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Abstract
Heart failure with preserved ejection fraction (HFpEF) is an increasingly prevalent phenotype affecting over half of today’s heart
failure patients. With no proven therapy and no universally accepted diagnostic guideline, many HFpEF patients continue to be
misdiagnosed or underdiagnosed at the early stages until the disease has progressedmuch further along. It is extremely difficult to
diagnose the HFpEF patient, because they have a normal ejection fraction and present with non-specific symptoms such as
dyspnea or exercise intolerance. To provide greater specificity, the current diagnostic criteria mandate the presence of diastolic
dysfunction, where myocardial relaxation is impaired and ventricular filling pressure is elevated as a result of a hypertrophic and
stiff heart. Unfortunately, diastolic dysfunction reflects late-stage structural and functional changes and offers a very narrow
window, if at all, for successful intervention. In this article, we review the imaging modalities used in the current diagnostic
workflow for assessing HFpEF. We also describe the most up-to-date insight into its pathophysiological basis, which attributes
systemic inflammation driven by comorbidities as the initiator of disease. With this extramyocardial perspective, we provide our
recommendation on new imaging targets that extend beyond the heart to enable early, accurate diagnosis of HFpEF and allow an
opportunity for treating this fatal condition.
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Introduction

Heart failure (HF) is a clinical syndrome characterized by
structural and/or functional abnormalities that impair ventric-
ular filling and/or ejection of blood in accordance with the

metabolic demands of the body [1]. Our understanding of
the pathophysiology of HF continues to evolve, with the cur-
rent definition recognizing two distinct HF phenotypes: “HF
with reduced ejection fraction” (HFrEF) and “HF with pre-
served ejection fraction” (HFpEF). The latter nomenclature
nods to the fact that over the past 30 years, the incidence of
HF patients with a near normal, or preserved, left ventricular
(LV) ejection fraction (LVEF ≥ 50%) has increased to a stag-
gering ≥ 50% of all HF cases [2]. Continuing to rise in prev-
alence at 1% a year, HFpEF is projected to be the dominant
HF phenotype in a decade [3]. The mortality rate is similar to
that of HFrEF, as are signs and symptoms (e.g., dyspnea,
exercise intolerance, congestion) [4]. Nonetheless, HFpEF is
a distinct disease and has a heterogeneous etiology that re-
mains poorly understood [5]. Treatments that have proven
effective in HFrEF fail to provide a survival benefit for
HFpEF patients [6]. Our incomplete understanding of the dis-
ease presents a barrier not only to treatment but also to accu-
rate and early diagnosis. To date, there is still no universal
consensus on a clear diagnostic guideline [7, 8, 5]. In fact, a
third category, HFmEF (mid-range ejection fraction 41–49%),
was introduced in 2017 in heart failure management guide-
lines [9]. The physiological significance of HFmEF and
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whether it should be classified as part of the HFrEF or HFpEF
spectrum remain to be determined. Despite all this, what is
clear is that patients of the HFpEF phenotype are often
misdiagnosed and the severity of disease underestimated [7].

The current diagnosis of HFpEF requires three levels of
evidence: (i) clinical symptoms of HF (e.g., dyspnea on exer-
tion, fatigue, exercise intolerance), (ii) LVEF ≥ 50% with nor-
mal LV dimensions, and (iii) diastolic dysfunction, defined as
impaired myocardial relaxation and passive stiffness (i.e., de-
creased LV compliance) [10]. It should be noted that the third
criterion, diastolic dysfunction, once believed to be the main
driver of HFpEF [11], is actually not unique to HFpEF [12]
and that extramyocardial factors from comorbidities—hyper-
tension, obesity, diabetes, and kidney disease—have since
been uncovered as contributors to the syndrome independent
of diastolic dysfunction [4]. According to a 2016 recommen-
dation from the European Society of Cardiology, the current
diagnostic criteria need to be reappraised to incorporate new
pathophysiological insights in order to diagnose HFpEF pa-
tients correctly [13]. At present, HFpEF is commonly missed
in the early stages, with the majority of patients diagnosed
initially not for HF but for hypertension or type II diabetes
[14]. In this review article, we frame our current understand-
ing of the pathophysiology of HFpEF as a backdrop for ap-
preciating what diagnostics are currently used and why, and
for evaluating what new diagnostics are needed to diagnose
HFpEF patients early and accurately. We focus on non-
invasive imaging diagnostics and recommend new applica-
tions of advanced imaging techniques to improve the diagno-
sis of an increasingly prevalent form of HF.

