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ABSTRACT

Echocardiography is a relatively inexpensive and widely available technique that has a pivotal role in
the assessment and management of patients with heart failure (HF). Advancements in cardiac ultrasound,
especially the advent of myocardial deformation imaging, have provided a comprehensive insight into
the complexity of cardiac derangements underlying HF, contributing to the better understanding of
the disease process. The essential issues that echocardiography can help address include:
establishing / confirming diagnosis, categorizing and phenotyping patients, prognosticating, guiding
therapeutic decision-making, and monitoring responses to treatment. Novel echocardiographic technologies
permit early recognition of preclinical myocardial abnormalities, as well as further tracking of pathologic
alterations and therapeutic responses. The predictive utility of a large number of echocardiographic
indices, offering an abundance of prognostic information independent of and incremental to clinical data,
underpins their use in risk stratification strategies. The evolution of existing modalities, as well as the wider
implementation of automation and artificial intelligence, provides the basis for the future development

and expanded clinical application of echocardiography.

Introduction Heart failure (HF), a complex
clinical syndrome involving a wide range of cir-
culatory derangements, accounts for a substan-
tial proportion of cardiovascular morbidity and
mortality worldwide. It is characterized by pa-
tient symptoms and physical examination find-
ings caused by a structural and/ or functional
cardiac abnormality, resulting in a reduced cardi-
ac output and/ or elevated intracardiac pressures
at rest or during stress.! The prevalence of HF in-
creases in parallel with the growing population
burden of aging and comorbidities, thus posing
a significant challenge to healthcare systems.?
Available data indicate that the number of indi-
viduals with HF in Poland exceeds 750 000 and
will soon increase by one-fourth.? Accordingly,
effective strategies to prevent HF and improve
management of affected patients are a matter
of ongoing interest. An example of a targeted
policy in this context is the system of coordi-
nated care for HF patients, including outpatient
care, pharmacotherapy, as well as interventional
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treatment and rehabilitation, which has been re-
cently proposed in Poland.?

Echocardiography provides a great amount
of detailed information on cardiac structure,
function, and hemodynamics in a readily avail-
able and cost-effective way. Moreover, it is per-
formed virtually in all patients with a clinical
suspicion of HF, especially in those with signs
and/or symptoms of HF such as breathlessness,
fatigue, elevated jugular venous pressure, pul-
monary crackles, and peripheral edema. The es-
sential issues that echocardiography can help
address include: establishing or confirming di-
agnosis, categorizing and phenotyping patients,
prognosticating, guiding therapeutic decision-
making, and monitoring responses to treatment.

Echocardiography and classification of heart
failure The 2 principal mechanisms responsible
for HF symptoms (ie, impairment of left ventric-
ular [LV] contractility and LV filling) are not mu-
tually exclusive and frequently coexist.* However,
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despite the complexity of an underlying patho-
physiologic background, the main clinical classi-
fication of chronic HF is based on LV ejection frac-
tion (LVEF), a measure of systolic performance.
The advantage of LVEF is its widespread use, which

allows easy communication about cardiac status.
However, the parameter also has some important

limitations that compromise its ability to satisfac-
torily characterize individuals with HE. The major
reasons for the inaccuracy of LVEF measured by

echocardiography are significant test-retest vari-
ability (which may be as high as +14%),’ preload

and afterload dependence, susceptibility to insuf-
ficient image quality, intraventricular conduction

disturbances (especially left bundle branch block

when regional systole and diastole are not simul-
taneous) and heart rhythm irregularities, and, in

case of 2-dimensional echocardiography, geomet-
ric assumptions on LV shape to estimate LV vol-
umes.® The use of 3-dimensional echocardiogra-
phy in the assessment of LVEF mitigates the prob-
lem of geometric assumptions; however, this mo-
dality has its own drawbacks such as low spatial

and temporal resolution.

Clinically, no clear relationship between LVEF
and New York Heart Association functional class
can be found.” The distinction of 3 HF categories
within the spectrum of LVEF, specifically sepa-
rating out HF with mid-range ejection fraction
(ie, the “grey zone” group), has narrowed down
the ranges of both HF with preserved ejection
fraction (HFpEF) and HF with reduced ejection
fraction (HFrEF), thus improving the homoge-
neity of their phenotyping profiles.’

