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Imaging in HF

Heart failure (HF) remains an important cause of morbidity and mortality 
worldwide. The prevalence of HF in the developed world approximates 
1–2% of the adult population, rising to >10% in those aged >75 years.1 
Three distinct phenotypes based on left ventricular ejection fraction 
(LVEF) have been described: HF with preserved ejection fraction (HFpEF), 
HF with mildly reduced ejection fraction and HF with reduced ejection 
fraction (HFrEF).2 Approximately half of all HF patients have reduced 
ejection fraction (LVEF <40%) at rest.3

What makes cardiac imaging the cornerstone of the assessment of HFrEF 
is the identification of impaired left ventricular contraction and reduced 
left ventricular ejection fraction, which are the essentials of diagnosing 
HFrEF, which is followed by initiating disease-modifying therapy. 
Furthermore, identification of the underlying aetiology is of great 
importance, allowing the personalisation of treatment and prognostication. 
In addition to providing accurate volumetric assessment, cardiac imaging 
has evolved to offer functional, haemodynamic and tissue characterisation. 
This review summarises the role of cardiac imaging in HfrEF, with a focus 
on diagnosis, phenotyping, assessment of aetiology, therapy planning 
and prognostication.

The Role of Imaging in the Diagnosis of HFrEF
The current European Society of Cardiology guidelines define HFrEF as 
the presence of signs and symptoms of HF and a reduced ejection fraction 
(LVEF ≤40%).2 Accordingly, accurate estimation of LVEF remains the 
cornerstone of HFrEF diagnosis. 2D transthoracic echocardiography (TTE) 
remains the initial modality recommended for the assessment of LVEF. 2D 
LVEF is typically calculated using the biplane method of disks (modified 

Simpson’s) method. Measurement areas are acquired in two single planes 
from which inferences are made to estimate the LV shape and obtain 3D 
volumes (Figure 1A). This method relies on assumptions regarding the 
geometric shape of the LV. Moreover, poor image quality can lead to 
foreshortening of the ventricles and, therefore, underestimation of the 
volumes. If required, intravenous contrast can be administered to better 
delineate the endocardial border, increasing the feasibility of biplane 
volume analysis and improving the accuracy of LVEF estimation.4 This may 
concomitantly allow the diagnosis of LV thrombus when present.

More comprehensive evaluation of LV systolic function is possible using 
advanced imaging techniques, such as 3D echocardiography, speckle 
tracking and cardiac MRI (CMR). 3D echocardiography provides volumes 
with minimal postprocessing requirements, and is more accurate and 
reproducible than 2D assessment. However, it remains dependent on 
good acoustic windows and scanning technique, rendering it subject to 
many of the same limitations as 2D TTE.

Assessment of myocardial deformation is an emerging technique that may 
have an important clinical role in the diagnosis of HFrEF. Speckle tracking 
echocardiography analyses LV deformation by tracking cardiac motion 
from image intensities (the speckled pattern of the myocardium). It allows 
fast and highly automated LV chamber quantification, producing accurate 
and reproducible LVEF estimation.5 Moreover, it permits the measurement 
of myocardial strain and strain rate. Strain is defined as the change in 
length of a myocardial segment relative to its resting length, while strain 
rate is defined as the rate of such deformation.6 Global longitudinal strain 
may be more sensitive than LVEF as a measure of LV systolic function, 
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allowing early changes in patients at high risk to be detected.7,8 Moreover, 
it improves risk prediction beyond LVEF assessment in patients with 
HFrEF.9 It is calculated as the average of the peak systolic longitudinal 
strain from all LV segments in apical four, three and two chamber views. 
Twist, torsion and twisting rate are other indices of systolic function that 
can be measured on speckle tracking echocardiography.

CMR has an important complimentary role in the early assessment of 
patients with HfrEF, and has emerged as the gold standard for the 
assessment of LV volumes and LVEF.10 Its use is recognised as a class 1 
recommendation in the diagnosis of HF in patients with suboptimal TTE 
imaging.2 The superior resolution of CMR permits highly accurate and 
reproducible quantification of LV volumes, mass and LVEF (Figure 1B). 
Furthermore, steady-state free precession techniques provide good 
delineation of the blood-to-myocardium interface, allowing regional wall 
motion abnormalities to be easily identified. CMR is also particularly well 
suited to study the right ventricle (RV), which is often poorly imaged by 
TTE. Furthermore, CMR has the ability to go beyond LVEF assessment, 
thus with the use of tissue characterisation, phase contrast imaging and, 
in the right circumstances, stress perfusion imaging can provide a 
comprehensive assessment of HFrEF aetiology, physiology and function 
in one sitting.

LVEF can also be estimated with nuclear imaging techniques. This can be 
achieved using first-pass radionuclide ventriculography, equilibrium blood 
pool ventriculography or gated single-photon emission CT (SPECT). These 
techniques are rarely used as a first line due to high availability of TTE; 
however, they could provide an appropriate alternative where TTE is non-
diagnostic, particularly where information on perfusion is simultaneously 
required, thus gated SPECT imaging could be used.11

One problem with the assessment of LVEF is that the results of measuring 
LVEF in the same patient using different imaging techniques can yield 
varied results.12,13 This is particularly important in those with marginal 
reduction of LVEF, which could lead to the diagnostic dilemma of 
inappropriate classification of HF. In addition, some interventions in HFrEF 

are linked to LVEF thresholds, yet the guidelines recommending these 
thresholds rarely touch upon the method of calculating the LVEF.

The Role of Imaging in the Assessment 
of Aetiology of HFrEF
HF is a complex clinical syndrome that can be secondary to a wide range 
of cardiac conditions, including hereditary defects and systemic diseases. 
The treatment of which, is in part, determined by the identification of the 
underlying disease process. As such, advanced cardiac imaging has a key 
role in determining HF aetiology.

Determination of HF aetiology begins with TTE assessment, which has the 
ability to identify significant valvular lesions, regional wall motion 
abnormalities, which, in the appropriate clinical context, may be indicative 
of ischaemic aetiology of HF, and quantification of increased wall 
thickness caused either by hypertrophy in response to pressure load or 
due to cardiomyopathy, or by infiltrative disorders. However, when a 
definitive diagnosis is not achieved with TTE, the most useful investigation 
is CMR with tissue characterisation. Tissue characterisation techniques 
include inversion recovery images acquired either early (for thrombus 
imaging) or late after contrast administration, diffuse fibrosis assessment 
with T1 mapping and extracellular volume measurement, oedema 
evaluation using T2-weighted images, and iron concentration using T2*. 

