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Traditionally, congestive heart failure (HF) was phenotyped by echocardiography or other imaging techniques according to left ventricular (LV)
ejection fraction (LVEF). The more recent echocardiographic modality speckle tracking strain is complementary to LVEF, as it is more sensitive
to diagnose mild systolic dysfunction. Furthermore, when LV systolic dysfunction is associated with a small, hypertrophic ventricle, EF is often
normal or supernormal, whereas LV global longitudinal strain can reveal reduced contractility. In addition, segmental strain patterns may be used
to identify specific cardiomyopathies, which in some cases can be treated with patient-specific medicine. In HF with preserved EF (HFpEF), a
diagnostic hallmark is elevated LV filling pressure, which can be diagnosed with good accuracy by applying a set of echocardiographic para-
meters. Patients with HFpEF often have normal filling pressure at rest, and a non-invasive or invasive diastolic stress test may be used to identify
abnormal elevation of filling pressure during exercise. The novel parameter LV work index, which incorporates afterload, is a promising tool for
quantification of LV contractile function and efficiency. Another novel modality is shear wave imaging for diagnosing stiff ventricles, but clinical
utility remains to be determined. In conclusion, echocardiographic imaging of cardiac function should include LV strain as a supplementary meth-
od to LVEF. Echocardiographic parameters can identify elevated LV filling pressure with good accuracy and may be applied in the diagnostic
workup of patients suspected of HFpEF.
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Summary points

® Myocardial strain imaging by speckle tracking echocardiography is
complementary to ejection fraction (EF) and should be done
when EF is normal in patients suspected heart failure (HF).

® Global longitudinal strain (GLS) is more sensitive than EF to diagnose
mild systolic dysfunction.

® |n hearts with a small, hypertrophic ventricle, EF is often normal or
supernormal, whereas GLS can reveal reduced contractility.

® Several cardiomyopathies can be diagnosed by characteristic distri-
bution patterns of left ventricular (LV) segmental strains.

® |n patients suspected of HF, echocardiography can identify elevated
LV filling pressure with good accuracy.

® When LV filling pressure is normal at rest, a diastolic stress test may
be needed to confirm the HF diagnosis.

® Future development of digital twin technology is expected to facili-
tate understanding of complex interactions between different bio-
logical processes in the failing heart.

Introduction

Heart failure (HF) is a highly prevalent condition that is associated with
significant morbidity and a poor prognosis. Since the 1980s, HF pheno-
typing was based mainly on clinical symptoms and signs and on meas-
urement of left ventricular (LV) ejection fraction (LVEF). This
categorization was proved successful in HF with reduced EF (HFrEF),
as reflected in improved life quality and reduced mortality in response
to drugs and devices in this phenotype.’

Better insights into the pathophysiology of HF, advances in cardiac
imaging, and introduction of therapies targeting specific cardiomyop-
athies have stimulated implementation of personalized medicine in
management of patients with HF. Rather than applying a traditional ap-
proach and assuming that ‘one size fits all’, today, many patients can re-
ceive personalized therapies based on more refined phenotyping.

Echocardiography plays a cardinal role in establishing the presence of a
cardiac abnormality and in defining specific aetiology of HF. As reviewed in
separate state-of-the-art articles in this issue of the journal, other imaging
modalities and genetic testing often provide diagnostic information that is
complementary to echocardiography. The present article addresses how
echocardiography may be applied to improve phenotyping by imaging ven-
tricular function. This article also presents haemodynamic correlates to
imaging data to better understand which features of cardiovascular func-
tion are reflected in the different phenotypes.

Definition of HF

HF is a clinical syndrome with different aetiologies and diverse patho-
physiology rather than a specific disease. Mechanistically, the problem
of a failing heart is inability to pump enough blood to meet the body’s
need for oxygen and nutrients.” Limited supply of oxygen to the body
causes symptoms of fatigue and exercise intolerance (‘forward failure’).
Furthermore, as a compensatory mechanism to maintain stroke vol-
ume by the Frank-Starling mechanism, there is elevation of LV filling

echocardiography e heart failure e diastolic function e digital twin e left ventricular ejection fraction e strainimaging

pressure, which tends to cause fluid retention and vascular congestion,
resulting in peripheral oedema and breathing problems (‘backward
failure’).

Due to the complexity of the disorder and the diversity of the patho-
physiology, it has been challenging to agree upon a unified definition of
HF. Recently, an international consensus on its definition was obtained
among several medical organizations working with HF. They proposed
that HF was defined as a clinical syndrome with symptoms and/or signs
caused by a structural and/or functional cardiac abnormality corrobo-
rated by elevated natriuretic peptide levels and/or objective evidence
of pulmonary or systemic congestion.>

Assessment of LV contractile
function

Systolic function refers to the heart’s ability to generate force by con-
traction to eject blood into the aorta. LV pressure—volume analysis is
the gold standard for quantifying LV systolic function but requires inva-
sive measurements combined with a loading intervention and is there-
fore rarely used in clinical settings. Instead, echocardiography is used as
the standard method for quantification of LV function in daily clinical
work.