The need for revisiting the cutoff values of
LVEEF in the context of the therapeutic decision-

-making was reinforced by a subgroup analysis

of the PARAGON-HEF trial (Prospective Com-
parison of ARNI with ARB Global Outcomes in
HF With Preserved Ejection Fraction), which
revealed a dual response to sacubitril /valsar-
tan in patients with HFpEF, with a clear bene-
fit from this treatment in the subset of patients
with LVEF lower than 57%.8
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Approaches to left ventricular mechanics

The intricacy of LV mechanics is one reason why
the information provided by LVEF is insufficient.
The limited value of LVEF in describing LV con-
tractile phenomena is irrespective of the method
used for its assessment. Left ventricular ejection

is governed by longitudinal and circumferential

shortening, radial thickening, and rotational

motion. This multidimensional pattern is pos-
sible due to the complex LV architecture includ-
ing circumferential fibers in the midmyocardi-
um and longitudinal fibers in the subendocardi-
um and subepicardium, forming a right-handed

and left-handed helix, respectively. The rotation

of the LV base and apex in opposite directions,
attributable to differences in the helical geom-
etry of the subendocardial and subepicardial

layers, precipitates twisting of the LV, which is

an important contributor to LV volume reduc-
tion during systole and untwisting and suction

during diastole.

The subendocardial fibers responsible for LV
longitudinal contraction are most vulnerable
to wall stress and damage.” Accordingly, the se-
lective involvement of the inner layer of the LV
wall in the early phase of the disease results in
LV longitudinal dysfunction. In these circum-
stances, when the contractility of subepicardial
and midmyocardial fibers remains preserved, it
is quite common to identify increased circumfer-
ential and twist mechanics, both of which bal-
ance a decrement in the long-axis performance
and permit the maintenance of LVEF within
the normal range.* The early decrease in LV lon-
gitudinal systolic function parallels or, in some
cases, even precedes the development of diastol-
ic abnormalities."” This pattern of LV function-
al changes can be found in the preclinical stage
of HFpEF. Moreover, it is associated with aging
and the presence of some comorbidities, such
as hypertension, diabetes, and obesity.* Mecha-
nistically, the progressive loss of compensatory
support from the nonlongitudinal components
of LV mechanics, occurring in the natural his-
tory of the disease, may result in the deteriora-
tion of overall LV performance and the advent
of HF symptoms (FIGUReS 1 and 2).

In contrast to the above scenario, the con-
current involvement of all myocardial layers
(eg, during an acute myocardial infarction) or
the expansion of the pathologic process over
the midmyocardium and subepicardium leads
to a reduction in all components of LV mechan-
ics and decrease in LVEF, usually with concom-
itant LV dilation.* All of these features are con-
sistent with the morphological and functional
profile of HFrEF.

Myocardial deformation imaging has emerged
as an option that can provide a comprehensive
insight into the physiology and pathophysiology
of cardiac function. The currently recommend-
ed technique for the evaluation of myocardial
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FIGURE2 Example of left ventricular mechanics in the preclinical stage of heart failure. Decreased magnitude of global
longitudinal strain accompanied by a compensatory increase in circumferential strain and twist (red arrow; calculated as a net

difference between basal and apical short-axis planes).

Abbreviations: AVC, aortic valve closure; GLS, global longitudinal strain; PM, papillary muscle

deformation is speckle-tracking echocardiogra-
phy. Despite some apparent limitations, such as
the relatively low temporal resolution, this tech-
nique is more feasible and more likely to be im-
plemented in daily clinical practice than the pre-
viously used modality based on tissue Doppler
imaging. The measurements of deformation in-
dices derived from speckle-tracking echocar-
diography can be carried out both in the ven-
tricles and atria. For the LV, the highest feasi-
bility is noted for longitudinal strain; interme-
diate, for circumferential strain; and lowest, for
radial strain.

The assessment of myocardial deformation
allows the identification of dysfunction that
would otherwise be missed. The most common
deformation parameters include strain, strain
rate, twist, as well as twisting and untwisting
rate. Of these, longitudinal strain has been most
extensively employed as a clinical tool. Both
the amplitude and timing of deformation indi-
ces can be quantified. This, in addition to assess-
ing the overall potential of the individual com-
ponents of myocardial function, can give insight
into electromechanical coupling.

The presence of normal LVEF may not be syn-
onymous with normal LV systolic function. This
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apparent paradox, best seen in HFpEF, can be
explained by the dependence of LVEF on a va-
riety of geometric factors. In the presence of
increased LV wall thickness and/or decreased
end-diastolic volume, LVEF may remain nor-
mal despite the reductions in both LV longitu-
dinal and circumferential shortening." The con-
tribution of circumferential shortening to LVEF
is greater than longitudinal shortening; there-
fore, LVEF is less prone to a decline in the con-
text of impaired longitudinal function." These
findings strongly support the use of LV defor-
mation indices in addition to LVEF for the as-
sessment of LV systolic function.

