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Abstract

This paper delves into the significance of imaging in the diagnosis, aetiology and therapeutic guidance of heart failure, aiming to facilitate
early referral and improve patient outcomes. Imaging plays a crucial role not only in assessing left ventricular ejection fraction, but also in
characterising the underlying cardiac abnormalities and reaching a specific diagnosis. By providing valuable data on cardiac structure, function
and haemodynamics, imaging helps diagnose the condition, evaluate haemodynamic status and, consequently, identify the underlying
pathophysiological phenotype, as well as stratifying the risk for outcomes. In this article, we provide a comprehensive exploration of these

aspects.
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Imagingisindispensable for the diagnosis of heart failure (HF), determining
its aetiology, and for therapeutic guidance, with the goal of early referral
and better patient outcomes. HF with preserved ejection fraction (HFpEF)
is a syndrome defined by a left ventricular ejection fraction (LVEF) >50%,
whereas HF with reduced ejection fraction (HFrEF) is defined by an LVEF
<40%!

Although the prevalence rate of HFrEF has declined over the past few
decades, the prevalence of HFpEF has risen, now accounting for more
than 50% of all HF cases.?

The number of patients with HF has been increasing due to the ageing
population, global population growth and improved survival after diagnosis.®

Distinct underlying cellular and molecular mechanisms between HFrEF
and HFpEF account for the differences seen on imaging. Although HF is a
clinical diagnosis, imaging is key to its correct diagnosis. Imaging is key
not only in measuring LVEF, but also in characterising the underlying
cardiac pathology and arriving at a specific diagnosis. Imaging data on
cardiac structure, function and haemodynamics provide a diagnosis and
evaluate haemodynamic status, thus helping determine the underlying
pathophysiological phenotype and to risk stratify for outcomes. This
paper elaborates on these issues (Figure 1).

Definitions of Heart Failure

Based on LVEF, there are now four categories of HF: HFrEF (LVEF <40%);
HF with mildly reduced ejection fraction (HFmrEF; LVEF 41-49%), HFpEF
(LVEF >50%); and, finally, HF with improved ejection fraction (HFimpEF).

HFimpEF is defined as patients with baseline LVEF <40% but with an at
least 10-point improvement in LVEF from baseline, with the second
measurement (performed between 1 month and 1 year after discharge)
being >40%. This characterisation is important to avail evidence-based
treatments for these different categories.’

A substantial proportion of older adults with HFpEF in the community are
likely to be undiagnosed, especially black individuals, who have lower
natriuretic peptide concentrations than white individuals.® A recent study
on the spectrum of HFpEF phenotypes found that in patients with
unexplained exertional dyspnoea, using an algorithmic H,FPEF score led
to less misclassification and improved diagnostic accuracy compared with
the conventional approach of exercise pulmonary artery capillary wedge
pressures, divided into three groups: one with exercise-induced left atrial
(LA) hypertension, one with resting LA hypertension and one with overt
right ventricle (RV) failure.®

In the analysis from the ARIC study, black patients made up a larger
proportion of those with undiagnosed dyspnoea (20.7% of patients in the
lowest score category and 38.3% in the highest risk category were black;
p<0.001).” Given sodium—glucose cotransporter 2 inhibitors are an
effective treatment, awareness and recognition of HFpEF is key to
curtailing the rising numbers of cases of HFpEF.2

Imaging Assessments

3D Left Ventricular Volume/Chamber Size

Imaging can characterise chamber size in patients with HF, which is key
for diagnosis (Figure 2). Echocardiography is the most common
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Figure 1: Overview of Imaging for
Congestive Heart Failure
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Al = artificial intelligence; CMR = cardiac MRI; GDMT = guideline-directed medical therapy;
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ultrasound.

Figure 2: Heart Failure is Clinically Heterogeneous
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non-invasive imaging modality used to quantify cardiac chamber size and
function due to its widespread availability, portability and the ability of
real-time imaging without any extraordinary contraindications.

If need be, echocardiography can be augmented by other imaging
modalities, such as cardiac MRI (CMR) in case of a difficult imaging window
or borderline cases.

Most commonly, left ventricular (LV) volume and subsequent ejection
fraction are obtained by 2D echocardiography by endocardial tracings
using the biplane method of disks. However, LV views must not have
apical foreshortening and have adequate visualisation of all segments in
the apical four-chamber view.