The presence, distribution and extent of late gadolinium enhancement 
(LGE) provides valuable information on aetiology and can exclude 
ischaemic heart disease as a potentially reversible cause. Beyond imaging 
MI, LGE is an invaluable tool for identifying myocardial scarring in other 
cardiomyopathic processes. Compared with normal myocardium, the 
wash out of gadolinium in a myocardial scar is delayed, which results in a 
bright signal on inversion recovery images. 

Different patterns of LGE have been described, primarily categorised into 
ischaemic and non-ischaemic patterns (Table 1). Ischaemic necrosis 
spreads from the subendocardium to the epicardium with increasing 
coronary occlusion time. Therefore, infarct-related LGE is typically 

Figure 1: Assessment of Left Ventricular Ejection Fraction on Transthoracic Echocardiography and Cardiac MRI

A B

A: Left ventricular ejection fraction can be assessed on 2D transthoracic echocardiography using the biplane method. The endocardial borders are traced in the four chamber and two chamber views in 
end-diastole and end-systole. B: On cardiac MRI, contours are drawn on the short axis cine stack in end-diastole and end-systole. Source: Van De Heyning et al. 2013.55 Reproduced with permission from 
BioMed Central under a Creative Commons CC-BY 2.0 licence.
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subendocardial with increasing transmurality with increasing infarct 
severity, and is confined to one or more coronary territories.14 Conversely, 
midwall enhancement is typically seen in dilated cardiomyopathy  and 
infiltrative disorders.

As well as assessing focal fibrosis with LGE, CMR can provide information 
on diffuse fibrosis with T1 mapping techniques. With LGE, diffuse fibrosis 
can go undetected because of the absence of normal reference 
myocardium. Furthermore, the presence of microscopic interstitial fibrosis 
is limited by the spatial resolution of LGE. T1 mapping involves the creation 
of a pixelated map obtained by measuring the longitudinal relaxation time 
of individual protons while they re-equilibrate following excitation with the 
radiofrequency beam. T1 increases in the presence of oedema (e.g. in 
acute infarction or inflammation) and with an increase in interstitial space 
(in the presence of fibrosis or scar and in amyloid deposition). Conversely, 
T1 is reduced by lipid overload (e.g. Anderson–Fabry disease and 
lipomatous metaplasia in chronic MI) and iron overload. Furthermore, 
there are growing data suggesting a correlation between T1 relaxation 
time and circumferential strain, as well as LV diastolic function.15 When 
acquired with contrast, the extracellular volume (ECV) fraction of the 
myocardium can also be calculated. Estimation of the ECV (interstitium 
and extracellular matrix) requires measurement of myocardial and blood 
T1 before and after administration of contrast agents, as well as the 
patient’s haematocrit value according to the formula:

ECV = (1-hct) [(1/pT1my – 1/nT1my) / (1/pT1bp – 1/nT1bp)]

Where nT1 is native T1, pT1 is postcontrast T1, my is myocardium, bp is 
blood pool and hct is haematocrit.

ECV is a marker of myocardial tissue remodelling and provides a 
physiologically intuitive unit of measurement. An increased ECV is most 
often due to excessive collagen deposition in areas of fibrosis (Figure 2). 
T2 imaging has a role in depicting oedema due to the effect of increased 
interstitial-free water on lengthening T2 relaxation times, this is particularly 
relevant in inflammatory conditions, such as myocarditis, sarcoidosis and 
acute ischaemic injury. 

Finally, T2* imaging can be used to investigate suspected cardiac iron 
overload. The magnetic relaxation property of any tissue is inversely 
related to intracellular iron stores. A T2* of <20 is a reproducible and 
specific marker of cardiac iron content. Importantly, this often declines 
before LVEF, and is the best predictor of future HF and arrhythmia in these 
patients. If chelation therapy is started early, the reductions in T2* are 
reversible. Therefore, early identification is of great clinical importance. 
Diffusion tensor CMR is an emerging technique that can infer the 
microstructure of the myocardium by assessing the diffusion of water, and 
is a novel way of phenotyping HF at the cellular level. Aberrant sheetlet 
orientation has been demonstrated in both dilated cardiomyopathy and 
hypertrophic cardiomyopathy. This is largely a research tool at present, 
with some promise in the future.

Coronary artery disease is the most common cause of HFrEF in developed 
nations. CT coronary angiography (CTCA) and non-invasive functional 
imaging techniques have a role in identifying ischaemic aetiology in HF, 
and in determining reversibility of ischaemia and suitability for coronary 
intervention. CT coronary angiography provides high accuracy for the 
detection of obstructive stenoses, as defined by invasive coronary 
angiography, but is less equipped to determine functional lesion 
significance. Newer techniques, such as CT perfusion imaging and CT-

derived fractional flow reserve, begin to address this, and improve the 
diagnostic accuracy of CTCA when compared with invasive fractional flow 
reserve.16 The identification of ischaemia can be achieved on non-invasive 
functional imaging tests, including stress nuclear imaging, stress 
echocardiography or stress perfusion CMR. Ischaemia can be provoked 
by exercise or pharmacological stressors, and is then identified through 
the presence of wall motion abnormalities on stress CMR or stress TTE, or 
perfusion changes on contrast enhanced echocardiography, SPECT, PET 
or contrast-enhanced perfusion CMR.

Fluorodeoxyglucose (FDG) PET imaging can also be used to identify active 
sarcoidosis in patients with suspected cardiac involvement.17 Moreover, a 
hybrid PET/CT approach has the advantage that it can visualise FDG 

Table 1: Common Patterns of Late 
Gadolinium Enhancement

Aetiology Typical LGE pattern
CAD Subendocardial to transmural enhancement in one or more 

coronary territories

DCM Diffuse midwall or subepicardial LGE. Often localised to the 
inferoseptal wall

HCM Focal mid wall LGE of RV insertion points and of hypertrophied 
segments

Amyloidosis Global subendocardial distribution or patchy subendocardial or 
transmural LGE (non-coronary pattern)

Sarcoidosis Basal and mid-interventricular septal patchy LGE

Anderson–Fabry Midwall or subepicardial LGE mid-to-basal inferolateral wall

Myocarditis Lateral, inferolateral or inferior wall with midwall/subepicardial 
LGE

CAD = coronary artery disease; DCM = dilated cardiomyopathy; HCM = hypertrophic 
cardiomyopathy; LGE = late gadolinium enhancement; RV = right ventricle.