LVEF

LVEF is calculated as stroke volume indexed to end-diastolic volume
(EDV) and is used successfully to phenotype and identify patients
who need HF therapy. This conventional phenotyping includes the fol-
lowing groups: HFrEF (<40%), HF with mildly reduced EF (HFmrEF)
(41-49%), and HF with preserved EF (HFpEF) (>50%)." There are,
however, several limitations of this simplified phenotyping, which are
discussed subsequently. First, LVEF has relatively low sensitivity to iden-
tify mild systolic dysfunction as detected by strain metrics. Therefore,
patients with HFpEF often have systolic dysfunction, as reflected in re-
duced LV longitudinal shortening. This is illustrated in Figure 1, which
shows that HFpEF patients with EF > 50% have lower values for LV glo-
bal longitudinal strain (GLS) than normal controls, consistent with mild
systolic dysfunction.

Second, LVEF has limited ability to serve as a prognostic indicator.
This is illustrated Figure 2A, which is from a large HF study that com-
pared prognosis in patients according to LVEF. It was found that
5-year mortality was similar in patients with EF > 50%, <40%, and
41-49%. These observations are supported by previous studies that
have compared mortality in HFrEF and HFpEF.

The use of LVEF as a prognostic indicator is further complicated by a
U-shaped relationship between EF and cardiovascular risk, as shown in
Figure 2B. It is not clear why supernormal EF is associated with high risk
but may, in part, be caused by a confounding risk marker, such as LV
hypertrophy, which tends to cause small LV cavity volumes. Further
studies should explore if the U-shaped association between risk and cir-
cumferential LV strain illustrated in Figure 2C reflects a similar phenom-
enon. Potentially, increased circumferential strain is a compensatory
mechanism that maintains EF in the early phase of HF when GLS is mild-
ly reduced.’

The data in Figure 2D are from a combined clinical and modelling
study, which showed a much flatter slope for GLS vs. EF than for cir-
cumferential strain vs. EF.2 This would imply that EF is less sensitive
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Figure 1 LV strain (longitudinal and circumferential) in hypertension and HFpEF. Left panel: average longitudinal and circumferential systolic strain
among normal controls, hypertensive heart disease, and HFpEF. Right panel: three categories of HFpEF based on LVEF. *P < 0.0001 vs. controls and
between hypertensive heart disease and HFpEF overall for longitudinal strain and circumferential strain. *P < 0.0002 vs. controls. TLVEF-adjusted P <

0.001 compared with controls.*

to reductions in longitudinal shortening, which may explain why EF is
often normal while GLS is reduced in patients with mild LV systolic dys-
function such as in HFpEF.

Third, EF has limited ability to diagnose specific cardiomyopathies,
which is becoming increasingly important with the introduction of
patient-specific therapies for some of these diseases. In many cases, as-
sessment of regional myocardial function is important for correct diag-
nosis of specific cardiomyopathies.

A technical limitation of LVEF is poor reproducibility. VWhen possible,
two-dimensional (2D) LVEF should be substituted with three-
dimensional (3D) LVEF due to its superior reproducibility.

Despite its limitations, LVEF is still the first-line imaging parameter
used in patients suspected of having HF.

Myocardial strain imaging

Strain means deformation and is an excellent parameter for quantifica-
tion of myocardial function. The current echocardiographic standard is
to measure myocardial strain by speckle tracking echocardiography
(STE). The most widely used strain parameter of LV systolic function is
GLS, which is calculated as the average of peak systolic strain from all
LV segments in apical four-, three-, and two-chamber views. Data on
GLS are presented along with bull’s eye plots of segmental strains, as illu-
strated by the examples in the Graphical Abstract. Measurements of GLS
are highly reproducible and comparable among vendors.’”

Regarding LV segmental strains, there is significant inter-vendor vari-
ability, and there is a lack of sufficiently validated reference values.
However, distribution patterns of LV segmental strains displayed as
bull's eye plots provide important diagnostic information and are
used in the diagnostic workup of patients suspected of cardiac amyloid-
osis, Fabry disease, and other specific cardiomyopathies. This is illu-
strated in the Graphical Abstract.

