVEF criteria the same additional criteria are required for the diagnosis of both HFpEF and HFmrEF (Table 1) (7). More recently, a new algorithm for the diagnosis of HFpEF was proposed in an ESC position paper (HFA-PEFF score) (8), and a somewhat different diagnostic score (H2FPEF score; gold standard: invasive exercise hemodynamics) was published around the same time by the HFpEF experts from the Mayo clinic (9). Whether or not these approaches for the diagnosis of HFpEF can also be applied to make a diagnosis of HFmrEF, has not been explicitly addressed. In 2021, new ESC guidelines on HF are expected, and some of these aspects may be described more clearly.


Table 1. Definition of heart failure (HF) with mid-range (HFmrEF) vs. HF with reduced (HFrEF) and HF with preserved (HFpEF) left ventricular ejection fraction.
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Notably, in both the new ESC HFA-PEFF score (8) and the Mayo clinic H2FPEF score (9) a measure of PH is an item contributing to the diagnosis of HFpEF. This highlights that PH is a common feature in HFpEF. However, the non-critical use of this criterion may be misleading in certain situations. The rationale to use PH as a marker of HFpEF is based on the fact, that this typically is a reflection of post-capillary PH in the context of advanced left ventricular diastolic and left atrial (LA) dysfunction. However, sometimes this assumption may not be correct, and a preserved or mid-range LVEF may co-exist with a form of PH that is unrelated to a left heart pathology.



HEMODYNAMIC DEFINITION OF PULMONARY HYPERTENSION IN HF

In patients with left heart disease, PH is most often a reflection of elevated LA pressure and pulmonary artery wedge pressure, respectively, i.e., post-capillary PH (group 2 PH) (1, 2). According to the 2015 ESC/European Respiratory Society (ERS) guidelines, any PH is defined as a mean pulmonary artery pressure (mPAP) ≥25 mmHg. Post-capillary PH is defined by a mean pulmonary artery wedge pressure (mPAWP) >15 mmHg (pre-capillary PH: mPAWP ≤ 15 mmHg) (11). If PH is driven by mPAWP elevation alone (no relevant pulmonary vascular disease), this is referred to as isolated post-capillary PH (IpcPH), which is defined as mPAP ≥25 mmHg, mPAWP>15 mmHg, pulmonary vascular resistance (PVR) ≤ 3 Wood units (WU), and/or diastolic pressure gradient (DPG) <7 mmHg. If there is an associated pulmonary vascular component of PH (typically as a reaction of the pulmonary vasculature to a longstanding and substantial mPAWP elevation), this is referred to as combined pre- and post-capillary PH (CpcPH), which is defined as mPAP ≥25 mmHg, mPAWP>15 mmHg, and PVR >3 WU and/or DPG ≥7 mmHg (11). It has been recognized that DPG values are often low and even negative and discordant to PVR, which leads to many unclassifiable patients when applying the original 2015 ESC/ERS criteria. In addition, in contrast to PVR data on the prognostic value of the DPG have been inconsistent. Therefore, the PVR criterion is preferred (12).

The 2018 PH World Symposium has proposed a new PH definition, which aims to overcome the above-mentioned limitations of the 2015 definition and to consider new data on the normal range of pulmonary pressures. This new definition is under intense discussion, however, and there are no new PH guidelines yet. According to this approach, pre-capillary PH is defined as mPAP >20 mmHg (new cut-off), mPAWP ≤ 15 mmHg, and PVR ≥3 WU (new compulsory criterion) (13). Post-capillary PH is defined as mPAP >20 mmHg (new cut-off) and mPAWP >15 mmHg (IpcPH: PVR <3 WU, CpcPH: PVR ≥3 WU; i.e., the PVR criterion has been slightly modified, and the DPG criterion has been dropped for the above-mentioned reason) (14). The rationale for this new PH definition is as follows: (1) studies have shown that the upper limit of a normal mPAP is approximately 20 mmHg, and mortality is already increased in patients with mPAP >20 mmHg. (2) The introduction of the PVR ≥3 WU criterion for the definition of pre-capillary PH makes sure that there is really pulmonary vascular disease rather than increased flow. (3) A single criterion (i.e., PVR ≥3 WU, no DPG criterion) for the differentiation between IpcPH and CpcPH ensures an unequivocal definition in case of discordant PVR and DPG criteria (13, 14).



PREVALENCE OF PH IN HFPEF AND HFMREF

In the largest study from a catheterization laboratory database (n = 10,023), 46% of all patients undergoing right heart catheterization had post-capillary PH (74% of all patients with PH) (15), and 39% of them had HFrEF, 56% had HFpEF, and in 5% the LVEF was not recorded. In this study, the LVEF cut-off for the differentiation between HFrEF and HFpEF was 45%, i.e., the HFmrEF group was not separated (15). Although there is a bimodal distribution of LVEF in HF (16), it is likely that there was a sizeable group of patients with PH in the context of HFmrEF. Cohort studies looking at unselected HF patients, i.e., patients with HF but not necessarily PH, revealed an HFmrEF prevalence of 13–24% (17–20). Mortality of HFmrEF patients was intermediate between HFrEF and HFpEF in some (20) and similar to HFrEF but better than in HFpEF in other studies (17). The proportion of HFmrEF patients among group 2 PH patients is unknown, and the prevalence of PH among unselected patients with HFmrEF and the prognosis of patients with HFmrEF and PH not known either. The estimation of the prevalence of PH in HF is difficult because a reliable diagnosis of PH by echocardiography is not possible in cross-section studies, and all invasive studies suffer from a very substantial referral bias since the indication for right heart catheterization in these patients most likely was based on evidence of PH in the echocardiogram.

In one study using a non-invasive PH definition [systolic pulmonary artery pressure (sPAP) >35 mmHg, i.e., peak tricuspid regurgitant velocity (TRV) ≈2.9 m/s assuming a normal central venous pressure], a high PH prevalence of 83% was found among 244 HFpEF (LVEF ≥50%) patients from a community based study (21). Many of the large HFpEF intervention studies also included patients who now meet the definition of HFmrEF. In the Prospective Comparison of ARNI With ARB Global Outcomes in HF With Preserved Ejection Fraction (PARAGON-HF) trial, the LVEF cut-off for inclusion was ≥45%. Study inclusion was based on the LVEF derived from a screening echocardiogram (LVEF reported by the study site). In the echo substudy of the trial (n = 1,079), the median LVEF according to secondary core lab analysis was 59%, and LVEF was ≥50% in 79%, 40–50% in 18%, and <40% in 3% of patients. The prevalence of PH (defined as peak TRV >2.9 m/s) in this PARAGON-HF subgroup was 31% (22). The mean estimated sPAP was 34 mmHg (peak TRV 2.7 m/s, plus a value for the estimated central venous pressure) (22). This was similar to the echo substudies of the Irbesartan in Heart Failure With Preserved Ejection Fraction (I-PRESERVE) (≈37 mmHg) (23) and Treatment of Preserved Cardiac Function Heart Failure With an Aldosterone Antagonist (TOPCAT) (≈38 mmHg) studies (24) where the same LVEF cut-off of ≥45% was used as inclusion criterion. It is obvious that all these large “HFpEF trials” included a certain proportion of HFmrEF patients but peak TRV values were not reported separately for patients with LVEF ≥50 vs. 45–49%. Such data were shown however in an analysis of the Trial of Intensified Medical therapy in Elderly patients with Congestive Heart Failure (TIME-CHF), where the mean peak TRV in HFrEF (n = 289), HFmrEF (n = 82), and HFpEF (n = 85) were ≈2.9, ≈2.9, and ≈3.0 m/s, respectively (no difference) (25). Thus, assuming a normal distribution of peak TRV values 50% of patients in all LVEF strata formally had an at least intermediate probability of PH in TIME-CHF and may have had some degree of PH. This is probably an overestimation as a peak TRV of 2.9 m/s without indirect signs of PH represents the lower margin of the intermediate probability stratum. Still, the data suggest that PH is equally common in HFmrEF as in HFpEF and HFrEF. On the other hand, it must be realized, however, that the TIME-CHF population was a highly selected one. All patients had been hospitalized before inclusion, and high N-terminal-pro-B-type natriuretic peptide (NT-proBNP) values (>400 ng/l for patients with age 60–74 years, >800 ng/l for those age >75 years) were required for study inclusion (26) [cf. PARAGON study: >200 ng/l for patients in sinus rhythm, and >600 ng/l for those in atrial fibrillation (27)]. Given that pulmonary pressures are related to natriuretic peptides (28) this inclusion criterion may have led to a selection of patients with high likelihood of PH. Accordingly, up to 30–50% of patients with HFmrEF may have some form of PH.



CLINICAL, ECHOCARDIOGRAPHIC, AND BIOCHEMICAL CHARACTERISTICS OF PATIENTS WITH HFMREF

The primary driver of PH in any type of left heart disease is an elevation in LA pressure, which in turn depends on the properties of the left ventricle, the function of the mitral valve, and the compliance of the left atrium. Data examining this pathopathopysiology specifically in HFmrEF are sparse. To understand the mechanism of PH in HFrEF, we first discuss available studies looking at the clinical characteristics and echocardiographic features in HFmrEF, and then look at the mechanistic studies on PH in HFrEF and HFpEF as a basis to speculate about the situation in HFmrEF.

In terms of clinical characteristics, HFmrEF patients more closely resemble the HFrEF rather than the HFpEF group (younger age, less females, more ischemic heart disease, less atrial fibrillation) (20). The available data on cardiac structure and function in HFmrEF suggest that these patients exhibit a phenotype, which is overall intermediate between HFrEF and HFpEF (25, 29–31). However, such data is limited, and it is actually unknown which different cardiac pathologies associated with a mid-range LVEF the patients really had who were included in the larger cross-sectional studies. In addition, the LVEF range of 41–49% is relatively narrow, and the HFmrEF group includes patients with stable LVEF but also patients with HFrEF and improved LVEF and patients with HFpEF and worsened LVEF (32). Notably, this trajectory of LVEF is important in terms of prognosis (18, 19, 32); in particular, the change from HFmrEF to HFrEF is a marker of an adverse outcome (19). In this context, the presence of coronary artery disease has been found to be an important mechanism related to a reduction in LVEF and change in LVEF category (33).

In the well-characterized TIME-CHF population, the ischemic HF etiology was similarly common in HFmrEF as in HFrEF, and the atrial fibrillation (AF) prevalence was similar in HFmrEF and HFpEF (25). Left ventricular dimension, mass and geometry in HFmrEF patients were intermediate between HFrEF and HFpEF. Despite differences in LVEF by definition, right ventricular (RV) function, and the peak TRV were similar in all three LVEF categories (25). In a study by Ghio et al. (34) the left ventricular end-diastolic volume index and the prevalence of significant mitral regurgitation (MR) in HFmrEF were similar as in patients with HFrEF and thereby larger/higher than in HFpEF. In contrast, right ventricular function expressed as tricuspid annular plane systolic excursion (TAPSE) was somewhat lower in HFmrEF and HFpEF compared to HFrEF.

The biomarker profile in HFmrEF is also characterized by intermediate plasma concentrations of natriuretic peptides and a pattern of biomarkers that includes features of both HFpEF and HFrEF, i.e., markers of both inflammation and cardiac stretch, whereas in HFpEF, biomarkers were related to inflammation, and in HFrEF, biomarkers were related to cardiac stretch (35).



