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Abstract

Introduction: Heart failure with preserved ejection fraction (HFpEF) continues to be a major
challenge for clinicians. Many crucial aspects of the syndrome remain unclear, including the exact
pathophysiology, early diagnosis, and treatment. Patients with HFpEF are often asymptomatic late
into the disease process, and treatment with medications commonly used in heart failure with
reduced ejection fraction (HFrEF) has not been proven to be beneficial. In addition, the confusion
of similar terms with HFpEF, such as diastolic heart failure (DHF), and diastolic dysfunction
(DD), has led to a misunderstanding of the true scope of HFpEF.

Areas covered: In this review, authors highlight the differences in terminology and critically
review the current knowledge on the underlying mechanisms, diagnosis, and latest treatment
strategies of HFpEF.

Expert commentary: While significant advances have been made in the understanding of
HFpEF, the definitive diagnosis of HFpEF continues to be difficult. The development of improved
and standardized methods for detecting diastolic dysfunction (DD) has shown promise in
identifying early HFpEF. However, even with early detection, there are few treatment options
shown to provide mortality benefit warranting further investigation.

Keywords
HFpEF; HFrEF; Diastolic dysfunction; Inflammation; Biomarkers

Corresponding author: Devendra K. Agrawal Professor and Chairman, Senior Associate Dean for Clinical & Translational Research,
The Peekie Nash Carpenter Endowed Chair in Medicine, Department of Clinical & Translational Science, CRISS Il Room 510, 2500
California Plaz, Omaha, NE, 68178, USA, Tel: +1 402 280 2938, Fax: +1 402 280 1421, dkagr@creighton.edu.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies,
honoraria, stock ownership or options, expert testimony, grants or patents received or pending, or royalties.

Reviewer Disclosures
Peer reviewers on this manuscript have no relevant financial relationships or otherwise to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Plitt et al.

1.

2.

Page 2

Introduction

Heart failure is a common but complex syndrome, caused by a wide variety of etiologies.
Historically, heart failure was primarily classified by the type of cardiac dysfunction present,
either systolic or diastolic heart failure [1]. While this is a useful theoretical categorization
emphasizing whether the primary problem is defective pumping or filling, in clinical
practice systolic dysfunction and diastolic dysfunction (DD) are rarely isolated and often
both contribute to the clinical picture [2]. More recently, heart failure with reduced ejection
fraction (HFrEF) and heart failure with preserved ejection fraction (HFpEF) have become
the preferred terms for describing heart failure, relying solely on the calculated ejection
fraction (EF) [1]. This terminology allows for easier and reproducible classification of heart
failure, without misrepresenting the complex underlying cause. A challenge with this
definition has been establishing a consistent cut-off between preserved and reduced EF.
While an EF of 50% is the most common cut off for HFpEF, some sources and clinical trials
have used 40%, blurring the data between the two groups [3]. In addition, the new
classification of heart failure with mid-range ejection fraction (HFmrEF) with an EF
between 40% and 50% further adds to the confusion [4]. After clinically determining the EF,
evaluation of systolic and diastolic function is crucial to the work up of both HFrEF and
HFpEF in order to determine the likely etiology, as well as provide valuable information
about the disease process.

While systolic and diastolic dysfunction often coexist in HFpEF, DD is recognized as the
primary contributor to the development and clinical presentation of this syndrome [5]. DD is
defined as impaired myocyte relaxation or increased wall stiffness, resulting in decreased
filling and elevated pressures during diastole [6]. This impaired filling is then thought to
contribute to the well characterized nonspecific heart failure symptoms seen in HFpEF
including dyspnea on exertion, edema, and many others. DD can also be present in
asymptomatic patients and HFrEF patients and is therefore not pathopneumonic of HFpEF
[7]. Furthermore, there is notable deterioration of diastolic function in normal cardiac aging,
making distinction in the elderly more complicated [8]. Overall, assessment of diastolic
function can provide crucial insight into the development and severity of HFpEF. However,
it is important to understand that while DD is an underlying contributor to HFpEF, and the
resultant elevation in filling pressures, left ventricular end diastolic pressure (LVEDP), and
left atrial pressure are hallmarks of HFpEF, the terms are not interchangeable.

Epidemiology

Throughout the world, heart failure is one of the most significant contributors to morbidity
and mortality. According to the American Heart Association (AHA), 6.5 million Americans
were estimated to have heart failure from 2011-2014, a number which is expected to
increase to over 8 million by 2030 [7,9]. In addition, heart failure had an estimated annual
cost of $30.7 billion in 2012 [9]. Determination of the true prevalence of HFpEF is
complicated by missing EF data, and a wide range of values have been reported by different
studies. Owan and Redfield [10] reviewed many international epidemiological studies,
reporting that 40-71% of heart failure patients were classified as HFpEF, with HFpEF
having an overall prevalence of 1.1-5.5% of the general population.
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Several studies have compared the 5-year mortality rates between HFpEF and HFrEF,
coming up with varying results. Interestingly, Lam et al. [11] noted that epidemiological
cohort studies typically reported similar mortality rates between the two, whereas clinical
trials often found HFpEF to have a lower mortality rate. Although widely variable, HFpEF
5-year mortality rates range from between 55-74% [11]. It is important to note that HFpEF
also has a significant proportion of non-cardiovascular deaths (30-50%), especially
compared to HFrEF (15-30%) [12]. This is not surprising, as HFpEF patients also have a
higher prevalence of comorbidities including hypertension, diabetes mellitus, and chronic
obstructive pulmonary disease (COPD) [13]. While diagnosed heart failure is common,
many asymptomatic individuals have underlying preclinical heart failure and cardiac
dysfunction. In fact, data from one study showed that in all individuals regardless if they
were asymptomatic or had diagnosed HF, about 28% had DD (21% had mild DD with 7%
having moderate or severe DD) and 6% had systolic dysfunction [7].