Comorbidities

To shed light on the pathophysiology of HFpEF, it is worth
noting that HFpEF patients tend to be older (~ 75 years), fe-
male (55–73%), and have multiple comorbidities such as hy-
pertension (~ 75%), obesity/overweight (> 80%), diabetes (~
40%), and renal disease (25–50%) [15–17, 8, 14]. These co-
morbidities are major risk factors for HFpEF [18, 19]. It is
important also to emphasize that they all share a common
link—systemic inflammation—which has been hypothesized
to introduce an extramyocardial origin in the progression of
HFpEF that does not exist in HFrEF [20]. With this hypothe-
sis, inflammation is believed to damage the myocardium by
inducing structural and functional abnormalities, including
hypertrophy, interstitial fibrosis, impaired myocardial relaxa-
tion, and coronary microvascular dysfunction [20, 21]. The
insult from systemic inflammation extends beyond the heart,
which would explain the symptoms, such as exertional dys-
pnea and exercise intolerance, with which many HFpEF pa-
tients present. Figure 1 illustrates these pathophysiological
changes together with HFpEF comorbidities and symptoms.

Despite the known associations with HFpEF, patients with
the aforementioned comorbid conditions are not screened for
heart disease until overt symptoms manifest, which is often
too late in disease progression. Diabetic patients, for example,
have a 10-fold increase in mortality and a 5-year survival of
15.5% by the time they exhibit HF symptoms [22–24].
Obesity is another common comorbidity, and again, patients
are not screened for heart disease until HF symptoms appear.
The association between obesity and HFpEF is not as well
understood, but it is known that in and of itself, obesity can
increase aortic stiffness and myocardial load that leads to the
hypertrophy seen in HFpEF. A recent clinical trial assessed the
outcome of HFpEF patients with abdominal obesity and con-
cluded that the risk of all-cause mortality was significantly
higher for obese patients compared to the non-obese cohort
[25].

Pathophysiology

The current diagnostic guidelines for HFpEF were developed
over a decade ago, when our understanding of the phenotype
lagged far behind what we know today. In fact, as recently as
the turn of the millennium, the term HFpEF did not exist and
the condition was called “diastolic HF” to distinguish it from
“systolic HF,” or what we currently refer to as HFrEF [26].
Today, however, we know that depressed systolic function is
common in HFpEF. Similarly, HFrEF involves not only sys-
tolic dysfunction but, in many patients, diastolic dysfunction
also. Given the significant overlap in diastolic and systolic
dysfunction between the two HF phenotypes, the more accu-
rate terminology of HFpEF versus HFrEF emerged.

At the macroscopic level, HFpEF is distinguished from
HFrEF by virtue of concentric LV remodeling, where there
is an increase in LV wall thickness and in LV mass, leading
to hypertrophy [27]. This is in stark contrast to the eccentric
remodeling and diminished LV wall thickness seen in HFrEF.
The increased wall thickness and mass are supported by ob-
servations at the tissue level, where fat cardiomyocytes with a
higher resting tension have replaced normally long and nar-
row cardiac muscle cells [15]. What ensues is the defining
pathophysiological hallmark of HFpEF: increased LV tissue
stiffness. As a result of a stiff ventricle, LV relaxation becomes
impaired and LV filling pressure is elevated both overall and
at end-diastole [28]. In order to maintain stroke volume and
mechanical efficiency, systolic performance increases, thus
maintaining the LVEF [29]. Mechanically, the manner in
which the LV fills with blood during diastole also changes.
In the healthy heart, as the LVuntwists during early diastole, a
negative pressure is created in the LV, sucking blood from the
left atrium (LA). This accounts for 70–80% of the LV filling,
while the remaining 20–30% occurs under subsequent LA
contraction. With progressive worsening of diastolic dysfunc-
tion, LV filling during early diastole is reduced and pressure
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increases within the LA. The result is an enlarged LA and
entry of blood into the LV by positive rather than negative
pressure.

The structural and functional changes described above take
many years to develop, and when a patient is diagnosed with
HFpEF based on these changes, he/she is no longer in the
early stages of disease progression. Unfortunately, current di-
agnostic guidelines and the associated technologies are fo-
cused on these late-stage cardiac changes, and these guide-
lines have remained fairly static over the years. Meanwhile,
our mechanistic understanding of HFpEF has improved im-
mensely. As discussed in the section “Comorbidities,” the
current HFpEF paradigm supports the role of systemic inflam-
mation driven by comorbidities as a key initiator of disease
[20]. This paradigm begins with inflammation of the endothe-
lium, which reduces the bioavailability of nitric oxide (NO), a
key regulator of vasodilation and smooth muscle relaxation
[20]. The action of NO is mediated through the NO-soluble
guanyl cyclase (sGC)-cyclic guanosine monophosphate
(cGMP) signaling pathway, which is increasingly recognized
as a key regulator of cardiac function, exerting inotropic,
lusitropic, and chronotropic effects [30]. In heart failure, low
NO levels reduce intracellular cGMP and protein kinase G
(PKG) activity, promoting cardiomyocyte hypertrophy and
delaying myocardial relaxation. This direct impact on cardiac
function is further aggravated by NO-mediated effects on the
systemic circulation that alters preload and afterload

conditions [31]. Another consequence of dysfunction in the
systemic circulation is seen in skeletal muscle, where endo-
thelial dysfunction translates to the exercise intolerance fre-
quently seen in HFpEF patients [32, 33]. The coronary micro-
vasculature is also affected by endothelial inflammation,
which has been verified in myocardial biopsy samples, and
explains the chest pain that results from reduced coronary
perfusion and microvascular rarefaction [20]. Beyond these
changes, cardiac inflammation will also initiate fibrosis,
which has been observed in myocardial specimens from
HFpEF patients [34]. In summary, HFpEF is increasingly rec-
ognized as a systemic syndrome rather than an isolated cardiac
disease [35], a consideration that is pivotal for designing fu-
ture diagnostic and therapeutic approaches.