Apart from the ability to reflect global myo-
cardial performance, deformation parameters
can reveal segmental differences in cardiac me-
chanics. These measurements provide an incre-
mental value to the diagnosis of diseases char-
acterized by the regional heterogeneity of LV
function, such as amyloidosis (relative preser-
vation of apical strain) or Fabry disease (func-
tional impairment mainly in the mid or basal
posterolateral segments).”

Myocardial deformation parameters are pri-
marily dedicated to the assessment of cardi-
ac contraction; however, some indices, such as

Echocardiography in patients with heart failure 7



FIGURE3 Reduced left atrial strain in a patient with heart failure: A represents left atrial reservoir strain (18.6%), B represents
left atrial conduit strain (10.4%), and C represents left atrial contractile strain (8.2%)
Abbreviations: see FIGURE 2

strain rate during isovolumic relaxation, strain
rate during early filling, and LV untwisting rate,
can be used to describe diastolic function. As
the measurement of deformation parameters is
affected by loading conditions (probably more for
strain than strain rate)’, it may not adequately
reflect myocardial contractility. This interplay
between myocardial deformation and changing
cardiac load can lead to misleading clinical con-
clusions, especially in the disease states charac-
terized by high LV afterload and in serial assess-
ments, when visit-to-visit fluctuations in blood
pressure may affect the magnitude of LV defor-
mation. To diminish this problem, the estima-
tion of myocardial work correcting longitudi-
nal deformation for systolic blood pressure on
the basis of noninvasive load-strain loops has
been proposed. This approach provides addition-
al information on LV function by calculating con-
structive and wasted work, as well as myocardial
efficiency, but further validation is warranted.”

Identification of preclinical cardiac impair-
ment The detection of preclinical myocardi-
al abnormalities is of crucial importance to pre-
vent the progression to overt disease. Depend-
ing on the underlying burden of comorbidities,
the hallmarks of subclinical HF include a con-
stellation of cardiac functional and structural
disorders, with the most frequent being LV di-
astolic and longitudinal systolic dysfunction,
LV hypertrophy, and left atrial (LA) derange-
ments.' Recent guidelines” proposed a diag-
nostic process for diastolic dysfunction that is
based on an integrated assessment of mitral
inflow, annular velocities, LA volume, and tri-
cuspid regurgitant velocity, with the auxilia-
ry role of other diastolic parameters and clini-
cal judgment. Among novel markers, LA strain
and LV untwisting rate may prove particularly
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useful for the detection of abnormal LV diastol-
ic performance (FiGUREs3 and 4). It has been found
that the aberrations of LA strain may precede
atrial volumetric changes.!®"® The multi-aspect
information provided by LA strain, including
LV filling, LA relaxation, and LA contractili-
ty (reflected by reservoir, conduit, and booster
pump components, respectively), underpins its
potential to identify early cardiac disease.

Left ventricular ejection fraction is usually
too insensitive to detect minor systolic derange-
ments in the preclinical phase of HF. A vast body
of research demonstrated that the identification
of early longitudinal systolic impairment can be
accomplished with the use of myocardial defor-
mation or systolic myocardial velocities,'®" al-
though the latter is supported by less extensive
evidence. Left ventricular functional abnormal-
ities detected by echocardiography were shown
to correlate with reduced exercise capacity even
in the asymptomatic stage.?”

In its natural history, the preclinical phase
of HF may deteriorate and progress to HFpEF
or even to HFrEF. A meta-analysis of several
studies of asymptomatic patients showed that
diastolic dysfunction is associated with a 70%
increased risk of overt HF.?' From a pathophys-
iologic standpoint, the transition to symptom-
atic HF is related to the progression of hemo-
dynamic disturbances in LV filling and contrac-
tility, which can be monitored and identified by
echocardiography.

Echocardiographic evaluation of left ventric-
ular filling pressure Elevated LV filling pres-
sure represents the hemodynamic consequence

of LV diastolic dysfunction. There are a number
of definitions of LV filling pressure elevation (in-
cluding heightened pulmonary capillary wedge

pressure [PCWP], mean LA pressure, LV pre-A
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FIGURE 4 Reduced left ventricular untwisting rate in a patient with heart failure with
preserved ejection fraction; early diastolic untwisting rate (calculated as a net difference
between basal and apical short-axis planes), 55 deg/s (red arrow)