One of the reasons why a reduction in GLS often precedes a reduc-
tion in EF is that myofibres that account for longitudinal shortening are
located mainly in the vulnerable subendocardium. Furthermore, with
concentric hypertrophy, which is common in HFpEF, there is typically
a small LV cavity, which may close almost completely in systole, and
therefore, EF is normal or supernormal even when stroke volume
and contractility are reduced. In these cases, GLS is often reduced.
Typical examples of cardiac diseases where EF may not reflect systolic
function are hypertrophic cardiomyopathy and amyloidosis.'®""

For most echocardiography systems, absolute values for GLS are re-
ported between 18 and 22% in healthy individuals.'? Values are slightly
lower for males than females, and a slight fall in GLS with ageing was ob-
served in females."* In adults, average normal values for GLS are around
20%, and GLS < 16% is considered subnormal. Values of GLS between
16 and 18% are considered borderline.” By convention, negative strain
means shortening and positive strain means lengthening or thickening.
To avoid confusion when communicating and reporting strain data clin-
ically, we recommend referring to strain in absolute values.

For GLS, there are only small differences between equipment for
most of the vendors, but there are some exceptions.9 Therefore, it is
essential to use reference values that are defined for each specific ma-
chine and software. In particular, when doing serial evaluations, it is im-
portant to use not only similar equipment but also similar algorithms for
calculating strain.

Whereas GLS is widely implemented in clinical practice, circumferential
and radial strains are used mainly for research. VWhen measuring LV global
circumferential strain (GCS), one should be aware of the large transmural
gradient with markedly higher absolute values for subendocardial than
subepicardial strains. This complicates the definition of normal reference
values for GCS."'® There is also a base-to-apex gradient, with the lowest
absolute value at the mitral valve level, which increases progressively to-
wards the apex. Therefore, values for GCS should be reported and inter-
preted with specification of location of sampling volume.
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5-Year Outcomes in Patients Hospitalized With HF with
Preserved (HFpEF), Borderline (HFbEF), and Reduced EF (HFrEF)
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Figure 2 EF as a prognostic indicator: (A) 5-year mortality was similar in HF patients with preserved, borderline, and reduced LVEF. Modified from
Shah et al.> (B) A U-shaped relationship was observed between LVEF and adjusted hazard ratios in patients with HF (number of echocardiograms = 40
616). Error bars, 95% confidence interval.® (C) A U-shaped relationship was observed between LV GCS and the incidence rate of HF and/or CD (2874
patients).” (D) Relationships between EF and LV strains, showing a much flatter slope for GLS vs. EF than for GCS vs. EF. CD, cardiovascular death; EF,
ejection fraction; GCS, global circumferential strain; GLS, global longitudinal strain. EDV, end-diastolic volume; WT, wall thickness. Adapted from

Stokke et al.®

As suggested by recent data from a large retrospective study of a
general population, elevated GCS was independently associated with
a higher risk of HF/cardiac death when LVEF was above 50%
(Figure 2C).” These observations, suggesting a role for measuring LV
GCS clinically, need to be tested in future prospective studies.

Measurement of radial strain by STE is challenging because fewer
speckles are present, and similar to circumferential strain, radial strains
increase markedly from the outer to the inner layers of the LV wall due
to a geometrical effect. There is also a transmural gradient for longitu-
dinal strain, but it is much smaller than for circumferential and radial
strains due to a larger radius of curvature in the long axis.'®

Strain imaging may also be used to measure LV twist and torsion, but
so far, this application has been limited to research studies.” The strain
rate is another parameter that is feasible by STE but has so far not been
implemented in clinical routine.

As explained in this section, myocardial strain imaging is a useful sup-
plement to EF in HF diagnostics. Measurement of GLS should be

considered in every patient who is evaluated for potential systolic dys-
function. For diagnosing specific cardiomyopathies, LV strain provides
valuable diagnostic information that cannot be obtained by measuring
EF or by visual assessment of contractile function. In addition, GLS is
a strong prognostic marker.

Other parameters of systolic
function

Cardiac output is an important parameter of systolic function, which is
expressed as the amount of blood pumped out in the aorta per time
unit. Cardiac output can be measured using the Doppler velocity—
time integral combined with the LV outflow tract diameter to measure
stroke volume, which is then multiplied by the heart rate. Peak systolic
mitral annular velocity (s') using tissue Doppler and mitral annular plane
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Figure 3 (A) Calculation of MW indices in a normal subject and in a patient with cardiomyopathy.*° (B) Measurements in a patient with congestive HF
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work (WW) and therefore low global WE, as shown in the bull’s eye plot. Arrows indicate the direction of rotation of pressure—strain coordinates. (C)

Reference ranges for normal MW indices.”' (D) Hypothetical illustration

suggesting how the echocardiographic MWV index may be used as an indicator

of pump function and to reflect myocardial workload as a stimulus to adverse remodelling. Data adapted from Chan et al.** showing a patient with
non-ischaemic cardiomyopathy (left), one with hypertension (right), and a normal subject (centre).