PATHOPHYSIOLOGY OF PH IN HFMREF

There is evidence for substantial differences in the pathophysiology of PH between patients with HFpEF and HFrEF (5). In HFpEF, concentric remodeling/hypertrophy and increased diastolic stiffness represent the hallmarks of the pathophysiology. Many HFpEF patients have diabetes, obesity, and hypertension, and it has been suggested that these comorbidities activate pro-inflammatory pathways leading to increased collagen deposition (36). In contrast, HFrEF patients are characterized by eccentric remodeling/hypertrophy and high wall stress. Patients with HFmrEF have intermediate left ventricular volumes, mass, and relative wall thickness, and values for the peak early mitral annular velocity (e′) (25). Left atrial dysfunction is the key mechanism contributing to LA pressure and mPAWP and mPAP elevation. Left atrial remodeling differs between patients with HFpEF and HFrEF with less atrial dilation but higher atrial stiffness in HFpEF (37). Left atrial volume index is highest in patients with HFrEF, lowest in those with HFpEF, and intermediate in HFmrEF (30), suggesting an intermediate type of remodeling. Patients with HF irrespective of LVEF exhibit a significantly reduced LA strain at rest and during exercise when compared to patients with dyspnea of non-cardiac origin (30, 38). In a HF population with a broad LVEF spectrum there was overall an inverse correlation between higher LA volume index and lower LA strain, which was relatively moderate however. There was also correlation between lower LA strain during exercise and lower peak exercise cardiac output and peak oxygen consumption (30). The HFmrEF patients had the highest LA strain at rest when compared to HFpEF and HFmrEF but a blunted response to exercise with exercise with LA strain values being intermediate between HFpEF and HFrEF (30).

There are two factors with an important interaction with LA function and thereby promoting PH: MR and AF. In HFrEF, various degrees of functional MR are common and predict prognosis (39). In these patients, MR results from an imbalance between tethering and closing forces in the context of the dilatation and distorted geometry the left ventricle (40). In contrast, HFpEF patients are characterized by “atrial” functional MR, i.e., MR due to annulus dilatation in the context of LA dilation, typically in the context of AF (41). Mitral regurgitation can be dynamic in both HFrEF and HFpEF as shown in exercise studies (31, 41). In HFmrEF both forms of functional MR likely play role, depending on the predominant type of LV remodeling. In a recent study, significant MR at rest was found in 15% of patients with HFpEF, in 27% of those with HFmrEF, and in 47% of those with HFrEF. Importantly, exercise elicited worsening of MR in all HF categories with at least moderate MR in 35, 41, and 60% of HFpEF, HFmrEF, and HFrEF patients during exercise (31). In any type of HF, there is vicious cycle between MR and LA remodeling. The same applies for AF and LA remodeling and MR, respectively. In HFmrEF, AF is similarly common as in HFpEF and more prevalent than in HFrEF (20). Importantly, presence of AF (either by AF per se and/or mediated by the AF-associated structural changes) has substantial impact on hemodynamics, in particular on the relationship between LVEDP and mPAWP (42–44). The AF burden (paroxysmal vs. permanent) is a marker of the hemodynamic derangement in HFpEF (45), and the same may apply for HFmrEF. In sinus rhythm, LVEDP is typically similar or somewhat higher than mPAWP because MR is typically mild, LA function is only moderately reduced, and there is an effective atrial contraction. In contrast, in AF substantial LA dysfunction, higher degrees of MR and absence of LA contraction lead to high V waves and higher mPAWP than LVEDP. Patients with AF typically have worse hemodynamics and those in sinus rhythm with higher mPAWP, mPAP, and PVR and higher prevalence of PH and CpcPH (44).

Apart from differences in the mechanisms of LA pressure and mPAWP elevation, there is evidence for important LVEF-dependent differences in the pathobiology of the pulmonary vasculature in response to a certain LA pressure and mPAWP, respectively (46). In a cross-sectional study, patients with HFpEF have been shown to have a higher PVR for a given mPAWP, i.e., a higher likelihood of CpcPH, than patients with HFrEF (46). The anatomical substrate for the pre-capillary component of PH in CpcPH in HF is still not well-defined. It has been assumed that there are similar vascular changes as in pulmonary arterial hypertension. However, a recent post-mortem analysis of lung specimens from patients with HFrEF (n = 55) and HFpEF (n = 53) with PH (all with documented sPAP ≥40 mmHg; 30 with right heart catheterization data: mPAP = 40 mmHg, mPAWP = 25 mmHg, PVR = 3.9 WU) has revealed global (arteries, veins, indeterminate vessels) pulmonary vascular remodeling (47). There was substantial intimal thickening and medial hypertrophy of pulmonary veins (“pulmonary vein arterialization”) resembling the changes seen in pulmonary veno-occlusive disease, and the extent of medial hypertrophy in the pulmonary arteries was related to the extent of venous intimal thickening but not arterial thickening suggesting that arterial medial hypertrophy may develop secondary to venous remodeling. The medial thickness of arteries and the intimal thickness of arteries and veins tended to be more severe in HFpEF vs. HFrEF, and intimal thickness of veins was significantly more severe in HFpEF compared to HFrEF. The severity of PH expressed as transpulmonary gradient and PVR was correlated most strongly with venous and small indeterminate vessel intimal thickening as was the impairment in diffusion capacity of the lung (47). In that study, HFrEF was defined as LVEF <50%, and HFpEF as LVEF ≥50%. Thus, HFmrEF was included in the HFrEF group. The 75th percentile for LVEF in HFrEF was 35%, and thus some patients with HFmrEF may have been included. The overall similar pattern of pulmonary vascular remodeling in HFpEF and HFrEF suggest that these observations likely also apply for HFmrEF. The underlying pathophysiology in humans is not clearly defined but endothelial injury due to barotrauma (alveolar-capillary stress failure) and subsequent remodeling under the influence of several mediators seems to be of paramount importance (5). There is evidence from a rat HFpEF model that the metabolic syndrome may promote the development of pulmonary vascular disease in HFpEF (48). Given the similar prevalence of Diabetes in HFpEF and HFmrEF (20, 25) this may be relevant to the pathophysiology of pulmonary vascular disease also in HFmrEF.

Right ventricular dysfunction is a strong predictor of prognosis in HFrEF (49) and HFpEF (49). The RV is very sensitive to pressure overload. Therefore, adaption of the RV to PH is crucial (50). This seems to be particularly relevant for HFpEF and HFmrEF, while in HFrEF intrinsic RV dysfunction also plays an important role. In important study by Ghio (34), ischemic HF etiology, non-sinus rhythm, and high heart rate were related to TAPSE in HFrEF, while in HFpEF pulmonary pressure was the strongest predictor of TAPSE, and the same was true for patients with HFmrEF. In this context, the concept of RV to pulmonary artery (PA) coupling is of critical importance, i.e., ability of the RV to cope with the increased afterload. Classically, RV to PA coupling is described by RV pressure volume analysis, which is a cumbersome technique that is rarely applied in clinical practice. The RV to PA coupling is defined as the ratio between RV end-systolic elastance (Ees; end-systolic RV pressure divided by end-systolic volume) and arterial elastance (Ea; RV end-systolic pressure divided by stroke volume). Normally, Ees/Ea [which can also be expressed as RV ejection fraction/(1-RV ejection fraction)], is around 1.5 and can be reduced to approximately 0.8 before RV dilatation occurs (“uncoupling”) (50). For clinical practice, the ratio of TAPSE to estimated sPAP (TAPSE/sPAP) has been proposed as non-invasive surrogate for Ees/Ea (51). In a large HFpEF population undergoing detailed non-invasive and invasive hemodynamic evaluation, those in the lowest TAPSE/sPAP tertile had the worst hemodynamics including the worst RV function, the highest right atrial pressure, mPAP, and PVR, and the highest proportion of CpcPH (52). Similarly, another study found lower TAPSE/sPAP ratio in CpcPH vs. IpcPH in both patients with HFrEF and HFpEF (53). This study used an LVEF cut-off of 45% to differentiate between HFrEF and HFpEF (53). Thus, patients with HFmrEF were included but separate data are not available. However, in an exercise echocardiography study LA dynamics expressed as changes in LA strain during exercise were correlated to TAPSE/sPAP not only in HFrEF and HFpEF but also in HFmrEF (30) suggestig that TAPSE/sPAP may be marker of RV dysfunction and high mPAP, mPAP, and PVR due to LA myopathy and functional MR with high pulsatile load also in HFmrEF.



PHENOTYPES OF HFMREF WITH PH

The HFmrEF group is a difficult one since the LVEF spectrum is very narrow (41–49%), and assessment of LVEF in clinical practice is associated with substantial variability (6). There is a large number of disease entities potentially presenting with a HFmrEF phenotype and also PH. Principally, most of the specific HFpEF etiologies listed in the most recent ESC position paper on HFpEF (8) can also result in HFpEF. Coronary artery disease with a previous moderate myocardial infarction is a relatively common etiology of HFmrEF, and the documented change from HFpEF to HFmrEF in the context of coronary artery disease is a marker of an unfavorable prognosis (33). Apart from coronary artery disease, a large number of non-ischemic etiologies may play a role including infiltrative diseases and hypertrophic cardiomyopathies. In this context, a frank reduction in LVEF (as opposed to “only” reduced tissue Doppler/strain) represents an advanced disease stage. A more detailed discussion of these specific entities is beyond the scope of the present review however. Although cohort studies suggest that overall HFmrEF patients are characterized by a structural and pathophysiological phenotype, which is intermediate between HFrEF and HFpEF (25, 29), the existence of a number of different phenotypes is very likely but this has not been analyzed in detail so far. Still, the importance of the different mechanism contributing to PH as discussed in the previous section may vary. A schematic representation of different entities/mechanisms leading to LA pressure elevation in PH in HFmrEF is shown in Figure 1. An incomplete list of some proposed distinct and important entities summarized under the HFmrEF umbrella and the possible mechanisms of PH is presented in Table 2. In contrast to previous more restrictive diagnostic criteria for HFpEF (54), the most recent ESC consensus explicitly states that the HFpEF spectrum not only includes the classical “lone” HFpEF form but also specific etiologies (e.g., cardiomyopathies) and patients with primary valve disease as long as the definition criteria are met (Table 1) (8). Patients with primary valve disease (i.e., typically severe aortic stenosis or severe organic MR) who have an LVEF between 41 and 49% and evidence of PH are in an advanced disease stage with relevant “cardiac damage” (Table 2). Evaluation and management of such patients will not be discussed in this review article but this can be found elsewhere (55, 56).


[image: Figure 1]
FIGURE 1. Mechanisms of left atrial pressure (LAP) elevation in patients with pulmonary hypertension in the context of left heart disease with a left ventricular ejection (LVEF) in the mid-range of 41–49%. LA, left atrial/atrium; LV, left ventricular; mPAP, mean pulmonary artery pressure; mPAWP, mean pulmonary artery wedge pressure; MR, mitral regurgitation; PVR, pulmonary vascular resistance.