LV cavity size is mostly assessed by measuring linear internal dimensions
at end-diastole and end-systole in the parasternal long-axis view and
reported as indexed to body surface area. LV volume is measured from

apical two- and four-chamber views, measuring maximum LV area by
avoiding foreshortening, which can be avoided by acquisition at a reduced
depth to focus on LV cavity.®

Similarly, RV size is assessed by linear measurements in RV-focused views
at end-diastole, such as RVD1 (defined as the maximum transverse
diameter in the basal one-third), RVD2 (defined as the diameter at the
middle one-third of the RV inflow) and the maximum longitudinal
measurement from the mid-point of the RV annular plane to the RV apex.
RV function can be assessed by different methods in 2D using colour and
tissue Doppler. RV fractional area change on echocardiography yields
results comparable to CMR. Longitudinal function is mostly assessed by
tricuspid annular plane systolic excursion (TAPSE) and RV peak lateral
tricuspid annular systolic velocity (S'), which is obtained by pulsed-wave
tissue Doppler imaging, and is simple and reproducible, with established
prognostic value.’

However, 3D volumes are more reproducible and correlate with CMR-
derived volumes better than 2D volumes.® Compared with 2D assessment,
3D echocardiography (3DE) has emerged as the most accurate, reliable
and reproducible echocardiographic technique for LV quantification, with
less interoperator variability and a lack of reliance on geometric
assumptions.”

3DE has consistently demonstrated good accuracy and reproducibility in
a time-saving manner for the evaluation of LV volumes and LVEF in
validation studies against the presumed gold standard CMR.” 3DE slightly
underestimates LV quantification compared with CMR due to compromised
spatial resolution and different methods of endocardial border delineation.
However, with increasing operator experience and improved uniformity of
the quantification method, there is increasingly improved agreement
between 3DE and CMR volume assessment.*

Ultrasound Enhancing Agents

Ultrasound enhancing agents (UEAs) are microbubbles that enhance
ultrasound signals. LV volumes obtained with UEAs are typically larger
than those measured without UEAs. Although the normal range for LVEF
does not appear to be different, new reference ranges for end-diastolic
and end-systolic LV volumes when using UEAs should be established.®

Disease-specific Imaging

Pulmonary Hypertension

Both systolic and diastolic HF cause pulmonary hypertension, due, in part,
to raised pulmonary venous pressure and, in part, to vascular remodelling.
There is a vast array of aetiologies for HF-related pulmonary hypertension,
ranging from congenital heart disease to the left-sided heart pathologies
to systemic diseases like systemic lupus erythematosus. Eighty per cent
of patients with HFpEF have pulmonary hypertension, some just from
elevated LA pressures, and in some patients pulmonary hypertension
leads to pulmonary vascular disease.®

The RV initially adapts to increased afterload by increasing the force of
contraction, but later fails, causing uncoupling of the RV and pulmonary
circulation, ending up with dilated RV and systemic congestion.”

Both 2D and 3D parameters for RV function assessment have been used
effectively, but combining these measurements with pulmonary arterial
pressures has proven to be prognostically more significant and provides
a true reflection of RV—pulmonary artery (PA) coupling. Ventriculoarterial
coupling refers to the relationship between ventricular contractility and
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afterload. Its most objective metric is the ratio between ventricular
elastance as a measure of contractility and arterial elastance as a measure
of afterload. As RV wall stress increases, the RV wall thickness increases
before RV dilation is observed. These changes can be measured using
standard metrics”® One such measure, the non-invasively measured
TAPSE/systolic PA pressure (PAP) ratio on echocardiography, has been
proven to predict event-free survival, with a cut-off <0.35 mm/mmHg
consistent with poor prognosis.”

Patients with discordance of echocardiographic parameters presented
with significantly higher New York Heart Association (NYHA) class, worse
functional capacity, higher invasive right atrial pressure, worse LV function,
the lowest echocardiographic systolic PAP measurements and more
severe tricuspid regurgitation (TR). Echocardiographic predictors of
discordance included LVEF <50%, TAPSE <17 mm, V-wave cut-off sign
(triangular spectral profile) and TR Grade >3. Thus, with invasive systolic
PAPs (iPAPs) =50 mmHg (=isolated pulmonary hypertension [iPHT]) and
echocardiographic  PAPs  (ePAPs)>50 mmHg (echocardiographic
pulmonary hypertension [ePHT] positive), a discordant iPHT/ePHT
diagnosis was considered when ePAPs differed by >10 mmHg from iPAPs.
iPHT/ePHT discordance is a marker for more advanced valvular and
ventricular disease and may predict the lower procedural success.” RV-
PA  coupling predicts outcomes following transcatheter tricuspid
intervention, but with different thresholds in women than in men.?