systolic excursion (MAPSE) using M-mode are useful alternatives to
LVEF and strain in patients with poor image quality."®

Myocardial work and efficiency

Myocardial work (MW) is a recent non-invasive modality that combines
LV strain with a non-invasive estimate of LV pressure via cuff blood
pressure.’” It includes a tool that shows the pressure—strain curves.
Since MW indices incorporate systolic pressure, these parameters
may be applied during changes in afterload. Furthermore, whereas
GLS provides a measure at only one time point during the heart cycle,
work utilizes strain values from the entire systole from onset contrac-
tion until onset of LV filling (Figure 3A). In addition, this modality includes
a measure of efficiency and therefore provides more comprehensive
data on LV function than by just measuring strain. Furthermore, region-
al differences in MW correlate with regional myocardial glucose metab-
olism, evaluated using positron emission tomography (PET) imaging.'”

The MW index is calculated by differentiation of the strain curve and
multiplying it with instantaneous LV pressure. This product is a measure
of instantaneous power, which is integrated over time from mitral valve
closure to mitral valve opening and gives segmental and global MW.?*
Alternatively, MW can also be calculated as the area of the LV pres-
sure—strain loop.”? Importantly, these estimates of work use pressure
as a surrogate for force, use relative dimension, and do not incorporate
radii of curvature. Furthermore, the LV pressure estimate does not take
into consideration individual differences in LV diastolic pressure. These
limitations should be kept in mind when interpreting MWV indices.

The LV global work index (GWI) is calculated as an average of segmen-
tal values. As illustrated in Figure 3, several different work indices may be
calculated. Constructive work (CW) is defined as work that contributes

to global LV pump function and is measured as work during segmental
shortening. In dysfunctional ventricles, there may be segments that length-
en in systole, and the work performed on these segments by other parts
of the ventricle represents a waste of energy. Calculation of wasted work
(WW) is illustrated in Figure 3B. Myocardial shortening during LV isovolu-
mic relaxation (post-systolic shortening) is also considered a waste of en-
ergy. As illustrated in Figure 3, work efficiency (WE) is calculated as CW
divided by the sum of CW and WW.

Approximate normal values of the indices of work are as follows:
GWI 1900 mmHg%, global CW 2200 mmHg%, and global WE 96%
(Figure 3C). The GWI is slightly higher in women than in men, and it in-
creases with age.

The MW index based on LV pressure—strain analysis measures global
as well as segmental work, which may be of importance to localize seg-
ments with impaired performance, and in some disorders, it may be im-
portant to identify segments with abnormally high workload or
asymmetry in workload, as illustrated in Figure 3B and D.

Studies of the clinical value of MWV indices have been published in the
field of cardio-oncology®® and in patients who are candidates for car-
diac resynchronization therapy.?> There are also promising data on ap-
plication of MW indices in the evaluation of patients with ischaemic
heart diseases or valvular heart diseases. The clinical demonstration
of its value remains a matter of large prospective studies. The ‘tool’ re-
mains young and is a very promising less load—dependent method for
assessing LV systolic function.

Cardiac power

Cardiac power is a measure of cardiac performance that integrates
pressure (afterload), flow, and heart rate and expresses the energy
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transfer from the LV to the aorta per unit time. The unit is Watt, equal
to 1)/s.

Cardiac power = stroke volume X mean arterial pressure
X heart rate X k.

What is needed for calculation of cardiac power is stroke volume and
simultaneous mean aortic pressure. Stroke volume can be measured at
the LV outflow tract from Doppler velocities and outflow tract diameter,
and k is a conversion constant to Watt/100 g LV myocardium.” A large
study in patients suspected of heart disease with normal EF showed that
peak cardiac power calculated during physical exercise was a more
powerful prognostic marker than resting power and EF.'126

As reviewed recently,' several studies indicate that cardiac power is
a strong predictor of mortality in HF patients regardless of EF. This sug-
gests that cardiac power could be a more suitable measure of systolic
function than EF. A limitation of peak power, however, is that the meas-
urement is somewhat complicated since a stress test with peak per-
formance is needed to identify peak power. When compared with
work based on segmental strain analysis, power is exclusively a global
parameter and does not provide data on regional function or LV
efficiency.

The novel PV-derived measures MW, power, and efficiency may im-
prove phenotyping of HF, but it remains to be shown that using these no-
vel parameters to guide treatment results in better health outcomes.