Current diagnostics for HFpEF

The current guidelines recommended by the European Society
of Cardiology focus on patients at more advanced stages and
retain the diagnostic criteria described earlier: clinical symp-
toms of HF, normal LVEF, and diastolic dysfunction assessed
invasively or non-invasively. The first criterion is easily
assessed from patient reports of breathlessness, fatigue, and
exercise intolerance and from signs such as swelling in the
extremities. Many of these symptoms are not specific to
HFpEF, however, and are often misdiagnosed and attributed
to non-cardiac causes, such as chronic lung disease and
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Fig. 1 Common symptoms (orange boxes) and comorbidities (blue
boxes) associated with the HFpEF heart, which is characterized by LV
hypertrophy and LA volume increase. At the tissue level are various
physical and functional changes, including coronary endothelial

dysfunction, interstitial fibrosis, and impaired myocardial relaxation. LV
hypertrophy cross-section adapted from Patrick J. Lynch, medical illus-
trator; C. Carl Jaffe, MD, cardiologist. https://creativecommons.org/
licenses/by/2.5/
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anemia [36]. The second criterion is also easily determined,
but accuracy depends highly on the imaging approach.
Echocardiography, the undisputed workhorse of cardiac ex-
aminations, can measure the LVEF and LV end-diastolic vol-
ume index, with nominal cut-off values of ≥ 50% and < 97ml/
m2, respectively, as thresholds for normal systolic function
and normal ventricular volume [10]. Because these numbers
are averages only, sex- and age-dependent cut-off values are
recommended instead—for example, the normal LVEF range
for men (52–72%) differs from that for women (54–74%); see
the American Society of Echocardiography 2015 quantitative
guidelines for sex- and age-related changes in LV size and
function [37]. Traditional two-dimensional (2D) echocardiog-
raphy provides the easiest access to LVEF and LV volume
estimation, but there can be substantial variability due to de-
pendence on clear endocardial definition, which is absent in
one third of cases [38]. To address this hurdle, ultrasound
contrast agents can be administered to enhance the endocardi-
al border for more accurate estimates of LV function and size
[39]. Three-dimensional (3D) echocardiography has the po-
tential for higher accuracy and reproducibility approaching
that of cardiac MRI; the challenge with 3D echocardiography,
however, is even greater susceptibility to operator expertise
compared to 2D imaging, and both 3D ultrasound and MRI
require breath-holding, which is a challenge for patients dys-
pneic at rest [40]. Accuracy and reproducibility are crucial,
because diagnosing HFpEF is premised on correctly establish-
ing a normal LVEF.

The most discriminatory piece of information comes from
the third criterion of diastolic dysfunction, which of all three
criteria is the most difficult to establish. It should be noted that
diastolic dysfunction is a pathophysiological condition and
can present in the absence of HF [41, 13, 11]. Only when
diastolic dysfunction is present with the other two criteria is
a diagnosis of HFpEF confirmed. To diagnose diastolic dys-
function definitively, there must be evidence of elevated LV
filling pressures. Invasive catheterization of the LV remains
the gold standard technique and involves measuring the LV
end-diastolic pressure (> 16 mmHg), the time constant of LV
relaxation (> 48ms), and the pulmonary capillary wedge pres-
sure (> 12 mmHg) [10]. However, since invasive techniques
are not viable in most patients, non-invasive imaging based on
echocardiography is used instead.

On a 2D echocardiogram, the HFpEF heart rarely appears
normal in the late stages: the LV wall is usually thickened and
the left atrial volume increased. These structural indices are
suggestive of diastolic failure but are not surrogate measures
of filling pressures, however. Functional indices based on
Doppler echocardiography of mitral flow and tissue Doppler
are used to determine if LV filling pressures are elevated,
which is recommended as the first step to diagnosing diastolic
dysfunction [42, 43]. In brief, tissue Doppler is used to mea-
sure the LV basal, longitudinal cardiac shortening, and/or