Table 2. Pulmonary hypertension (PH) in Heart Failure with mid-range left ventricular Ejection Fraction (HFmrEF): different disease entities and mechanisms (please also see text).
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DIAGNOSTIC APPROACH

Patients with a mildly reduced LVEF, i.e., between 41 and 49%, and evidence of possible PH represent a diagnostic challenge because a broad spectrum of disease mechanisms and hemodynamic patterns can be hidden behind this constellation (Figure 1, Table 2). In any case, the presence of PH is a marker of a serious problem, be it the consequence of the left heart disease or an independent entity (57), and therefore always requires a careful evaluation. The non-invasive diagnosis of PH by echocardiography remains difficult (1, 2). The peak TRV cannot always be measured in a reliable manner, and even if so, the correlation with the true sPAP is limited at least in certain settings (58). Guidelines recommend estimating the probability of PH using both peak TRV and indirect signs of PH (i.e., RV dilatation, flattening of the interventricular septum, short RV outflow tract acceleration time, and/or midsystolic notching, elevated early diastolic pulmonary regurgitation velocity, dilated inferior vena cava with reduced collapsibility, increased right atrial size): low probability of PH if peak TRV ≤ 2.8 m/s or not measurable and absence of indirect signs of PH, intermediate probability of PH if peak TRV ≤ 2.8 m/s or not measurable but indirect signs of PH or peak TRV 2.9–3.4 m/s but absence of indirect signs of PH, and high probability if peak TRV 2.9–3.4 m/s in combination with indirect signs of PH or peak TRV >3.4 m/s with or without indirect signs (11). This approach is accepted in the context of the “old” ESC/ERS 2015 PH definition as the Gold standard (PH: mPAP ≥25 mmHg). It is currently unknown whether a re-calibration is required when using the new PH definition (PH: mPAP >20 mmHg + additional criteria, see above).

There are algorithms composed of clinical parameters and non-invasive findings for the discrimination between pre- and post-capillary PH (59–61). Table 3 summarizes features favoring pre-capillary or post-capillary PH. A mildly reduced LVEF per se is no proof for post-capillary PH, and therefore attention must be given to markers of high left sided-filling pressures such as left ventricular diastolic dysfunction and LA dilatation/dysfunction. A high peak early mitral inflow velocity to peak early mitral annular velocity (E/e′) has turned out as a useful marker of a post-capillary pathology although studies on the correlation between E/e′ and left ventricular end-diastolic pressure or mPAWP in patients with preserved LVEF have revealed mixed results (62). Overall, the best predictors of pre-capillary PH include a small left LA (59, 61), a dilated RV (60, 61), a clearly visible D-shape of the left ventricle (60), a notch in the PW Doppler signal of the PA or a short acceleration time of <80 ms (59). The areas under the curve for these scores to predict pre-capillary PH range from 0.76 (60) to 0.93 (61). Still, only right heart catheterization can definitely make a diagnosis of PH and establish the underlying hemodynamic constellation (pre-capillary vs. post-capillary PH).


Table 3. Clinical features echo findings favoring pre-capillary or post-capillary pulmonary hypertension (PH).

[image: Table 3]

In a patient with LVEF 41–49% and intermediate or high likelihood of PH, PH can be the consequence of LV dysfunction with LA pressure elevation, i.e., HFmrEF with group 2 PH, or this maybe a non-group 2 PH that co-exists with mild left ventricular dysfunction (Figures 1, 2). Measurement of natriuretic peptides will often not be helpful for discrimination, because elevated B-type natriuretic peptide (BNP) or N-terminal-proBNP (NT-proBNP) plasma concentrations can be the consequence of increased left ventricular wall stress (63) and thereby point toward left ventricular disease as the driver of symptoms (i.e., HFmrEF), but can also result from RV stress in case of pre-capillary PH (28).


[image: Figure 2]
FIGURE 2. Differential diagnosis of pulmonary hypertension (PH) in patients with a left ventricular ejection (LVEF) in the mid-range of 41–49% but normal left atrial pressure (LAP), i.e., non-group 2 PH. CTEPH, chronic thromboembolic pulmonary hypertension; mPAP, mean pulmonary artery pressure; mPAWP, mean pulmonary artery wedge pressure; PVR, pulmonary vascular resistance.


The classical class I indication for right heart catheterization in patients with group 2 PH is in the context of transplant evaluation (11). Guidelines state that right heart catheterization may also be considered (class IIb indication) in patients with left heart diseases and suspected PH to assist in the differential diagnosis and support treatment decisions (11). If non-invasive imaging clearly points to group 2 PH, treatment can be established, in particular euvolemia must be achieved. Depending on the context and the extent of the suspected PH, right heart catheterization may still be performed early in the diagnostic pathway to clarify the hemodynamic constellation, and additional tests will be performed depending on the result (pre- vs. post-capillary PH) (Figure 3). In patients with a borderline hemodynamic constellation (i.e., mPAWP 13–15 mmHg), there may be occult post-capillary PH following prolonged fasting or diuretic therapy, and a volume or exercise challenge may be required to unmask group 2 PH (14). In patients with post-capillary PH, the key mechanism of LA pressure and mPAWP elevation, respectively, has to be identified as a basis for appropriate therapy (Table 2). In Figures 4–6, three examples of patients with HFmrEF and PH are presented. These very different cases highlight the heterogeneity within the HFmrEF population and the challenges associated with diagnosis and therapy.
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FIGURE 3. Schematic representation of the non-invasive and invasive work-up in patients with mid-range left ventricular ejection fraction (LVEF) of 41–49% and evidence of pulmonary hypertension (PH). mPAP, mean pulmonary artery pressure; mPAWP, mean pulmonary artery wedge pressure; MRI, magnetic resonance imaging; V/Q scan, ventilation perfusion scintigraphy.
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FIGURE 4. Example 1 of a patient with a mid-range left ventricular ejection fraction (LVEF) and pulmonary hypertension (PH): 78-year old female with permanent atrial fibrillation and coronary artery disease with previous myocardial infarction and percutaneous intervention of the occluded left circumflex artery (LCX). NYHA class II. LVEF 48%, moderate mitral regurgitation (MR), biatrial dilatation (LA: left atrium, RA: right atrium). Mean pulmonary artery pressure (mPAP): 26 mmHg (A), mean pulmonary artery wedge pressure (mPAWP) 20 mmHg (B), pulmonary vascular resistance: 1.7 Wood units. Left atrial pressure elevation and isolated post-capillary PH, respectively, are most likely multifactorial [left ventricular dysfunction, functional MR due to distorted left ventricular geometry after LCX infarct and atrial/annulus dilatation (C), left atrial dysfunction in the context of atrial fibrillation (D)]. Management with loop diuretics, spironolactone, candesartan or sacubitril/valsartan, and betablocker. Rhythm control of atrial fibrillation may be considered but may not be successful; no evidence-based indication for mitral valve repair.
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FIGURE 5. Example 2 of a patient with a mid-range left ventricular ejection fraction (LVEF) and pulmonary hypertension (PH): 75-year old man with transthyretin cardiac amyloidosis (positive technetium pyrophosphate scan). NYHA class III. LVEF 46%. Mean pulmonary artery pressure (mPAP): 40 mmHg (A), mean pulmonary artery wedge pressure (mPAWP): 26 mmHg (B), pulmonary vascular resistance: 2.5 Wood units. Left atrial pressure elevation is due to myocardial amyloid deposition (C) with significant systolic [long axis function, reduced systolic mitral annular velocity (s′)] and diastolic dysfunction [markedly reduced peak early diastolic mitral annular velocity (e′); (D)]. Management primarily with loop diuretics and spironolactone; tafamidis may be considered but may have limited effect in this advanced disease stage (NYHA III). LA, left atrium; LV, left ventricle.
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FIGURE 6. Example 3 of a patient with a mid-range left ventricular ejection fraction (LVEF) and pulmonary hypertension (PH): 83-year old female with permanent atrial fibrillation, previous aortic valve replacement, and coronary artery disease. LVEF 45%, normally functioning aortic bioprothesis, mild to moderate mitral regurgitation, and severe tricuspid regurgitation (A) with signs of right heart failure and high right atrial pressure with high V waves (B). Mean pulmonary artery wegde pressure (mPAWP): 13 mmHg (C), mean pulmonary artery pressure (mPAP): 21 mmHg (D). After coronary angiography (50 ml of contrast) rise in mPAWP to 18 mmHg and mPAP to 26 mmHg. The patient has occult post-capillary PH (2016 ESC/ERS definition)/mild post-capillary PH (2018 definition) in the context of left ventricular systolic and diastolic dysfunction. The relatively mild extent of PH does not fully explain right ventricular dilation and severe tricuspid regurgitation. Severe tricuspid regurgitation is most likely the effect of atrial fibrillation predominantly affecting the tricuspid annulus. Management with loop diuretics and spironolactone. The role of transcatheter tricuspid valve repair/replacement has not been defined yet. mRAP, mean right atrial pressure.


Notably, most patients with an LVEF between 41 and 49% (typically after myocardial infarction) seen in daily practice are not symptomatic from HF, and therefore mechanisms for dyspnea other than the mildly reduced LVEF have to be carefully looked for (Table 4). Patients with pre-capillary PH and LVEF 41–49% need a work-up to define the underlying PH group (pulmonary arterial hypertension, PH in context of lung disease/chronic hypoxia, chronic thromboembolic PH) as this has may have direct therapeutic consequences. The mildly reduced LVEF in these cases typically results from LV deformation due to RV pressure overload (“D-shape”) or represents a concomitant mild LV disease, which however is not hemodynamically predominant.


Table 4. Differential diagnosis of pulmonary hypertension (PH) and mid-range/“mildly reduced” left ventricular ejection fraction (LVEF).
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TREATMENT OF PH IN HFMREF

The general principle applying to the treatment of PH in HF is to treat the underlying cardiac disease and its risk factors, particularly the metabolic syndrome, and to identify and treat co-morbidities that may also lead to PH such as chronic obstructive lung disease and obstructive sleep apnea (1, 2, 11). For patients with HFrEF, treatment is well-defined and includes several drugs with different mechanisms of action with established effect on symptoms and prognosis (7). Wireless pulmonary artery pressure monitoring data have shown that PA pressure can be effectively lowered by guideline-directed disease-modifying therapy and diuretics (64). In contrast, there is still no treatment, which has been shown to improve prognosis in patients with HFpEF (7). Diuretics are recommended for the management of congestive symptoms in these patients (7). However, given the typically small left ventricular volumes (concentric remodeling) and the steep end-diastolic pressure-volume relationship there is a relatively narrow therapeutic window for the use of diuretics. Diuretics will efficiently reduce LVEDP, LAP, mPAWP, and mPAP but these patients are also at risk for overtreatment with hypotension and renal failure (1). In patients with “true” HFpEF (i.e., LVEF ≥50%), studies testing drugs with proven survival benefit in HFrEF (inhibitors of the renin-angiotensin system, spironolactone) have failed to show any benefit (1). For HFmrEF patients, no specifically designed trials have been performed (6), and treatment of these patients is currently not well-defined. However, subgroup and post-hoc analyses of three large “HFpEF studies” using variable LVEF cut-offs for inclusion and evaluating the effect of candesartan vs. placebo (LVEF >40%) (65), spironolactone vs. placebo (LVEF ≥45%) (66), and sacubitril/valsartan vs. valsartan alone (LVEF ≥45%) (27) have revealed that patients fitting into the current HFmrEF range (i.e., LVEF 40–49 or 45–49%) may benefit from these three drugs. In addition, a recent meta-analysis found evidence of a benefit of betablocker therapy in HFmrEF patients (67). Thus, we suggest that patients with HFmrEF and post-capillary PH should be treated with these drugs and loop diuretics as needed. The recommendations of the 2021 ESC HF guidelines on HFmrEF are not published yet and may be more reluctant. Still, we think that the use of these potentially effective drugs should be considered if there PH, i.e., a manifestation of advanced HF. In addition, specific mechanisms of LA pressure and mPAWP elevation must be targeted, e.g., tachycardia, atrial fibrillation, myocardial ischemia, infiltrative diseases, and functional MR. Several mechanism may contribute to LA pressure elevation (Figure 1), and careful non-invasive and invasive diagnostic evaluation is prerequisite for a tailored therapy (Table 2) (27, 65–71). The role of AF seems to be particularly important. Atrial fibrillation seems to be a key factor in the pathophysiology of PH in HFpEF and HFmrEF as discussed above and is associated with the combined endpoint of all-cause mortality and heart failure hospitalizations in HFpEF and HFmrEF but not in HFrEF (72). A recent study has shown a favorable effect of successful catheter ablation on exercise hemodynamics (reduction in peak exercise mPAWP) and quality of life in patients with HFpEF (71). It is speculated that rhythm control of AF may be a very important strategy to treat or prevent PH in patients with HFpEF und HFmrEF.