3. Potential mechanisms

Although the mechanism of HFpEF is still incompletely understood, many factors are
thought to be involved. While HFrEF is mainly due to a volume overloaded state and
systolic dysfunction, HFpEF may primarily result from systemic inflammation and its
resulting effects of altered titin isoform ratios, altered phosphorylation status of titin by
protein kinase A (PKA), protein kinase G (PKG), protein kinase C (PKC), hypertension,
fibrosis, and DD. It is important to note that despite substantial clinical, functional, and
comorbidity overlap, HFpEF and HFrEF are most likely driven by distinct disease processes
as opposed to a continuum of one disorder. Interestingly, with the introduction of HFmrEF
as its own sub-classification, much is still not understood about the underlying
pathophysiology [4]. Continued investigation is needed to determine if HFmrEF is
representative of a unique disease process or that it is more likely a combination of the
processes behind HFpEF and HFrEF. However, in this section, the focus remains on the
mechanisms driving the development of DD and HFpEF.

Several infiltrative processes create DD through a similar mechanism, though these are
classified as restrictive cardiomyopathies and are considered a different disease group. Due
to a similar clinical presentation, these will be briefly discussed here. In these diseases, there
is an infiltrate — protein or otherwise — that is deposited in the myocardium, disrupting the
normal cardiac architecture and causing the heart to stiffen. The result of this deposition
translates to an impaired ability to relax in diastole, resulting in the development of DD.
Examples of this type of HFpEF include cardiac amyloidosis, hemochromatosis, and
sarcoidosis [14,15]. Hemochromatosis can also cause DD through an accumulation of iron
with resultant increased oxidative stress [16]. These disease processes are fairly well
characterized. Therefore, this review article primarily focuses on non-infiltrative causes of
HFpEF.

Hypertension has historically been thought to cause concentric hypertrophy as an adaptive
response to increased afterload [17]. This seems to be a reasonable explanation, as the
increased wall thickness would decrease the wall stress of the ventricle per the Law of
LaPlace. However, more recently the relationship between hypertension and heart failure has
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been shown to be more complex than a mere adaptive response. There is evidence that
increased afterload causes initial T-tubule dysfunction and abnormal Ca?* handling, which is
seen before overt signs of heart failure are apparent [18]. This abnormal T-tubule
organization and resultant improper Ca2* handling is thought to be the initiator of both
systolic and diastolic dysfunction seen in heart failure patients [18]. While the initial
changes in the hypertensive heart may be due to abnormal cardiomyocyte function, evidence
suggests that the progression from left ventricular hypertrophy to overt heart failure is
instead caused by alterations in the extracellular matrix. In spontaneously hypertensive rats,
proteins, including collagen la1, collagen Illal, TGF-B, tissue inhibitor of
metalloproteinase-1, plasminogen activator inhibitor, cathepsin K, and cathepsin S are
upregulated [19]. The increased collagen content and TGF-p suggest that within a failing
heart there is increased deposition of ECM, while the increased protease inhibitors and
cathepsins suggest increased turnover of extracellular matrix (ECM) [19]. The changes in
ECM are accompanied by minimal changes to Ca2* homeostasis and myofibril and
cytoskeleton gene expression, suggesting that the development of heart failure depends more
on ECM changes and less on intrinsic cardiomyocyte changes in hypertensive heart failure
[19]. Thus, the increased afterload in hypertension results not only in cardiomyocyte
hypertrophy but also changes in the ECM.

HFpEF is associated with multiple comorbidities including hypertension, COPD, obesity,
and chronic kidney disease; all of which induce a systemic inflammatory state [19—23].
Another significant comorbidity is diabetes mellitus, an incredibly complex topic which is
outside the scope of this article. A thorough review of the relationship between diabetes and
heart failure has been covered in another review article [24].

A compelling theory put forth by Paulus and Tschope [25] proposes that there is an initiating
event resulting in systemic inflammation. This leads to reactive oxygen species production
by endothelial cells, consuming nitric oxide (NO) in the process. The decreased availability
of NO for cardiomyocytes causes a decrease in PKG activity resulting in concentric
hypertrophy of the myocardium in addition to decreased titin phosphorylation [25]. This
contributes to the stiffer myocardium and DD seen in HFpEF. This process is summarized in
Figure 1.

The inflammation is thought to decrease PKG activity through the depletion of NO by
reactive oxygen species (ROS) molecules, which is indicated by the increased nitrotyrosine
in HFpEF patients compared to aortic stenosis and HFrEF patients [26]. A study done on
human hearts with HFpEF demonstrated that vascular cell adhesion molecule (VCAM) was
upregulated and there was an increase in TGF-p expressing inflammatory cells with the
markers CD3, CD11a, and CD45 in the heart of human HFpEF patients [27]. Furthermore,
the TGF-B expressed by these cells was shown to increase collagen production, cause
fibroblast differentiation into pathological myofibroblasts, and decrease the MMP/TIMP
ratio in a cell culture with fibroblasts from HFpEF patients [27].