lengthening velocity; measurements are taken at the position
of the mitral annulus, and several velocities are taken, includ-
ing early diastolic mitral annular velocity (e′) and late (atrial)
diastolic mitral annular velocity (a′). Flow Doppler is used to
measure the peak blood flow velocity through the mitral valve
at early filling (E) and at late filling (A) due to atrial contrac-
tion. The ratio E/e′ is then calculated, and this index has been
shown to be highly specific for increased LV filling pressures
[44]. The ratio E/e′ < 8 in the normal heart but increases in
diastolic dysfunction due to a lower e′, or less blood entering
the LV during early filling, from impaired relaxation. The
likelihood of increased filling pressures is much higher if the
lateral E/e′ > 12 (or septal E/e′ > 15) and there is no mitral
annual calcification, mitral regurgitation or valve prosthesis,
tachycardia, atrioventricular block, atrial fibrillation, constric-
tive physiology, ventricular dyssynchrony, or focal wall mo-
tion abnormalities [45]. An alternative means to measure fill-
ing pressure (e.g., invasive hemodynamic testing) is required
when these aforementioned conditions exist [45]. In addition
to E/e′, it is currently recommended for improved specificity
that the annular e′ velocity (septal e′ < 7 cm/s, lateral e′ <
10 cm/s), peak tricuspid regurgitation velocity (> 2.8 m/s),
and left atrial volume index (> 34 mL/m2) also be considered.
Taking all four parameters together decreases the likelihood of
false positive findings; with this approach, diastolic dysfunc-
tion is diagnosed only when over half of these parameters
meet respective abnormal cut-off values [43]. Once diastolic
dysfunction is determined, disease grading is performed by
calculating the mitral valve flow velocity ratio (E/A), which
is typically ≥ 1.5 in the normal heart. In healthy individuals,
the E-wave prevails due to efficient LV filling in early and
mid-diastole, whereas in older individuals or in mild diastolic
dysfunction, early LV filling decreases and the A-wave dom-
inates (E/A < 0.8). With worsening diastolic dysfunction, the
E/A ratio increases above 0.8 back into the normal range as
left atrial pressure increases; the Valsalva maneuver is helpful
in this scenario for distinguishing normal diastolic function
from dysfunction [45]. Full details on the diagnostic tree are
found in the 2016 guidelines from the American Society of
Echocardiography and the European Association of
Cardiovascular Imaging [43]. Finally, plasma levels of brain
natriuretic peptide (BNP) and N-terminal pro brain natriuretic
peptide (NT-proBNP) should be tested to make a diagnosis for
HFpEF, since the production of biomarkers is minimal in
healthy individuals but becomes elevated (BNP > 200 pg/
mL or NT-proBNP > 220 pg/mL) in both HFpEF and
HFrEF [46, 47]. However, caution must be exercised with
the use of these biomarkers, since BNP levels tend to be lower
in HFpEF and even normal in some HFpEF patients [48, 49].
Figure 2 illustrates various echocardiographic techniques [37,
45, 39, 50].

Cardiac magnetic resonance imaging (MRI) is seldom
used in routine clinical practice and is not part of the
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current diagnostic flowcharts for HFpEF due to high costs
and limited availability. For patients who have poor qual-
ity echocardiographic findings, however, cardiac MRI is
the only other alternative able to measure cardiac structure
and function. Its inherent superior soft-tissue contrast and
high spatial resolution make cardiac MRI the gold-
standard modality for measuring LA volume, LV volume,
and LV mass [51]. In fact, cardiac MRI is preferred over
echocardiography for its reproducibility and for monitor-
ing small changes in LV mass or LV volume during dis-
ease progression. Dynamic CINE acquisitions of the
whole heart allow us to measure LVEF much more repro-
ducibly than from echocardiography [52] in addition to a
wide range of LV filling parameters identical to those

from echocardiography [10]. Myocardial perfusion and
viability can also be assessed with the aid of an intravas-
cular injection of gadolinium-based MR contrast agent
[53, 54]. Perhaps the most important capability of cardiac
MRI, one for which there is no echocardiographic analog,
is myocardial tissue characterization—only cardiac MRI
can identify and delineate ischemic tissue, inflammation,
and infiltrative diseases [55]. Quantitative MRI methods
such as parametric cardiac T1, T2, and T2* mapping re-
flect intrinsic tissue magnetic properties and are increas-
ingly accessible on clinical MR scanners [56]. If imple-
mented robustly, quantitative mapping can provide infor-
mation on fibrosis (T1) [57, 58], edema and inflammation
(T2) [59, 60], and iron overload and hemorrhage (T2*)

a

b

c

d

Fig. 2 Echocardiography of LV diastolic function. a Doppler transmitral
flow demonstrating early (E) and late/atrial (A) waves on pulsed-wave
Doppler at the mitral leaflet tips in the apical 4-chamber view (left).
Pulsed-wave tissue Doppler velocities at the lateral mitral annulus (e′ =
early diastolic, a′ = late/atrial diastolic, and s′ = systolic tissue velocities)
(right). (Reprinted fromMitter et al. [45]). b Differences in end-diastolic/

