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Abstract

Heart failure with preserved ejection fraction (HFpEF) currently represents approximately 50% of 

heart failure (HF) cases in the USA and is increasingly recognized as a leading cause of morbidity 

and mortality. Recent data suggest that the prevalence of HFpEF relative to HF with reduced 

ejection fraction (HFrEF) is increasing at a rate of 1% per year. With an aging population and 

increasing risk factors such as hypertension, obesity, and diabetes mellitus, HFpEF will soon be 

the most prevalent HF phenotype. Two-dimensional speckle-tracking echocardiography (STE) has 

been used to diagnose HFpEF specifically by focusing on the longitudinal systolic function of the 

left ventricle (LV). Yet there are many patients with HFpEF in whom there are no differences in 

LV global longitudinal systolic strain, but there are changes in left atrial function and structure. 

There are several proposed pathophysiological mechanisms for HFpEF such as endothelial 

dysfunction, interactions among proteins, signaling pathways, and myocardial bioenergetics. Yet 

only one specific therapy, mineralocorticoid receptor antagonist, spironolactone, is recommended 

as a treatment for patients with HFpEF. However, spironolactone does not address many of the 

pathophysiologic changes that occur in HFpEF, thus new novel therapeutic agents are needed. 

With the limited available therapies, clinicians should use STE to assess for the presence of this 

syndrome in their patients to provide effective diagnosis and management.
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Introduction

With the aging population, the number of patients with heart failure is rising along with 

significant morbidity and mortality [1]. Heart failure (HF) is the most common diagnosis in 

patients 65 years or older in high-income nations [2]. It is expected that by the year 2030 

there will be a 46% increase in the occurrence of HF with approximately 960,000 new cases 

each year. HF is often defined as a complex clinical syndrome related to functional or 

structural impairment of ventricular filling or ejection of blood [3, 4]. In 2017 the American 

College of Cardiology and the American Heart Association (ACC/AHA) established 

committees that continuously review, update, and modify guidelines for heart failure [5]. 

There are two major categories of heart failure that are based on systolic and diastolic 

dysfunction. If the left ventricular ejection fraction (LVEF) is below 40%, the patient 

typically has a dilated heart with systolic dysfunction and is diagnosed with HF with 

reduced ejection fraction (HFrEF). However, if the patient presents with a LVEF that is 

equal to or greater than 50%, there is irregularity in the filling properties, and the patient is 

diagnosed with HF with preserved ejection fraction (HFpEF) [6, 7]. The definition of HF has 

now expanded to include HFpEF as borderline (EF 40–49%) and HFpEF improved (EF > 

50%). Approximately 50% of patients with this clinical syndrome have HFpEF because of 

the additional risk factors of aging, hypertension, obesity, and coronary artery disease [7, 8]. 

Thus, accurate and precise diagnostic assessment of the myocardium using 

echocardiography is essential.

Two-dimensional (2D) echocardiography is used for patients with HF to visually assess left 

ventricular (LV) function and deformation. Often the echocardiographic interpretations are 

subjective and result in semi-quantitative data. A more sophisticated software package called 

speckle-tracking echocardiography (STE) provides superior quantification of both regional 

and global LV systolic and diastolic function [9]. With new imaging and software capability, 

clinicians and researchers can better evaluate the left atrium (LA), which is a crucial 

measurement in HF [10]. The development in recent years of using STE to examine 

myocardial deformation and imaging the LA and LV has allowed more precise evaluation of 

the myocardium in patients with HFpEF. Early detection of diastolic dysfunction by STE 

would improve clinicians’ understanding and management of the signs and symptoms of 

HFpEF. In this review, we summarize the pathophysiology and clinical evaluation of HFpEF 

and the importance of the use of STE in these patients.

Pathophysiology of HFrEF and HFpEF

Many factors have been identified related to the mechanisms associated with HFpEF; 

however, there is no consensus on the exact pathophysiology. HFpEF is related to 

inflammation and endothelial dysfunction, abnormal ventricular-arterial coupling, 

chronotropic deficiencies, diastolic dysfunction, pulmonary hypertension, impaired systolic 
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function, and particularly altered myocardial bioenergetics [11]. One mechanism of HFpEF 

that relates to endothelial dysfunction results in cardiomyocyte dysfunction, LV remodeling, 

and diastolic dysfunction. When microvascular inflammation and endothelial activation 

occur, there is a reduction in nitric oxide, adenosine triphosphate (ATP), and cyclic 

guanosine monophosphate (cGMP). This results in changes in titin with microvascular 

ischemia, LV remodeling, and fibrosis (Fig. 1).