In contrast to patients with HFrEF, evidence for the utility of device therapy for the treatment of HFmrEF and HFpEF is scarce. This refers to defibrillators (except for secondary prevention), cardiac resynchronization, and transcatheter mitral valve repair. In transplant candidates with advanced HFrEF (mean LVEF 18%) and CpcPH without acute reversibility, left ventricular unloading by implantation of an assist device has been shown to result in a reduction in PVR from 5.1 to 2.0 WU within 6 weeks (73). It is unknown how the pulmonary vasculature is remodeling in this context, and whether this approach would also be successful in HFpEF and HFmrEF. However, the latter two groups are rarely candidates for transplantation. As an important exception regarding the applicability of devices, the concept of an intraatrial shunt device for LA decompression has been successfully tested in HFpEF and HFmrEF (74, 75). In patients with LVEF ≥40%, this device led to a similar reduction in exercise mPAWP (driven by the pre-implant exercise mPAWP to right atrial pressure gradient) in patients with HFpEF and HFrEF with mPAWP >15 mmHg at rest or >25 mmHg on exercise (76). The mean resting mPAWP and mPAP in the study population were 17 and 24 mmHg indicating that the population included a relevant number of patients with post-capillary PH (74, 76). Interestingly, a post-hoc analysis of hemodynamics in 79 patients treated with the intraatrial shunt device (mean LVEF 47%; 68% of patients with LVEF 40–49%, mean mPAP and mPAWP 26 and 18 mmHg, respectively) revealed that the 27% increase in pulmonary flow at rest was accompanied by a 17% reduction in PVR and a 24% increase in pulmonary artery compliance (77). Similar changes were observed during exercise. It was speculated that the increase in pulmonary flow and oxygen content may have led to beneficial effects on the pulmonary vasculature. Thus, this therapeutic approach may be relevant for the management of patients with PH in the context of HFmrEF. Importantly, the mean PVR was 1.5 WU, and patients with a PVR 4 ≥WU were excluded (77).

Patients with HFmrEF and PH (i.e., post-capillary PH) may benefit from a particularly aggressive use and combination of the available treatments including diuretics. There are, however, no established drugs specifically targeting PH in HF in general and also in HFmrEF. Only a few studies have studied the effect of specific pulmonary arterial hypertension-targeted therapeutics in patients with HFpEF or HFmrEF and PH (Table 5) (78–87). In general, the use of pulmonary vasodilatators did not improve hemodynamics or exercise capacity. The most promising substance in this context is the phosphodiesterase inhibitor sildenafil. In a study among patients with HFpEF or HFmrEF (LVEF ≥45%) and IpcPH or mild CpcPH (mPAWP = 20 mmHg, PVR = 2.6 WU; 35% with PVR >3 WU) sildenafil compared to placebo exerted no effect on mPAWP, cardiac output and functional capacity (81). However, Guazzi et al. (79) reported a substantial reduction in mPAWP and PVR as well as an improvement in TAPSE in HFpEF patients (LVEF cut-off for inclusion: ≥ 50%) with somewhat higher PVR (around 3.6 WU) and poor RV function (TAPSE of 11 mm). A second study in patients with HFpEF and CpcPH found a benefit of sildenafil vs. placebo in terms of NYHA class, 6-min walking distance, and sPAP (82). However, this was a non-invasive study, and both the hemodynamic inclusion criteria and the endpoint (sPAP) were assessed by echocardiography. At the moment, it remains unclear whether patients with HFmrEF (and HFpEF) and more severe CpcPH (i.e., higher PVR) and RV dysfunction may benefit from specific pulmonary arterial hypertension-targeted therapeutics, in particular phosphodiesterase inhibitors. The PASSION trial evaluating the impact of tadalafil on clinical endpoints in patients with HFpEF (LVEF ≥50%) and CpcPH (mPAP ≥25 mmHg, mPAWP >15 mmHg, PVR >3 WU) is ongoing and will provide relevant information with potential implications for HFmrEF patients (50).


Table 5. Studies on pulmonary arterial hypertension targeted therapeutics in patients with heart failure (HF) with preserved (HFpEF) or mid-range (HFmrEF) left ventricular ejection fraction (LVEF) with or at risk for pulmonary hypertension.
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FUTURE PERSPECTIVES

Intense research will be required to define the key mechanism underlying the pathophysiology of (a) HFmrEF and (b) PH in HFmrEF. This will lead to a refinement of the definition, the diagnostic criteria and the therapeutic approach. Very recently, a universal definition and classification of HF has been proposed (10). In this position paper issued by all of the important HF societies, a fourth HF class has been suggested: HF with improved LVEF, i.e., HF with an initial LVEF ≤ 40% and an improvement by at least 10 percent points to an LVEF >40% (10). Whether or not this group of patients requires a different treatment than patients with (stable) HFmrEF or HFpEF will have to be shown. The 2021 ESC HF guidelines are about to be published and will define the diagnostic criteria and thereby probably follow the universal definition and classification of HF (10). For the treatment of HFmrEF in general and most likely also PH in HFmrEF the data on the effect of sodium-glucose co-transporter 2 (SGLT2) inhibitors will be very important (88, 89). Mechanistic studies suggest that SGLT2 inhibitors exhibit favorable effects on cardiac inflammation and fibrosis and thereby cardiac remodeling also in subjects with preserved LVEF (90). Importantly, significant hemodynamic effects, i.e., reduction in mPAWP (91) and PA pressures (92) have been demonstrated for SGLT2 inhibitors, most likely indirectly via beneficial effects on cardiac structure and function but also directly via the diuretic properties (93) of these drugs. The baseline characteristics of the Empagliflozin Outcome Trial in Patients With Chronic Heart Failure With Preserved Ejection Fraction (EMPEROR-Preserved) have already been published (89): the LVEF cut-off for study inclusion was ≥40%, and the mean baseline LVEF is 54 ± 9% indicating that the trial also included a relevant number of HFmrEF patients (89) and that the results of this trial will be highly relevant for the setting of HFmrEF in general and also HFmrEF with PH. The three cases presented in Figures 4–6 highlight however, that management of these patients is challenging, that a clear guideline-based recommendation will not available for all scenarios, and that treatment must always be tailored based on a careful non-invasive and often also invasive assessment.

Apart from the treatment of the underlying left heart pathology (i.e., HFmrEF) there is currently intense research investigating novel treatments targeting the pulmonary vasculature directly (5, 94). Approaches currently under study for patients with PH in the context of HF include among others the β3 adrenergic receptor agonist mirabegron, the antifibrotic agent PBI 40–50, the rho kinase inhibitor fasudil, the calcium sensitizer levosimendan, oral sodium nitrite, and catheter-based pulmonary artery denervation (5, 94). It is likely that only certain pulmonary vascular phenotypes with PH in HFmrEF or HFpEF will derive benefit from such an approach. Only studies with detailed clinical, biochemical, and hemodynamic phenotyping will be able to define whether there is a subset of patients with PH in the context of HFmrEF who will benefit from specific pulmonary arterial hypertension-targeted therapeutics.



CONCLUSIONS

Heart failure with mid-range LVEF in general, and PH in HFmrEF in particular, are entities that have been incompletely characterized. Cross-sectional studies suggest that HFmrEF patients are overall characterized by a left heart phenotype which is intermediate between HFrEF and HFpEF. With regards to the pathophysiology of PH the available data suggest that there are many similarities with HFpEF. In clinical practice, patients with shortness of breath, an LVEF in the mid-range of 41–49% and evidence of PH represent a diagnostic challenge. First, a careful differentiation between post- and pre-capillary PH is required. Second, in patients with post-capillary PH the predominant mechanism of LA pressure elevation has to be identified as this will represent the primary target for therapy. In terms of medical therapy, there is some evidence for a benefit of classical HFrEF therapeutics, i.e., angiotensin receptor blockers, spironolactone, sacubitril/valsartan, and betablockers for HFmrEF and presumably also for HFmrEF with PH. However, at the moment, this is still speculative, and substantial additional research will be required to define the optimal management of these patients.



AUTHOR CONTRIBUTIONS

MM: conception, collection of data, writing of first draft, and finalization of paper. LW, MB, RB, LJ, and HR: critical revision and final approval. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Maeder MT, Schoch OD, Kleiner R, Joerg L, Weilenmann D, Swiss Society For Pulmonary H. Pulmonary hypertension associated with left-sided heart disease. Swiss Med Wkly. (2017) 147:w14395. doi: 10.4414/smw.2017.14395 

 2. Reddy YNV, Borlaug BA. Pulmonary hypertension in left heart disease. Clin Chest Med. (2021) 42:39–58. doi: 10.1016/j.ccm.2020.11.002

 3. Crespo-Leiro MG, Metra M, Lund LH, Milicic D, Costanzo MR, Filippatos G, et al. Advanced heart failure: a position statement of the Heart Failure Association of the European Society of Cardiology. Eur J Heart Fail. (2018) 20:1505–35. doi: 10.1002/ejhf.1236

 4. 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. doi: 10.1016/j.jchf.2013.05.001

 5. Guazzi M, Ghio S, Adir Y. Pulmonary hypertension in HFpEF and HFrEF: JACC review topic of the week. J Am Coll Cardiol. (2020) 76:1102–11. doi: 10.1016/j.jacc.2020.06.069

 6. Srivastava PK, Hsu JJ, Ziaeian B, Fonarow GC. Heart failure with mid-range ejection fraction. Curr Heart Fail Rep. (2020) 17:1–8. doi: 10.1007/s11897-019-00451-0

 7. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J. (2016) 37:2129–200. doi: 10.1093/eurheartj/ehw128

 8. Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, et al. How to diagnose heart failure with preserved ejection fraction: the HFA-PEFF diagnostic algorithm: a consensus recommendation from the Heart Failure Association (HFA) of the European Society of Cardiology (ESC). Eur Heart J. (2019) 40:3297–317. doi: 10.1093/eurheartj/ehz641

 9. Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. Simple, evidence-based approach to help guide diagnosis of heart failure with preserved ejection fraction. Circulation. (2018) 138:861–70. doi: 10.1161/CIRCULATIONAHA.118.034646

 10. Bozkurt B, Coats AJS, Tsutsui H, Abdelhamid CM, Adamopoulos S, Albert N, 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: Endorsed by Canadian Heart Failure Society, Heart Failure Association of India, the Cardiac Society of Australia and New Zealand, and the Chinese Heart Failure Association. J Card Fail. (2021) 2021:S1071-9164(21)00050-6. doi: 10.1016/j.cardfail.2021.01.022