Impaired RV—PA coupling is a major predictor of adverse outcome in
patients undergoing transcatheter mitral valve replacement for severe
secondary mitral regurgitation (MR) often caused by ischaemic HFrEF. The
often-neglected functional and anatomical RV parameters should be
systematically assessed when planning transcatheter mitral valve
replacement procedures for patients with severe secondary MR.”!

Heart Failure with Preserved Ejection Fraction
Cardiac imaging, especially echocardiography, is key to defining cardiac
structure and function in HFpEF. Assessment of LV diastolic function by
echocardiography is an integral part of evaluating patients with HF or
symptoms of dyspnoea. In 2016, the American Society of Echocardiography
and the European Association of Cardiovascular Imaging published an
update on how to evaluate LV diastolic function and elevated LV filling
pressures in patients with signs and symptoms of congestive HF (CHF).?2
To improve diagnostic accuracy, these 2016 guidelines recommend the
use of an extended algorithm including exercise E/e’, exercise tricuspid
valve regurgitation velocity (TRV) and baseline €’; to consider the exercise
stress echocardiography test positive, all three criteria must be met.??

However, a major problem with the practical application of this multimarker
strategy is the inability to obtain a reliable TRV Doppler signal during
exercise in 30-50% of patients, which affects the sensitivity and negative
predictive value of this approach.? Because the positive result rate of
exercise echocardiography is reported to be approximately 20%, the gold
standard to obtain LV filling pressures in response to exercise remains
invasive haemodynamic stress testing.?

Diastolic HF or HFpEF is more common in elderly female patients.
Mechanisms of LV diastolic dysfunction include impaired relaxation,
attenuated restoring forces and increased passive elastic stiffness that
leads to elevated LV filling pressure. The presence of LV hypertrophy and
dilated LA provides support for the HFpEF diagnosis.”

Diastolic dysfunction is not diastolic HF, a clinical syndrome in the setting

of a normal ejection fraction. Because diastolic dysfunction is not unique
to HFpEF, and is also seen in patients with HFrEF, the term ‘diastolic HF’
was replaced by HFpEF.?

In addition, to assess diastolic function on exercise, stress
echocardiography has an increasingly expanding role in the evaluation of
LV systolic and chronotropic reserve, as well as other potential reasons
for exercise intolerance, such as myocardial ischaemia, dynamic MR, LV
outflow tract (LVOT) obstruction or an exaggerated increase in blood
pressure.?® Stress echocardiography is key in aortic and mitral valvular
heart disease for decisions regarding the type and timing of the
intervention, for determining LV contractile reserve in cardiomyopathy
against the background of response to cardiac resynchronisation therapy
and for determining the inducible LVOT gradient to guide therapy in
hypertrophic cardiomyopathy (HCM).?-%

CMR can classify diastolic dysfunction, with excellent agreement with
echocardiography, using mitral inflow and myocardial tissue phase
contrast analysis.*® Reduced coronary microvascular density is associated
with fibrosis in HFpEF.*' Coronary microvascular dysfunction is present in
HFpEF, which limits O, supply relative to demand, and is associated with
reserve dysfunction. CMR is used for the prognostication of HFpEF.®
Mitral inflow and annular tissue Doppler velocities, as well as measurement
of the LA volume index, are the most feasible and reproducible
measurements. >

The health of the RV at baseline is a key determinant of outcomes in
HFpEF* Impairment of RV mechanics likely starts early because of
proinflammatory comorbidities, which increase myocardial stiffness: RV
contractile reserve is an early marker in HFpEF.*® Many clinical trial failures
have led to questioning what exactly is improving, and where, and
highlight the need for clinically relevant, treatment-sensitive measures
with well-defined thresholds. HFpEF clinical trials should include imaging
endpoints and focus more on the RV.%

Hepatic vein imaging on echocardiography is simple and can provide
insights into the underlying haemodynamic status and pathophysiology in
HFpEF patients; a simple algorithm is presented in Figure 3.

Heart Failure with Preserved Ejection

Fraction Prognostication

A meta-analysis demonstrated that CMR is an important prognostication
tool for HFpEF.* Four cardinal features of CMR, namely the presence of a
scar on late gadolinium enhancement (LGE), fibrosis on T, mapping,
myocardial ischaemia in stress CMR and detection of RV systolic
dysfunction, were identified as markers that were associated with an
increased risk of major adverse cardiovascular events (MACE) and
mortality in patients with HFpEF.*® Cut-offs for LGE that showed prognostic
significance ranged from 5.7% to 17% in different studies.®® However,
caution should be applied when interpreting the role of stress CMR and
RV assessment in prognostication of patients with HFpEF, because the
heterogeneity in this group was high in this meta-analysis due to a limited
number of studies.®* More studies are needed to assess the predictive
value of these imaging parameters.