Methods to evaluate LV diastolic
function

There are no good pathophysiological reasons to maintain a strict distinction
between LV diastolic and systolic dysfunction, as was done previously by using
the terms diastolic and systolic HF, respectively. The two phases of the cardiac
cycle are tightly coupled so that a reduction in systolic function leads to im-
pairment of diastolic function due to associated slowing of myocardial relax-
ation and loss of restoring forces, which impair LV filling. Furthermore,
reflexes activated by reduced cardiac output lead to translocation of blood
from the venous reservoirs to the central circulation that increases LV filling
pressure and activates the Frank-Starling mechanism as a compensatory
mechanism to maintain stroke volume. Long-term compensatory mechan-
isms include fluid retention, and there is typically macro- and microscopic ad-
verse remodelling of the LV, which may increase diastolic stiffness.

Figure 4A illustrates the mechanisms of diastolic dysfunction. The physio-
logical principles of normal diastolic function include fast LV relaxation that
causes a rapid fall in LV pressure, release of restoring forces that cause dia-
stolic suction, and a compliant ventricle that allows filling with little rise in
diastolic pressure. In HF, these mechanisms may fail, which leads to com-
pensatory elevation of LV diastolic pressure, which may cause pulmonary
vascular congestion and shortness of breath. Figure 4B illustrates how dia-
stolic function can be measured by invasive reference methods.

In routine clinical practice, diastolic function is evaluated by measuring
echocardiographic parameters that reflect LV relaxation and diastolic stiff-
ness. The Graphical Abstract (Panel C) illustrates echocardiographic para-
meters of diastolic function.

Useful echocardiographic markers of LV diastolic function include mi-
tral early (E) and atrial contraction—induced (A) blood flow velocities, the
E/A ratio, early diastolic mitral annular velocity (e'), the E/e' ratio, left atrial
(LA) volume, and LA reservoir strain. Pulmonary artery systolic pressure
estimated by measurement of tricuspid regurgitation velocity is also used
as a marker of LV filling pressure. In addition, mitral E deceleration time,
which is related to LV diastolic stiffness, and duration of pulmonary ven-
ous reverse velocity during atrial contraction, which is related to LV end-
diastolic pressure (LVEDP), may be used as supplementary markers when
evaluating diastolic function. Each one of these parameters is related to
diastolic function, but the strength of the association for single

parameters is only moderate, and therefore, none of the indices should
be used as single parameters when assessing LV diastolic function. By
using a combination of echocardiographic parameters, however, it is pos-
sible to assess and evaluate LV diastolic function non-invasively. Details
regarding each of the echocardiographic parameters used in the evalu-
ation of diastolic function are presented in more detail in previously pub-
lished reports on the topic.2?°

Estimation of LV filling pressure by
echocardiography

Since HF symptoms are rather non-specific and EF is often normal as in
HFpEF, it is important to search for objective measures of heart dys-
function. Elevated LV filling pressure is a hallmark of HF and should
be assessed routinely in patients suspected of HFpEF. In patients with
HFrEF and symptoms of pulmonary vascular congestion, it is also im-
portant to know LV filling pressure.

When using echocardiographic parameters to assess LV filling pres-
sure, it is important to understand that there are several definitions of
filling pressure. Since the LA-LV pressure gradient represents the driv-
ing force for LV filling, LA mean pressure is named LV filling pressure.
Because LA pressure is rarely available, the indirect measures pulmon-
ary capillary wedge pressure (PCWP) and LV pre-atrial contraction
pressure (pre-A pressure) are used as parameters of LV filling pressure.
In most patients, PCWP and LV pre-A pressure correspond well with
mean LA pressure. Finally, LVEDP is often used as a parameter of LV
filling pressure but may markedly exceed LA mean pressure. Figure 5
illustrates the different definitions of LV filling pressure.

When the issue is pulmonary vascular congestion, the most relevant
parameter of filling pressure is PCWP or LV pre-A pressure since they
represent LA mean pressure, which determines pulmonary venous
pressure. When considering LV mechanical function, however,
LVEDP, which represents LV preload, is a more appropriate measure
of filling pressure. In a ventricle with normal function, LVEDP is typically
afew mmHg higher than pre-A pressure. In patients with a stiff ventricle
and acute HF, however, LVEDP often exceeds LV pre-A pressure by
>10 mmHg.

Figure 6A shows an algorithm for assessing LV filling pressure (LA
mean pressure) in patients suspected of HF or with established HF re-
gardless of EF. Several parameters that are related to LV relaxation, re-
storing forces, or diastolic stiffness are used in combination and can
differentiate between normal and elevated LV filling pressures with
good accuracy. None of the parameters should be used as a stand-alone
marker of filling pressure due to limited diagnostic accuracy for single
parameters. Importantly, this algorithm should not be applied in acute
HF since some of the parameters have a weaker association with filling
pressure in acute patients. When assessing filling pressure by echocar-
diography, one should incorporate clinical data when available, and
other diagnostic information such as natriuretic peptides or chest
X-ray should be considered.