Figure 2: T1 Mapping and Extracellular 
Volume in Clinical Practice
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Tissue characterisation using native T1 and extracellular volume is important in the assessment of 
heart failure aetiology and can help distinguish between a variety of cardiac conditions. 
AL = amyloid light-chain; ATTR = transthyretin; DCM = dilated cardiomyopathy; ECV = extracellular 
volume; HCM = hypertrophic cardiomyopathy; HF = heart failure; RA = rheumatoid arthritis; 
TC = takotsubo cardiomyopathy. Source: Haaf et al. 2016.56 Reproduced with permission from 
BioMed Central under a Creative Commons CC-BY 4.0 licence.
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accumulation in activated inflammatory cells and simultaneously provide 
whole-body PET and CT images.

Nuclear techniques have a role in the diagnosis of cardiac amyloidosis.18 
Scintigraphy with technetium labelled bisphosphonates localise to 
transthyretin cardiac amyloid deposits, and these techniques demonstrate 
high sensitivity and specificity in detecting cardiac amyloid. The use of 
123I-metaiodobenzylguanidine (MIBG) has been examined in the diagnosis 
of cardiac amyloid. MIBG uptake is significantly reduced in the presence 
of amyloid deposits, especially in familial amyloid polyneuropathy, which 
is characterised by early autonomic system involvement. MIBG imaging in 
this context may allow early detection of amyloid before TTE features 
emerge.19

The Role of Imaging in Planning Therapy in HFrEF
Imaging techniques can be used to guide diuretic therapy, revascularisation 
decisions, intervention in valvular heart disease, device implantation and 
in the assessment of patients being considered for left ventricular assist 
device therapy.

Imaging in Guiding Diuretic Therapy
The goal of diuretic therapy in HF is to achieve euvolaemia, with the 
minimum possible dose. This is largely based on patients’ reporting of 
symptoms, basic clinical examination and a relatively crude estimation of 
the patients’ ‘dry weight’. Raised left ventricular filling pressures can be 
identified on TTE using a number of indices, such as the ratio of transmitral 
to annular early diastolic velocities (E/e’), tricuspid regurgitation velocity 
and left atrial volume index. These indices may provide a non-invasive 
tool to guide therapeutic decisions where there is clinical uncertainty. 
There is emerging evidence that adopting a TTE-guided approach to 
diuretic therapy is feasible and could lead to decreased HF mortality.20–22 
The data are largely from small-scale pilot studies, although this is an 
interesting area for future research. However, given practical constraints, 
is likely to be reserved for the most challenging of clinical cases.

Imaging in Guiding Revascularisation Decision
Revascularisation in HF is indicated when angina persists despite optimal 
medical therapy. In patients with an ischaemic aetiology, imaging can be 
used to guide revascularisation decisions largely through the assessment 
of myocardial viability and the identification of hibernating myocardium.23 
Dobutamine stress echocardiography is a widely validated method for the 
detection of hibernating myocardium, which relies on the ability to identify 
contractile reserve in response to low-dose inotropic agents. However, it 
is limited by being operator-dependent and not being available in some 
centres. SPECT with thallium-201 or technetium-99 labelled tracers offers 
valuable data regarding myocardial perfusion and viability. The uptake of 
perfusion tracers is dependent on myocardial perfusion and the integrity 
of the cell membrane. Hence, regions with preserved rest uptake are 
considered viable.

PET has been considered for many years as the gold standard for the 
assessment of viability using metabolic tracers. The spatial resolution is 
superior to that achieved with SPECT, and combination with attenuation 
correction allows quantitative analysis of regional myocardial blood flow 
and metabolism. Dysfunctional myocardial segments with higher FDG 
uptake compared with that of N-13 ammonia or rubidium-82 represent 
hibernating myocardium, while reduction on both perfusion and 
metabolism suggests scarring.24 Its main disadvantage is its limited 
availability and high associated costs. Finally, viability can be assessed on 
CMR by quantifying the transmural extent of scar, as detected on LGE 

sequences. If the transmural extent is <50%, then it is considered viable, 
and if it is >50%, then it is considered non-viable.23

Planning Intervention in Valvular Heart Disease
In patients with HFrEF and coexistent valvular heart disease, imaging 
plays a key role in determining the need and timing of valvular intervention. 
TTE is the key technique used to confirm the diagnosis, as well as to 
assess aetiology, mechanisms, severity and prognosis. TTE criteria for the 
definition of severe stenosis and regurgitation are addressed in specific 
guidelines, and are beyond the scope of this review.25 Transoesophageal 
echocardiography is used when TTE is of suboptimal quality, or when 
thrombosis, prosthetic valve dysfunction or endocarditis is suspected. 
Moreover, transoesophageal echocardiography has a role in assessing 
valve repairability. CMR can also be useful, especially in regurgitant 
lesions where the regurgitant fraction can be quantified on 2D phase 
contrast imaging.25 4D flow imaging is an emerging technology that 
allows time-resolved 3D velocity encoded phase-contrast imaging for the 
quantification of valvular flow.26 This may have a key role in quantifying 
regurgitant lesions, and assessing peak velocity through the aortic valve 
in aortic stenosis.27

Imaging in Device Therapy
HF guidelines recommend implantable cardioverter defibrillator 
implantation to reduce the risk of sudden cardiac death in patients with 
symptomatic heart failure (New York Heart Association class 2–3) and 
LVEF <35% after ≥3 months of optimal medical therapy who are expected 
to survive for at least 1 year with good functional status. Similarly, cardiac 
resynchronisation therapy (CRT) is indicated (class 1) in patients with 
symptomatic HFrEF in sinus rhythm with LVEF <35%, QRS duration >150 
ms and left bundle branch block morphology despite optimal medical 
therapy, and is a class 2a recommendation in those with QRS duration of 
130–149 ms or in non-left bundle branch block pattern with a QRS duration 
of >150 ms.28 Based on the current guidance, the role of imaging in patient 
selection largely focuses on accurate LVEF assessment. This is typically 
achieved with TTE, but CMR and nuclear studies can be used when poor 
acoustic windows are present.

CRT has been demonstrated to significantly reduce morbidity and 
mortality in HFrEF, but approximately 30–40% of patients are non-
responders.29 As such, there may be an additional role for imaging in 
identifying potential non-responders to device therapy. Coexistent severe 
mitral regurgitation or RV dysfunction reduce the benefit achieved with 
CRT. Moreover, imaging can allow the assessment of dyssynchrony and 
the detection of myocardial scar, both of which have important implications 
for the response to CRT and defining the optimal LV lead positioning.