A retrospective study of more than 1,200 patients with HFpEF without
known coronary artery disease (CAD) showed that both inducible
ischaemia and LGE were strong independent predictors of long-term
cardiovascular mortality and non-fatal Ml in these populations.® Moreover,
in multivariable models including conventional cardiovascular risk factors
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Figure 3: Hepatic Vein Pulsed-wave Doppler Algorithm
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or a set of clinical covariates selected by an automated algorithm
(stepwise forward Cox regression), the presence of inducible ischaemia
and the extent of LGE significantly improved model discrimination in
predicting MACE and the secondary composite outcome of cardiovascular
mortality or hospitalisation for HF.*®

In addition, in a study of 110 patients with HFpEF or HFmrEF, the incidence
of all-cause mortality was fivefold higher in patients who had LGE lesions
(ischaemic or non-ischaemic; HR 5.3; 95% Cl [1.50-18.1); p=0.009).* This
was independent of their NYHA functional class, age, gender, N-terminal
pro B-type natriuretic peptide concentration, LGE mass and LVEF.*

Heart Failure with Reduced Ejection Fraction

CMR can comprehensively characterise myocardial tissue and, by
identifying the high-risk population, can help with a more tailored
treatment of HFrEF.

In a study of 133 patients with moderate and severe LV dysfunction, the
presence of LGE >6% of the myocardial volume was associated with a
higher incidence of cardiovascular events, including hospitalisation,
appropriate  shock and all-cause mortality, in both ischaemic
cardiomyopathy and non-ischemic dilated cardiomyopathy (HR 17.8; 95%
Cl [8.03-39.3]; p=0.000095).*° The incidence of cardiovascular events
was significantly higher in LGE-positive patients with LVEF <30%.%

Similarly, in a retrospective cohort of patients with HFrEF (i.e. ejection
fraction between 35% and 39%), patients with both inducible ischaemia
and LGE on stress CMR had an annualised rate of MACE (including
cardiovascular death and non-fatal MI) of 11.7%, compared with a rate of
1.79% for patients without inducible ischaemia or infarction by LGE." The
extent of the scar on LGE was associated with a 2.78-fold higher incidence
(95% CI [1.48-4.78]; p<0.001) of the secondary outcome (a composite of

cardiovascular death or rehospitalisation), although the presence of
ischaemia was not associated with the secondary outcome.”

Ischaemic Heart Disease

Among all causes of HF, ischaemic heart disease accounted for the
highest proportion (26.5%) of age-standardised HF in 2017.* Ischaemic
HF with a mid-range or mildly reduced ejection fraction (HFmrEF) is an
intermediate stage, with LVEF between 40% and 49%, that generally
progresses to either HFpEF (25% of cases) or HFrEF (33% of cases).®

Role of Myocardial Viability

The REVIVED BCIS2 study tested percutaneous coronary intervention
(PCl) as the revascularisation modality, not coronary artery bypass grafting
(CABG) as in the STICH trial, and found that PCI does not improve
outcomes compared with medical therapy, even when characterised by
viability status at baseline.**** Scar burden, but not viability characteristics
at baseline, predicted the likelihood of LV recovery.

Although LVEF at baseline was not predictive of outcomes, scar by LGE
was not only a risk stratifier, but also a predictor of early recovery for
those patients with an LVEF <35%, excluding patients within a month of an
acute MI. Because the inclusion criteria of the REVIVED BCIS2 study were
viability, not ischaemia, one of four study patients had a low-dose
dobutamine stress echocardiogram to assess for viability, whereas CMR
was used in two of three study patients to assess viability by percentage
transmural LGE.*“

UEAs detect the microvasculature (MV) by assessing signal intensity
emanating from the myocardium as a marker of capillary blood volume. A
uniform  distribution  of perfusion indicates a well-developed
microvasculature, whereas the lack of perfusion indicates an insufficient
microvasculature. Homogeneous perfusion suggests an excellent MV,
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whereas the absence of perfusion suggests a lack of MV. Cardiologists
should be wary of the presence of false perfusion in the thin myocardium,
which, if very bright, suggests a scarred myocardium.”