systolic volumes observed without contrast (top) and with contrast and
low-mechanical index imaging (bottom). A marked increase in volume
size is noted post-contrast. (Reprinted from Porter et al. [39]). c
Myocardial perfusion via contrast. (Reprinted from Porter and Xie
[50]). d Measurement of global longitudinal strain via speckle tracking.
(Reprinted from Lang et al. [37])
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[61, 62]. The first multicenter randomized, controlled
clinical trial to evaluate the role of cardiac MRI in non-
ischemic heart failure or HFpEF (IMAGE-HF project 1-
B) is underway to investigate if routine cardiac MRI can
identify more specific heart failure etiologies compared to
echocardiography alone [63]. Depending on the results of
the trial, the inclusion of cardiac MRI in future strategies
for HFpEF diagnosis may be recommended. Figure 3
demonstrates the capabilities of cardiac MRI [64–68].

The structural and functional metrics described above for
both echocardiography and cardiac MRI reflect the status of
the heart at rest. However, a stress echocardiogram or a stress
MRI may be performed to assess cardiac performance under
stress. The stress could be triggered either by exercise on a
treadmill or by dobutamine, which is injected intravenously to
raise heart rates in patients who cannot exercise. Using stress
echocardiography, myocardial viability is then assessed via
measurement of contractile reserve and biphasic response.

a

b

c

d

e

Fig. 3 Cardiac MRI. a Acquisition protocol includes assessment at rest
and during vasodilator stress. (Reproduced fromCoelho-Filho et al. [64]).
b Short-axis perfusion MRI showing mid-anteroseptal and anterior wall
motion abnormality, rest (left) and stress (middle) perfusion abnormality
(black arrows), and myocardial delayed enhancement (right, white ar-
rows) consistent with infarct. (Adapted from Jenson et al. [65]). c
Bright-blood and dark-blood late gadolinium enhancement reveals con-
trast between the subendocardial scar and adjacent blood pool. (Adapted
from Francis et al. [66]). d Subvalvular obstruction (red arrows)

secondary to subaortic membrane seen on 3-chamber (left) and coronal
(right) views. (Reprinted from Cavalcante et al. [67]). e Color-coded
strain map of tagged MRI shows heterogeneous strain values in the left
ventricle throughout one cardiac cycle (left upper: first frame at end-
diastole; right upper: end-systole; lower row: diastole). The time-strain
curves of six myocardial segments show variations in the peak time of
each strain curve; left ventricular dyssynchrony is identified (right lower).
(Figure reproduced from Nagao and Yamasaki [68])
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Using cardiacMRI, myocardial viability is assessed via spatial
distribution of intravenously injected contrast agents. The
same injection also provides information on the perfusion sta-
tus of heart muscle. Table 1 summarizes the role of various
imaging modalities in the diagnosis of HFpEF. Table 2 high-
lights imaging modalities that are useful for assessing various
physical or functional parameters relevant to HFpEF.

Challenges of diagnosing HFpEF and future directions

One of the major limitations of existing diagnostic workup is
lack of information on heart function when the patient is under
stress (e.g., from exercise). Some patients are asymptomatic at
rest and do not exhibit cardiac structural or functional abnor-
malities, particularly those at the early stages of disease pro-
gression [69, 5]. These patients in the early stages may report
dyspnea and/or fatigue on exertion but otherwise have nega-
tive findings on routine physical and radiological examina-
tion. Hemodynamic assessment during exercise then becomes
the only approach to determine the existence of HFpEF [4].
For example, since elevated LV filling pressure is critical to
the current diagnosis of HFpEF, if echocardiography and in-
vasive hemodynamic measurements all yield inconclusive re-
sults, then one should resort to exercise stress testing and/or
manoeuvers such as leg raises and fluid challenge [11]. There
is evidence that many patients who have normal echocardiog-
raphy findings at rest have significantly altered hemodynam-
ics during exercise; increases in the E/e′ ratio and impaired
ventricular-arterial coupling have all been reported [70, 71].
Chronotropic incompetence and abnormalities outside the

heart, such as impaired vascular reserve, can also help uncover
the presence of HFpEF during exercise [70].

It is also important to recall that diastolic dysfunction is not
present in all HFpEF patients and that a diagnosis of diastolic
dysfunction alone does not constitute a diagnosis of HFpEF
[11]. In other words, heart failure with diastolic dysfunction is
only a subset of HFpEF. This distinction between a patho-
physiological state (diastolic dysfunction) and a clinical syn-
drome (HFpEF) highlights the importance of thinking broadly
about the complex etiologies of HFpEF when advancing new
technologies and approaches for earlier, more sensitive, and
more specific diagnosis. Furthermore, we must remember that
many of the current indices recommended for diagnosis (e.g.,
elevated E/e′ ratio, LV hypertrophy, left atrial enlargement) are
indirect measures of LV stiffness, the hallmark of HFpEF and
the parameter that provides the most direct evidence of disease
if it can be measured accurately [72]. In the following, we
discuss new targets and imaging-based tools for improving
diagnostic accuracy.