 11. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, 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 European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT). Eur Heart J. (2016) 37:67–119. doi: 10.1093/eurheartj/ehv317

 12. Rosenkranz S, Lang IM, Blindt R, Bonderman D, Bruch L, Diller GP, et al. Pulmonary hypertension associated with left heart disease: updated recommendations of the Cologne Consensus Conference (2018). Int J Cardiol. (2018). 272S:53–62. doi: 10.1016/j.ijcard.2018.08.080

 13. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, Krowka M, et al. Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur Respir J. (2019). 53:1801913. doi: 10.1183/13993003.01913-2018

 14. Vachiery JL, Tedford RJ, Rosenkranz S, Palazzini M, Lang I, Guazzi M, et al. Pulmonary hypertension due to left heart disease. Eur Respir J. (2019). 53:1801897. doi: 10.1183/13993003.01897-2018

 15. Vanderpool RR, Saul M, Nouraie M, Gladwin MT, Simon MA. Association between hemodynamic markers of pulmonary hypertension and outcomes in heart failure with preserved ejection fraction. JAMA Cardiol. (2018) 3:298–306. doi: 10.1001/jamacardio.2018.0128

 16. Borlaug BA, Redfield MM. Diastolic and systolic heart failure are distinct phenotypes within the heart failure spectrum. Circulation. (2011). 123:2006–13; discussion 2014. doi: 10.1161/CIRCULATIONAHA.110.954388

 17. Lam CSP, Gamble GD, Ling LH, Sim D, Leong KTG, Yeo PSD, et al. Mortality associated with heart failure with preserved vs. reduced ejection fraction in a prospective international multi-ethnic cohort study. Eur Heart J. (2018) 39:1770–80. doi: 10.1093/eurheartj/ehy005

 18. Savarese G, Vedin O, D'Amario D, Uijl A, Dahlstrom U, Rosano G, et al. Prevalence and prognostic implications of longitudinal ejection fraction change in heart failure. JACC Heart Fail. (2019) 7:306–17. doi: 10.1016/j.jchf.2018.11.019

 19. Tsuji K, Sakata Y, Nochioka K, Miura M, Yamauchi T, Onose T, et al. Characterization of heart failure patients with mid-range left ventricular ejection fraction-a report from the CHART-2 Study. Eur J Heart Fail. (2017) 19:1258–69. doi: 10.1002/ejhf.807

 20. Chioncel O, Lainscak M, Seferovic PM, Anker SD, Crespo-Leiro MG, Harjola VP, et al. Epidemiology and one-year outcomes in patients with chronic heart failure and preserved, mid-range and reduced ejection fraction: an analysis of the ESC Heart Failure Long-Term Registry. Eur J Heart Fail. (2017) 19:1574–85. doi: 10.1002/ejhf.813

 21. Lam CS, Roger VL, Rodeheffer RJ, Borlaug BA, Enders FT, Redfield MM. Pulmonary hypertension in heart failure with preserved ejection fraction: a community-based study. J Am Coll Cardiol. (2009) 53:1119–26. doi: 10.1016/j.jacc.2008.11.051

 22. Shah AM, Cikes M, Prasad N, Li G, Getchevski S, Claggett B, et al. Echocardiographic features of patients with heart failure and preserved left ventricular ejection fraction. J Am Coll Cardiol. (2019) 74:2858–73. doi: 10.1016/j.jacc.2019.09.063

 23. Zile MR, Gottdiener JS, Hetzel SJ, McMurray JJ, Komajda M, McKelvie R, et al. Prevalence and significance of alterations in cardiac structure and function in patients with heart failure and a preserved ejection fraction. Circulation. (2011) 124:2491–501. doi: 10.1161/CIRCULATIONAHA.110.011031

 24. Shah AM, Claggett B, Sweitzer NK, Shah SJ, Anand IS, O'Meara E. Cardiac structure and function and prognosis in heart failure with preserved ejection fraction: findings from the echocardiographic study of the Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist (TOPCAT) Trial. Circ Heart Fail. (2014) 7:740–51. doi: 10.1161/CIRCHEARTFAILURE.114.001583

 25. Rickenbacher P, Kaufmann BA, Maeder MT, Bernheim A, Goetschalckx K, Pfister O, et al. Heart failure with mid-range ejection fraction: a distinct clinical entity? Insights from the Trial of Intensified versus standard Medical therapy in Elderly patients with Congestive Heart Failure (TIME-CHF). Eur J Heart Fail. (2017) 19:1586–96. doi: 10.1002/ejhf.798

 26. Pfisterer M, Buser P, Rickli H, Gutmann M, Erne P, Rickenbacher P, et al. BNP-guided vs symptom-guided heart failure therapy: the Trial of Intensified vs Standard Medical Therapy in Elderly Patients With Congestive Heart Failure (TIME-CHF) randomized trial. JAMA. (2009) 301:383–92. doi: 10.1001/jama.2009.2

 27. Solomon SD, McMurray JJV, Anand IS, Ge J, Lam CSP, Maggioni AP. Angiotensin-neprilysin inhibition in heart failure with preserved ejection fraction. N Engl J Med. (2019) 381:1609–20. doi: 10.1056/NEJMoa1908655

 28. Maeder MT, Kaye DM. Transcardiac gradients of B-type natriuretic peptides are increased in human pulmonary arterial hypertension. Int J Cardiol. (2011) 151:117–9. doi: 10.1016/j.ijcard.2011.06.027

 29. Pugliese NR, Fabiani I, Santini C, Rovai I, Pedrinelli R, Natali A, et al. Value of combined cardiopulmonary and echocardiography stress test to characterize the haemodynamic and metabolic responses of patients with heart failure and mid-range ejection fraction. Eur Heart J Cardiovasc Imaging. (2019) 20:828–36. doi: 10.1093/ehjci/jez014

 30. Sugimoto T, Barletta M, Bandera F, Generati G, Alfonzetti E, Rovida M, et al. Central role of left atrial dynamics in limiting exercise cardiac output increase and oxygen uptake in heart failure: insights by cardiopulmonary imaging. Eur J Heart Fail. (2020) 22:1186–98. doi: 10.1002/ejhf.1829

 31. Bandera F, Barletta M, Fontana M, Boveri S, Ghizzardi G, Alfonzetti E, et al. Exercise-induced mitral regurgitation and right ventricle to pulmonary circulation uncoupling across the heart failure phenotypes. Am J Physiol Heart Circ Physiol. (2021) 320:H642–53. doi: 10.1152/ajpheart.00507.2020

 32. Rastogi A, Novak E, Platts AE, Mann DL. Epidemiology, pathophysiology and clinical outcomes for heart failure patients with a mid-range ejection fraction. Eur J Heart Fail. (2017) 19:1597–605. doi: 10.1002/ejhf.879

 33. Vedin O, Lam CSP, Koh AS, Benson L, Teng THK, Tay WT, et al. Significance of ischemic heart disease in patients with heart failure and preserved, midrange, and reduced ejection fraction: a nationwide cohort study. Circ Heart Fail. (2017). 10:e003875. doi: 10.1161/CIRCHEARTFAILURE.117.003875

 34. Ghio S, Guazzi M, Scardovi AB, Klersy C, Clemenza F, Carluccio E, et al. Different correlates but similar prognostic implications for right ventricular dysfunction in heart failure patients with reduced or preserved ejection fraction. Eur J Heart Fail. (2017) 19:873–9. doi: 10.1002/ejhf.664

 35. Tromp J, Khan MAF, Mentz RJ, O'Connor CM, Metra M, Dittrich HC, et al. Biomarker profiles of acute heart failure patients with a mid-range ejection fraction. JACC Heart Fail. (2017) 5:507–17. doi: 10.1016/j.jchf.2017.04.007

 36. Paulus WJ, Tschope C. novel paradigm for heart failure with preserved ejection fraction: comorbidities drive myocardial dysfunction and remodeling through coronary microvascular endothelial inflammation. J Am Coll Cardiol. (2013) 62:263–71. doi: 10.1016/j.jacc.2013.02.092

 37. 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. doi: 10.1161/CIRCHEARTFAILURE.114.001667

 38. Sugimoto T, Bandera F, Generati G, Alfonzetti E, Bussadori C, Guazzi M. Left atrial function dynamics during exercise in heart failure: pathophysiological implications on the right heart and exercise ventilation inefficiency. JACC Cardiovasc Imaging. (2017). 10(10 Pt B):1253–64. doi: 10.1016/j.jcmg.2016.09.021

 39. Goliasch G, Bartko PE, Pavo N, Neuhold S, Wurm R, Mascherbauer J, et al. Refining the prognostic impact of functional mitral regurgitation in chronic heart failure. Eur Heart J. (2018) 39:39–46. doi: 10.1093/eurheartj/ehx402

 40. Asgar AW, Mack MJ, Stone GW. Secondary mitral regurgitation in heart failure: pathophysiology, prognosis, and therapeutic considerations. J Am Coll Cardiol. (2015) 65:1231–48. doi: 10.1016/j.jacc.2015.02.009

 41. Tamargo M, Obokata M, Reddy YNV, Pislaru SV, Lin G, Egbe AC, et al. Functional mitral regurgitation and left atrial myopathy in heart failure with preserved ejection fraction. Eur J Heart Fail. (2020) 22:489–98. doi: 10.1002/ejhf.1699

 42. Kaye DM, Silvestry FE, Gustafsson F, Cleland JG, van Veldhuisen DJ, Ponikowski P, et al. Impact of atrial fibrillation on rest and exercise haemodynamics in heart failure with mid-range and preserved ejection fraction. Eur J Heart Fail. (2017) 19:1690–7. doi: 10.1002/ejhf.930

 43. Dickinson MG, Lam CS, Rienstra M, Vonck TE, Hummel YM, Voors AA, et al. Atrial fibrillation modifies the association between pulmonary artery wedge pressure and left ventricular end-diastolic pressure. Eur J Heart Fail. (2017) 19:1483–90. doi: 10.1002/ejhf.959

 44. Weber L, Rickli H, Ammann P, Taramasso M, Brenner R, Ehl NF, et al. Hemodynamic profile of patients with severe aortic valve stenosis and atrial fibrillation versus sinus rhythm. Int J Cardiol. (2020) 311:39–45. doi: 10.1016/j.ijcard.2020.03.084

 45. Reddy YNV, Obokata M, Verbrugge FH, Lin G, Borlaug BA. Atrial dysfunction in patients with heart failure with preserved ejection fraction and atrial fibrillation. J Am Coll Cardiol. (2020) 76:1051–64. doi: 10.1016/j.jacc.2020.07.009

 46. Adir Y, Guazzi M, Offer A, Temporelli PL, Cannito A, Ghio S. Pulmonary hemodynamics in heart failure patients with reduced or preserved ejection fraction and pulmonary hypertension: similarities and disparities. Am Heart J. (2017) 192:120–7. doi: 10.1016/j.ahj.2017.06.006

 47. Fayyaz AU, Edwards WD, Maleszewski JJ, Konik EA, DuBrock HM, Borlaug BA, et al. Global pulmonary vascular remodeling in pulmonary hypertension associated with heart failure and preserved or reduced ejection fraction. Circulation. (2018) 137:1796–810. doi: 10.1161/CIRCULATIONAHA.117.031608