Myocardial ischaemia is known to be prognostic. The ISCHEMIA trial may
have been an exception, perhaps due to collider bias, but ischaemia has
no predictive utility as a therapeutic modification of risk.*® The ISCHAEMIA
trial enrolled relatively healthy older adults, with a low prevalence (23.4%)
of multimorbidity (healthy selection bias), and invasive management was
not associated with improved clinical outcomes in older patients.*

Single-photon emission computed tomography (SPECT) myocardial
perfusion imaging (MPI) can also evaluate myocardial viability. There are
two distinct states of the myocardium: one where it is hypoperfused or
dysfunctional, which can be metabolically inactive and identified as scars,
and the other where it is metabolically active, indicating hibernation.™

Approximately 50% of patients with ischaemic dysfunction of the LV
have a substantial amount of dysfunction, but the myocardium is viable
on SPECT *'Long-term survival in patients with ischaemic cardiomyopathy
is correlated with the amount of dysfunctional but viable myocardium,
and revascularisation can improve LV function in myocardial
hibernation.® Zizek et al. reported that myocardial viability, which was
investigated using SPECT, was independently related to the occurrence
of ventricular tachycardia in patients undergoing cardiac
resynchronisation therapy due to LV lead position.*® Myocardial
segments with decreased viability in the potential LV pacing site should
be identified before the procedure to avoid possible enhancement of
electrical instability.*

Role of Myocardial Blood Flow

Stress PET-MPI improves the detection of severe multivessel CAD in
HFrEF patients and avoids false-negative results.** In patients with known
and suspected CAD, myocardial blood flow reserve independently
predicts mortality and may help identify patients with a survival benefit
after early revascularisation with PCl or CABG beyond MPI perfusion
defects.™

Myocardial Diseases

Echocardiography is the first-line imaging investigation for most forms of
myocardial diseases.”™ The next step for a more accurate diagnosis is
CMR, with detailed tissue characterisation revealing various infiltrating
cardiomyopathies.”’

There are two main forms of fibrosis detected by CMR. CMR characterises
myocardial tissue where extracellular volume (ECV) represents diffuse
interstitial fibrosis, potentially reversible, and LGE represents irreversible
focal fibrosis.*®

Interstitial heart disease, measured by ECV, is the final common pathway
from various myocardial injuries. ECV expansion, regardless of cause, can
have direct crowding effects on cardiac structure and function that lead to
progressive CHF.*

Regional replacement fibrosis is visible by LGE using a gadolinium-based
contrast agent and provides precise prognostic information.*® Diffuse
interstitial fibrosis can be inferred by the T, mapping technique, which
measures relaxation time. This technique investigates the form of focal
scar or diffuse fibrosis, and may have a prognostic value for cardiac
morbidity and mortality.

Amyloid

Cardiac amyloid (CA) is caused by misfolding of one or two proteins,
either a monoclonal immunoglobulin light chain (AL) or transthyretin (TTR),
which s either genetically normal (wild type; ATTRwt) or due to substitution
or deletion mutations (variant TTR: ATTRv).

The investigation for CA includes technetium-labelled cardiac scintigraphy
(*™Tc-pyrophosphate [PYP], 9m¢-3,3-diphosphono-1,2-
propanodicarboxylic acid, *™c-hydroxymethylene diphosphonate). This
easy-to-obtain nuclear bone scan using *"Tc has a high avidity to
microcalcifications in TTR amyloid, but not in AL amyloid. Tracer uptake in
the heartis compared to thatin the rib and graded from 0 to 3 (myocardial
uptake exceeds rib). The typical diagnostic threshold is >1.5. If there is
Grade 2 or 3 uptake and absence of monoclonal protein (serum/urine) and
typical TTE/MRI findings, there is 100% specificity for TTR cardiac
amyloid.®?

AL amyloid can lead to Grade 1 or higher uptake: the PYP scan loses full
diagnostic value for ATTR amyloid unless AL-specific laboratory testing is
completely negative. AL amyloid laboratory work-up should always be
sent to exclude plasma cell dyscrasia, regardless of what the PYP scan
shows.® Low-intensity PYP uptake can be confused for a blood pool
signal: multiplanar SPECT scans should be considered 1-2 h later to
confirm that this is not a blood pool and is, instead, myocardial uptake.®®

Echocardiography-measured LV thickness and mass are higher in patients
with ATTRwt CA, which likely reflects the longer duration of amyloid
accumulation compared with AL CA or ATTRv CA.%

In the early stages of CA, echocardiography lacks specificity to distinguish
amyloid from non-amyloid infiltrative or hypertrophic heart diseases, and
myocardial echogenicity described in CA is neither specific nor sensitive
for amyloidosis. Decreases in LVEF tend to occur at later stages of the
disease. Earlier markers of CA include relative apical sparing on strain
imaging.®® The presence of apical sparing and reduced global longitudinal
strain (GLS) should raise suspicion for CA, but needs further testing with a
PYP scan and laboratory work-up for AL amyloid.®*¢” An ejection fraction
to GLS ratio >4.1 may be the best echocardiographic index to diagnose CA
in patients with LV hypertrophy.®

CMR cannot reliably distinguish between AL and ATTR variants. CMR can
show global subendocardial and transmural LGE, the most typical pattern,
with a sensitivity of 86% and specificity of 92%.%

Hypertrophic Cardiomyopathy

Advanced imaging allows for precise measurements of LV hypertrophy in
HCM that can be confined to certain focal regions of the wall, particularly
when hypertrophy is confined to the anterolateral free wall, posterior
septum or apex. Along with CMR, enhanced echocardiography with UEAs
also allows for the identification of additional disease features and
differentiates HCM from other hypertrophic pathologies.