Myocardial stiffness

Although the E/e′ ratio is regarded as the echocardiographic
gold standard for measuring LV diastolic function, recent
studies have shown inaccuracies in its measurement when
regional wall motion is abnormal. This is problematic, as sev-
eral studies have shown that abnormalities in regional contrac-
tility are common in HFpEF patients [32]. To address this
dilemma, newer echocardiographic methods have been ap-
plied to quantify regional cardiac stiffness directly through

Table 1 Imaging modalities for diagnosing heart failure

Advantages Disadvantages

X-ray angiography Establishes coronary artery disease Invasive
Not suitable for all patients

Echocardiography True real-time cardiac imaging
Accessible to all patients
Measures systolic function
Ideal for measuring diastolic function
Assesses anatomy (chamber size, wall thickness, valves)
Assesses function (ventricular filling pressure, Doppler flow)
Measures myocardial perfusion
Widely available; low cost

Reproducibility of ejection fraction
estimation is operator dependent

Lower reproducibility in anatomical
measurements compared to MRI

Poor tissue characterization

Cardiac MRI Superb tissue/border delineation
Excellent tissue characterization (viable myocardium, infarct, scar)
Measures systolic function
High reproducibility in anatomical and functional measurements (ejection fraction,

atrial volume, ventricular volume/mass, wall thickness)
Measures myocardial perfusion

Currently not recommended for clinical
assessment of HFpEF

Contraindicated for patients with
MRI-incompatible pacemakers

Non-real-time cardiac imaging
Lengthy scan times
Not widely available; high cost

PET-CT Gold standard for myocardial perfusion
Gold standard for myocardial viability

Exposure to ionizing radiation and
radioactive tracers

Low availability; very high cost
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an assessment of myocardial deformation [73]. This tech-
nique, known as speckle-tracking echocardiography [74], uses
frame-by-frame tracking of small myocardial regions-of-inter-
est, each with a unique speckle pattern, and calculates cardiac
strain (i.e., tissue deformation) from temporal changes in the
segment length. The calculated strain, together with its tem-
poral derivative, the strain rate, can be measured on a regional
basis or can be averaged to yield a global strain score, longi-
tudinally, radially, and circumferentially [75, 76]. A strong
linear association between the global strain score and func-
tional capacity has been reported in HFpEF patients [77].
Recent insights from the RELAX trial of sildenafil in
HFpEF patients showed that the LV global longitudinal strain
as determined by speckle-tracking was significantly impaired
in HFpEF and was associated with collagen synthesis and
diastolic dysfunction [78]. However, impaired LV global lon-
gitudinal strain was not associated with quality of life or ex-
ercise tolerance, indicating that other factors, intra- or extra-
myocardial, are at play. Another difficulty is the low repro-
ducibility of strain value, particularly circumferential and ra-
dian strain, due to variability in software algorithms for anal-
ysis [79]. Clearly, more work lies ahead to determine the
prognostic value of strain measurements.

Cardiac MRI is also capable of providing information on
regional myocardial strain by using a method to “tag” myo-
cardial tissue with a “grid” and track movement during systole
[80]. In applying the method to diastole, however, a major
limitation is fading of grid lines over the cardiac cycle interval.
The consequence is that while the early diastolic strain rate
can be measured in 80% of segments analyzed, atrial-induced

strain could be measured in only 32% of patients [81]. More
recently, a method known as feature tracking using CINE
balanced steady-state free precession acquisitions was intro-
duced as a robust and rapid method for measuring myocardial
strain and diastolic strain rate [82]. This technique requires
considerably less data processing time than tissue tagging
and has even been applied to both obese and diabetic patients
to assess LA strain for early detection of diastolic dysfunction
[83] and to echocardiography-confirmed HFpEF patients
without co-morbidities to assess LV diastolic strain rate [84].
To advance this promising cardiac MRI technique into wide-
spread clinical implementation, more rapid image acquisition
solutions are needed.

Ventricular-arterial coupling

Hypertension is a well-known antecedent to the development
of HF. In the HFpEF population, approximately 75% of pa-
tients are hypertensive, and in these patients, there is evidence
of stiffening in the LV and arteries [4, 85]. One school of
thought has proposed arterial-ventricular stiffening as a main
contributor to increases in blood pressure, which then impairs
diastolic LV relaxation [86]. The result of this stiffening and
non-compliance in both the ventricular and arterial compart-
ments negatively alters ventricular-arterial coupling, which is
defined by the ratio of arterial elastance (afterload Ea) and
end-systolic ventricular elastance (end-systole elastance Ees)
[7]. In HFpEF patients, the coupling ratio (Ea/Ees) is de-
creased relative to control hypertensive subjects without HF
[87]. This decrease stems from a proportionally higher change