These various factors related to systemic inflammation such as increased inflammatory cells,
increased NOX2 expression, and decreased NO availability were all researched within one
comprehensive study done on rat hearts to determine their relationships to HFpEF. This
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study again found that HFpEF hearts had decreased NO availability leading to decreased
soluble guanylyl kinase activity and an eventual decrease in PKG activity [28]. In addition,
the adhesion proteins, ICAM-1 and E-selectin, were upregulated with evidence of increased
macrophage recruitment in the diseased hearts with increased activity of NOX2 within the
recruited macrophages [28].

4. Detection and risk stratification

4.1 Diagnostic criteria

The diagnosis of heart failure is primarily achieved clinically, followed by echocardiography
to establish an EF subtype (Table 1) [29,30]. In the past, guidelines such as the Framingham
criteria and Boston criteria have provided useful standardized symptoms and signs for
clinical diagnosis; however, patients are often asymptomatic or oligosymptomatic until late
in the pathophysiologic process, and therefore do not meet these criteria for official
diagnosis [29]. Alternatively, the 2016 European Society of Cardiology (ESC) guidelines use
the presence of symptoms and signs combined with clinical history, physical exam, and
electrocardiography (ECG) to determine the need for further workup, but a strict number or
combination of symptoms and signs is not necessary for diagnosis [4]. Instead,
echocardiography findings are typically used in addition to symptoms and signs to establish
a diagnosis of heart failure and determine the EF subtype [4]. This takes into consideration
less typical signs of heart failure and is more widely accepted in clinical practice (Table 1).

Specifically for HFpEF, the ESC guidelines require an EF = 50% and the additional criterion
of the presence of DD or relevant structural heart disease [4]. While the need for evidence of
DD is controversial for formal diagnosis of HFpEF, it is clear that assessment of diastolic
function can provide valuable insight into the development and progression of HFpEF,
allowing for earlier detection and intervention [6]. Therefore, this section primarily focuses
on the current and upcoming approaches to assessing diastolic function and their utility in
evaluating HFpEF.

4.2 Diastolic dysfunction detection

Detecting DD has been a challenge, especially using noninvasive measures. Since DD is
defined as impaired myocardial relaxation and/or decreased left ventricular compliance,
direct measurement of left ventricular relaxation and filling pressures is an excellent way to
assess diastolic function. However, this requires invasive hemodynamics using cardiac
catheterization, which is not appropriate as a universal approach to all patients with
suspected DD. Echocardiography with Doppler flow and Tissue Doppler Echocardiography
(TDE) are the most commonly used diagnostic tools, but the effectiveness of alternative
detection methods is currently under investigation. Other imaging modalities of interest
include speckle tracking echocardiography (STE) and cardiovascular magnetic resonance
(CMR), as well as the use of a variety of serum biomarkers. A multifaceted approach using a
combination of noninvasive techniques may be helpful for distinguishing DD and HFpEF
from other causes of heart failure, in addition to discovering DD prior to onset of symptoms.
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4.2.1 Invasive hemodynamics—The assessment of invasive hemodynamic using
cardiac catheterization is currently the gold standard for diagnosing DD due to its ability to
directly measure ventricular pressures throughout the cardiac cycle [31,32]. While this
method provides a wealth of information about cardiac performance, the most useful
parameters for measuring diastolic function are tau, the time constant of ventricular pressure
decay, and LVEDP. Tau is an accepted measurement of myocardial relaxation, and LVEDP
is helpful for determining the left ventricular wall compliance; both of which are central to
the definition of DD [31,33]. With measurement of these parameters, cardiac catheterization
currently provides the most detailed insight into diastolic function; however, the invasiveness
and risks decrease the clinical value of this method, especially in patients with significant
comorbidities and unstable patients. As a result, echocardiography has emerged as the
preferred approach for diagnosing DD, though cardiac catheterization continues to serve as a
useful tool for evaluating complicated cases and validating alternate methods of detection.

4.2.2 Echocardiography—A wide variety of echocardiographic techniques have been
used to assess diastolic function, including Doppler flow, TDE, and speckle tracking
echocardiography (STE). The American Society of Echocardiography (ASE) and European
Association of Echocardiography (EAE) recently published updated recommendations for
assessing DD with echocardiography. While many echocardiographic parameters were
analyzed, the critical variables were noted to be mitral flow velocities (E, A, and E/A ratio),
mitral annular velocity (e”), E/e’ ratio, peak velocity of tricuspid regurgitation (TR) jet, and
left atrial maximum volume index (LAVI) [30]. A brief description of each variable is shown
in Table 1. Using these variables, detailed algorithms for diagnosing and grading DD have
been proposed by Nagueh and colleagues [30]. A recent study of patients with DD
demonstrated this algorithm to be better than the previous existing guidelines for detecting
elevated LVEDP and predicting poor prognosis [34].