Echocardiography is generally the firstimaging modality used to establish a
diagnosis or exclude alternative diagnoses. Echocardiography characterises
systolic anterior motion (SAM; with mitral-septal contact) with excellent
temporal resolution and other mechanisms of LVOT obstruction, including
muscle in the mid-cavity. MR caused by LVOT obstruction from SAM results
in a jet direction that is posterior or lateral in orientation and is mostly mid-
to-late systolic. Central or anterior MR jets should prompt further evaluation
for intrinsic valvular or papillary abnormalities.
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A diagnosis of HCM is defined as a maximum end-diastolic wall thickness
>15 mm anywhere in the LV without another cause of hypertrophy. LV
hypertrophy, defined here as a wall thickness of 13-14 mm, can be
diagnostic when present in family members of an HCM patient or with a
positive genetic test. RV hypertrophy is present in approximately 20% of
patients with HCM.”® LV morphology in HCM should be evaluated in the
long-axis view. Although a sigmoid septum is the most common
morphology in HCM, patients with a reverse septal curve have the
greatest number of genetic mutations compared with those with a
sigmoid septum.”

The challenges to obtaining an accurate wall thickness measurement vary
at each level of the LV chamber. Overestimating wall thickness should be
avoided by including the RV, septomarginal trabeculations and aberrant
LV papillary muscles in the measurement. Other morphological
abnormalities not diagnostic of HCM but part of the phenotypic expression
of disease include hypertrophied and apically displaced papillary muscles,
myocardial crypts, anomalous insertion of papillary muscle directly in the
anterior leaflet of the mitral valve (in the absence of chordae tendineae),
elongated mitral valve leaflets, myocardial bridging and RV hypertrophy.”
There may be incremental value to CMR over echocardiography. In one
small study, echocardiography wall thickness was =10% different than
CMR wall thickness at diagnostic (15 mm) or prognostic (30 mm) cut-off
values in 16% of patients.”?

To establish the presence and severity of LVOT obstruction, caution
should be exercised not to contaminate the LVOT signal with MR. The MR
velocity is higher, and the signal is of longer duration, spanning isovolumic
contraction and relaxation, unlike the LVOT signal. The MR contour may
be incomplete if the Doppler signal is not optimally aligned (Figure 4).

CMR has the additional benefit of producing images with contrast
between the blood pool and myocardium. LGE helps estimate myocardial
fibrosis as a non-invasive marker of increased risk of possible ventricular
tachyarrhythmias and HF progression with systolic dysfunction.™

The common finding in patients with HCM is coronary microvascular
dysfunction, which correlates with increasing wall thickness and is
associated with myocardial segmental dysfunction and interstitial fibrosis,
as assessed by ECV even in segments free of LGE.®

Ten per cent of HCM patients have the apical hypertrophic variant. All
apical HCM patients have apical ischaemia regardless of disease severity,
seen as abnormal apical perfusion defects on CMR."®

An additional risk marker for adverse cardiovascular events that is also
described in patients with HCM is an LV apical aneurysm.” The size of the
LV aneurysm (>2 cm) and the amount of LGE in relation to global mass are
key to differentiating the need for an ICD.” In the 2020 HCM guidelines,
LV aneurysm is a second-tier risk factor that can be a nidus for non-
sustained ventricular tachycardia, but there should not be a knee-jerk
reaction to insert an ICD.”

Currently, all HCM indications in the guidelines are based on retrospective
observational data. Itis difficult to predict the rare event of sudden cardiac
death (SCD) in HCM, particularly in the low-risk population, which is the
vast majority of HCM patients.”®

Although obstructive HCM, which accounts for two-thirds of cases, is well
known, it is underappreciated that one-third of cases are non-obstructive

Figure 4: Hypertrophic Cardiomyopathy
Left Ventricular Outflow Tract Versus Mitral
Regurgitation Continuous-wave Doppler

LVO due
MVO

Isovolumic
contraction

Isovolumic
relaxation

HCM = hypertrophic cardiomyopathy; LVOT = left ventricular outflow tract; MR = mitral
regurgitation; MVO = mid-ventricular obstruction; SAM = systolic anterior motion. Figure courtesy
of Allison Hays.