Abbreviations: see FIGURE 2

pressure, mean LV diastolic pressure, and LV
end-diastolic pressure [LVEDP]), as well as echo-
cardiographic parameters used for the estima-
tion of filling pressure. The diagnostic accuracy
of the most commonly used echocardiographic
marker, early diastolic transmitral flow velocity
to early diastolic mitral annular tissue velocity
ratio (E/e’), has been questioned, given its vari-
able and frequently modest correlations with in-
vasive measurements.” A recent meta-analysis
reported a pooled r coefficient to be only 0.56.2
In the 2016 guidelines for the evaluation of di-
astolic function, the American Society of Echo-
cardiography and European Association of Echo-
cardiography (ASE/EACVI) proposed an algo-
rithm for LV filling pressure approximation based
on the combination of variables reflecting both
along-term elevation of LV filling pressure and
LV filling pressure during echocardiographic im-
aging (early diastolic transmitral flow velocity [E],
early to late diastolic transmitral flow velocity ra-
tio [E/A], E/¢’, and tricuspid regurgitation veloci-
ty [TRV]). The validation of this approach against
cardiac catheterization was carried out in 2 mul-
ticenter studies, which confirmed the feasibility
but demonstrated some differences in the diag-
nostic accuracy of this new noninvasive strate-
gy (sensitivity and specificity of 87% and 88% in
the first study and 75% and 74% in the second
study).* The reason for this discrepancy might
be the different clinical profiles of the studied co-
horts and, more importantly, the different met-
rics of LV filling pressure used as the frame of
reference (PCWP vs LVEDP). The better corre-
lation of the 2016 algorithm with PCWP than
with LVEDP is consistent with previous findings
on the associations of individual Doppler indi-
ces used in this approach with invasive hemody-
namic data.”® The robustness of the current rec-
ommendations is higher for the identification of
elevated than nonelevated LV filling pressure.?*
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Another significant limitation of the current
guidelines is the relatively large number of pa-
tients with indeterminate or uncertain LV fill-
ing pressure. In this setting, other echocardio-
graphic parameters correlating with invasive
hemodynamic measurements might be helpful,
including LA strain, pulmonary venous flow in-
dices, and Valsalva maneuver-induced changes
in the mitral inflow pattern.”

Role of exercise echocardiography A sig-
nificant proportion of patients complaining of
exertional dyspnea (and therefore suspected of
HFpEF) may not show elevation of LV filling pres-
sure at rest. In these individuals, exercise stress

test can unmask advanced LV filling abnormal-
ities as well as other derangements associated

with reduced functional capacity. From a patho-
physiologic perspective, impaired LV relaxation

and compliance, abnormal increment in LV ear-
ly diastolic suction, and reduced myocardial con-
tractility reserve result in an inadequate exercise-
-associated increase in stroke volume and cardi-
ac output in patients with HFpEF, together with

an elevation of LV filling pressure, both of which

underlie limitations in exercise capacity.?>?® Both

bicycle (preferably supine) and treadmill exercise

protocols are useful for this purpose.” Passive

leg lifting and isometric exercise with handgrip

may be potential alternatives to dynamic exer-
tion but need to be more extensively validated

to be recommended for clinical use.?!

The mitral E/e’ ratio is the most commonly
used parameter to evaluate the LV diastolic re-
sponse to exercise. However, the ability of this
marker to track exertional alterations in LV fill-
ing pressure has been inconsistent across an ar-
ray of studies including HFpEF and non-HFpEF
populations.’>3* Therefore, to improve the diag-
nostic accuracy of the approach based on a sin-
gle parameter, the 2016 guidelines recommend
the use of an extended algorithm including exer-
cise E/e’, exercise TRV, and baseline e’."” To con-
sider the test positive, all the 3 criteria have to
be met (1BLE1, FIGURES). However, the major prob-
lem with the practical application of this mul-
timarker strategy is the inability to obtain a re-
liable TRV Doppler signal during exercise in
30% to 50% of patients, which affects sensi-
tivity and negative predictive value of this ap-
proach.?32 Some data suggest that the reliance
in such circumstances on exercise E/e’ alone
might be an option to improve sensitivity at the
cost of an acceptable drop in specificity.? Ulti-
mately, it should be highlighted that the false-
-positive result rate of exercise echocardiography
has been reported to be about 20%.%%32 Therefore,
the complete ascertainment of LV filling pres-
sure response to exertion can be provided only
by invasive hemodynamic stress testing.

Apart from examining the LV diastolic do-
main, exercise stress allows an assessment of

Echocardiography in patients with heart failure 9



TABLE 1

Interpretation of diastolic exercise echocardiography according to the current position papers

2016 ASE/EACVI guidelines? 2019 HFA-PEFF algorithm®<

Positive

Exercise E/e'>14 (average) or >15 (septal)

Definitely negative

Exercise E/e’ (average or septal) <10

Positive

Exercise E/e’ (average) 215

Exercise TR velocity >2.8 m/s

Exercise TR velocity <2.8 m/s

Exercise TR velocity >3.4 m/s

Septal e’ <7 cm/s (lateral e’ <10) at baseline -

a Allcriteria need to be fulfilled

b Whenonly E/e’is positive: +2 points to the HFA-PEFF score; when both criteria are positive: +3 points to the HFA-PEFF score

¢ Thealgorithm consists of: pretest assessment (P), diagnostic workup with echocardiogram and natriuretic peptide score (E), advanced workup with functional testing
in case of uncertainty (F), and final etiological workup (F).