In addition to Doppler flow and TDE, STE is a relatively new technique able to
quantitatively measure ventricular movement and deformation. This is particularly useful for
analyzing myocardial strain, an important factor in both HFrEF and HFpEF, and left
ventricular untwisting, which is a known contributor to early diastolic filling [35—37].
While none of these parameters are specific to diastolic function, each one provides unique
data that add to the clinical picture and understanding of the disease process. Although
echocardiography is the most widely used modality to assess diastolic function, significant
weaknesses still exist, most notably operator dependence, flow calculation errors, difficulty
in obtaining clear imaging windows, and limited spatial resolution [38].

4.2.3 Cardiac magnetic resonance—Another imaging modality of interest is cardiac
magnetic resonance (CMR). CMR has become the gold standard for estimating ventricular
volumes and assessing systolic function [39]. However, it has not been widely used to detect
DD. CMR has proven to be an effective tool for directly measuring DD parameters similar to
those found with echocardiography, including E/A ratio, e’ E/e’ ratio, and peak filling rate,
in addition to providing a wealth of structural information unique to CMR [40]. Studies have
also investigated novel CMR parameters that correlate to DD such as mid-wall longitudinal
fractional shortening (MLFS) and extracellular volume fraction [39,41]. MLFS, a correlate
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of long-axis systolic function, effectively distinguishes clinically significant DD (grades Il
and I11) from mild or no DD (grades 0 and 1) [39,42]. Another valuable CMR parameter is
extracellular volume fraction (ECV), representing the amount of interstitial myocardial
fibrosis [41]. While diffuse myocardial fibrosis is an essential player in the development of
DD and HFpEF, it is also present in many other disease processes, including systolic heart
failure and systemic hypertension. A recent study showed that patients with HFpEF and
systolic HF had significantly higher ECVs than healthy patients and patients with
hypertension, but the utility of ECV as a diagnostic tool has not been established [41].
Therefore, ECV may be useful in assessing the pathophysiological process of DD but using
ECV to distinguish DD from other myofibrotic processes has not been proven. Overall,
CMR can be a valuable tool for evaluating DD especially in patients who had inconclusive
echocardiography results, due to the ability of CMR to measure LV filling, higher spatial
resolution, and better reproducibility. However, contraindications to CMR, lack of
transportability, and increased cost make it less practical as a first line investigative tool for
DD.

4.2.4 Exercise stress testing—A number of studies have investigated exercise stress
testing for evaluation of DD and HFpEF. In many patients with early DD, filling pressures
may be normal at rest and only elevated during exercise [43]. Invasive exercise
hemodynamics remains the gold standard for measuring left ventricular filling pressures,
specifically pulmonary capillary wedge pressure (PCWP) and LVEDP, in response to
exercise. Elevations in PCWP and LVEDP during exercise have been shown to successfully
distinguish patients with DD from control patients with non-cardiac dyspnea, even with
normal brain natriueritc peptide (BNP) levels and filling pressures at rest [43]. Obokata et al.
[44] performed simultaneous invasive hemodynamics and echocardiography, and found a
correlation between the E/e’ ratio and PCWP, both at rest and during exercise. Furthermore,
measurement of exercise E/e’ ratio provided improved sensitivity but decreased specificity
in testing for HFpEF when compared to resting echocardiography [44]. Finally,
echocardiography also showed a smaller increase in stroke volume in response to exercise in
patients with DD [45]. Therefore, measuring exercise parameters for invasive hemodynamics
and echocardiography may allow for earlier detection of DD and subclinical HFpEF,
especially in patients with normal resting echocardiogram. However, cardiac catheterization
is not practical for routine diagnosis due to its invasiveness, and exercise echocardiography
has been shown to have more benefit ruling out DD and HFpEF when combined with resting
detection methods.

4.3 Biomarkers

In addition to imaging, serum biomarkers are a useful tool for assessing cardiac function.
Natriuretic peptides, especially BNP and N-terminal proBNP (NT-proBNP), have been
commonly used in heart failure work up due to their correlation with ventricular wall stress
[46,47]. Studies have proven that BNP can be used in a clinical setting to rapidly distinguish
heart failure from other causes of dyspnea, in both an outpatient and emergent settings
[48,49]. BNP and NT-proBNP levels have also been shown to be correlated with heart
failure severity and prognosis [50]. In regard to HFpEF, a recent study found that in patients
with hypertension and echocardiographic evidence of DD, NT-proBNP levels were

Expert Rev Cardfovasc Ther. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Plitt et al.

Page 8

significantly correlated with DD echocardiographic parameters including e’ and E/e’ .
However, in this study the patients were asymptomatic and had not yet developed heart
failure, and the DD in the patients was already discovered [51]. Although natriuretic
peptides may be a helpful tool for monitoring the progress of DD, they have not been proven
useful for detection of DD or distinction from other types of heart failure. Therefore, there is
a need for other biomarkers more specific to DD and its pathophysiologic mechanism (Table
2) [52—61].