Several TTE and CMR techniques have been evaluated for the identification 
of mechanical dyssynchrony, including the presence of septal flash and 
apical rocking, tissue Doppler imaging and speckle tracking techniques to 
record myocardial velocities or strain, non-invasive and invasive ECG 
mapping, and vector cardiography. Radial dyssynchrony by speckle 
tracking imaging has been shown to be associated with EF and reverse 
remodelling response to CRT in patients with borderline QRS duration.30 
Furthermore, LV myocardial work assessed with speckle tracking 
echocardiography has also been associated with survival in patients 
treated with CRT.31 

Dyssynchrony can also be identified based on phase analysis of gated 
SPECT myocardial perfusion imaging.32 Phase analysis allows 
quantification of the temporal sequence of systolic ventricular wall 
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motion, and is displayed as a colour coded histogram in which the y-axis 
represents the number of pixels, and the x-axis the phase angle. The 
latter corresponds to the relative sequence and pattern of ventricular 
contraction of each pixel within the LV blood pool. The mean phase angle 
is used to identify regional synchrony. This technique can be combined 
with scar burden assessment and lead concordance to predict the 
improvement in LV synchrony achieved with CRT. Machine learning-based 
algorithms show promise in phenotyping patients to identify those who 
will benefit from CRT by integrating clinical, electrical and imaging 
parameters, and are likely to be the focus of future studies.33

The location and extent of scarring identified on CMR or nuclear imaging 
adversely affect the chances of benefit from CRT, and assist in 
categorising ischaemic versus non-ischaemic aetiology of HF. 
Myocardial scar assessment can also help in risk prediction when 
determining the need for defibrillator functionality alongside CRT 
pacing.34 Finally, imaging techniques may also have a role in identifying 
optimal LV lead positioning. The LV pacing site has emerged as an 
important determinant of a favourable outcome following CRT 
implantation.35 Ideally, the LV lead should be placed at the latest 
activated segment (concordant lead positioning).28 Discordant lead 
positioning and placing at the site of scar are independent predictors of 
worse outcomes. Randomised controlled trials have demonstrated 
improved CRT response when using pre-implant imaging to guide the 
LV lead position towards the latest mechanically activated non-scarred 
myocardial segment.36 Studies applying TTE assessment of LV 
mechanical activation patterns and SPECT myocardial perfusion imaging 
have demonstrated an improved clinical outcome when the LV lead is 
located concordant to the latest mechanically activated region and 
separate from myocardial scar.

Furthermore, cardiac CT has the advantage of visualisation of the 
anatomical relationship between the coronary sinus tributaries and LV 
myocardium.37 An anatomical roadmap can be created by co-registering 
pre-implant 3D CT with fluoroscopic venography.38

Imaging in Patients Being Considered for 
Left Ventricular Assist Device Therapy
Patients with advanced HFrEF may ultimately receive a left ventricular 
assist device either as destination therapy or as a bridge to heart 
transplantation. Imaging plays an important role in their evaluation and 
guiding treatment both before and after device therapy. Prior to 
implantation, it is important to identify significant aortic valve disease or 
interatrial shunts.

Additionally, the coexistence of RV dysfunction and TR need to be closely 
evaluated, as these patients may not respond as well to LV-only support.39 
This can be achieved with TTE or CMR. After implantation, TTE remains the 
primary imaging technique, and is predominantly used to measure LV 
volumes, EF, LA and right atrial volumes. Furthermore, it can help to 
evaluate the effects of different pump speeds on LV filling, and LV and RV 
systolic dysfunction. Imaging is also used to identify complications 
associated with left ventricular assist device therapy, such as RV failure, 
thrombosis and driveline infection. Driveline infections are difficult to 
diagnose with conventional imaging. They affect approximately 18% of 
patients in the first year after implantation, and are associated with 
significant morbidity and mortality. TTE and CT angiography are commonly 
used, but the diagnostic accuracy is limited due to device-related scatter 
artefacts. More recently, FDG-PET/CT has been advocated for this 
indication and may have an important role (Figure 3).40,41

The Role of Imaging in Prognostication in HFrEF
Despite significant therapeutic advances in the treatment of HF, it remains 
a condition marked by progressive deterioration and premature mortality. 
Imaging can be used to identify patients with a worse prognosis. HF is 
characterised by ventricular remodelling, typically with increased 
ventricular volumes and perturbation in the normal elliptical LV chamber 
configuration, which is driven on a histological level by myocyte 
hypertrophy, apoptosis, myofibroblast proliferation and interstitial fibrosis. 
The degree and pattern of remodelling offers prognostic information and 
can predict clinical deterioration. LVEF assessment is influenced by the 

Figure 3: The Role of Imaging in Heart Failure with Reduced Ejection Fraction

1 Diagnosis of HF
Chamber volume quantification
Calculation of ejection fraction

LV deformation imaging

2 Assessment of aetiology
Valvular disease quantification

Tissue characterisation
Scar assessment 
Ischaemic testing

3 Planning therapy

Assessment of LVFP
Assessment of viability

Assessment of mechanical
dyssynchrony/scar mapping

4 Prognostication

Assessment of adverse remodelling
(EF, EDVi, GLS)

Identification of raised PAP
Analysis of sympathetic activity

Cardiac imaging has a major role in the assessment of patients with heart failure with preserved ejection fraction, and incorporates multiple imaging modalities, each with unique, but complementary, 
roles. Cardiac imaging is key in the diagnostic of heart failure with preserved ejection fraction, assessment of aetiology, planning therapy and prognostication. HF = heart failure; LV = left ventricle;  
LVFP = left ventricular filling pressures, EF = ejection fraction; EDVi = end-diastolic volume index; GLS = global longitudinal strain; PAP = pulmonary artery pressure.
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degree of remodelling, and is the most frequently measured and reported 
variable during follow-up.