Abbreviations: ASE, American Society of Echocardiography; E, peak early diastolic mitral flow velocity; e’, peak early diastolic mitral annular velocity; EACVI, European
Association of Cardiovascular Imaging; HFA, Heart Failure Association of the European Society of Cardiology; TR, tricuspid regurgitation
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E/e" 12 -

AR AL Ak

[

E1.35m/s
E/A1.6
E/e’ 18

At rest

e'sept6cm/s . g €'lat7.cm/s

M, "\
'lﬂ""._',“'f ‘n‘lﬂ b

\
|

FIGURE5 Positive result of diastolic exercise echocardiography; exercise E/¢’, 18; exercise TRV, 3.8 m/s. Note the change in mitral inflow pattern at exercise.
Abbreviations: TRV, tricuspid regurgitation velocity; others, see TABLE 1
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other aspects of exercise physiology, including
LV systolic and chronotropic reserve, as well as
other potential reasons for exercise intolerance,
such as myocardial ischemia, dynamic mitral
regurgitation, LV outflow tract obstruction, or
exaggerated increase in blood pressure. Special
attention in the context of reduced functional
capacity in HEpEF should be paid to the abnor-
mal LV contractile response to exertion, dem-
onstrated both by using deformation imaging
(global longitudinal strain [GLS] and global lon-
gitudinal strain rate) and volumetric measure-
ments.*? Blunted LV deformation reserve may
be an essential cardiac functional abnormali-
ty in some patients with HFpEEF, as revealed by
machine-learning algorithms.?® Left ventric-
ular systolic behavior under an exercise load
might be evaluated in greater detail by myocar-
dial work.?® Left ventricular systolic reserve can
also be assessed in HFrEF with dobutamine or
exercise echocardiography for prognostic and
clinical decision-making purposes, including
the prediction of response to -blockers or car-
diac resynchronization therapy (CRT).>' A prom-
ising option is the calculation of force-based
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contractile reserve (the stress-to-rest ratio of
force expressed as systolic arterial pressure mea-
sured by cuff sphygmomanometer to end-systolic
volume determined by 2-dimensional echocar-
diography), which is load independent. It ap-
pears to be more effective in identifying abnor-
mal contractile potential and may improve diag-
nostic and risk stratification protocols in HE.*?
Irrespective of the LVEF status, the detection

of B-lines during stress testing by lung ultra-
sound, reflecting the acute increase in extravas-
cular lung water resulting from LV filling pres-
sure elevation, provides evidence that exertional

dyspnea is related to pulmonary congestion.*"*2

Use of echocardiography in the diagnosis of
heart failure with preserved ejection frac-
tion Thereis an increasing role of echocardiog-
raphy in the diagnosis of HFpEF. The 2016 Euro-
pean Society of Cardiology guidelines on HF en-
dorsed at least one of the following: LV hyper-
trophy, LA enlargement, or mitral inflow/tissue
Doppler abnormalities as an obligatory crite-
rion defining this HF category.' A recently de-
veloped score to predict HFpEF in unexplained
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dyspnea on the basis of a combination of clinical
(age, body mass index, antihypertensive treat-
ment, and history of atrial fibrillation) and echo-
cardiographic variables (resting E/e’ and right
ventricular systolic pressure) demonstrated su-
perb discriminatory power (area under the curve,
0.886) (1aBLET).*3

The latest algorithm for the recognition of
HFpEF developed by the Heart Failure Associa-
tion (HFA) of the European Society of Cardiol-
ogy strengthens the position of echocardiogra-
phy in the diagnostic workup.?® Along with na-
triuretic peptides, several cardiac functional
and structural echocardiographic indices (¢, E/€,
TRV, GLS, LV mass, relative wall thickness, and
LA volume) serve as the mainstay of this scor-
ing system (referred to as HFA-PEFF) for es-
timating the likelihood of HFpEF. Obtaining
alow or high probability of diagnosis concludes
the evaluation, but in the case of an intermedi-
ate score, further assessment is needed, with di-
astolic exercise echocardiography as an option.
Compared with the 2016 ASE/EACVI position
paper, the HFA recommends higher threshold
values of resting and exercise E/e’ ratio as well
as TRV to improve diagnostic specificity (TABLE1).