While natriuretic peptides are great indicators of myocyte stretch, biomarkers for myocyte
damage, inflammation, and fibrosis may be useful additional indicators of DD. A recent
study analyzing 33 biomarkers found that the profile of HFpEF consisted of elevated
biomarkers of inflammation and angiogenesis, whereas HFrEF correlated more with
myocyte stretch [62]. Specifically, the acute phase reactants high-sensitive C-reactive protein
(hs-CRP) and pentraxin-3, as well as interleukin-6 were all found to be correlated to HFpEF,
supporting the hypothesis that HFpEF is related to a pro-inflammatory state [62]. This study
did not test the validity of using these biomarkers to diagnose HFpEF or distinguish from
HFrEF; however, the study did identify neuropilin (a marker for angiogenesis) and
osteopontin (a marker for remodeling) as independent predictors of all-cause mortality and
readmission for HFpEF [62]. A list of other current biomarkers of interest is provided in
Table 2, along with a brief description of their potential use [52—61]. A simplified diagram
of the upregulation, secretion and effects of biomarkers of interest is shown in Figure 2.

Although there are many potential biomarkers, there is no unequivocal data to support a
specific biomarker that provides the best information in a clinical setting. Currently, the
ACC/AHA guidelines recommend the measurement of natriuretic peptides and troponin for
diagnosis and prognosis of heart failure, and the measurement of Suppression of
Tumorgenicity 2 (ST2) and galectin-3 for additional risk stratification and prognosis [46].
However, these recommendations are for heart failure in general and are not targeted for DD
or HFpEF. Neither ST2 nor galectin-3 have shown any independent discriminatory power in
diagnosing DD or HFpEF, but both are correlated with worse prognosis irrespective of
treatment [63]. While no single biomarker has shown to effectively distinguish HFpEF from
HFrEF, Sinning and colleagues [52] demonstrated that the use of combined biomarker
indices, specifically (CRP + Growth differentiation factor-15 (GDF-15) + ST2)/ NT-proBNP
as well as GDF-15/NT-proBNP were able to successfully predict HFpEF from HFrEF in
patients with diagnosed heart failure [52].

Biomarkers provide significant information about DD parameters such as filling pressures,
myocardial fibrosis, and ventricular remodeling without requiring invasive techniques like
cardiac catheterization and endocardial biopsy. In addition, many of these biomarkers have
been shown to have strong prognostic value, successfully predicting future hospitalization
and mortality. Unfortunately, elevated filling pressures occur in a variety of cardiac disease
processes, and markers of inflammation and fibrosis are not specific to HFpEF. Even
markers more tailored to DD have not been shown to independently predict HFpEF, severely
restricting their diagnostic utility. However, the use of combined biomarker indices have
shown promise in better differentiation between HFpEF and HFrEF [52]. Further

Expert Rev Cardfovasc Ther. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 9

investigations are warranted to improve biomarker indices for detection of DD and HFpEF,
as well as to expand their prognostic value.

5. Treatment of HFpEF

Current methods to treat HFpEF have proven to be relatively unsuccessful when compared
to the treatment for HFrEF. Many studies have evaluated the effect of drugs shown to
improve morbidity and mortality in HFrEF, which have ultimately failed to show the same
beneficial effects in HFpEF patients.

5.1 pB-blockers

Many studies have investigated multiple different p-blockers in the treatment of HFpEF, all
of which have produced insignificant decreases in morbidity and mortality. For example, in
the SENIORS clinical study, there was no effect of nebivolol to decrease the rate of all-cause
mortality or cardiovascular hospitalization in patients older than 70 [64]. Additionally, the
ELANDD study demonstrated the ineffectiveness of increasing even the exercise capacity of
HFpEF patients on nebivolol compared to placebo, and actually was shown to increase the
6-minute walk test by a smaller margin that the placebo group [65]. The OPTIMIZE-HF
study compared patients put on any p-blocker to placebo on mortality over a year. It was
found that in patients with preserved EF there was no significant difference in mortality or
re-hospitalizations between the treatment and placebo groups [66]. A smaller study named J-
DHF looked at the effectiveness of carvedilol in decreasing mortality and hospitalizations in
Japanese patients. Again, it was found that there was no decrease in these primary endpoints
in the carvedilol group compared to the placebo group [67]. It is clear from these various
studies that B-blockers, which have proven to be extremely valuable in other heart
conditions, do not have the same benefit in HFpEF, necessitating other treatment options.

5.2 Mineralocorticoid receptor inhibitor

Due to the beneficial effects of spironolactone in HFrEF, it was originally thought there may
be an equally beneficial response in patients with HFpEF. Unfortunately, this has not been
proven to be true. The TOPCAT study demonstrated that, while spironolactone may
significantly improve exercise tolerance in a subset of patients with a poor diastolic response
to exercise [68], there is no decrease in cardiovascular death or hospitalization over placebo
[69]. The TOPCAT study had unfortunate flaws that may have affected the results. A
significant issue was the difference in baseline characteristics between the placebo groups
and the treatment groups. There were regional differences in event rates, standards for
hospitalization, and medical practices. Another significant problem this study faced was the
number of participants that discontinued the medication in the trial, totaling around 1/3 of
total participants. Finally, there were multiple analyses performed on the final data,
increasing the risk that the final statistical findings were due to chance. Additional studies
have further shown the futility of spironolactone in improving exercise capacity and quality
of life [70] or other measures such as arterial mass, left ventricular stiffness, and remodeling
in older patients [71].
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5.3 Angiotensin converting enzyme inhibitors

Angiotensin converting enzyme inhibitors (ACE-I) and angiotensin Il receptor blockers
(ARBSs) have also been considered in the treatment of HFpEF. In the I-Preserve study,
Ibersartan was studied in relation to mortality and quality of life measures and showed no
significant improvement in these two areas [72]. Similarly, while the CHARM-Preserved
study looking at the effects of Candesartan on HFpEF patients did significantly decrease
hospitalizations, there was no significant decrease in cardiovascular mortality [73]. In the
PEP-CHF study aimed to determine the efficacy of perindopril in treating HFpEF in elderly
patients, there was no significant decrease in mortality or hospitalizations [74].