HCM (nHCM) and that both carry a similar 27-30% risk of CHF.”" Myosin
inhibitors for nHCM are under investigation, with the REDWOOD-HCM
cohort data presented in 2023 showing the efficacy and safety of
aficamten in nHCM.®

The selection of HCM patients for septal reduction therapy relies on
imaging: massive septal hypertrophy (=30 mm), abnormal mitral
apparatus/papillary muscles contributing to obstruction and LVOT gradient
2100 mmHg at rest favour myectomy, whereas mild—-moderate septal
hypertrophy (ideally <18 mm) and focal colour turbulence in LVOT favour
alcohol septal ablation.”

For HCM, predrug treatment with mavacamten and post-drug follow-up
echocardiograms are so integral that Bristol Myers Squibb has initiated a
Risk Evaluation and Mitigation Strategy (REMS) training program that must
be completed before a physician is certified to administer the drug
mavacamten.® Because mavacamten initiation and treatment are guided
by serial echocardiography, therapy is restricted through the REMS
program, given concern for potential systolic dysfunction (i.e. LVEF
<50%).*" Mavacamten has not been studied in patients with LVEF <55%,
AF or in those who have had previous invasive septal reduction. Trials on
the long-term safety and efficacy of mavacamten are ongoing. Pregnant
and lactating patients were excluded from the mavacamten trials; thus,
efficacy and safety in these populations remain unknown 228

The VALOR study used core laboratory-measured LVEF, LVOT gradient at
rest and Valsalva provocation, but Explorer-HCM used postexercise LVOT
gradient; it remains to be seen which will be most useful in the real
world.®* Questions remain as to whether there is a role for disease
modification in the preclinical stages (genotype positive/phenotype
negative), as well as whether myosin inhibitors will work for nHCM or
HFpEF and what their long-term safety and efficacy are.

In addition, women with HCM have a higher prevalence of pulmonary
hypertension, diastolic dysfunction and smaller LV cavities, and are more
likely to be a sarcomere variant carrier with less LV hypertrophy. Perhaps
using sex-specific cut-off values for cardiac mass and dimensions,
normalised to body size, in HCM will improve outcomes for women.®

Stress echocardiography may be key in HCM when resting
echocardiography signs associated with latent LVOT obstruction need to
be evoked. When both MV coaptation length >10 mm (long) and LVOT
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Figure 5: Pathophysiologies of Heart Failure
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diameter <20 mm (short) are present, severe LVOT obstruction is likely;
when neither of these is seen, severe obstruction is unlikely. If either of
these signs is present, further testing with CMR is needed.®®

Stress echocardiography is valuable in predicting the risk of HF (if
symptomatic during stress echocardiography) in HCM patients. If an HCM
patient has shortness of breath, the differential includes exercise-
induced SAM, new MR or exertional arrhythmia. In these patients, proving
poor diastolic function at peak stress gives an explanation of the
shortness of breath and prevents unnecessary therapies, like alcohol
septal ablation. Another factor for SCD in HCM is a decrease in blood
pressure during an exercise stress test. Exercise stress echocardiography
after a heavy meal (postprandial splanchnic vasodilation) may bring out
the gradient. UEAs may mask mitral valve motion and SAM; continuous-
wave Doppler across the LVOT during stress echocardiography should
be used to determine E/e’.

In HCM, three of four patients have abnormal diastolic function, as
measured by septal e’ <7 cm/s, septal E/e’>15, LA volume index >34 ml/m?
and peak TRV >2.8 m/s. Adverse outcomes (SCD, arrhythmias, CHF)
increase with a score >3 for these four parameters, with each (i.e. septal
e’ <7 cm/s, septal E/e’ >15, LA volume index >34 ml/m? and peak TRV >2.8
m/s) carrying 1 point.#

The site of LGE in HCM is important, but the quantity of LGE predicts
mortality.®® LGE was defined as areas of signal intensity >6 SDs from normal
myocardium and was expressed as the percentage of total LV myocardial
mass (LGE%). Any areas that were identified as LGE by the software, but
deemed artefactual on visual analysis, were manually excluded. Finally,
LGE% was categorised into four risk groups (0%, 0.1-10%, 10.1-19.9%,
>20%), each with a greater power to assess risk than just clinical scores.®

Different phenogroups represent distinct disorders or different stages in
the spectrum of disease progression, as shown in Figure 5.

