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Graphical Abstract

In the presence of severe valvular heart disease (and associated comorbidities), cardiac chambers are exposed to either pressure (as in aortic sten
osis) or volume overload (as in mitral regurgitation), which triggers at first a series of adaptive mechanisms to release wall tension and maintain 
cardiac output (namely chamber hypertrophy and/or dilatation). However, these compensatory phenomena are soon followed by maladaptive myo
cardial changes such as reactive fibrosis, microvascular ischemia and cell death with replacement fibrosis, which substantially impair their function.  
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New imaging biomarkers (namely obtained from echocardiography and cardiac magnetic resonance imaging) are capable of depicting the occurrence 
of such maladaptive changes with important potential impact on patient risk stratification and decision making. Particularly, global longitudinal strain 
has shown to be a sensitive marker of systolic dysfunction and cardiac magnetic resonance imaging has the key strength of myocardial tissue char
acterization, including fibrosis an inflammation, but also myocardial perfusion and energetics, and therefore offers an in-vivo “virtual histology”.

Abstract

Adverse cardiac remodelling is the main determinant of patient prognosis in degenerative valvular heart disease (VHD). However, to give an indi
cation for valvular intervention, current guidelines include parameters of cardiac chamber dilatation or function which are subject to variability, do 
not directly reflect myocardial structural changes, and, more importantly, seem to be not sensitive enough in depicting early signs of myocardial 
dysfunction before irreversible myocardial damage has occurred. To avoid irreversible myocardial dysfunction, novel biomarkers are advocated 
to help refining indications for intervention and risk stratification. Advanced echocardiographic modalities, including strain analysis, and magnetic 
resonance imaging have shown to be promising in providing new tools to depict the important switch from adaptive to maladaptive myocardial 
changes in response to severe VHD. This review, therefore, summarizes the current available evidence on the role of these new imaging biomarkers 
in degenerative VHD, aiming at shifting the clinical perspective from a valve-centred to a myocardium-focused approach for patient management and 
therapeutic decision-making.

Keywords Valular heart disease • Mitral regurgitation • Aortic stenosis • Myocardial function • Myocardial fibrosis • 
Echocardiography • Magnetic resonance imaging

Introduction
Valvular heart disease (VHD) is a major cause of morbidity and mortality 
worldwide, affecting >2% of the general population.1 While rheumatic 
disease remains the leading cause in low-to-middle income countries, 
in developed countries degenerative VHD, and particularly aortic sten
osis (AS) and mitral regurgitation (MR) are the most prevalent, with an 
increasing frequency by an aging population and with an inherent high 
burden of comorbidities.2 Since no effective medical therapy is currently 
available, treatment of degenerative VHD relies on either surgical or 
transcatheter interventions. However, optimal timing of intervention re
mains a clinical challenge, balancing the risks of intervening too early, and 
therefore exposing patients to unnecessary peri-procedural and long- 
term complications, in contrast to a watchful waiting strategy, with the 
possible occurrence of sudden cardiac death or heart failure. Current 
guidelines3,4 recommend intervention based on VHD severity, presence 
of symptoms, and/or of left ventricular (LV) remodelling or reduced ejec
tion fraction (EF). Despite the profound clinical implications, assessment 
of symptoms can be challenging: symptoms can be under-reported by 
the patient, could be related to concomitant comorbidities (pulmonary 
disease, coronary artery disease, atrial fibrillation, obesity) and, most im
portantly, they often appear at a late stage, when systemic and pulmonary 
circulation are significantly impaired and possibly irreversible myocardial 
damage has already occurred. When VHD is significant, cardiac chambers 
are exposed to either pressure (as in AS) or volume overload (as in MR), 
which triggers at first a series of adaptive mechanisms to release wall ten
sion and maintain cardiac output (namely, chamber hypertrophy and/or 
dilatation). However, these compensatory phenomena are soon fol
lowed by maladaptive myocardial changes such as reactive fibrosis, 
microvascular ischaemia and cell death with replacement fibrosis, which 
substantially impair LV function, but only later result in a reduced left ven
tricular ejection fraction (LVEF). An impaired LVEF is therefore a strong 
prognosticator but, reflecting the complete exhaustion of these compen
satory mechanisms, is a late marker of myocardial dysfunction, lacking 
sensitivity to depict the myocardial damages which already took place. 
To avoid the occurrence of irreversible myocardial damage, new biomar
kers capable of depicting the occurrence of such maladaptive changes are 

advocated with important potential impact on patient risk stratification 
and on interventions’ results. To answer this need, advanced imaging 
may play a crucial role in identifying adverse myocardial remodelling at 
an early stage. Particularly, echocardiography is the first-line diagnostic 
modality, and along with strain imaging can provide an advanced assess
ment of myocardial mechanics; LV global longitudinal strain (LVGLS) has 
shown to be a sensitive marker of systolic dysfunction in various cardio
vascular diseases including degenerative VHD.5 Cardiac magnetic reson
ance imaging (CMR) has the key strength of myocardial tissue 
characterization, including fibrosis and inflammation, but also myocardial 
perfusion and energetics, and therefore offers an in vivo ‘virtual histology’ 
of great value also in degenerative VHD.