Myocardial remodeling occurs in both HFrEF and HFpEF; however, in HFpEF there is no 

effective therapeutic strategy to review the remodeling. There are studies suggesting 

interactions among proteins, signaling pathways, and cardiac bioenergetics. When there is an 

increase in myocardial adenosine diphosphate (ADP) in the presence of diastolic Ca2+, there 

is diastolic dysfunction from actin-myosin interactions. In other words, an increase in 

myocardial Ca2+ sensitivity and stiffness reduces diastolic sarcomere length [12–14]. These 

elevated Ca2+ levels in HFpEF are not due to impaired regulatory proteins, Na+ gradient, or 

ion transporters [15].

The myocardium requires a tremendous amount of ATP and the heart has only enough 

stored ATP for three contractions. Thus, myocardial ATP supply and demand is crucial to 

maintain proper function. There is active relaxation within cardiac myocytes that requires 

the actin and myosin cross-bridges to disconnect with lower ADP cytosolic calcium 

concentrations and increased ATP concentration. Most of the ATP in the myocardium is 

derived from fatty acids coupled to mitochondrial oxidative phosphorylation [16]. 

Deficiencies in the cardiac energetics have been found in patients with HFpEF [17]. Several 

investigators postulate that HFpEF is related to inefficient or decreased ATP conversion, 

transfer, or concentration [18]. In HFpEF, there is a decrease in myocardial energy reserve 

associated with a decline in mitochondrial function [12, 19]. Recent studies suggest that in 

HFpEF, production of myocardial reactive oxygen species (ROS), damages mitochondria, 

which leads to deterioration of ATP production [20–22]. Thus, using targeted mitochondrial 

antioxidants may improve mitochondrial respiration and ATP production and reduce the 

symptoms of HFpEF [23–26].

Signs and Symptoms of HFpEF

According to population-based studies and registries, HFpEF patients are predominantly 

female and elderly, with high rates of comorbidities such as obesity, hypertension, chronic 

kidney disease, coronary artery disease (CAD), anemia, hyperlipidemia, diabetes mellitus, 

and atrial fibrillation (Table 1) [27–31]. Patients with HFpEF are as functionally limited as 

their counterparts with HFrEF, require frequent hospitalizations, and have generally poor 

quality of life [27, 30, 32, 33]. Survival of patients with HFpEF is poor and similar to that of 

patients with HFrEF; observational studies show a concerning 5-year survival of only 35 to 

40% post-hospitalization for HF [27, 34].

Patients with HFpEF present with signs and symptoms that are often indistinguishable from 

those with HFrEF. As with any patient who has a clinical picture consistent with HF, other 

entities should be considered such as pulmonary embolus, pneumonia, chronic obstructive 

pulmonary disease, and pneumothorax. Signs and symptoms of HFpEF are listed in Table 2.
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Diagnosis of HFpEF with Echocardiography

The diagnosis of HFpEF is challenging and often based on exclusion of HFrEF in subjects 

who clinically seem to have HF. Diagnostic testing in most patients relies on 

echocardiographic analysis (Table 3), although in some cases invasive hemodynamic testing 

is needed to confirm the diagnosis [35–38]. Exercise may demonstrate evidence of diastolic 

function that is not apparent at rest [36]. Realistically, invasive testing is not practical for 

most patients and will not be discussed in this review [39]. Patients with suspected HF 

should be referred for 2D transthoracic echocardiography to confirm the diagnosis and 

identify preserved or reduced ejection fraction. This includes those patients with elevated 

brain natriuretic peptide (BNP) levels or physical examination findings suggestive of HF.

LV diastolic function is determined by LV relaxation and compliance properties, which can 

be assessed non-invasively via Doppler techniques in the echocardiography laboratory [36, 

37]. Traditional Doppler-derived assessments of diastolic function are obtained from 

transmitral and pulmonary venous recordings, but they are dependent upon loading 

conditions. Other parameters such as tissue Doppler echocardiography (TDE) have been 

developed that exhibit relatively linear properties and are independent of loading conditions. 

These modalities can be used to complement traditional Doppler methods for the assessment 

of diastolic function in subjects undergoing echocardiographic examination [38, 40–43].

The most important echocardiographic measurement for determining of diastolic 

dysfunction is the E/e’ ratio: E represents the peak velocity of transmitral flow in early 

diastole, as assessed by pulsed wave Doppler; and e’ represents either the early diastolic 

septal or lateral lengthening peak velocity of the mitral annulus, measured with tissue 

Doppler. While e’ is a reflection of the amount of blood entering the ventricle and mainly 

related to ventricular relaxation/LV filling pressures, E is felt to be an estimate of the 

maximum pressure differences between the LA and LV and therefore is primarily dependent 

on both ventricular relaxation and LA pressures [42].