5.4 Cardiac sodium funny channel inhibitors

Cardiac sodium funny channels are another potential target to treat HFpEF. There are
conflicting results regarding the use of ivabradine in these patients. One randomized trial
looked at the effect of ivabradine on filling pressures, exercise capacity, NT-proBNP levels,
and found no significant change over placebo [75]. In contrast, an earlier randomized trial
found that the use of ivabradine improved exercise tolerance over placebo, indicating its
usefulness in symptomatic treatment on exertion [76].

5.5 Altering concentrations of nitric oxide

More recently, the phosphodiesterase-5 inhibitor sildenafil was studied in its ability to treat
HFpEF. The RELAX trial demonstrated again that sildenafil was not useful in treating this
condition, failing to improve clinical status or exercise capacity in these patients [77].
Another study looked at sildenafil and its relation to cardiac structure, response to exercise,
quality of life, and laboratory values in HFpEF, finding again that sildenafil did not improve
any of these measures [78]. The direct NO donor isosorbide mononitrate was investigated as
well, but showed a significant decrease in activity levels in the isosorbide mononitrate group
compared to placebo with no significant changes in proBNP, 6 minute walk, or quality of
life between the groups [79].

An alternative method of increasing NO availability was studied using the drug vericuguat.
The mechanism of action of vericuguat involves direct activation of guanylyl cyclase,
differing from the ineffective drugs that focus on inhibiting PDE-5. Despite not
demonstrating a significant difference in the primary endpoints of left atrial volume and
proBNP, the drug did demonstrate significant differences in the KCCQ scale over placebo
[80]. This suggests the possibility of using vericuguat in symptomatic control to improve
quality of life for patients with HFpEF. There are several issues with this study, including a
short duration of treatment of 8-10 weeks at the full doses 5 mg and 10 mg, respectively,
and a four-week recruitment window allowing for natural patient recovery from the initial
exacerbation [80].

5.6 Angiotensin receptor neprilysin inhibitors

An additional therapeutic avenue that shows promise in treating HFpEF lies in the
angiotensin receptor neprilysin inhibitor (ARNI) class with the drug known as LCZ696. The
original trial in 2012 determined that this drug significantly decreases NT-proBNP levels
when compared to valsartan alone [81]. As decreased NT-proBNP levels are correlated with
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improved clinical outcomes in regard to HFpEF, LCZ696 shows potential to be a good
therapeutic drug, however upon review of the literature there have been scant studies directly
measuring clinical outcomes with LCZ696 treatment. Due to the efficacy of this drug in
reducing NT-proBNP, it would be interesting to investigate this relationship directly.

5.7 Statins

A recent study has shown potential benefits in using statins to decrease all-cause and
cardiovascular mortality, especially in patients with no history of ischemic heart disease
[82]. Although there were problems with the study — two big concerns being it was a post
hoc analysis using TOPCAT study data and the statin doses were unknown — there were
promising results showing decreased all-cause and cardiovascular-related deaths in HFpEF
patients [82]. A separate meta-analysis again demonstrated mortality benefits, although no
cause-specific mortality benefit could be determined [83]. A third study looking at the
Swedish Heart Failure Registry found that the use of statins in patients with HFpEF and an
EF of >=50% had improved mortality associated with a hazard ratio of 0.80 [84]. Future
studies should perform randomized control trials using different doses of statins to determine
if these drugs truly are beneficial to this patient population and, if they are, what benefit they
truly provide.

The drugs studied up until this point have largely proved to be futile in decreasing morbidity
and mortality in patients with HFpEF. However, a recent double-blinded crossover phase 1
trial involving anakinra demonstrated that a 14-day treatment with this drug significantly
improved the peak VO2 max and decreased CRP compared to placebo [85].

5.8 Exercise therapy

An additional effective treatment for HFpEF may be exercise therapy (ET). Edelmann et al.
[86] demonstrated that patients who underwent ET showed significant improvement in
multiple parameters over standard care, including peak V05, left atrial volume index, and the
E/e’ ratio. These findings suggested a decrease in filling pressures and improvement in
diastolic function, having the potential to reverse cardiac remodeling. While the exact
mechanism for diastolic improvement with ET is not clear, previous studies have proposed
that a combination of improved oxidative capacity, vascular function, and even a decrease in
system inflammation with ET may contribute to improvement of diastolic function [87,88].
The finding of decreased systemic inflammation is particularly interesting in light of the
potential inflammatory mechanism of HFpEF. The benefit of ET in HFpEF was further
supported by a meta-analysis done in 2014 which demonstrated improved peak oxygen
uptake and quality of life measures, though this study failed to show improved systolic or
diastolic function over control groups [89]. Unfortunately, this study had a small sample size
despite being a meta-analysis, and the findings require further clarification with a more
encompassing sample group. Overall, these findings especially from Edelmann et al. [86]
are extremely promising, suggesting potential reversal of disease process, not shown with
any current medication. Longer-term studies will need to be performed to determine if ET
conveys a mortality reduction, but even the improvement of quality of life is a step up from
other available therapies.
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Intra-atrial shunt placement