The current review, therefore, summarizes the evidence on the role 
of imaging biomarkers of myocardial response in degenerative VHD 
(Table 1), and seeks to highlight their potential in shifting the focus of 
the clinical assessment from the valve to the myocardium, in order to 
improve patient management and therapeutic decision-making.

The myocardium in primary mitral 
regurgitation
MR is classified as primary when it is due to intrinsic lesions of the mitral 
valve, rather than to a disease of the LV as in secondary MR. Primary MR 
can be caused by congenital malformations or endocarditis, but most 
frequently is degenerative, either due to rheumatic disease or myxoma
tous infiltration as in mitral valve prolapse (MVP).1,2 MVP is the most 
common cause of MR in Western countries and two distinct pheno
types are generally recognized: fibro-elastic deficiency (FED) and 
Barlow’s disease.6 Although a clear distinction cannot always be 
made, patients with Barlow’s disease are usually younger and the mitral 
valve is characterized by thickened leaflets, with multi-segmental pro
lapse, chordal elongation, and typical annular abnormalities, such as dila
tation, posterior disjunction, and abnormal displacement. In turn, 
patients with FED are typically older (and therefore with more co
morbidities) and show thin or normal leaflets, with single segment pro
lapse/flail by chordal rupture. Regardless of the aetiology, when severe 
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MR develops, left atrial (LA) and LV dilatation occurs as adaptive me
chanisms to accommodate the volume overload and maintain cardiac 
output. In most cases, during this phase, pulmonary pressures remain 
within normal limits, LVEF remains falsely normal or supra-normal 
(considering the reduced afterload) and patients are asymptomatic. 
However, a chronic increase in LV wall stress leads to non-ischaemic 
fibrosis and adverse myocardial remodelling, which may progress to 

overt LV dysfunction. Also, the further upstream effect of a severe 
MR will eventually lead to elevated pulmonary pressures, which often 
induce right ventricular (RV) dilatation, secondary tricuspid regurgita
tion (TR), and ultimately RV dysfunction. However, this pathophysio
logical cascade is not homogeneous in all patients, and the 
mechanisms by which the cardiac chamber remodels to hemodynamic
ally adapt to severe MR can vary significantly. Age, mechanism of MR, 
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Table 1 Standard and novel myocardial imaging biomarkers that showed diagnostic and prognostic value in the 
management of patients with degenerative valvular heart disease

Myocardial imaging biomarker

Echocardiography CMR

Primary mitral 
regurgitation

Standard • LVEDD
• LVEF
• LA diameter
• LA volume
• PAPs
• RV dimension and function (TAPSE, 

FAC)

• LVEDD
• LV volumes and EF
• LV hypertrophy/mass
• RV volumes and function

New • LV GLS
• LV mechanical dispersion
• LA reservoir strain
• 3D LV volumes

• LGE (replacement fibrosis) 
• Extent
• Location

• ECV (interstitial fibrosis)
• GLS

Aortic stenosis

Standard • LVEF
• LV dilatation
• LV hypertrophy
• Stress echocardiography

• LVEF
• LV mass/hypertrophy

New • LV GLS
• LV myocardial work indices

• LGE (replacement fibrosis)
• ECV (interstitial fibrosis)
• Amyloidosis assessment (including nuclear imaging)
• GLS
• T2
• Perfusion for detection of epicardial coronary artery and/or microvascular 

disease

Aortic regurgitation

Standard • LVEDD and LVESD
• LVEF
• Stress echocardiography

• LV volumes and EF
• LV hypertrophy/mass
• LV diameters

New • LV GLS
• LV myocardial work indices
• 3D LV volumes

• LGE
• ECV
• GLS

Tricuspid regurgitation

Standard • RV dimension/area
• TAPSE
• FAC

• RV volumes and EF
• RV mass
• RA area and volume

New • RV-PA coupling
• 3D RV volume and EF
• RV strain

• LGE
• ECV
• RV strain

ECV, extracellular volume; EDD, end-diastolic diameter; EF, ejection fraction; FAC, fractional area change; GLS, global longitudinal strain; LA, left atrium; LGE, late gadolinium 
enhancement; LV, left ventricle; PAPs, systolic pulmonary artery pressure; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion.
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and associated comorbidities may influence cardiac remodelling re
sponse to volume overload. In Barlow’s disease particularly, a specific 
cardiomyopathy has been suggested as part of the phenotype leading 
to a LA and LV dilatation disproportionate to the severity of MR.7

Current guidelines, beyond symptoms, consider LVEF and end-systolic 
diameter as main gatekeepers (Class I) to surgery; additional reasons for 
intervention (Class II) are also considered atrial fibrillation, LA dilatation 
and increased pulmonary pressure.3,4 However, LVEF may remain nor
mal for relative long time without properly reflecting ongoing import
ant damages of the myocardium; also, the cut-off values of the other 
echocardiographic parameters of chamber remodelling have been de
rived mainly from symptomatic patients,8 when myocardial structural 
changes may have already occurred and may not be reversed after 
intervention. Therefore, there is still a need for new imaging biomarkers 
able to better understand myocardial involvement in degenerative MR, 
possibly at an early stage, and to refine indication for intervention.