E/e’ ratio is thought to reflect LA pressures and thus LV end-diastolic pressure. E/e’ is 

generally assumed to be less sensitive to preload than other echocardiographic indices of 

diastolic dysfunction and therefore yields more accurate estimations of filling pressures. 

Studies suggest that although E/e’ is a hallmark of diastolic dysfunction, it is not sensitive 

enough to detect HFpEF in outpatients with unexplained dyspnea in an early stage of the 

disease when impairments in diastole are less prominent. The absence of an elevated E/e’ 

therefore does not rule out the presence of diastolic dysfunction [44, 45].

Although assessment of diastolic function by echocardiography has been a key element of 

the diagnostic evaluation of HFpEF [36], it is recognized that these techniques have many 

limitations [39, 46]. Subjects may meet criteria for diastolic dysfunction but not have the 

clinical syndrome of HFpEF. Other patients may have clinical heart failure in the setting of 

preserved EF but do not meet criteria for the diagnosis of diastolic dysfunction. The 

algorithm for diastolic function assessment is largely empirical and based on expert opinion, 

and it may not apply to all patient subsets such as the elderly and patients with valve disease, 
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arrhythmias, or other cardiac disease states. Additional modalities for evaluation of HFpEF 

are much needed and will be discussed later in this review.

Role of Brain Natriuretic Peptic in the Diagnosis and Management of HFpEF

BNP, also known as B-type natriuretic peptide, is a hormone secreted by cardiomyocytes in 

the heart ventricles in response to stretching caused by increased ventricular blood volume 

[47–50]. BNP or its precursor N-terminal pro b-type natriuretic peptide (NT-proBNP) may 

be elevated in the setting of either HFrEF or HFpEF, although these markers tend to be 

higher in HFrEF than HFpEF [51]. There is no identifiable BNP threshold that effectively 

distinguishes HFpEF from HFrEF [52]. BNP measurements are often not useful for obese 

patients with HFpEF because their BNP levels are usually very low [53]. Both markers are 

elevated with acute deterioration of HFpEF, but these assays are not specific for diagnosis.

Based on the latest information from the 2017 ACC/AHA/HFSA Focused Update of the 

2013 ACCF/AHA Guideline for the Management of Heart Failure [5], measurement of 

natriuretic peptide biomarkers is useful to support a diagnosis or exclusion of HF in patients 

presenting with dyspnea. In addition, per these guidelines, measurement of BNP or NT-

proBNP is useful for establishing prognosis or disease severity in chronic HF and 

measurement of baseline levels of natriuretic peptide biomarkers and/or cardiac troponin on 

admission to the hospital is useful to establish a prognosis in acutely decompensated HF. 

During a hospitalization for HF, a pre-discharge natriuretic peptide level can be useful to 

establish a post-discharge prognosis [5].

Suggested values for diagnosis of acute HF are BNP >100 pg/mL or NT-proBNP >300 

pg/mL [54, 55]. Of note, these values are independent predictors of adverse cardiovascular 

events in patients with HFpEF. For a given BNP level, the prognosis in patients with HFpEF 

is similar to that in patients with HFrEF, although criteria vary based on assay and 

consideration of sensitivity versus specificity. Age, gender, weight, and comorbidities can 

impact levels of these factors [53, 56].

Speckle Tracking Echocardiography (STE)

HFpEF is a malady of fatigue and exertional dyspnea in which STE plays a key role in both 

the evaluation and management of the syndrome [57]. The introduction of speckle tracking 

to echocardiography was initially reported in 2004 by Reisner et al., using global 

longitudinal strain [58]. Conventional electrocardiography continues to be useful in imaging 

cardiac and other structures; however, STE has become increasingly useful for the critical 

evaluation of myocardial function. Table 3 lists common measurements used in standard 

echocardiography and STE [59]. Usual measurements such as ejection fraction and E/A ratio 

are universal measures but are limited. Now with STE, clinicians can obtain more specific 

data related to strain of both the atria and ventricles. The applications of STE have expanded 

to include a multitude of disease processes with or without myocardial involvement such as 

amyloidosis [60], inflammatory diseases, rheumatoid arthritis, and neoplasia [61]. The focus 

of this review is the use of STE for individuals who have HFpEF.
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Understanding HFpEF requires an understanding of the anatomy of the myocardium that 

contributes uniquely to the heart’s ability to contract. There are myocardial spiral muscle 

layers, attached in angles from perpendicular to horizontal. The three inner layers spiral in 

an opposing direction to the outer three layers, with fourth connecting layer. Figure 2 is an 

illustration of ventricular torsion in relation to ventricular fiber arrangement. There is 

opposing rotation in the base and apex both in systole and diastole, comparable to the 

twisting and untwisting of a towel [62].