Figure 6B shows the current criteria for the definition of diastolic dys-
function based on a set of echocardiographic parameters.30 Figure 6C
shows criteria for grading of diastolic dysfunction based on mitral
flow velocity patterns and estimates of LV filling pressure.®

Diastolic stress test

In patients with HFpEF, LV filling pressure is often normal at rest, and
an exercise test is needed to demonstrate elevated filling pressure.*?
Figure 7A compares haemodynamic response to exercise in a normal
heart and a failing heart. In the normal heart (left panel), the transmi-
tral pressure gradient and flow rate increased during exercise with no
rise in LA pressure. This was in part due to diastolic suction, as indi-
cated by a reduction in LV minimum pressure to negative values.
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Figure 4 (A) The three fundamental mechanisms of LV diastolic dysfunction are impaired myocardial relaxation, loss of restoring forces, and in-
creased passive elastic stiffness. Each one of these mechanisms may impair LV filling, and as a compensatory mechanism, there is elevated LV filling
pressure. Based on Opdahl et al.?” Ly, minimum length of the compressed spring; Lo, unstressed length. (B) lllustration of invasive methods for meas-
uring diastolic function. The left panel shows calculation of the time constant of LV isovolumic pressure fall (tau).?® The middle panel shows LV diastolic
stiffness calculated as the slope of the diastolic PV curve. The right panel shows the measurement of LV filling pressure.

During congestive HF (right panel), there was loss of diastolic suction,
as indicated by elevated minimum LV pressure, and increased trans-
mitral flow during exercise was attributed to a marked increase in LA
pressure. Figure 7B shows data from two patients, one with slightly
negative LV early diastolic pressures during exercise and one with
marked elevation of early and late diastolic pressures, indicating dia-
stolic dysfunction.

A non-invasive diastolic stress test with measurement of E/e’ and
peak TR velocity as markers of LV filling pressure during exercise can
be added in the setting of suspected HFpEF and normal resting LV filling
pressure (Figure 8A).>* Candidates for the test are patients with Grade |
diastolic dysfunction and signs of delayed myocardial relaxation as indi-
cated by septal e’ <7 or lateral ¢’ < 10 cm/s. Criteria for positive dia-
stolic stress test are signs of elevated filling pressure, as shown in

Figure 8A. For further details of the test, it is referred to Ha et al® In
some cases, an invasive diastolic stress test may be needed for a conclu-
sive diagnosis of HFpEF, as illustrated in Figure 8B.

The LA as a mirror of LV function

Imaging of the LA provides important diagnostic information in patients
suspected of HF, as summarized in Figure 9. In the absence of atrial ar-
rhythmias, an enlarged LA is often the result of long-standing elevation
of LV filling pressure. The recommended upper normal limit for LAVi
by 2D echocardiography is 34 mL/m?. However, ~10% of apparently
heart-healthy individuals have LAVi above 34 mL/m%* LA volume
can also be quantified by 3D echocardiography and cardiac magnetic
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ultaneous recordings of LV and LA pressure, and LV pre-A pressure and LVEDP are indicated. The horizontal dashed line indicates mean LA pressure.
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Figure 6 (A) Algorithm for assessing LV filling pressure by echocardiography. According to a consensus document from EACVI.3" LBBB, left bundle
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resonance (CMR) (of note, values derived from 3D echocardiography
and CMR are usually greater than those derived from 2D
echocardiography).

When using LA strain to assess diastolic function, elevated LV filling
pressure is reflected in reductions in LA reservoir and pump strains
(Figure 9C). Recent studies have shown that LA strain has a stronger
correlation with invasive LV filling pressure than LAVi.** There are small
age— and sex-related differences in normal values for LA reservoir and
pump strains.>® Values for LA reservoir strain < 19-23% are consid-
ered abnormally low.

The optimal cut-off to differentiate between normal and elevated LV
filling pressures was 18% for LA reservoir strain and 8% for pump
strain, when defining PCWP > 12 mmHg as elevated, and 16 and 6%,

respectively, when using PCWP > 15 mmHg as a criterion for elevated
filling pressure.>” The association between LA strain and LV filling pres-
sure was strongest in patients with reduced LVEF. In the most recent
EACVI consensus document on imaging of patients suspected of
HFpEF, it is recommended to include LA reservoir strain as a parameter
of LV filling pressure (Figure 6A).

Diastolic stiffness by cardiac shear
wave elastography

Increased LV diastolic stiffness is a cardinal feature of HFpEF, but pre-
viously, no non-invasive parameter of diastolic stiffness was available.
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Figure 8 (A) lllustration of a non-invasive diastolic stress test using echocardiography. The inserted traces show mitral flow velocity, mitral annular
velocity, and tricuspid regurgitant velocity at rest and during exercise. (B) lllustration of an invasive diastolic stress test with bicycle exercise during right
heart catheterization. During the test, PCWP as measure of LV filling pressure is recorded.