An interesting alternative therapy to medical management for HFpEF is an intra-atrial shunt
placement. The REDUCE LAP-HF randomized control trial placed these shunts in 64
eligible patients. The results of this trial were promising though modest — decreased left
atrial pressure, improved quality of life, and improved functional capacity [90,91]. This is
certainly a potential future treatment option for HFpEF, although with it this treatment
option carries other significant considerations such as the risks of surgery, the need for
anticoagulation after the procedure, and whether there truly is a mortality benefit. Future
studies should determine whether the benefits to the patient are worth the risks of this type
of surgery.

It is clear from the multitude of unsuccessful trials to treat HFpEF, there is much we do not
know about this condition. The initial promising results of treatment with anakinra suggest
that the underlying etiology may in fact be inflammatory in nature, and thus the treatment
for HFpEF may lie in targeting this inflammation. More research will be necessary to
investigate the precise underlying mechanisms to determine a target for better therapeutic
potential.

6. Expert commentary

Significant progress has been made toward the understanding of HFpEF, but many questions
and challenges remain, particularly in early diagnosis and treatment. As discussed above,
patients with HFpEF are often asymptomatic late into the disease process, making early
diagnosis difficult. Additionally, indicators of HFpEF and DD such as decreased ventricular
relaxation and wall compliance are difficult to measure without invasive testing. A huge
effort has been made to investigate different imaging modalities for DD; however, in clinical
practice, it is uncommon to evaluate DD beyond 2D echocardiography. While
echocardiography is the recommended initial imaging tool, it has significant weaknesses and
often cannot significantly distinguish preclinical DD (grade 1) from normal diastolic
function. Other modalities, including TDE, STE, and CMR, have shown to provide valuable
information regarding diastolic function, but still have not provided a gold standard for
detecting preclinical DD. Further investigation is needed before these alternative modalities
are practical for clinical evaluation of DD.

Various biomarkers have been used as diagnostic and prognostic indicators for HFpEF and
HFrEF; however, the mechanisms underlying DD and HFpEF involve a complex
combination of nonspecific factors including inflammation, fibrosis, and ventricular
remodeling. Therefore, discovering a biomarker specific for HFpEF has been difficult.
Although no biomarker has proven to independently diagnose preclinical HFpEF, use of a
panel of biomarkers may be helpful to distinguish HFpEF from HFrEF, as well as provide
valuable insight into disease severity and prognosis. Further research into novel biomarkers
and standardized algorithms using a set of biomarkers is needed to improve their clinical
utility.

The current treatment options for HFpEF are very limited and unsuccessful. To improve
treatment, it is first necessary to elucidate the exact mechanism(s) involved in the
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development of this syndrome. The systemic inflammatory mechanism proposed by Paul
and Tschodpe seems promising based on the current knowledge; however there still appear to
be gaps in this theory. For example, if the released ROS molecules truly do cause a decrease
in the activity of PKG by depleting NO, why is it that the treatment with the PDES5 inhibitor
sildenafil showed no positive effect on morbidity or mortality? Future studies will need to
determine if decreased PKG activity truly does play an active role in the pathogenesis of
HFpEF as current studies suggest. If PKG is actively involved, it is necessary to determine
why treatment with sildenafil does not produce a beneficial response. Is there a role of
another endogenous molecule other than PDE5 that could regulate PKG?

While most of the current treatment options offer little benefit, statins and early studies
using anakinra has shown improvement in specific outcomes regarding HFpEF. It will be
necessary to follow the progress of the latest phase 2 clinical trials of anakinra to determine
if there truly is a benefit for HFpEF patients. If the theory of systemic inflammation does
explain the development of HFpEF, the next area of treatment studies should focus on
decreasing this systemic inflammation. Potential drugs may include other inflammatory
cytokine inhibitors such as TNF inhibitors, in addition to anakinra and other
immunomodulatory therapies.

Five-year view

As the understanding of the underlying mechanism and development of HFpEF continues to
improve, strategies for diagnosis and treatment can become more targeted. Biomarkers for
inflammation, fibrosis, and remodeling have already shown promise as prognostic factors,
but development of more sophisticated combined biomarker indices may allow for earlier
detection and intervention for DD and HFpEF. While many imaging modalities exist for
evaluating DD, improvement in imaging technology as well as further development of
standardized approaches should allow for more precise evaluation of diastolic function.
Finally, the theory of systemic inflammation as a possible mechanism of HFpEF should
drive future research into targeted treatment options including anti-inflammatory
medications such as immunomodulatory drugs, and drugs targeting other systemic
inflammatory processes. Ideally targeted therapy may provide significantly greater efficacy
for decreased morbidity and mortality as well as relief of symptoms in HFpEF patients.
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Key issues

HFpEF is a common cause of morbidity and mortality, especially in the
elderly population.

The mechanism of HFpEF is poorly understood, with recent investigations
pointing towards systemic inflammation as the primary cause.

No diagnostic tools exist to definitively detect preclinical HFpEF, resulting in
most cases being discovered late in the disease process.