Role of echocardiography in patients with
functional mitral regurgitation Function-
al mitral regurgitation (FMR) resulting from
LV remodeling is a common finding in patients
with HFrEF. It was shown to have an adverse
effect on both symptom status and progno-
sis.*** Echocardiography allows an extensive
evaluation of the underlying mechanism and
severity of FMR, as well as mitral valve and
LV geometry, specifically the measurements
of tenting height, tenting area, posterior leaf-
let angle, mitral annulus diameter, and in-
terpapillary muscle distance, all of which are
necessary to determine patient eligibility for

100
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FIGURE 6 Relationship between effective regurgitant orifice area (EROA) and left ventricular
end-diastolic volume (LVEDV) in functional mitral regurgitation (FMR). At an LVEDV of 200 ml,

an effective requrgitant orifice area of more than 0.3 cm? is disproportionate, whereas an EROA
of 0.2 cm? is proportionate to the left ventricular size (asterisks). Modified from Grayburn et al.*’

surgical and percutaneous interventions on
the valve. Three-dimensional echocardiogra-
phy has the potential to provide more infor-
mation on the morphologic and functional de-
rangements of the mitral valve than the 2-di-
mensional approach. Moreover, it may be help-
ful in establishing FMR severity by direct pla-
nimetric measurements of the vena contracta.*®
Importantly, the ratio between quantified FMR
severity and LV remodeling may be the key to
the appropriate selection of HFYEF patients
with “disproportionate” FMR for mitral clip
insertion. For example, at an LV end-diastolic
volume of 200 ml, an effective regurgitant or-
ifice area of more than 0.3 cm? is dispropor-
tionate to the LV size and a clip would be ben-
eficial, whereas an effective regurgitant orifice
area of 0.2 cm?is proportionate and a clip may
offer less benefit (FIGURE6).*

In patients with a disproportion between
symptoms and FMR severity quantified at rest,
exercise echocardiography allows better clin-
ical and prognostic assessment.*® Intraproce-
dural echocardiographic guidance is essential
for the successful transcatheter implementa-
tion of devices for FMR repair.

Role of echocardiography in prognosis and
risk prediction in patients with heart fail-
ure Echocardiography offers a wealth of prog-
nostic information that can improve patient
management. For a long time, LVEF has been
recognized as an important predictor of HF and
adverse clinical outcomes. However, its prognos-
tic ability is not equipotential across the entire
range of its values. Importantly, LVEF does not
adequately assess clinical risk when relatively
preserved (eg, >45%)*" and is of limited value
for determining eligibility for device therapies in
primary prevention of sudden cardiac death.”*>

Global longitudinal strain was shown to pro-
vide additional prognostic information inde-
pendent of LVEF.”" In a meta-analysis including
awide spectrum of cardiovascular diseases, GLS
was on average 1.5-fold better prognosticator of
major adverse cardiac events than LVEF, with
the superiority of GLS being most discernible in
the normal or near-normal ranges of LVEF.*' Ac-
cordingly, GLS adds incremental prognostic val-
ue both in HFpEF and HFrEF; however, its role
as a prognosticator is more critical in the for-
mer category.”**® The associations of global LV
deformation with increased cardiovascular risk
were also demonstrated in post-infarct patients
developing HF, both for GLS*%-*® and global cir-
cumferential strain.®®

A number of echocardiographic parameters
have been tested in the assessment of mechan-
ical dyssynchrony to improve patient selection
for CRT. Yet, despite considerable efforts, none
of them has gained enough support to justify
routine use,”® although septal flash and apical
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FIGURE7 Beneficial effect of cardiac resynchronization therapy (CRT) on myocardial work and deformation in a patient with
heart failure with reduced ejection fraction. Note an increase in global longitudinal deformation, work index, constructive work,
and work efficiency with a concomitant decrease in global wasted work in response to CRT.

Abbreviations: GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency;

others, see TABLE 2

rocking offer some promise. However, myocar-
dial deformation can be useful in determining
the optimal location of the LV lead, defined as
the myocardial segment with preserved viabili-
ty (radial strain >10%) and the most delayed ra-
dial contraction.®"® Preliminary data indicate
that quantification of wasted myocardial work
can help identify a substrate for improvement
with CRT (ricure7).5%6* Global longitudinal strain
was helpful in predicting reverse remodeling
and 1-year mortality after CRT implantation.®®
Moreover, longitudinal deformation-based mea-
sures of LV dyssynchrony proved to be strong
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prognosticators of ventricular arrhythmias in
HErEF.%¢% The incremental value in predict-
ing ventricular tachycardia or fibrillation was
demonstrated for reduced longitudinal strain
in the inferior wall,’® which underpins the im-
portance of LV regional function assessment
in the diagnostic workup of patients with HF.
The predictive utility of a large number of di-
astolic indices was shown in multiple clinical
conditions.” Notably, the estimation of LV fill-
ing pressure has prognostic significance in HF
regardless of EF category. A restrictive mitral in-
flow pattern as well as increased E/e’ ratio are