Cardiac shear wave elastography was recently proposed as a method to
assess LV stiffness.

It is well established that the elastance or stiffness of the myocardium
is related to how and at which velocity a shear wave is propagated along
the myocardium. With technological advances in echocardiography, it
has become possible to image the velocity of the shear wave along
the myocardium. The technique is based on high—frame rate shear
wave elastography and was introduced very recently in the human
heart.*" The shear wave is based on a tissue displacement perpendicular
to the wave propagation direction, which originates from a vibration at
the onset region. This vibration can originate naturally upon valve clos-
ure—aortic and mitral valves when focusing on the LV—or might be
induced mechanically by the probe or another external source.*? The
shear wave velocity is then calculated from the M-mode along the myo-
cardium from base to apex. When three LV imaging planes are ac-
quired, it is possible to map the shear wave velocity on a LV bull's
eye plot (Figure 10).¥

There have been several pre-clinical and clinical studies that clearly
demonstrate the value of shear wave imaging for the evaluation of myo-
cardial stiffness.* Nevertheless, shear wave velocity is a surrogate of
myocardial stiffness and might be limited by confounding mechanical
and/or haemodynamic factors. Therefore, it remains to be studied

the ideal setting for shear wave imaging accounting for these factors.
And ultimately, it remains to be studied how shear wave velocity is re-
lated to global cardiac stiffness as quantified from the LVEDP—-volume
relationship.*?

Use of echocardiography to
differentiate between specific
cardiomyopathies

Cardiomyopathy is defined as a myocardial disorder in which the heart
muscle is structurally and functionally abnormal in the absence of cor-
onary artery disease, hypertension, valvular disease, and congenital
heart disease sufficient to cause the observed myocardial abnormal-
ity.44 The diagnosis is often challenging, and in many cases, echocardiog-
raphy does not provide all the diagnostic information needed.
Therefore, supplementary imaging by CMR, nuclear techniques, com-
puted tomography (CT), and genetic testing is often needed.

With the introduction of therapies for several cardiomyopathies, it is
increasingly important to be aware of echocardiographic features of the
different phenotypes, such as amyloidosis, Fabry disease, and glycogen
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Figure 9 The LA as a biomarker in HF. (A) Prevalence of LA enlargement in HFpEF patients.>” (B) LA volume as a marker of LV filling pressure in
patients evaluated for HF. Data from a multicentre study in 450 patients with HF of different aetiologies.>® (C) LA strain as a marker of LV filling pres-
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reduced systolic function. Adapted from Inoue et al.>”

storage disease, among others. Distribution patterns of segmental myo-
cardial strains may provide diagnostic clues.

Right ventricular function

The presence of right ventricular (RV) dysfunction in HF is strongly as-
sociated with increased morbidity and mortality.*> Right-sided HF is
present when there is evidence of RV dysfunction and signs/symptoms
of RV failure.*

Echocardiography is the first-line imaging modality used in patients
with suspected RV dysfunction and/or pulmonary hypertension. It pro-
vides a quantification of right-sided cardiac chamber sizes and function
and an estimation of pulmonary arterial systolic pressure (PASP) using
the peak tricuspid regurgitation systolic velocity with a cut-off value of
>2.8 m/s signifying pulmonary hypertension. RV systolic function is as-
sessed by parameters similar to its counterpart, the LV. These include
tricuspid annular plane systolic excursion (TAPSE), fractional area
change (FAC), s', averaged peak longitudinal strain over the three seg-
ments of the RV free wall, or global RV strain, which includes both the

fee wall and the septum and 3D RVEF. Estimation of right atrial pres-
sure, RV hypertrophy, and septal motion is also performed.

The most frequently used parameter of systolic function is TAPSE
with a cut-off value of <17 mm signifying dysfunction followed by
FAC, with a cut-off value of <35%. TAPSE and FAC are the most stud-
ied parameters with accumulating evidence in relation to prognosis and
should preferably be assessed in all patients if possible.***” RV strain,
with a cut-off value of <20% for impaired RV free wall strain (<23%
in case of severe tricuspid regurgitation), is angle independent and
may detect regional changes when conventional parameters are nor-
mal.*® It is also less sensitive to tethering effects of the LV, which
may influence both TAPSE and s'. 3D RVEF with a cut-off of <45% is
an emerging method to quantify systolic function.