STE generates backscatter myocardial images produced by an ultrasound beam that is 

tracked frame by frame, statistically matching the best analogous area. The images are 

obtained by a trained echocardiogram specialist who understands the need to acquire clear 

recordings of all the myocardial chambers. STE complements the conventional 

echocardiogram by using software that enables measure of rotation, twist, and torsion by 

degrees and torsional gradient. A typical cluster of STE measurements could include the 

reservoir, conduit, and booster pump, LA stiffness index, and both left and right atrial strain 

and LV longitudinal strain. A growing number of echocardiographic instruments have STE 

software for clinicians’ use [63].

Most STE hardware and software are 2D, which has length and height as its dimensions. 

More recently, three-dimensional STE is being performed that not only includes length, and 

height but also width (depth). One significant advantage of 3D STE is that automated images 

are available that have higher resolution and greater prognostic power for cardiac death, 

nonfatal myocardial infarction, stroke, and admission for heart failure [64, 65].

Role of Left Atrial Strain in Evaluating HFpEF with Speckle Tracking

Atrial strain is the study of the function of the LA, which cardiologists believe is imperative 

when evaluating patients with HFpEF. With STE, understanding myocardial displacement 

and deformation is important. Cardiac fiber displacement from a given position is 

distinguishable from myocardial deformation because displacement reflects a change in the 

myocardial fiber dimensions over the cardiac cycle. This is calculated as the change in the 

initial length (L0) from the final length (L), divided by initial length, strain (ε) =
L0 − L

L0
Strain is positive if L increases, and negative if L decreases. While calculation of strain in 

one dimension is mathematically simple, measuring strain in two or three dimensions is 

substantially more complex [66]. The LA regulates LV filling by affecting reservoir, conduit, 

and booster pump function [67]. LA strain is load dependent, affected by LV function, and 

may be used to assess LV diastolic function and filling pressure. LA function improves as 

LA volume decreases, and atrial dysrhythmias increase as LA strain increases [68]. The LA 

strain has been shown to be a more accurate measure of adverse events than either LV or RV 

longitudinal strain. Measurements obtained using conventional echocardiography and STE 

have similar results. The LA functional parameters from conventional echocardiography are 

useful for the measurement of myocardial function. However, STE uses the atrial 

longitudinal strain that has the greatest predictive accuracy, sensitivity (73%), and specificity 

(70%) [69]. STE evaluation of LA strain and strain rate are superior to conventional 
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parameters of atrial function. LA strain also serves as a biomarker of the presence and 

outcomes of cardiovascular disease [70].

A decrease in LA strain is associated with HFpEF. If the LA volume index is >34 mL/m2, 

there is greater incidence of adverse events, including mortality, HF, atrial fibrillation, and 

ischemic stroke. It appears that LA strain may be associated with LA fibrosis and may be 

useful in evaluating therapeutic agents [71]. Decreased LA reservoir strain has also been 

shown to correlate with increased cardiovascular hospitalization or death [72]. The use of 

LV strain patterns including LVEF, strain curves, and bull’s-eye plots can be utilized to 

diagnose the underlying cause of HFpEF and evaluate subsequent response to therapy such 

as ubiquinol and D-ribose [73].

When using STE, the reservoir, conduit, and booster pump functions must be accurately 

measured to insure proper diagnoses and treatment. LA dimensions must be measured at 

ventricular end-systole, without foreshortening. The normal reference ranges for STE are: 

reservoir (39%), conduit (23%), and contractile (booster) (17%) [74]. If patients with 

HFpEF have paroxysmal atrial fibrillation and primary arterial hypertension, they may have 

decreased reservoir, conduit, and booster pump LA functions. This may lead to HF and can 

therefore be an early marker of HFpEF that is not found in standard echocardiographic 

measures. Conduit and reservoir functions decline prior to diagnosis of LV diastolic 

dysfunction [75]. Impaired LA reservoir and pump function have been reported in HFpEF 

patients who have atrial stiffness and shortness of breath during exercise [76]. Other studies 

have compared STE on patients with HFpEF at rest and during exercise to evaluate 

prognostic parameters associated with increased risk of hospitalizations. In addition, 

exercise stress STE may provide an improved assessment of patients with HFpEF and direct 

treatment options to reduce symptom burden [77–79].