 48. Ranchoux B, Nadeau V, Bourgeois A, Provencher S, Tremblay E, Omura J, et al. Metabolic syndrome exacerbates pulmonary hypertension due to left heart disease. Circ Res. (2019) 125:449–66. doi: 10.1161/CIRCRESAHA.118.314555

 49. Meyer P, Filippatos GS, Ahmed MI, Iskandrian AE, Bittner V, Perry GJ, et al. Effects of right ventricular ejection fraction on outcomes in chronic systolic heart failure. Circulation. (2010) 121:252–8. doi: 10.1161/CIRCULATIONAHA.109.887570

 50. Guazzi M, Naeije R. Right heart phenotype in heart failure with preserved ejection fraction. Circ Heart Fail. (2021) 14:e007840. doi: 10.1161/CIRCHEARTFAILURE.120.007840

 51. Guazzi M, Bandera F, Pelissero G, Castelvecchio S, Menicanti L, Ghio S, et al. Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis. Am J Physiol Heart Circ Physiol. (2013) 305:H1373–81. doi: 10.1152/ajpheart.00157.2013

 52. Guazzi M, Dixon D, Labate V, Beussink-Nelson L, Bandera F, Cuttica MJ, et al. RV contractile function and its coupling to pulmonary circulation in heart failure with preserved ejection fraction: stratification of clinical phenotypes and outcomes. JACC Cardiovasc Imaging. (2017). 10(10 Pt B):1211–21. doi: 10.1016/j.jcmg.2016.12.024

 53. Gerges M, Gerges C, Pistritto AM, Lang MB, Trip P, Jakowitsch J, et al. Pulmonary hypertension in heart failure. Epidemiology, right ventricular function, and survival. Am J Respir Crit Care Med. (2015) 192:1234–46. doi: 10.1164/rccm.201503-0529OC

 54. Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers FE, et al. How to diagnose diastolic heart failure: a consensus statement on the diagnosis of heart failure with normal left ventricular ejection fraction by the Heart Failure and Echocardiography Associations of the European Society of Cardiology. Eur Heart J. (2007) 28:2539–50. doi: 10.1093/eurheartj/ehm380

 55. Tastet L, Genereux P, Bernard J, Pibarot P. The role of extra-valvular cardiac damage staging in aortic valve disease management. Can J Cardiol. (2021) 2021:S0828-282X(21)00065-9. doi: 10.1016/j.cjca.2021.01.020

 56. Mandurino-Mirizzi A, Tua L, Arzuffi L, Demarchi A, Somaschini A, Tournas G, et al. Transcatheter mitral valve repair with MitraClip in patients with pulmonary hypertension: hemodynamic and prognostic perspectives. Rev Cardiovasc Med. (2021) 22:33–8. doi: 10.31083/j.rcm.2021.01.214

 57. Lam CS, Borlaug BA, Kane GC, Enders FT, Rodeheffer RJ, Redfield MM. Age-associated increases in pulmonary artery systolic pressure in the general population. Circulation. (2009) 119:2663–70. doi: 10.1161/CIRCULATIONAHA.108.838698

 58. Parent F, Bachir D, Inamo J, Lionnet F, Driss F, Loko G, et al. A hemodynamic study of pulmonary hypertension in sickle cell disease. N Engl J Med. (2011) 365:44–53. doi: 10.1056/NEJMoa1005565

 59. Opotowsky AR, Ojeda J, Rogers F, Prasanna V, Clair M, Moko L, et al. A simple echocardiographic prediction rule for hemodynamics in pulmonary hypertension. Circ Cardiovasc Imaging. (2012) 5:765–75. doi: 10.1161/CIRCIMAGING.112.976654

 60. D'Alto M, Romeo E, Argiento P, Pavelescu A, Melot C, D'Andrea A, et al. Echocardiographic prediction of pre- versus postcapillary pulmonary hypertension. J Am Soc Echocardiogr. (2015) 28:108–15. doi: 10.1016/j.echo.2014.09.004

 61. Berthelot E, Montani D, Algalarrondo V, Dreyfuss C, Rifai R, Benmalek A, et al. A clinical and echocardiographic score to identify pulmonary hypertension due to HFpEF. J Card Fail. (2017) 23:29–35. doi: 10.1016/j.cardfail.2016.10.002

 62. Nauta JF, Hummel YM, van der Meer P, Lam CSP, Voors AA, van Melle JP. Correlation with invasive left ventricular filling pressures and prognostic relevance of the echocardiographic diastolic parameters used in the 2016 ESC heart failure guidelines and in the 2016 ASE/EACVI recommendations: a systematic review in patients with heart failure with preserved ejection fraction. Eur J Heart Fail. (2018). 20:1303–11. doi: 10.1002/ejhf.1220

 63. Maeder MT, Mariani JA, Kaye DM. Hemodynamic determinants of myocardial B-type natriuretic peptide release: relative contributions of systolic and diastolic wall stress. Hypertension. (2010) 56:682–9. doi: 10.1161/HYPERTENSIONAHA.110.156547

 64. Abraham WT, Adamson PB, Bourge RC, Aaron MF, Costanzo MR, Stevenson LW, et al. Wireless pulmonary artery haemodynamic monitoring in chronic heart failure: a randomised controlled trial. Lancet. (2011) 377:658–66. doi: 10.1016/S0140-6736(11)60101-3

 65. Lund LH, Claggett B, Liu J, Lam CS, Jhund PS, Rosano GM, et al. Heart failure with mid-range ejection fraction in CHARM: characteristics, outcomes and effect of candesartan across the entire ejection fraction spectrum. Eur J Heart Fail. (2018) 20:1230–9. doi: 10.1002/ejhf.1149

 66. Solomon SD, Claggett B, Lewis EF, Desai A, Anand I, Sweitzer NK, et al. Influence of ejection fraction on outcomes and efficacy of spironolactone in patients with heart failure with preserved ejection fraction. Eur Heart J. (2016) 37:455–62. doi: 10.1093/eurheartj/ehv464

 67. Cleland JGF, Bunting KV, Flather MD, Altman DG, Holmes J, Coats AJS, et al. Beta-blockers for heart failure with reduced, mid-range, and preserved ejection fraction: an individual patient-level analysis of double-blind randomized trials. Eur Heart J. (2018) 39:26–35. doi: 10.1093/eurheartj/ehx564

 68. Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, et al. (2020). AHA/ACC guideline for the diagnosis and treatment of patients with hypertrophic cardiomyopathy: executive summary: a report of the American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation. (2020) 142:e533–57. doi: 10.1161/CIR.0000000000000938

 69. Olivotto I, Oreziak A, Barriales-Villa R, Abraham TP, Masri A, Garcia-Pavia P, et al. Mavacamten for treatment of symptomatic obstructive hypertrophic cardiomyopathy (EXPLORER-HCM): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet. (2020) 396:759–69. doi: 10.1016/S0140-6736(20)31792-X

 70. Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, Waddington-Cruz M, et al. Tafamidis treatment for patients with transthyretin amyloid cardiomyopathy. N Engl J Med. (2018) 379:1007–16. doi: 10.1056/NEJMoa1805689

 71. Sugumar H, Nanayakkara S, Vizi D, Wright L, Chieng D, Leet A, et al. A prospective STudy using invAsive haemodynamic measurements foLLowing catheter ablation for AF and early HFpEF: STALL AF-HFpEF. Eur J Heart Fail. (2021). doi: 10.1002/ejhf.2122. [Epub ahead of print].

 72. Zafrir B, Lund LH, Laroche C, Ruschitzka F, Crespo-Leiro MG, Coats AJS, et al. Prognostic implications of atrial fibrillation in heart failure with reduced, mid-range, and preserved ejection fraction: a report from 14 964 patients in the European Society of Cardiology Heart Failure Long-Term Registry. Eur Heart J. (2018) 39:4277–84. doi: 10.1093/eurheartj/ehy626

 73. Zimpfer D, Zrunek P, Roethy W, Czerny M, Schima H, Huber L, et al. Left ventricular assist devices decrease fixed pulmonary hypertension in cardiac transplant candidates. J Thorac Cardiovasc Surg. (2007) 133:689–95. doi: 10.1016/j.jtcvs.2006.08.104

 74. Hasenfuss G, Hayward C, Burkhoff D, Silvestry FE, McKenzie S, Gustafsson F, et al. A transcatheter intracardiac shunt device for heart failure with preserved ejection fraction (REDUCE LAP-HF): a multicentre, open-label, single-arm, phase 1 trial. Lancet. (2016) 387:1298–304. doi: 10.1016/S0140-6736(16)00704-2

 75. Feldman T, Mauri L, Kahwash R, Litwin S, Ricciardi MJ, van der Harst P, et al. Transcatheter interatrial shunt device for the treatment of heart failure with preserved ejection fraction (REDUCE LAP-HF I [Reduce Elevated Left Atrial Pressure in Patients With Heart Failure]): a phase 2, randomized, sham-controlled trial. Circulation. (2018) 137:364–75. doi: 10.1161/CIRCULATIONAHA.117.032094

 76. Wessler J, Kaye D, Gustafsson F, Petrie MC, Hasenfubeta G, Lam CSP, et al. Impact of baseline hemodynamics on the effects of a transcatheter interatrial shunt device in heart failure with preserved ejection fraction. Circ Heart Fail. (2018) 11:e004540. doi: 10.1161/CIRCHEARTFAILURE.117.004540

 77. Obokata M, Reddy YNV, Shah SJ, Kaye DM, Gustafsson F, Hasenfubeta G, et al. Effects of interatrial shunt on pulmonary vascular function in heart failure with preserved ejection fraction. J Am Coll Cardiol. (2019) 74:2539–50. doi: 10.1016/j.jacc.2019.08.1062

 78. Andersen MJ, Ersboll M, Axelsson A, Gustafsson F, Hassager C, Kober L, et al. Sildenafil and diastolic dysfunction after acute myocardial infarction in patients with preserved ejection fraction: the Sildenafil and Diastolic Dysfunction After Acute Myocardial Infarction (SIDAMI) trial. Circulation. (2013) 127:1200–8. doi: 10.1161/CIRCULATIONAHA.112.000056

 79. Guazzi M, Vicenzi M, Arena R, Guazzi MD. Pulmonary hypertension in heart failure with preserved ejection fraction: a target of phosphodiesterase-5 inhibition in a 1-year study. Circulation. (2011) 124:164–74. doi: 10.1161/CIRCULATIONAHA.110.983866

 80. Redfield MM, Chen HH, Borlaug BA, Semigran MJ, Lee KL, Lewis G, et al. Effect of phosphodiesterase-5 inhibition on exercise capacity and clinical status in heart failure with preserved ejection fraction: a randomized clinical trial. JAMA. (2013) 309:1268–77. doi: 10.1001/jama.2013.2024

 81. Hoendermis ES, Liu LC, Hummel YM, van der Meer P, de Boer RA, Berger RM, et al. Effects of sildenafil on invasive haemodynamics and exercise capacity in heart failure patients with preserved ejection fraction and pulmonary hypertension: a randomized controlled trial. Eur Heart J. (2015) 36:2565–73. doi: 10.1093/eurheartj/ehv336

 82. Belyavskiy E, Ovchinnikov A, Potekhina A, Ageev F, Edelmann F. Phosphodiesterase 5 inhibitor sildenafil in patients with heart failure with preserved ejection fraction and combined pre- and postcapillary pulmonary hypertension: a randomized open-label pilot study. BMC Cardiovasc Disord. (2020) 20:408. doi: 10.1186/s12872-020-01671-2