TABLE2 Echocardiographic prognostic markers in heart failure with reduced ejection fraction, heart failure with preserved ejection fraction,
and preclinical disease evaluated in selected studies (continued on the next page)

Patients,n  Echocardiographic Outcome Major findings
parameter
HFrEF
Curtis et al®® 7788 LVEF Mortality Higher LVEF associated with a linear decrease in
mortality up to an LVEF of 45%; no association above
the value of 45%
Solomon et al* 7599 LVEF Mortality, HF As above
hospitalization
Sengelov et al** 1065 GLS Mortality GLS was superior to other echocardiographic
parameters including LVEF, especially in male
patients with atrial fibrillation.
Biering-Sorensen et al® 1064 LVlongitudinal strain ~ VFor VT Assessment of regional longitudinal deformation in
in the inferior wall the inferior wall provided incremental prognostic
information over clinical and other
echocardiographic predictors.
Modin et al*t 151 RRinterval-corrected  Mortality Only corrected GLS, but not uncorrected GLS or LVEF,
GLS was associated with outcome in patients with atrial
fibrillation.
Nahum et al®’ 125 GLS Mortality, HF GLS superior to LVEF and other echocardiographic
hospitalization, parameters
cardiac transplant,
mechanical
ventilation
Aciletal” 132 E/e’ Cardiac death, E/e’ superior to other diastolic as well systolic
transplantation, HF parameters
hospitalization
Meris et al*® 610 LAVI Mortality and HF LAVI: an independent predictor after adjustment for
hospitalization clinical variables in patients with myocardial
infarction complicated by HF and/or LV dysfunction
Rossi et al®’ 1157 LA area Mortality and HF LA area: a powerful predictor providing additional
hospitalization prognostic information beyond LV systolic and
diastolic parameters (individual patient meta-
-analysis)
HFpEF
Shah et al*® 447 GLS CV mortality, HF GLS was the strongest echocardiographic
hospitalization, prognosticator. The highest risk at GLS <15.8%.
aborted cardiac
arrest
Wang et al”’ 80 GLS at exercise Mortality and HF Exercise GLS was the strongest predictor of adverse
hospitalization outcome, superior to other echocardiographic
indices including exercise E/e".
Kosmala et al’® 205 LV longitudinal Mortality and HF Both abnormal systolic and diastolic responses to
deformationand E/e’  hospitalization exercise were predictive of adverse outcome,
at exercise independent of and incremental to clinical data and
BNP levels. Measurements of myocardial
deformation and E/e’ at exercise prognostically
outperformed those acquired at rest.
Okura et al” 50 E/e’ Mortality and HF Prognostic value of E/e’ incremental to other
hospitalization echocardiographic parameters including e’ and LVEF
Santos et al®® 357 LA reservoir strain CV mortality, HF LA strain was a predictor of adverse outcome
hospitalization, independent of clinical factors but of LV strain and LV
aborted cardiac filling pressure.
arrest
Melenovsky et al*® 101 LA emptying fraction ~ Mortality LA dysfunction was a significant risk predictor in
HFpEF.
Lam et al” 244 TRV Mortality TRV: the only echocardiographic parameter
predicting outcome, superior to E/e’, LAVI, RWT, and
LVMI
Melenowski et al*® 96 RV FAC Mortality RV dysfunction was associated with adverse outcome
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independent of PA pressure.
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TABLE2 Echocardiographic prognostic markers in heart failure with reduced ejection fraction, heart failure with preserved ejection fraction,

and preclinical disease evaluated in selected studies (continued from the previous page)

Echocardio Outcome

parameter

Patients, n

phic

Major findings

Mohammed et al** 562 TAPSE Mortality and HF RV dysfunction was predictive of poor outcome
hospitalization independent of PASP, age, sex, and comorbidities.
Jasic-Szpak et al*® 170 LA reservoir and Incident atrial LA strain provided predictive information about
contractile strain fibrillation atrial fibrillation in HFpEF, independent of and
incremental to clinical data, LAVI, and LV diastolic
and systolicindices.
Preclinical disease
Yang et al'® 410 GLS, LVML, LAVI,and  CV mortality and LA enlargement, LV hypertrophy, abnormal GLS, and
diastolic function new-onset HF E/e’ were independent predictors of adverse
indices outcome. GLS was the most sensitive marker.
Przewlocka-Kosmalaetal™ 465 LV untwisting rate CV mortality and The prognostic value of apical untwisting rate was

new-onset HF

independent of and incremental to clinical data,
LAV, and GLS.