Septal position and motion during the cardiac cycle are important in
the evaluation of RV dysfunction. Ventricular interdependency is
more pronounced in a setting of biventricular failure affecting the sep-
tum. In general, septal flattening during systole is associated with RV
pressure overload and during diastole with RV volume overload, in
both cases an effect of the reduced LV-to-RV transseptal pressure
gradient.
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Figure 10 Schematic representation of mechanical shear wave velocity acquisition (left) and example of shear wave mapping for quantifying passive

stiffness (right), based on Salles et al.*®

High—frame rate M-mode echocardiography along the myocardium captures the tissue displacement acceleration

and deceleration originating from mitral valve closure. The slope of the peak displacement over time and over myocardial length gives the shear wave
velocity. A stiff myocardium is characterized by a high shear wave velocity. LV, left ventricle.
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Figure 11 Use of digital twin technologies to extract cardiac functional biomarkers, by either mechanistic models that extract the parameters that
rule LV systolic and diastolic function or statistical models that learn from previous examples to rank the disease stage (systolic and diastolic indices).>®

The RV is sensitive to changes in afterload, and assessment of the
interplay between RV contractility and afterload is important.
The ratio of end-systolic elastance (Ees) (ventricular contractility)
to arterial elastance (Ea) (end-systolic pressure/stroke volume) is
obtained invasively and is considered the gold standard of RV-
pulmonary arterial coupling. The optimal Ees/Ea is between 1.5

and 2, where a ratio of <0.8-0.6 has been associated with worse
outcomes.*” Low values of the non-invasive surrogate, the TAPSE/
PASP ratio, are associated with worse prognosis in both HFrEF
and HFpEF.*

When RV images by echocardiography are suboptimal, which oc-
curs especially in obesity and chronic obstructive pulmonary disease,
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or a specific diagnosis such as ARVC is suspected, further imaging with
CMR is necessary.

A digital twin of systolic and
diastolic performance

The ability to build a computational representation of patient-specific
LV performance, i.e. its digital twin, offers new opportunities for better
management of HF. A digital twin is a model, a simplified representation
of reality, which brings a computer-enhanced ability to reason, either
through deduction (using mechanistic models) or through induction
(using statistic models).>°

Unveiling the hidden parameters that govern the heartbeat is one of
the main values provided by a digital twin (Figure 17). Systole may be
simplified into the ability to generate tension by myocytes. And there
are two main mechanistic processes that govern filling, the active relax-
ation of myocytes and the passive storage of strain energy. The quest is
then for the extraction of the temporal profile of active tension (gen-
eration and relaxation) and the stiffness of the myocardium. The way
to estimate these key hidden parameters is the personalization of a
mechanical model accounting for the 3D anatomy, material constitutive
parameters, and cellular contraction and relaxation.”’

Decaying active tension and myocardial stiffness become the funda-
mental properties able to dissect out the aetiology of impaired filling.
These model-derived biomarkers may provide novel and more specific
myocardial diagnostics than global pressure-volume loop—derived
chamber stiffness.>” There are nevertheless a range of challenges that
need careful consideration in the extraction of these LV functional
biomarkers.

The first challenge is access to the right data, specifically filling pres-
sure. In fact, one would need the pericardial pressure to get the actual
pressure difference that drives diastolic filling. Taking informed guesses
of filling pressure, the healthy stiffness of the human myocardium has
been estimated at 1.2 + 0.4 kPa.>> Novel methods to estimate filling
pressure would be a promising strategy to get these needed data.

The second challenge is the choice of modelling assumptions that are
suitable for the question asked and the data available. Cardiac me-
chanics is a multiscale process spanning through organ, tissue, cell,
and ion levels. But the data for each patient are far too limited to per-
sonalize models at all those scales. Assumptions for the orientation of
fibre bundles for tissue incompressibility or for reference configuration
are part of the collection of model choices needed to hit the right level
of complexity.>">?

Even at the tissue level, myocardial tissue displays a non-linear behav-
iour that is difficult to parameterize with the limited range of deform-
ation observed during a heartbeat. In other words, it is difficult to
uncouple the linear and exponential parts of the constitutive material
behaviour,”" and previous works mainly aim to estimate the linear
one. The choice of metrics that fundamentally remove the interplay,
such as energy cost function, is a promising strategy to address it.>>

Once the hidden parameters are unveiled, simulations hold the po-
tential to predict long-term effects of concentric or eccentric remodel-
ling. Digital twin technologies also encompass the ability to teach
machines how to interpret medical images through statistical models,
i.e. machine learning. These models extract the hidden patterns in
the data to solve a task and have for example recently been used to ex-
tract HF severity via random forest models.>* The main challenges here
are related to statistical inductive inference, i.e. bounds of generality and
robustness and the lack of interpretability or mechanisms that explain
the inference.

Although digital twin technology is at an early stage, it holds promise
as a future approach for a better understanding of mechanisms of HF
and may serve as a means to refine phenotyping.
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