 83. Bonderman D, Pretsch I, Steringer-Mascherbauer R, Jansa P, Rosenkranz S, Tufaro C, et al. Acute hemodynamic effects of riociguat in patients with pulmonary hypertension associated with diastolic heart failure (DILATE-1): a randomized, double-blind, placebo-controlled, single-dose study. Chest. (2014) 146:1274–85. doi: 10.1378/chest.14-0106

 84. Bermejo J, Yotti R, Garcia-Orta R, Sanchez-Fernandez PL, Castano M, Segovia-Cubero J, et al. Sildenafil for improving outcomes in patients with corrected valvular heart disease and persistent pulmonary hypertension: a multicenter, double-blind, randomized clinical trial. Eur Heart J. (2018) 39:1255–64. doi: 10.1093/eurheartj/ehx700

 85. Zile MR, Bourge RC, Redfield MM, Zhou D, Baicu CF, Little WC. Randomized, double-blind, placebo-controlled study of sitaxsentan to improve impaired exercise tolerance in patients with heart failure and a preserved ejection fraction. JACC Heart Fail. (2014) 2:123–30. doi: 10.1016/j.jchf.2013.12.002

 86. Koller B, Steringer-Mascherbauer R, Ebner CH, Weber T, Ammer M, Eichinger J, et al. Pilot study of endothelin receptor blockade in heart failure with diastolic dysfunction and pulmonary hypertension (BADDHY-Trial). Heart Lung Circ. (2017) 26:433–41. doi: 10.1016/j.hlc.2016.09.004

 87. Vachiery JL, Delcroix M, Al-Hiti H, Efficace M, Hutyra M, Lack G, et al. Macitentan in pulmonary hypertension due to left ventricular dysfunction. Eur Respir J. (2018). 51(2). doi: 10.1183/13993003.01886-2017

 88. Anker SD, Butler J, Filippatos GS, Jamal W, Salsali A, Schnee J, et al. Evaluation of the effects of sodium-glucose co-transporter 2 inhibition with empagliflozin on morbidity and mortality in patients with chronic heart failure and a preserved ejection fraction: rationale for and design of the EMPEROR-Preserved Trial. Eur J Heart Fail. (2019) 21:1279–87. doi: 10.1002/ejhf.1596

 89. Anker SD, Butler J, Filippatos G, Shahzeb Khan M, Ferreira JP, Bocchi E, et al. Baseline characteristics of patients with heart failure with preserved ejection fraction in the EMPEROR-Preserved trial. Eur J Heart Fail. (2020) 22:2383–92. doi: 10.1002/ejhf.2064

 90. Brown AJM, Gandy S, McCrimmon R, Houston JG, Struthers AD, Lang CC, et al. randomized controlled trial of dapagliflozin on left ventricular hypertrophy in people with type two diabetes: the DAPA-LVH trial. Eur Heart J. (2020) 41:3421–32. doi: 10.1093/eurheartj/ehaa419

 91. Omar M, Jensen J, Frederiksen PH, Kistorp C, Videbaek L, Poulsen MK, et al. Effect of empagliflozin on hemodynamics in patients with heart failure and reduced ejection fraction. J Am Coll Cardiol. (2020) 76:2740–51. doi: 10.1016/j.jacc.2020.10.005

 92. Nassif ME, Qintar M, Windsor SL, Jermyn R, Shavelle DM, Tang F, et al. Empagliflozin effects on pulmonary artery pressure in patients with heart failure: results from EMpagliflozin Evaluation By MeasuRing ImpAct on HemodynamiCs in PatiEnts with Heart Failure (EMBRACE-HF) trial. Circulation. (2021) 143:1673–86. doi: 10.1161/CIRCULATIONAHA.120.052503

 93. Griffin M, Rao VS, Ivey-Miranda J, Fleming J, Mahoney D, Maulion C, et al. Empagliflozin in heart failure: diuretic and cardiorenal effects. Circulation. (2020) 142:1028–39. doi: 10.1161/CIRCULATIONAHA.120.045691

 94. Lteif C, Ataya A, Duarte JD. therapeutic challenges and emerging treatment targets for pulmonary hypertension in left heart disease. J Am Heart Assoc. 2021:e020633. doi: 10.1161/JAHA.120.020633

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Maeder, Weber, Buser, Brenner, Joerg and Rickli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-08-694240-g005.gif





OPS/images/fcvm-08-694240-g006.gif





OPS/images/fcvm-08-694240-g003.gif
LVEF 41-49% and
non-invasive evidence of PH

i case ofan obvovs.
mochanism of PH andlor
mid PH: empirc therapy

and reevalaton
Right heart catheterization’
et heart catheterization
mPAP
MPAWP =15 mmHg
Occult post- Pre-capillary PH
capillary PH?. 1
Puimonary oncion ests, V/a
L scan tc. o defne PH gioup






OPS/images/fcvm-08-694240-g004.gif





OPS/images/fcvm-08-694240-t003.jpg
Clinical features
Atrial fibrillation®
Obesity/Diabstes®

Coronary artery disease
Echocardiography

LV-+LA area < RV-RA area®
Apex-forming RV

RV end-diastolic area®

LV mass®

LV eccentriity indlex (degree of
LV “D-shape’)®

o

LA area (apical for chamber
view)®

LA anteroposterior diameter
(parasternal long axis view)*
Mitral regurgitation

Peak TRVATI RVOT
Mid-systolic noteh in pulmonary
artery pulsed-wave Doppler
signal or acceleration time <80
ms?

VG diameter >20 mm without
inspiratory collapse (<50%)°

Pre-capillary PH

No
No
No

Yes
Yes

<82cm

No/iittle

Yes

Yes

Post-capillary PH

Yes
Yes
Yes

>4.2cm

Litte to severe
Normal/
No

No

E/e/, ratio of the peak early diastolic transmitral velocity to the peak early diastolic mitral
annular velocity (ideally assessed at the lateral annulus); IVC, inferior vena cava; LA, left
atrium; LV, left ventricle/ventriculer; RA, right atriur/atrial; RV, right ventricle/ventricular;
TRV, tricuspid regurgitation velocity; V1 RVOT, velocity time integral in the right ventricular

outflow trect. 1, large/high; |, smalliow.

aParameters included in the score by Opotowsky et al. (59).
bParameters included in the score by D'Alto et al. (60).
¢Parameters included in the score by Berthelot et al. (67).





OPS/images/fcvm-08-694240-t001.jpg
HFrEF HFmrEF HFpEF

LVEFe <40% 41-49% >50%
Defnition ESC Symptoms = signs 1. Symptoms = signs
guidelines 2016 (7) 2. NT-proBNP > 125 ng/l or BNP >85 ng/

3. LV hypertrophy/LA dilation or significant LV diastolic dysfunction: LVMI > 115 g/m?
(males) or 95 g/m? (females), LAVI 34 =ml/m?, E/e’ >13, ¢ (average from septal and
lateral annulus) <9 cvs

Definition ESC Not explicitly HFA-PEFF score:®
position paper included =5 points: HFpEF
2019 (8) <1 points: HFPEF unlikely

2-4 points: functional test: non-invasive diastolic stress test or
invasive stress test (Gold standard: mPAWP >15 mmHg at rest
orfand =26 mmHg on exercise)
Definition Mayo Not included H2FPEF score:® doubling of the probabilty of HFpEF with each
2018 (9) one-pointincrease

LVEF cut-offs adopted from the 2021 Universal Definition and Classification of Heart Failure (10).

bHeart Failure Association (HFA)-PEFF: score: composed of (a) septal or lateral peak early diastolic mitral annular velocity by tissue Doppler (e/), ratio of peak early diastolic transmitral
velocity by pulsed wave Doppler (E) to ¢ (E/€¢'), peak tricuspid regurgitant velocity, estimated systolic pulmonary artery pressure (sPAP), or global longitudinal strain, (b) left atrial volume
index (LAVI, left ventricular (LV), mass index (LVM), or relative wall thickness, and (c) B-type natriuretic peptide (BNF), or N-terminal proBNP (NT-proBN). Cut-offs depend on age (<75
vs. 275 years) and cardlac rhythm (sinus hythm vs. atrial firilltion). Values between 0 and 6.

©H,FPEF score: composed of: Heavy: body mass index >30 kg/m? (two points), hypertensive: two or more antihypertensive drugs (1 point), atrial fibrilation: paroxysmal or persistent
(three points), pulmonary hypertension (sPAP) >35 mmHg (1 point), elder: age >60 years (1 point), and filing pressure: E/&’ >9 (1 point). values between 0 and 9. mPAWR, mean
pulmonary artery wedge pressure.





OPS/images/fcvm-08-694240-t002.jpg
“Lone HFmrEF”

Coronary artery
disease

Hypertrophic
cardiomyopathy

Specific
cardiomyopathy,
e.g., amyloidosis,
sarcoidosis,
scleroderma

Tachycardia-
mediated
cardiomyopathy

Valvular heart
disease (after
correction of valve
stenosis/
regurgitation)

Aortic stenosis

Mitral regurgitation

Disease characteristics

Classical form of HFmrEF in the context of
obesity, hypertension and diabetes

LV dysfunction after a previous infarct o due to
chronic ischemia with hibernating myocardium,
typically with functional MR

LV hypertrophy and dysfunction with/without
dynamic LVOT obstruction, functional MR,
atrial fibrilation

LV infitration and/or scarting with systolic and
diastolic dysfunction, LA dysfunction, atial
fibrillation

LV dysfunction due to sustained tachycardia,
LV and LA dilatation

Persistent LV systolic and diastolic dysfunction
late after correction of valve
stenosis/regurgitation with/without pulmonary
vascular disease

Advanced form of chronic severe aortic
stenosis with reduced LVEF

Advanced form of severe primary MR with
reduced LVEF

PH mechanism

LA pressure elevation due to systolic and
diastolic LV dysfunction, functional (atrial) MR,
LA dysfunction

LA pressure elevation due to systolic and
diastolic dysfunction, moderate/severe
functional MR

LA pressure elevation due to systolic and
diastolic LV dysfunction, functional MR, LA
dysfunction

LA pressure elevation due to systolic and
diastolic LV dysfunction, LA dysfunction,
functional (atrial) MR, secondary, and/or
primary pulmonary vascular disease

LA pressure elevation due to systolic and
diastolic dysfunction, functional (atrial) MR,
LA dysfunction

LA pressure elevation due to systolic and
diastolic dysfunction, pulmonary vascular
disease (elovated PVR)

LA pressure elevation due to systolic and
diastolic dysfunction, MR, LA dysfunction,
secondary pulmonary vascular disease

LA pressure elevation due to systolic and
diastolic dysfunction, and severe MR

Diagnostic approach

 TTE including tissue Doppler/strain:
anatomy, extent of LV systolic and diastolic
dysfunction, LA dimensions,
MR mechanism/severity

© RHC

* TTE, TOE: regional LV function,
extent/mechanism of MR

« Cardiac MRI: myocardial viability

« coronary angiography: treatable ischemia

* RHC

« TTE including tissue Doppler/strain:
anatomy, extent of LV systolic and diastolic
dysfunction, LVOT obstruction, MR

« Coronary angiography: options for alcohol
ablation

* RHC

« TTE including tissue Doppler/strain:
anatomy, extent of LV systolic and diastolic
dysfunction, MR

« Search for specific etiologies using cardiac
MRI, bone scintigraphy, positron
emission tomography

« TTE including tissue Doppler/strain:
anatomy, extent of LV systolic and diastolic
dysfunction, LA dimensions, MR

+ Cardiac MRI: myocardial viabilty, evidence
for specific disease

* RHC

 Coronary angiography in selected cases

* TTE including tissue Doppler/strain:
anatomy, extent of LV systolic and diastolic
dysfunction, LA dimensions

 TOE for the exclusion of paravalvular leak
ete.