The LV end-diastolic index at TTE has also been shown to be an independent 
predictor of survival.42 In the substudy of the VALIANT trial, LVEF, end-
diastolic volume and end-systolic volume were each identified as 
independent predictors of the combined endpoint of death or HF 
hospitalisation.43 More recently, investigators have begun to explore the 
relevance of different patterns of LV remodelling on outcomes. Concentric 
remodelling, eccentric hypertrophy and concentric hypertrophy have been 
shown to exert progressively increased risk.44 GLS, as another marker of 
remodelling, also has a role in prognostication, and has been demonstrated 
to be superior to both LVEF and filling pressures in predicting outcome.45

The extent of LGE at CMR may also represent an important prognostic 
indicator. The number of segments with transmural infarct post-MI predicts 
the extent of subsequent LV remodelling, as evidenced by LV volumes and 
LVEF, and predicts the likelihood of functional recovery after 
revascularisation or medical therapy.46,47 CMR evidence of microvascular 
obstruction post-MI also predicts a greater likelihood of lack of functional 
recovery and future adverse events.48

Pulmonary hypertension in HF is common and is highly prognostic. A 
significant increase in mortality and hospitalisation has been reported in 
HF with TTE evidence of raised pulmonary artery pressures.49 Furthermore, 
pulmonary artery pressure is an independent predictor of the need for 
cardiac transplantation.50 In addition, the pulmonary artery pulsatility 
index, defined as the ratio of pulmonary artery pulse pressure to right 
atrial pressure, serves as a marker of RV dysfunction, and has been 
demonstrated to be an independent predictor of hospitalisation and 

death.51 Detection of secondary pulmonary hypertension is typically 
achieved based on 2D TTE. Pulmonary artery pressure is assumed to be 
equal to RV systolic pressure, which can be estimated from the maximum 
velocity (using the Bernoulli’s equation) of the TR jet, as assessed by 
Doppler imaging.

Advanced HF is characterised by a multitude of molecular events, as such 
radionuclide imaging is well suited. Autonomic dysfunction has been 
shown to increase the risk of death in patients with HF. Cardiac MIBG 
imaging enables non-invasive and quantitative assessment of cardiac 
sympathetic innervation.52 Increased sympathetic activity reflects worse 
HF, and a survival link has been identified.53 Assessment of myocyte 
apoptosis using 99 mTc annexin 5 is another technique that may emerge 
in the future. This can identify early rejection in heart transplantation 
recipients, as well as patients with progressive worsening of symptoms in 
dilated cardiomyopathy.54 Imaging of matrix metalloproteinase activity 
may also play an important role in defining the process of LV remodelling 
after MI, and warrants further investigation.

Conclusion
HFrEF represents a major health burden and, despite advances in 
treatment, is associated with significant morbidity and mortality. Cardiac 
imaging has a key role in the diagnosis, assessment of aetiology, 
treatment planning and prognostication of patients with HFrEF. TTE and 
CMR remain the most commonly used modalities for accurate assessment 
of LV volumes and function, quantification of valvular disease, identification 
of scar, and tissue characterisation. Cardiac imaging is a rapidly evolving 
area, and with the emergence of advanced technologies, has an 
increasingly important role in treatment planning and prognostication that 
will continue to grow as technologies develop further. 

1.	 Christiansen MN, Kober L, Weeke P, et al. Age-specific 
trends in incidence, mortality, and comorbidities of heart 
failure in Denmark, 1995 to 2012. Circulation 2017;135:1214–
23. https://doi.org/10.1161/CIRCULATIONAHA.116.025941; 
PMID: 28174193.

2.	 McDonagh TA, Metra M, Adamo M, et al. 2021 ESC 
Guidelines for the diagnosis and treatment of acute and 
chronic heart failure. Eur Heart J 2021;42:3599–726. https://
doi.org/10.1093/eurheartj/ehab368; PMID: 34447992.

3.	 Savarese G, Lund LH. Global public health burden of heart 
failure. Card Fail Rev 2017;3:7–11. https://doi.org/10.15420/
cfr.2016:25:2; PMID: 28785469.

4.	 Malm S, Frigstad S, Sagberg E, et al. Accurate and 
reproducible measurement of left ventricular volume and 
ejection fraction by contrast echocardiography: a 
comparison with magnetic resonance imaging. J Am Coll 
Cardiol 2004;44:1030–5. https://doi.org/10.1016/j.
jacc.2004.05.068; PMID: 15337215.

5.	 Kleijn SA, Brouwer WP, Aly MF, et al. Comparison between 
three-dimensional speckle-tracking echocardiography and 
cardiac magnetic resonance imaging for quantification of 
left ventricular volumes and function. Eur Heart J Cardiovasc 
Imaging 2012;13:834–9. https://doi.org/10.1093/ehjci/jes030; 
PMID: 22345305.

6.	 Voigt JU, Pedrizzetti G, Lysyansky P, et al. Definitions 
for a common standard for 2D speckle tracking 
echocardiography: consensus document of the EACVI/Ase/
Industry Task Force to standardize deformation imaging. J 
Am Soc Echocardiogr 2015;28:183–93. https://doi.org/10.1016/j.
echo.2014.11.003; PMID: 25623220.

7.	 Tsai HR, Gjesdal O, Wethal T, et al. Left ventricular function 
assessed by two-dimensional speckle tracking 
echocardiography in long-term survivors of Hodgkin’s 
lymphoma treated by mediastinal radiotherapy with or 
without anthracycline therapy. Am J Cardiol 2011;107:472–7. 
https://doi.org/10.1016/j.amjcard.2010.09.048; 
PMID: 21257017.

8.	 Sarvari SI, Gjesdal O, Gude E, et al. Early postoperative left 
ventricular function by echocardiographic strain is a 
predictor of 1-year mortality in heart transplant recipients. J 
Am Soc Echocardiogr 2012;25:1007–14. https://doi.
org/10.1016/j.echo.2012.05.010; PMID: 22727199.

9.	 Zhang KW, French B, May Khan A, et al. Strain improves risk 
prediction beyond ejection fraction in chronic systolic heart 
failure. J Am Heart Assoc 2014;3:e000550. https://doi.
org/10.1161/JAHA.113.000550; PMID: 24419736.

10.	 Greupner J, Zimmermann E, Grohmann A, et al. Head-to-
head comparison of left ventricular function assessment 
with 64-row computed tomography, biplane left 
cineventriculography, and both 2- and 3-dimensional 
transthoracic echocardiography: comparison with magnetic 
resonance imaging as the reference standard. J Am Coll 
Cardiol 2012;59:1897–907. https://doi.org/10.1016/j.
jacc.2012.01.046; PMID: 22595410.

11.	 Stirrup J, Maenhout A, Wechalekar K, Anagnostopoulos C. 
Radionuclide imaging in ischaemic heart failure. Br Med Bull 
2009;92:43–59. https://doi.org/10.1093/bmb/ldp029; 
PMID: 19710085.

12.	 Pellikka PA, She L, Holly TA, et al. Variability in ejection 
fraction measured by echocardiography, gated single-
photon emission computed tomography, and cardiac 
magnetic resonance in patients with coronary artery disease 
and left ventricular dysfunction. JAMA Netw Open 
2018;1:e181456. https://doi.org/10.1001/
jamanetworkopen.2018.1456; PMID: 30646130.

13.	 Zhao L, Lu A, Tian J, et al. Effects of different LVEF assessed 
by echocardiography and CMR on the diagnosis and 
therapeutic decisions of cardiovascular diseases. Front 
Physiol 2020;11:679. https://doi.org/10.3389/
fphys.2020.00679; PMID: 32612544.