Other Cardiomyopathies

Carriers of filamin C (FLNCtv) and giant protein titin (TTNtv) truncating
variants, which cause familial dilated cardiomyopathy, present with an
arrhythmogenic cardiomyopathy phenotype but can be separated by
CMR because FLNCtv-induced dilated cardiomyopathy has extensive
myocardial fibrosis, whereas the TTNtv-induced phenotype has none or
limited replacement fibrosis.®

Strain Imaging

Global Longitudinal Strain

2D speckle-tracking echocardiography (STE)-derived GLS has proven
prognostic value over LVEF over a range of cardiac conditions, including
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Figure 6: Global Longitudinal Strain Imaging
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valvular, postoperative and assessment of resting LV function, especially in
cardio-oncology patients.®® Although there is variation in normal reference
values according to different vendors and different software, as a general
guide, a peak GLS value around -20% is normal for a healthy person and
lower absolute values are considered abnormal.’ GLS has been established
as an early indicator of myocardial damage in chemotherapy-induced
cardiotoxicity. The stage at which LVEF decline is first detected during
chemotherapy may well be too late to start HF treatment and expect full
functional recovery.2 RV GLS is generally referred to as either RV free wall
alone or an average of the septum and RV free wall segments. Peak RV free
wall GLS has been demonstrated to have prognostic significance in HF.%
Whereas 2D STE may be limited by geometric modelling and loss of
speckles due to out-of-plane motion, 3D STE technologies have been
reported to have good correlation with CMR strain measurement.*

Image quality is paramount to optimal strain. For GLS, it is important to get
the exact timing of aortic valve closure correct, avoid having the LVOT and
LA in the region of interest (ROI), use a wide ROl to encompass at least
85% of the myocardium and to avoid foreshortening LV (length will
determine your GLS), and image quality is key to best tracing of the ROI.

GLS should be measured routinely when HFpEF is suspected because
reduced GLS is found in approximately 50—-60% of patients with HFpEF.*®
Markers of elevated LV filling pressure include LA reservoir strain <18%
and LA pump strain <8%.* LA reservoir strain values vary depending on
the software used to measure 2D speckle tracking.”® Automated analysis
of echocardiographic images using deep learning is more accurate in
diagnosing LV systolic and diastolic dysfunction, with less variability than
manual measurements performed by experts.”

Imaging can play an even bigger role if LA strain is one of the inclusion
criteria for AF trials because evidence suggests these early LA strain

markers may be additive to age over 70 years, advanced interatrial block
and a CHA,DS -VASc score >2 to predict AF.%** Strain predicts HFpEF in
nHCM, with a GLS of <18% indicating low risk for any event.*® Relative GLS
apical sparing is seen not only in amyloid cases, but also in aortic stenosis,
hypertension and HCM, and can even be seen on 2D images of these
patients with more robust apical thickening.*® In sarcoidosis, the basal
segments are more involved. In advanced hypertension, there is more
basal scar on CMR that tracks strain® In HCM, regional strain is awry, but
regional strain has limitations® In patients with primary MR undergoing
mitral valve repair, preoperative GLS can predict postoperative LVEF,
whereas higher strain is observed with worsening MR and larger valves
and annuli in mitral valve prolapse patients (Figure 6).02%

Future Directions

Avrtificial intelligence (Al) will allow HF risk assessment to be individualised,
and thus allow targeted management of patients in the future!® Al can
help identify various cardiac pathologies that present with the same
phenotype, namely ‘HFpEF’, yet have different comorbidities and
outcomes.®™ Al has identified new phenotypic clusters for SPECT MPI
patients with normal visual assessments, providing improved risk
stratification for all-cause mortality and major adverse events than SPECT
ischaemia.® Perhaps Al could predict clots in amyloid patients” Already,
machine learning provides personalised timing of follow-up
echocardiograms for patients with mild-to-moderate aortic stenosis.®
Using the EchoNet algorithm, cardiologists were unable to distinguish
tracings drawn by sonographers and corrected the echocardiogram
readings only 1.3% of the time for Al tracings, compared with 3.1% for

sonographer tracings.®

Conclusion
Although ejection fraction will remain important, advanced imaging will
gradually come to play a greater role in decision-making, providing
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individualised risk assessment and management for patients. Specifically
in the case of HFpEF, sophisticated imaging will be needed. Coordinated
registries could have a role in this, with phenotyping and deep learning in
patient databases adding to this knowledge base. There will be an

increasingly important role for advanced imaging and Al in the
pathophysiological phenotyping of HF, especially with isolated LV diastolic
dysfunction, pulmonary hypertension/RV dysfunction and LA myopathy
being clarified further, ultimately improving patient outcomes. L
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