Table 2 Pathological features in
HFpEF and diagnostic modalities
for assessment

Diagnostic modality

Chest X-
ray

Echocardiography Cardiac
MRI

PET-
CT

X-ray
angiography

ECG

Hypertrophy ✓ ✓ ✓

Atrial fibrillation ✓ ✓ ✓

Coronary artery disease ✓ ✓ ✓ ✓

LA/LV volume, wall
thickness

✓ ✓

LVejection fraction ✓ ✓

LV filling pressure ✓ ✓

LV relaxation and filling ✓ ✓

Myocardial perfusiona ✓ ✓ ✓

Myocardial viability ✓ ✓ ✓

LV stiffness ✓ ✓

Diffuse fibrosis ✓

Endothelial dysfunction ✓

Inflammation ✓ ✓

Stress testing ✓ ✓ ✓

ECG electrocardiogram
a Perfusion imaging is performed with intravenous injection of modality-specific tracers
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in ventricular stiffening, or Ees. Alterations in ventricular-
arterial coupling have an especially pronounced impact on
cardiac function during exercise and variations of volume
load, and its measurement may provide valuable information
for managing patients. In a recent study of patients who had
negative results on stress echocardiography, higher rates of
mortality and hospitalization were predicted by altered
ventricular-arterial coupling [88].

Although measuring ventricular-arterial coupling remains
challenging, both echocardiography and cardiac MRI have
demonstrated the potential for non-invasive assessment. The
arterial elastance, Ea, is calculated as the ratio of end-systolic
pressure to stroke volume. The end-systolic ventricular elas-
tance, Ees, is calculated as the change in pressure for a given
change in chamber volume. From these two numbers, the
ventricular-arterial coupling (Ea/Ees) is computed.
Echocardiography provides continuous temporal monitoring
and measures ventricular-arterial coupling using a single-beat
method developed by Chen et al. [89]. This method involves
complex mathematical formulae that require computer algo-
rithms for easy calculation of the ratio Ea/Ees in the clinical
setting. More recent application of 3D echocardiography has
demonstrated higher reproducibility and sensitivity over 2D
methods [90]. In contrast, cardiac MRI does not have suffi-
cient temporal resolution to capture the beat-to-beat changes
in the LV pressure-volume relationship required to measure
Ees. Using conventional CINE acquisitions, Ees is approxi-
mated as the ratio of end-systolic pressure to end-systolic vol-
ume [91]. Improved estimation of Ees using MRI is possible
using real-time acquisition approaches to allow essentially
continuous measurement of LV volume changes [92]; howev-
er, these custom sequences are not widely accessible.
Irrespective of the relative advantage of echocardiography
over cardiac MRI in this setting, determination of
ventricular-arterial coupling is simply not in the current diag-
nostic workflow due to complexity of measurement.
Prognostic clinical trials are needed to determine its predictive
value on the outcomes of cardiovascular disease.

Myocardial fibrosis

The diffuse myocardial fibrosis observed in the hypertrophic
HFpEF heart is a result of chronic inflammation. Activated
fibroblasts (myofibroblasts), in their role of inflammatory sup-
porter cells, deposit collagen and release cytokines that drive a
vicious circle triggering further inflammation and fibrosis
[93]. Although diffuse fibrosis has not traditionally been con-
sidered as an early marker of HFpEF [94], there is recent
evidence that suggests otherwise: patients at risk for HFpEF
(elevated BNP levels) exhibited the same degree of fibrosis as
those with a confirmed HFpEF diagnosis [95]. The temporal
relationship between myocardial fibrosis and the progression
of HFpEF is not well characterized due to the scarcity of

methods able to assess f ibros is non- invas ively.
Consequently, the evaluation of myocardial fibrosis should
be considered in future investigations and explorations of ear-
ly biomarkers.

To date, most attempts to detect diffuse cardiac fibrosis
have been achieved using cardiacMRI because of its exquisite
spatial delineation [96, 97]. However, the gadolinium-
contrast-enhanced MRI method employed is sensitive to the
extracellular volume fraction and, therefore, is not specific to
fibrosis. Ambiguity is a problem, as other pathologies, includ-
ing cell death and edema, can give rise to a higher extracellular
volume fraction. In order to detect fibrosis with certainty, mo-
lecular probes with an affinity for collagen are required.
Currently, there is very little effort in the development of
targeted probes for imaging fibrosis, although there are a
few reports in animals in various anatomical regions of the
body [98–100]. An important future emphasis is to translate
these molecular probes into human patients.