14.	 Casolo G, Minneci S, Manta R, et al. Identification of the 
ischemic etiology of heart failure by cardiovascular 
magnetic resonance imaging: diagnostic accuracy of late 
gadolinium enhancement. Am Heart J 2006;151:101–8. 
https://doi.org/10.1016/j.ahj.2005.03.068; PMID: 16368300.

15.	 Dass S, Suttie JJ, Piechnik SK, et al. Myocardial tissue 
characterization using magnetic resonance noncontrast t1 
mapping in hypertrophic and dilated cardiomyopathy. Circ 
Cardiovasc Imaging 2012;5:726–33. https://doi.org/10.1161/
CIRCIMAGING.112.976738; PMID: 23071146.

16.	 Conte E, Sonck J, Mushtaq S, et al. FFRCT and CT perfusion: 
a review on the evaluation of functional impact of coronary 
artery stenosis by cardiac CT. Int J Cardiol 2020;300:289–
96. https://doi.org/10.1016/j.ijcard.2019.08.018; 

PMID: 31466886.
17.	 Ishimaru S, Tsujino I, Takei T, et al. Focal uptake on 

18F-fluoro-2-deoxyglucose positron emission tomography 
images indicates cardiac involvement of sarcoidosis. Eur 
Heart J 2005;26:1538–43. https://doi.org/10.1093/eurheartj/
ehi180; PMID: 15809286.

18.	 Witteles RM, Bokhari S, Damy T, et al. Screening for 
transthyretin amyloid cardiomyopathy in everyday practice. 
JACC Heart Fail 2019;7:709–16. https://doi.org/10.1016/j.
jchf.2019.04.010; PMID: 31302046.

19.	 Bokhari S, Shahzad R, Castano A, Maurer MS. Nuclear 
imaging modalities for cardiac amyloidosis. J Nucl Cardiol 
2014;21:175–84. https://doi.org/10.1007/s12350-013-9803-2; 
PMID: 24162886.

20.	 Ritzema JL, Richards AM, Crozier IG, et al. Serial Doppler 
echocardiography and tissue Doppler imaging in the 
detection of elevated directly measured left atrial pressure 
in ambulant subjects with chronic heart failure. JACC 
Cardiovasc Imaging 2011;4:927–34. https://doi.org/10.1016/j.
jcmg.2011.07.004; PMID: 21920328.

21.	 Nagueh SF, Bhatt R, Vivo RP, et al. Echocardiographic 
evaluation of hemodynamics in patients with 
decompensated systolic heart failure. Circ Cardiovasc Imaging 
2011;4:220–7. https://doi.org/10.1161/
CIRCIMAGING.111.963496; PMID: 21398512.

22.	 Rohde LE, Palombini DV, Polanczyk CA, et al. A 
hemodynamically oriented echocardiography-based 
strategy in the treatment of congestive heart failure. J Card 
Fail 2007;13:618–25. https://doi.org/10.1016/j.
cardfail.2007.05.003; PMID: 17923352.

23.	 Kim RJ, Wu E, Rafael A, et al. The use of contrast-enhanced 
magnetic resonance imaging to identify reversible 
myocardial dysfunction. N Engl J Med 2000;343:1445–53. 
https://doi.org/10.1056/NEJM200011163432003; 
PMID: 11078769.

24.	 Al-Mohammad A, Norton MY, Welch AE, Walton S. 
Characterization of viability, scarring and hibernation of the 
myocardium supplied by epicardial coronary arteries with 
low flow grades. Nucl Med Commun 2017;38:657–65. https://
doi.org/10.1097/MNM.0000000000000683; 
PMID: 28700405.

25.	 Vahanian A, Beyersdorf F, Praz F, et al. 2021 ESC/EACTS 

https://doi.org/10.1161/CIRCULATIONAHA.116.025941
https://doi.org/10.1093/eurheartj/ehab368
https://doi.org/10.1093/eurheartj/ehab368
https://doi.org/10.15420/cfr.2016:25:2
https://doi.org/10.15420/cfr.2016:25:2
https://doi.org/10.1016/j.jacc.2004.05.068
https://doi.org/10.1016/j.jacc.2004.05.068
https://doi.org/10.1093/ehjci/jes030
https://doi.org/10.1016/j.echo.2014.11.003
https://doi.org/10.1016/j.echo.2014.11.003
https://doi.org/10.1016/j.amjcard.2010.09.048
https://doi.org/10.1016/j.echo.2012.05.010
https://doi.org/10.1016/j.echo.2012.05.010
https://doi.org/10.1161/JAHA.113.000550
https://doi.org/10.1161/JAHA.113.000550
https://doi.org/10.1016/j.jacc.2012.01.046
https://doi.org/10.1016/j.jacc.2012.01.046
https://doi.org/10.1093/bmb/ldp029
https://doi.org/10.1001/jamanetworkopen.2018.1456
https://doi.org/10.1001/jamanetworkopen.2018.1456
https://doi.org/10.3389/fphys.2020.00679
https://doi.org/10.3389/fphys.2020.00679
https://doi.org/10.1016/j.ahj.2005.03.068
https://doi.org/10.1161/CIRCIMAGING.112.976738
https://doi.org/10.1161/CIRCIMAGING.112.976738
https://doi.org/10.1016/j.ijcard.2019.08.018
https://doi.org/10.1093/eurheartj/ehi180
https://doi.org/10.1093/eurheartj/ehi180
https://doi.org/10.1016/j.jchf.2019.04.010
https://doi.org/10.1016/j.jchf.2019.04.010
https://doi.org/10.1007/s12350-013-9803-2
https://doi.org/10.1016/j.jcmg.2011.07.004
https://doi.org/10.1016/j.jcmg.2011.07.004
https://doi.org/10.1161/CIRCIMAGING.111.963496
https://doi.org/10.1161/CIRCIMAGING.111.963496
https://doi.org/10.1016/j.cardfail.2007.05.003
https://doi.org/10.1016/j.cardfail.2007.05.003
https://doi.org/10.1056/NEJM200011163432003
https://doi.org/10.1097/MNM.0000000000000683
https://doi.org/10.1097/MNM.0000000000000683


Imaging in HFrEF

CARDIAC FAILURE REVIEW
www.CFRjournal.com

guidelines for the management of valvular heart disease. 
Eur Heart J 2022;43:561–632. https://doi.org/10.1093/
eurheartj/ehab395; PMID: 35024822.