Assessment of diastolic function can provide valuable insight into the
development and progression of HFpEF, allowing for earlier detection and
intervention.

Echocardiography has become the preferred imaging modality for evaluating
DD, with invasive hemodynamics, STE, and CMR playing supplementary
roles.

Biomarker panels correlated to DD parameters such as filling pressures,
myocardial fibrosis, and ventricular remodeling have been used to predict
hospitalizations and mortality, as well as to distinguish HFpEF from HFrEF.

Historically, methods that have successfully treated HFrEF have not proven
beneficial in HFpEF. Interestingly, recent studies have shown a potential
benefit of statins, but future investigation is needed to evaluate treatment
options.
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Figure 1:
Following systemic inflammation due to obesity, hypertension, diabetes or COPD in a

patient, ROS molecules build up and deplete NO, causing decreased active PKG proteins.
Decreased levels of PKG cause concentric hypertrophy and decreased titin phosphorylation
leading to HFpEF. COPD, chronic obstructive pulmonary disease; ROS, reactive oxygen
species; NO, nitric oxide; PKG, protein kinase G; HFpEF, heart failure with preserved
ejection fraction.
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Figure 2:
The release of biomarkers of interest and their potential role in the development of diastolic

dysfunction and heart failure with preserved ejection fraction. Tnt, high-sensitivity troponin
T; BNP, brain natriuretic peptide; NT-proBNP, N-terminal pro-brain natriuretic peptide; ST2,
suppression of tumorgenicity 2; CT-1, cardiotrophin-1; GDF-15, growth differentiation
factor-15; IL-6, interleukin 6.
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Table 1:

Common echocardiographic parameters used in the assessment of diastolic function.

Parameter | Definition Application to DD
E Mitral flow velocity during early diastole Representative of the pressure gradient between atrium and ventricle. Related to
ventricular relaxation and left atrial pressure.
A Mitral flow velocity during late diastole Representative of the pressure gradient between atrium and ventricle. Related to
ventricular wall compliance and atrial contractility.
E/A ratio Ratio between mitral flow velocities Representative of filling patterns, with low ratios suggestive of restricted filling
during early and late diastole and high ratios suggestive of poor relaxation.
e’ Mitral annular velocity during early Primarily representative of ventricular relaxation. Found to be related to tau, the
diastole time constant of ventricular pressure decay.
E/e’ ratio Ratio between mitral flow and mitral Representative of ventricular filling pressures during diastole by correcting for
annular velocities during early diastole ventricular relaxation.
TR velocity | Peak velocity of tricuspid regurgitation Representative of left atrial pressures, in absence of pulmonary hypertension.
during systole
LAVI Maximum left atrial volume Representative of structural changes in the atrium due to increased pressures.

The above information is collected and tabulated from the publication of Nagueh et al. [30]; DD, diastolic dysfunction; TR, tricuspid regurgitation;
LAVI, left atrial maximal volume index.
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Table 2:

Non-natriuretic peptide biomarkers of interest in heart failure with preserved ejection fraction and diastolic
dysfunction.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Biomarker

Description

Application to DD and HFpEF

References

Suppression of
Tumorgenicity 2 (ST2)

Member of the
interleukin 1 receptor
family

Implicated in mechanical stress, cardiac
hypertrophy, fibrosis, and ventricular dysfunction.
No significant ability to distinguish HFpEF from
HFrEF. Associated with worse prognosis.

Sinning et al. [52], Meluzin and
Tomandl [53], Parikh et al. [54],
Santhanakrishnan et al. [57]

Galectin-3

B-galactoside-binding
member of the lectin
family

Implicated in fibrosis processes including
myofibroblast proliferation, fibrogenesis, tissue
repair, inflammation and ventricular remodeling.
Associated with worse prognosis (mortality and
hospitalizations). Possible predictive value in
distinguishing HFpEF from HFrEF in patients
that present with acute heart failure.

Meluzin and Tomandl [53], de
Boer et al. [55], Carrasco-
Sanchez et al. [56]

High-sensitivity troponin T

(TnT)

Cardiac myocyte
structural protein
involved in sarcomere
contraction

Related to cardiac myocyte injury and necrosis.
Possible predictive value in distinguishing HFpEF
from HFrEF and control groups (HFrEF have
significantly higher values).

Meluzin and Tomandl [53],
Santhanakrishnan et al. [57]

Cardiotrophin-1 (CT-1)

Interleukin 6 related
pro-inflammatory
cytokine

Implicated in fibrosis, inflammation, ventricular
remodeling and ventricular stretch. Associated
with worse prognosis (mortality and
hospitalizations). No significant ability to
distinguish HFpEF from HFrEF.

Meluzin and Tomandl [53],
Lopez et al. [58], Celik et al.
[59]

Growth differentiation
factor-15 (GDF-15)

Member of the
transforming growth
factor-p family

Implicated in fibrosis and hypertrophy.
Associated with worse prognosis (mortality and
hospitalizations). No significant ability to
distinguish HFpEF from HFrEF.

Sinning et al. [52],
Santhanakrishnan et al. [57],
Chan et al. [60]

Syndecan-1

Member of the
proteoglycan family

Implicated in fibrosis and ventricular remodeling.
Associated with worse prognosis (mortality). No
significant ability to distinguish HFpEF from
HFrEF.

Tromp et al. [61]
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