Endothelial dysfunction

A potentially very powerful diagnostic approach is to look
also for extramyocardial evidence of disease, in contrast to
focusing exclusively on the heart. As described earlier, the
current paradigm on the etiology of HFpEF attributes coro-
nary microvascular dysfunction and impaired vascular re-
serve, amongst other, to endothelial dysfunction, which is a
deleterious outcome of inflammation. Given that the most
common comorbidities of HFpEF all involve inflammation,
it is reasonable, even logical, to place the occurrence of endo-
thelial dysfunction at the same time as, if not earlier than, the
earliest development of abnormalities in the heart. If our ulti-
mate goal is to achieve early detection of HFpEF, it may very
well be that waiting until overt indications of diagnostic dys-
function appear is already too late. With this philosophy, we
would need to detect and diagnose endothelial dysfunction
directly. It is important to note that the complications of endo-
thelial dysfunction—such as impaired vasodilation,
microvessel rarefaction, and a reduced systemic vasodilatory
response [101]—are all consistent with HFpEF symptoms
(dyspnea on exertion, exercise intolerance) that have been
observed in the absence of diastolic dysfunction [32]. While
it is true that endothelial dysfunction and inflammation may
not necessarily lead to HFpEF, they do put patients at risk for
heart disease and represent the earliest known biomarker than
can be assessed on diagnostic imaging.

The gold standard for measuring endothelial function is
angiography under injection of acetylcholine, a vasodilator
[102]. This method, however, is invasive and limited to large
blood vessels such as the coronary artery. Another large-vessel
but non-invasive method is ultrasound-measured flow-medi-
ated dilation of the brachial artery. Laser Doppler allows non-
invasive assessment of microvessel flow, but it can only be
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applied to superficial tissue [103]. PET imaging involving
radioactive tracers allows deep-tissue assessment of myocar-
dial perfusion [104] and sympathetic nerve activity [105,
106]. Importantly, HFpEF patients with compromised coro-
nary flow reserve as identified on PET stress/rest perfusion
have been shown in separate studies to have markedly greater
risk of HFpEF events [107, 108], but this capability must be
balanced against the risk of exposing patients to radioactive
tracers. A completely non-invasive alternative is MRI, which
offers superior spatial resolution to PET imaging. To probe
endothelial dysfunction, blood oxygenation level-dependent
(BOLD) MRI methods developed from neuroimaging has
been applied to the heart, but this method is inappropriate
due to inherent sensitivity to many factors unrelated to micro-
vascular tone [109]. The only MRI technique that has been
reported in the literature to date for the direct assessment of
endothelial function and dysfunction is specifically sensitized
to microvascular volume [110]. This approach was developed
for high- and low-flow organs and has been applied to ische-
mic muscle tissue to elucidate compromised microvessel di-
lation [111]. The translation of this method to humans is un-
derway and should be considered in future investigations on
the prognostic and early diagnostic value of assessing endo-
thelial dysfunction both intra- and extramyocardially.

Inflammation

In our discussion of future perspectives for earlier and more
accurate HFpEF diagnosis, we have highlighted entities
(stress testing, myocardial stiffness, ventricular-arterial cou-
pling, fibrosis, and endothelial dysfunction) that have the po-
tential to be included in a new imaging diagnostic workflow.
Of these, endothelial dysfunction is one of the earliest changes
that manifest, possibly first extramyocardially before the heart
is even affected. Another pathophysiology that likely fore-
bodes cardiac changes is inflammation. Using radiotracer
probes on nuclear medicine imaging, immune cell migration
to the myocardium may be visualized [112] and acute and
post-inflammatory reaction may be distinguished [113]. MRI
is less useful for this purpose, because inflammation is iden-
tified indirectly through increased extravasation of intrave-
nously injected contrast agents. Since the current HFpEF par-
adigm places inflammation as the initiator of disease, it would
be worthwhile to consider the value of imaging systemic in-
flammation in the prognosis of HFpEF.

Conclusions

HFpEF is a heterogeneous disease whose pathophysiological
basis is still being uncovered. There is no uniformly accepted
set of validated diagnostic guidelines and no proven therapy.
What is certain, however, is that HFpEF patients are often

misdiagnosed at the early stages but then are far along in
disease progression when a HFpEF diagnosis is eventually
confirmed. This review article summarized our current under-
standing of the etiology of the syndrome and proposed new
approaches to diagnosis that take a systemic perspective to
enable earlier, more accurate diagnosis of a prevalent and
equally fatal phenotype of HF. We also reviewed the mainstay
of cardiac diagnostics, namely, echocardiography, cardiac
MRI, and cardiac PET. Each modality provides complemen-
tary information, but a different modality may assume a more
dominant role in diagnosis depending on the stage of disease.
In the early stages of HFpEF development, where tissue-level
changes—such as microstructural alterations, reactive fibro-
sis, and vascular changes—manifest in the absence of overt
functional and structural alterations, cardiac MRI may be ar-
guably the best modality for early detection of disease. As
disease progresses and the increasingly stiffer myocardium
begins to impair mechanics, both echocardiography and car-
diac MRI can inform on the severity of disease. One distinct
advantage that echocardiography has over the other modali-
ties, however, is its unique real-time acquisition ability, which
provides specific information on diastolic function and dys-
function. Ultimately, the relative diagnostic value of each mo-
dality at different stages of HFpEF progression can only be
determined with improved understanding of the etiology and
development of HFpEF.
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