* RHC

o TTE: severity of AS, LV systolic and diastolic
dysfunction, LA size, MR

* RHC

« Coronary angiography

« TTE and TOE: severity and mechanism of
MR, LV dimensions, systolic and diastolic
dysfunction, LA size

* RHC

 Coronary angiography

Treatment

« Anticoagulation in atrial fibrilation
* Loop diuretics, ARB, or ARNI (typically in
women), MRA
« Intraatrial shunt device for
selected patients
* Revascularization if possible
« ARB (ARNI), MRA, betablocker,
loop diuretic

 Betablockers, verapamil, diltiazem

« Surgical myectomy/alcohol ablation in
presence of significant LVOT obstruction

* Careful use of diuretics

* If available: mavacamten (cardiac
myosin inhibitor)

+ ARB (ARN), MRA, betablocker, loop
diuretics.

« Specific treatment of underlying disease
(6., immunosuppression, tafamicis)

« Anticoagulation

* ARB (ARNI), MR, Betablocker

* Rhythm control (amiodarone,
cardioversion, catheter ablation)

« ARB (ARNI), MRA, betablocker,
loop diuretic

Diuretics

* ACE inhibitor

« Aortic valve replacement if truly severe
aortic stenosis

* Diuretics, ACE inhibitor, ARB

Mitral valve repair if severe primary MR

ACE inhibitor, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor nepriysin inhibitor; LA, leftatrial LV, left ventriculer; LVOT, left ventriculer outflow tract; mPAR, mean pulmonary artery
pressure; mPAWP, mean pulmonary artery wedge pressure; MR, mital regurgitation; MRA, mineralocorticoid receptor blocker; MR, magnetic resonance imaging; PVR, pulmonary vasculer resistance; RHC, right heart catheterization;
TOE, transoesophageal echocardiography; TTE, transthoracic echocardiography.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Pulmonary Hypertension in Patients With Heart Failure With Mid-Range Ejection Fraction



		Introduction



		Definition of HFmrEF



		Hemodynamic definition of pulmonary hypertension in HF



		Prevalence of PH in HFpEF and HFmrEF



		Clinical, echocardiographic, and biochemical characteristics of patients with HFmrEF



		Pathophysiology of PH in HFmrEF



		Phenotypes of HFmrEF with PH



		Diagnostic approach



		Treatment of PH in HFmrEF



		Future perspectives



		Conclusions



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Pulmonary Hypertension in Patients
With Heart Failure With Mid-Range
Ejection Fraction





OPS/images/fcvm-08-694240-g001.gif
Scar / abnormal geometry

Ischemia
Pressure overload

| rsinia |

e
mPAWPT

PVR /T

LAdysfunction | Volume overload

Inflrative
disorders

LAPT T

disease

Dyssynchrony

LVEF 41-49% Tachycardia

Metabolic
abnomalities

Toxic effects






OPS/images/fcvm-08-694240-g002.gif
O,

02

‘Spurious LV dysfunction
due 1oLV deformation
(«D-shape»)

mPAPT B
mPAWP n/t =[] LAPn et
PVR n/T m}:nm

LVEF 41-49%






OPS/images/fcvm-08-694240-t005.jpg
Andersen
etal. (78)

Guazzi et al.
79

Redfield et al.

©0)

Hoendermis
etal. (81)

Belyavskiy
©2)

Bonderman
etal. (83)

Bermejo etal.

®4)

Zil et . (85)

Koller et al.
@8)

Vachiery et al.

@7

Population

Inclusion criteria: Recent myocardial infarction,
revascularized, LVEF <45%, E/¢’ >8, LAVI >34 mi/m?2,
Hemodynamics: mPAP ~ 20 mmHg, mPAWP ~ 13
mmHg (1 = 70)

Inclusion criteria:

LVEF >50%

SPAP>40 mmHg

(n=144)

Hemodynamics: mPAP & 37 mmHg, mPAWP ~ 22
mmHg, PVR ~ 3.5 WU

Inclusion criteria: LVEF >50%-+elevated NT-proBNP or
non-invasive evidence of elevated filing pressures
(n=216)

Hemodynamics: not measured

Inclusion criteria:
LVEF 245%, mPAP >25 mmHg, mPAWP >15 mmHg
Hemodynamics: mPAP & 35 mmHg

MPAWP ~ 20 mmHg

Inclusion criteria: LVEF >50%, SPAP >40 mmHg, PVR
>8 WU and/or transpulmonary gradient > 15 mmHg (all
assessed by echocardiography)

Hemodynarmics: not measured

Inclusion criteria: LVEF>50%, mPAP >25 mmHg,
MPAWP >15 mmHg (1 = 39)

Hemodynamics: mPAP & 35 mmHg

MPAWP & 20 mimHg

Inclusion criteria: PH post valve surgery but no significant
valvular dysfunction, mPAP >30 mmHg
Hemodynamics:

mPAP = 38 mmHg

MPAWP = 23 mmHg

PVR~ 33 WU

(n=200)

Inclusion criteria: LVEF 250% + evidence of concentric
remodeling and/or LV diastolic dysfunction

/e’ 14, peak TRV 2.7 /s

(n=192)

Hemodynarmics: not measured

Inclusion criteria:

HFpEF (ESC 2016 definition) and mPAP 225 mmHg,
MPAWP >15 mmHg

Hemodynamics:

mPAP ~ 38 mmHg

mMPAWP 2 21 mmHg

PVR~ 42 WU

(=20

Inclusion criteria: Combined pre-capillary and
post-capillary PH (mPAP >25 mmHg, mPAWP >15
mmHg but <25 mmHg, DPG =7 mmHg and PVR >3
WU), LVEF >80% (=50%: 81%, <50%: 19%)
Hemodynarmics

MPAP & 47 mmHg, mPAWP ~ 20 mmHg, PVR ~ 5.8
wu)

=63

Intervention

Sildenafil 3 x
40mg vs. placebo
for 9 weeks

Sildenafil 3 x
50mg vs. placebo
for 6 months

Sidenafil 3 x
20mg for 12
weeks, then 3 x
60mg vs. placebo
for 12 weeks
Sildenafil 3 x
60mg vs. placebo
for 12 weeks

Sidenafil 3 x
25mg for 3
months, followed
by 3 x 50mg for 3
months vs.
placebo

Single dose of
Riociguat of
0.5mg, 1.0mg, or
2.0mg vs. placebo

Sildenalil 3 x
40mg (3 x 20mg
for selected
patients) vs.
placebo for 6
months

Staxsentan 100
mg/d vs. placebo
for 24 weeks (2:1
randornization)

Bosentan 2 x
62.5mg for 4
weeks, 2 x
125mg for 8
weeks vs. placebo

Macitentan 10mg
vs. placebo for 12
weeks

Main results

Trend toward exercise
mPAWP reduction
COt and SVR |

mPAP| mPAWP
Cardiac indext
Right ventricular functiont

No effect on peak VO, and
6-min walking distance

No effect on mPAP,
mPAWP, CO, and peak VO,

Improvement in NYHA class
and 6min walking distance,
reduction in SPAP

No effect on mPAP after 6h
Stroke volumet

Systolic blood pressure|,
Right ventricular
end-diastolic area

Worse composite ciiical
score (death, hospitalization
for HF, change in functional
class, patient global self
assessment) in the sildenafi
treated patients

Increase in treadmill time, no
effect on qualty of fe,
death, HF hospitalization

Higher pulmonary artery and
right atrial pressure (echo)
and worsening 6 min
walking distance in
Bosentan group

Trend toward more fluid
retention in the Macitenan
group

No effect on mPAWP

and PVR

DPG, diastolic pressure gradient; ESC, European Society of Cardiology; LAV, leftatrial volume index; LV, lft ventricular; mPAR, mean pulmonary artery pressure; mPAWP, mean pulmonary
artery wedge pressure; NT-proBNR, N-terminel-pro-B-type natriuretic peptide; NYHA, New York Heart Association; peak YOy, peak oxygen consumption; PVR, pulmonary vasculer
resistance; sPAP. systolic pulmonary artery pressure; E/&/, ratio of peak early diastolic transmitral velocity to peak early diastolic mitral annular velocity; TRV, tricuspid regurgitant velocity.
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HFM/EF with group 2
PH (cf. Table 1)

Group 1 PH and LVEF
41-49%

Group 3 PH and LVEF
41-49%

Group 4 PH and LVEF
41-49%

Left-to-right shunt
with/without mild LV
disease

High output HF

Characteristics

PH as consequence of HFmrEF

Pulmonary arterial hypertension with
concomitant unrelated mild LV
disease (or “only” LV deformation due
o flattening of the interventricular
septum)

PH i the context of chronic lung
disease/chronic hypoxemia combined
with mild LY dysfunction (e.g.,
previous myocardial infarction)

Chronic thromboembolic PH
combined with mild LV disease (or
“only” LV deformation due to
flattening of the interventricular
septum)

Atrial septal defect or abnormal
pulmonary venous drainage

Liver disease, severe anemia, or other
high-output condition associated with
mild LV dysfunction

Hemodynamics

2015: mPAP =25 mmHg and
mPAWP >15 mmHg
2018: mPAP >20 mmHg and
mPAWP >15 mmHg

2015: mPAP >25 mmHg and
mPAWP <15 mmHg

2018: mPAP >20 mmHg, mPAWP
<15 mmHg, and PVR =8 WU

2015: MPAP 225 mmHg and
mMPAWP <15 mmHg

2018: MPAP >20 mmHg, mPAWP
<15 mmHg, and PVR 23 WU

2015: mPAP >25 mmHg and
mPAWP <15 mmHg

2018: MPAP >20 mimHg, mPAWP
<15 mmHg, and PVR 23 WU

2015: mPAP =25 mmHg, pulmonary
blood flow?

2018: mPAP >20 mimHg, pulmonary
biood flow 11

2015: mPAP =25 mmHg, mPAWP
>15 mmHg, and cardiac indext 1
2018: MPAP >20 mimHg, mPAWP
>15 mmHg, PVR <3 WU, and
cardiac indextt

Diagnostic approach

Identification of treatable mechanisms
of HF: ischemia, atrial fibrilation,
primary valve disease, systemic
disease;

RHC if hemodynamic

constellation unclear

RHC, ventiiation/perfusion
scintigraphy, lung function, sleep
study, evaluation of specific etiologies
(iver disease, connective tissue
disease, etc.)

Lung function tests including CO
diffusion, T scan, sleep study.

RHC only in selected cases
Identification of the concomitant
cardiac disease, .g., cardiac MR
and coronary angiography in case of
suspected coronary artery disease
RHC, ventilation/perfusion
scintigraphy, pulmonary angiography

TTE and TEE and CT scan to identify
the shunt, RHC

Internistic work-up, TTE, RHC

LY, left ventricular; mPAR, mean pulmonary artery pressure; mPAWR, mean pulmonery artery wedge pressure; PR, pulmonary vascular resistance; RHC, right heart catheterization;
TEE, transesophageal echocardiography; TTE, transthoracic echocardiography. 11, substantially increased.
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