In summary, STE has been demonstrated to provide incremental data beyond traditional 

echocardiographic parameters and can be used to monitor and guide the clinical course for 

patients with HFpEF [80]. Global longitudinal strain is a useful and robust marker of 

systolic function. Measuring LA strain is extremely useful as a technique to support the 

evaluation in the underlying diagnosis, disease management, and prognosis of HFpEF. 

Studies have shown that deformation of strain and strain-rate imaging have been previously 

validated but have not yet been integrated into clinical cardiology practices [81]. However, 

accuracy of the findings from STE depends on obtaining high quality images from trained 

echocardiographic technicians [82].

Conclusion

STE is an imaging modality that should be used to assess patients with HFpEF to provide 

clinicians with essential data about the patient’s myocardial mechanics, deformation, and 

strain parameters. This more quantitative, objective measure of cardiac function would be 

useful as an early indicator and progression of HF. STE is a diagnostic tool that may be 

useful to assess cardiac abnormalities when made in the early stages of the disease process. 

Additionally, STE may be helpful to monitor the impact of treatments for patients with 

HFpEF and guide future prospective studies.
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Highlights:

• Heart failure with preserved ejection fraction (HFpEF) is a major health 

condition

• There are various theories on the pathophysiology of HFpEF

• HFpEF can be diagnosed by the evaluation of brain natriuretic peptide levels 

and echocardiography

• Speckle-tracking echocardiography is able to assess myocardial 

measurements
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Figure 1. 
In heart failure with preserved ejection fraction there is microvascular inflammation that 

activates the endothelial to begin a cascade of adverse effects that leads to left ventricular 

dysfunction.

ATP, adenosine triphosphate; cGMP, cyclic guanosine monophosphate; LV, left ventricular.
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Figure 2. 
An illustration of how the left ventricle rotates during systole and diastole.
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Table 1

Clinical characteristics and predisposing factors for heart failure with preserved ejection fraction

 

Older Age Atrial Fibrillation

Female Cardiac Valve Disease

History of Hypertension Infiltrative Processes
  Amyloidosis
  Hemochromatosis
  Sarcoidosis

Obesity

Chronic Kidney Disease

Coronary Artery Disease

Anemia Hypertrophic Cardiomyopathy

Hyperlipidemia Pericardial Disease
  Constrictive Pericarditis

Diabetes
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Table 2

The most common symptoms and signs of heart failure with preserved ejection fraction

 

Shortness of Breath with Exertion or at Rest Paroxysmal Nocturnal Dyspnea

Decreased Exercise Tolerance Jugular Venous Distension

Fatigue Rales

Chest Discomfort Cardiac Gallop Sounds (S3, S4,)

Swelling in the Lower Extremities (Edema) Hepatomegaly

Shortness of Breath Lying Flat (Orthopnea)
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Table 3

Measurements from standard and speckle-tracking echocardiography.

Standard Echocardiogram Speckle Tracking

Ejection Fraction (%) Reservoir

LVEDV   Global strain (%)

LVESV   Global strain rate (%)

LVMI Conduit

LA Volume    Global strain (%)

LAVI    Global strain rate (%)

LA Ejection Fraction (%) Booster Pump

Peak E-wave Velocity    Global strain (%)

Peak A-wave Velocity    Global strain rate

E/A ratio    Contraction strain index

Deceleration Time (DT) Stiffness (mmHg)

Mitral A wave duration LV Global Longitudinal Strain

Pulmonary venous flow assessment
  •  Peak systolic pulmonary venous inflow velocity during ventricular systole (Smax)
  •  Peak diastolic pulmonary venous inflow velocity during early phase of atrial diastole (Dmax)
  •  Systolic/Diastolic ratio (S/D ratio)
  •  Peak reversed systolic A wave during atrial contraction (AV max)
  •  A wave duration (pulmonary A dur)

Septal e’

Lateral e’

Mean E/e’

IVRT

A, late mitral inflow A wave (m/s); E, early mitral inflow E wave (m/s); e’, early diastolic mitral annular tissue velocity; IVRT, isovolumic 
relaxation time; LA, left atrial; LAVI, left atrial volume index; LV, left ventricular; LVEDV, left ventricular end diastolic volume; LVESV, left 
ventricular end systolic volume; LVMI, left ventricular mass index; %, percent; mmHg, millimeters of mercury.
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