26.	 Al-Mohammad A. The impact of cMR on echocardiographic 
markers of severe aortic regurgitation, a story of synergy. Int 
J Cardiol 2021;344:147–8. https://doi.org/10.1016/j.
ijcard.2021.09.061; PMID: 34624405.

27.	 Chowdhary A, Garg P, Das A, et al. Cardiovascular magnetic 
resonance imaging: emerging techniques and applications. 
Heart 2021;107:697–704. https://doi.org/10.1136/
heartjnl-2019-315669; PMID: 33402364.

28.	 Brignole M, Auricchio A, Baron-Esquivias G, et al. 2013 ESC 
guidelines on cardiac pacing and cardiac resynchronization 
therapy: the task force on cardiac pacing and 
resynchronization therapy of the European Society of 
Cardiology (ESC). Developed in collaboration with the 
European Heart Rhythm Association (EHRA). Europace 
2013;15:1070–118. https://doi.org/10.1093/europace/eut206; 
PMID: 23801827.

29.	 Daubert C, Behar N, Martins RP, et al. Avoiding non-
responders to cardiac resynchronization therapy: a practical 
guide. Eur Heart J 2017;38:1463–72. https://doi.org/10.1093/
eurheartj/ehw270; PMID: 27371720.

30.	 Oyenuga O, Hara H, Tanaka H, et al. Usefulness of 
echocardiographic dyssynchrony in patients with borderline 
QRS duration to assist with selection for cardiac 
resynchronization therapy. JACC Cardiovasc Imaging 
2010;3:132–40. https://doi.org/10.1016/j.jcmg.2009.09.020; 
PMID: 20159638.

31.	 van der Bijl P, Vo NM, Kostyukevich MV, et al. Prognostic 
implications of global, left ventricular myocardial work 
efficiency before cardiac resynchronization therapy. Eur 
Heart J Cardiovasc Imaging 2019;20:1388–94. https://doi.
org/10.1093/ehjci/jez095; PMID: 31131394.

32.	 Friehling M, Chen J, Saba S, et al. A prospective pilot study 
to evaluate the relationship between acute change in left 
ventricular synchrony after cardiac resynchronization 
therapy and patient outcome using a single-injection gated 
SPECT protocol. Circ Cardiovasc Imaging 2011;4:532–9. 
https://doi.org/10.1161/CIRCIMAGING.111.965459; 
PMID: 21772007.

33.	 Cikes M, Sanchez-Martinez S, Claggett B, et al. Machine 
learning-based phenogrouping in heart failure to identify 
responders to cardiac resynchronization therapy. Eur J Heart 
Fail 2019;21:74–85. https://doi.org/10.1002/ejhf.1333; 
PMID: 30328654.

34.	 Acosta J, Fernandez-Armenta J, Borras R, et al. Scar 
characterization to predict life-threatening arrhythmic 
events and sudden cardiac death in patients With cardiac 
resynchronization therapy: the GAUDI-CRT study. JACC 
Cardiovasc Imaging 2018;11:561–72. https://doi.org/10.1016/j.
jcmg.2017.04.021; PMID: 28780194.

35.	 Delgado V, van Bommel RJ, Bertini M, et al. Relative merits 
of left ventricular dyssynchrony, left ventricular lead 
position, and myocardial scar to predict long-term survival 

of ischemic heart failure patients undergoing cardiac 
resynchronization therapy. Circulation 2011;123:70–8. https://
doi.org/10.1161/CIRCULATIONAHA.110.945345; 
PMID: 21173353.

36.	 Sommer A, Kronborg MB, Norgaard BL, et al. Multimodality 
imaging-guided left ventricular lead placement in cardiac 
resynchronization therapy: a randomized controlled trial. Eur 
J Heart Fail 2016;18:1365–74. https://doi.org/10.1002/ejhf.530; 
PMID: 27087019.

37.	 Behar JM, Rajani R, Pourmorteza A, et al. Comprehensive 
use of cardiac computed tomography to guide left 
ventricular lead placement in cardiac resynchronization 
therapy. Heart Rhythm 2017;14:1364–72. https://doi.
org/10.1016/j.hrthm.2017.04.041; PMID: 28479514.

38.	 Alikhani Z, Li J, Merchan JA, et al. Coronary sinus anatomy 
by computerized tomography, overlaid on live fluoroscopy 
can be successfully used to guide left ventricular lead 
implantation: a feasibility study. J Interv Card Electrophysiol 
2013;36:217–22. https://doi.org/10.1007/s10840-012-9736-8; 
PMID: 23196855.

39.	 Grant AD, Smedira NG, Starling RC, Marwick TH. 
Independent and incremental role of quantitative right 
ventricular evaluation for the prediction of right ventricular 
failure after left ventricular assist device implantation. J Am 
Coll Cardiol 2012;60:521–8. https://doi.org/10.1016/j.
jacc.2012.02.073; PMID: 22858287.

40.	 Tam MC, Patel VN, Weinberg RL, et al. Diagnostic accuracy 
of FDG PET/CT in suspected LVAD infections: a case series, 
systematic review, and meta-analysis. JACC Cardiovasc 
Imaging 2020;13:1191–202. https://doi.org/10.1016/j.
jcmg.2019.04.024; PMID: 31326483.

41.	 Kanapinn P, Burchert W, Korperich H, Korfer J. 18F-FDG PET/
CT-imaging of left ventricular assist device infection: a 
retrospective quantitative intrapatient analysis. J Nucl Cardiol 
2019;26:1212–21. https://doi.org/10.1007/s12350-017-1161-z; 
PMID: 29340983.

42.	 Lee TH, Hamilton MA, Stevenson LW, et al. Impact of left 
ventricular cavity size on survival in advanced heart failure. 
Am J Cardiol 1993;72:672–6. https://doi.org/10.1016/0002-
9149(93)90883-E; PMID: 8249843.

43.	 Turner SC, Gantt DS, Giebel D. Anomalous coronary 
anatomy. Circulation 2005;111:e441. https://doi.org/10.1161/
CIRCULATIONAHA.104.493031; PMID: 15967856.

44.	 Verma A, Meris A, Skali H, et al. Prognostic implications of 
left ventricular mass and geometry following myocardial 
infarction: the VALIANT (Valsartan In Acute Myocardial 
Infarction) echocardiographic study. JACC Cardiovasc Imaging 
2008;1:582–91. https://doi.org/10.1016/j.jcmg.2008.05.012; 
PMID: 19356485.