Abbreviations: BNP, brain natriuretic peptide; CV, cardiovascular; FAC, fractional area change; HF, heart failure; HFpEF, heart failure with preserved ejection fraction;
HFrEF, heart failure with reduced ejection fraction; LA, left atrial; LAVI, left atrial volume index; LV, left ventricular; LVEF, left ventricular ejection fraction; LVMI, left
ventricular mass index; RV, right ventricular; PA, pulmonary artery; PASP, pulmonary artery systolic pressure; RWT, relative wall thickness; TAPSE, tricuspid annular plane
systolic excursion; VF, ventricular fibrillation; VT, ventricular tachycardia; others, see TABLE 1, FIGURE 2, and FIGURE 5
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highly predictive of adverse clinical outcomes,
both in HFpEF and HFrEF.®*72 Among the pa-
rameters reflecting myocardial relaxation, re-
duced LV untwisting rate has emerged as a prog-
nostic indicator both in the preclinical and overt
stage of HFpEF.*"

The importance of exercise echocardiography
in the evaluation of patients with suspected or
confirmed HFpEF has been further reinforced by
the findings that the reductions of both LV dia-
stolic and systolic reserves can add an incremen-
tal value to risk stratification in this condition,
and that exertional measurements of E/e’ and
longitudinal myocardial deformation are prog-
nostically superior to those attained at rest.’”®’

In addition to the measures of LV function,
also LV structural markers, such as hypertro-
phy, mass index, and type of remodeling and ge-
ometry, are independently associated with in-
creased cardiovascular risk in HF.’8-

The evaluation of LA size and function holds
prognostic significance both in HFpEF and
HFrEF. Left atrial enlargement and dysfunction,
accounting for HF atriopathy, can be predictive
of atrial fibrillation, HF hospitalization, stroke,
and cardiovascular mortality.2%#2-#8 The most ro-
bust echocardiographic atrial prognosticators
are LA volume for structural as well as LA strain
and phasic volumetric measurements for func-
tional remodeling. Left atrial dysfunction, as-
sessed mainly by LA strain, was shown to pro-
vide information independent of and incremen-
tal to LA size for predicting clinical outcomes
in HE.89.90

Pulmonary hypertension and right ventric-
ular (RV) dysfunction are common findings in
HF, both of which independently contribute to
increased clinical risk.*'% Classic RV functional
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parameters (including tricuspid annular plane
systolic excursion, fractional area change, and
tricuspid annular systolic velocity) have prog-
nostic value but also limitations related to trans-
lational movement that is avoided by the mea-
surement of RV strain.”® The predictive inde-
pendence of RV function from RV afterload may
mark the progression to more advanced disease,
with a lower likelihood of meaningful recovery.

In view of the abundance of predictors and
their synergism in providing prognostic infor-
mation, the current risk stratification strate-
gies cannot be based upon single echocardio-
graphic parameters but have to incorporate mul-
tiple markers reflecting different cardiac do-
mains.**7>0 Accordingly, LV and LA longitudi-
nal strain, LA volume, E/e’ ratio, TRV, and RV
function indices might be postulated for inclu-
sion in prognostic algorithms in all HF catego-
ries. Such an integrated approach can be expect-
ed to optimize the extraction of prognostic data
from the echocardiogram.

Selected studies that demonstrated the prog-
nostic significance of echocardiographic param-
eters in HF are presented in TABLE2.
Perspectives It is hard to conceive of how
modern HF management might be delivered in
the absence of echocardiography. This inexpen-
sive and widely-available technique has roles
in the detection of HF, phenotyping subgroups,
risk assessment, and in informing management.
Three perspectives seem to be particularly ger-
mane. First, echocardiography is a reliable non-
invasive technique for the assessment of he-
modynamics and physiology. Despite wishes to
the contrary, no combination of biomarkers has
yet been able to provide the depth of knowledge



provided by this imaging tool. Second, the po-
tential of echocardiography in HF has been ful-
filled by the incorporation of new science and

technologies, especially quantitative approach-
es to the assessment of diastolic function and

myocardial deformation. The implication of this

observation is that a simple qualitative echocar-
diography protocol, based on subjective evalu-
ation of the 2-dimensional images by a nonex-
pert is likely to underdeliver. Third, notwith-
standing the impact of new technology in echo-
cardiography, it is viewed as an “old” test that is

less visually striking (and much less expensive)

than new imaging techniques, such as cardiac
magnetic resonance imaging. The consequence

is that relatively few cardiologists are trained to

use this technique to its full potential. We see

automation and artificial intelligence as the so-
lution to this practice gap and expect that with-
in years, handheld devices will automatically ac-
quire and process images to provide parameters

relevant to HF at bedside.
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