45.	 Sengelov M, Jorgensen PG, Jensen JS, et al. Global 
longitudinal strain is a superior predictor of all-cause 
mortality in heart failure with reduced ejection fraction. JACC 
Cardiovasc Imaging 2015;8:1351–9. https://doi.org/10.1016/j.
jcmg.2015.07.013; PMID: 26577264.

46.	 Tarantini G, Razzolini R, Cacciavillani L, et al. Influence of 

transmurality, infarct size, and severe microvascular 
obstruction on left ventricular remodeling and function after 
primary coronary angioplasty. Am J Cardiol 2006;98:1033–
40. https://doi.org/10.1016/j.amjcard.2006.05.022; 
PMID: 17027566.

47.	 Bello D, Shah DJ, Farah GM, et al. Gadolinium 
cardiovascular magnetic resonance predicts reversible 
myocardial dysfunction and remodeling in patients with 
heart failure undergoing beta-blocker therapy. Circulation 
2003;108:1945–53. https://doi.org/10.1161/01.
CIR.0000095029.57483.60; PMID: 14557364.

48.	 Baks T, van Geuns RJ, Biagini E, et al. Effects of primary 
angioplasty for acute myocardial infarction on early and late 
infarct size and left ventricular wall characteristics. J Am Coll 
Cardiol 2006;47:40–4. https://doi.org/10.1016/j.
jacc.2005.09.008; PMID: 16386662.

49.	 Damy T, Goode KM, Kallvikbacka-Bennett A, et al. 
Determinants and prognostic value of pulmonary arterial 
pressure in patients with chronic heart failure. Eur Heart J 
2010;31:2280–90. https://doi.org/10.1093/eurheartj/ehq245; 
PMID: 20693169.

50.	 Rickenbacher PR, Trindade PT, Haywood GA, et al. 
Transplant candidates with severe left ventricular 
dysfunction managed with medical treatment: 
characteristics and survival. J Am Coll Cardiol 1996;27:1192–7. 
https://doi.org/10.1016/0735-1097(95)00587-0; 
PMID: 8609341.

51.	 Kochav SM, Flores RJ, Truby LK, Topkara VK. Prognostic 
impact of pulmonary artery pulsatility index (PAPi) in patients 
With advanced heart failure: insights from the ESCAPE trial. 
J Card Fail 2018;24:453–9. https://doi.org/10.1016/j.
cardfail.2018.03.008; PMID: 29597051.

52.	 Nakata T, Hashimoto A, Sugawara H. Cardiac 
metaiodobenzylguanidine imaging and heart failure. Curr 
Heart Fail Rep 2013;10:359–64. https://doi.org/10.1007/s11897-
013-0161-9; PMID: 24091807.

53.	 Mikamo H, Kawazoe K, Sato Y, et al. Penetration of oral 
fluconazole into gynecological tissues. Antimicrob Agents 
Chemother 1999;43:148–51. https://doi.org/10.1128/
AAC.43.1.148; PMID: 9869580.

54.	 Boersma HH, Kietselaer BL, Stolk LM, et al. Past, present, 
and future of annexin A5: from protein discovery to clinical 
applications. J Nucl Med 2005;46:2035–50. 
PMID: 16330568.

55.	 Van De Heyning CM, Magne J, Pierard LA, et al. Assessment 
of left ventricular volumes and primary mitral regurgitation 
severity by 2D echocardiography and cardiovascular 
magnetic resonance. Cardiovasc Ultrasound 2013;11:46. 
https://doi.org/10.1186/1476-7120-11-46; PMID: 24373138.

56.	 Haaf P, Garg P, Messroghli DR, et al. Cardiac T1 mapping 
and extracellular volume (ECV) in clinical practice: a 
comprehensive review. J Cardiovasc Magn Reson 2016;18:89. 
https://doi.org/10.1186/s12968-016-0308-4; PMID: 27899132.

https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1016/j.ijcard.2021.09.061
https://doi.org/10.1016/j.ijcard.2021.09.061
https://doi.org/10.1136/heartjnl-2019-315669
https://doi.org/10.1136/heartjnl-2019-315669
https://doi.org/10.1093/europace/eut206
https://doi.org/10.1093/eurheartj/ehw270
https://doi.org/10.1093/eurheartj/ehw270
https://doi.org/10.1016/j.jcmg.2009.09.020
https://doi.org/10.1093/ehjci/jez095
https://doi.org/10.1093/ehjci/jez095
https://doi.org/10.1161/CIRCIMAGING.111.965459
https://doi.org/10.1002/ejhf.1333
https://doi.org/10.1016/j.jcmg.2017.04.021
https://doi.org/10.1016/j.jcmg.2017.04.021
https://doi.org/10.1161/CIRCULATIONAHA.110.945345
https://doi.org/10.1161/CIRCULATIONAHA.110.945345
https://doi.org/10.1002/ejhf.530
https://doi.org/10.1016/j.hrthm.2017.04.041
https://doi.org/10.1016/j.hrthm.2017.04.041
https://doi.org/10.1007/s10840-012-9736-8
https://doi.org/10.1016/j.jacc.2012.02.073
https://doi.org/10.1016/j.jacc.2012.02.073
https://doi.org/10.1016/j.jcmg.2019.04.024
https://doi.org/10.1016/j.jcmg.2019.04.024
https://doi.org/10.1007/s12350-017-1161-z
https://doi.org/10.1016/0002-9149(93)90883-E
https://doi.org/10.1016/0002-9149(93)90883-E
https://doi.org/10.1161/CIRCULATIONAHA.104.493031
https://doi.org/10.1161/CIRCULATIONAHA.104.493031
https://doi.org/10.1016/j.jcmg.2008.05.012
https://doi.org/10.1016/j.jcmg.2015.07.013
https://doi.org/10.1016/j.jcmg.2015.07.013
https://doi.org/10.1016/j.amjcard.2006.05.022
https://doi.org/10.1161/01.CIR.0000095029.57483.60
https://doi.org/10.1161/01.CIR.0000095029.57483.60
https://doi.org/10.1016/j.jacc.2005.09.008
https://doi.org/10.1016/j.jacc.2005.09.008
https://doi.org/10.1093/eurheartj/ehq245
https://doi.org/10.1016/0735-1097(95)00587-0
https://doi.org/10.1016/j.cardfail.2018.03.008
https://doi.org/10.1016/j.cardfail.2018.03.008
https://doi.org/10.1007/s11897-013-0161-9
https://doi.org/10.1007/s11897-013-0161-9
https://doi.org/10.1128/AAC.43.1.148
https://doi.org/10.1128/AAC.43.1.148
https://doi.org/10.1186/1476-7120-11-46
https://doi.org/10.1186/s12968-016-0308-4