Echocardiographic markers of adverse 
cardiac remodelling
Standard echocardiography can provide all the parameters currently 
used to recommend intervention in degenerative MR, including LV 
diameter and EF, LA diameter and volume, and pulmonary pressure. 
Particularly, the presence of pulmonary hypertension and also of RV 
dysfunction (possibly signs of exhaustion of the LV and LA compensa
tory mechanisms) has been associated with poor outcomes, and pa
tients presenting with these characteristics should undoubtedly be 
referred to surgery at an earlier stage.9 However, also waiting for LV 
and LA dilatation may increase the risk of incipient myocardial damage 
that is not detectable by conventional echocardiographic techniques. 
Strain echocardiography has shown that in patients with severe primary 
MR and a mean LVEF >60%, LVGLS was significantly impaired as com
pared to controls, and decreased with increasing LV diameters and re
gurgitant volume.10 Furthermore, the prognostic value of LVGLS to 
predict post-operative LV dysfunction and mortality after surgery in pa
tients with severe primary MR has been demonstrated in several stud
ies. Among 593 patients with severe primary MR, those who presented 
an LVGLS ≥20.6% had better outcomes after surgical mitral valve repair 
as compared to those patients with an LVGLS <20.6% (Figure 1).11

Similar results were demonstrated also in asymptomatic patients with 

severe primary MR.12,13 Of note, the relatively preserved values of 
LVGLS could be related to the reduced afterload since the LV empties 
into a low chamber pressure, the LA.

Based on strain imaging, the time delay of LV longitudinal strain can 
be derived as a measure of LV mechanical dispersion which has been 
associated with the occurrence of ventricular arrhythmias. In 610 pa
tients with MVP, those with symptomatic ventricular arrhythmias had 
worse LVGLS and more pronounced mechanical dispersion as com
pared to patients without ventricular arrhythmias, despite having simi
lar LVEF;14 also significant mitral valve annular abnormalities were 
observed, including annular dilatation and disjunction, described in 
MVP patients as a separation between the LA wall at the level of the 
mitral valve junction with the LV free wall. These results highlight the 
presence of a cardiomyopathic process with structural abnormalities 
that affect myocardial mechanics at an earlier stage than LVEF.

Strain measures can also be applied to the LA to assess its reservoir 
function and by reflecting LA compliance, may therefore identify early 
signs of LA remodelling. In a recent study, LA reservoir strain was inde
pendently associated with all-cause mortality (with a proposed cut-off 
value of 22%) in patients undergoing mitral valve repair for severe pri
mary MR, and with incremental prognostic value over current clinical 
and echocardiographic factors (Figure 1).15

CMR markers of adverse cardiac 
remodelling
Considering the key parameters to trigger MR intervention, CMR is a 
well-established method for quantifying LV dimension and EF, with 
high reproducibility and obviating the need for geometric assumptions. 
However, LV volumes may be a more reliable marker of LV remodelling 
and in a series of asymptomatic MR patients, CMR-derived LV end- 
systolic volume index demonstrated a higher predictive value than 
echo-derived LV end-systolic diameter for survival free of mitral sur
gery.16 However, the ability to assess myocardial composition is the un
ique feature of CMR which has provided novel markers of myocardial 
tissue remodeling in patients with primary MR (Figure 2).17

Replacement myocardial fibrosis as assessed by late gadolinium en
hancement (LGE) has been noted in the setting of primary MR with sev
eral key caveats.18 First, LGE is much more prevalent in primary MR due 
to myxomatous MVP than other non-myxomatous aetiologies, 

Figure 1 (A) Assessment of left ventricular global longitudinal strain and left atrial reservoir strain by speckle tracking echocardiography, in a patient 
with mitral valve prolapse and severe mitral regurgitation. (B) A bull’s eye plot displays the regional longitudinal strain for each left ventricular segment 
with a colour code; in this patient, global longitudinal strain (average of the 17 segments) was significantly impaired (being left ventricular global longi
tudinal strain value considered normal between −18 and –20%). (C ) The longitudinal strain curve of the left atrial derived from the apical 4 chamber 
view (dotted line as average of the segments), and the peak positive strain is the left atrial reservoir strain, which was also impaired in this patient (as 
<22%).
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supporting the hypothesis that these specific mitral valve alterations are 
also associated with myocardial abnormalities and a pro-fibrotic milieu. 
Second, LGE is commonly located in the segments adjacent to the pos
teromedial papillary muscle (e.g. inferolateral or inferior walls) and to 
the mitral valve, suggesting also a mechanical trigger (pulling of the elon
gated chorda and hyperdynamic annular motion and disjunction) to the 
development of fibrosis.19 Third, the prevalence of LGE increases with 
the severity of MR, being as high as 50% in patients with severe MR, and 
confirming the irreversible myocardial damages secondary to the vol
ume overload.

Several recent studies have also demonstrated a prognostic implica
tion of replacement fibrosis in the setting of MVP. Starting from autopsy 
studies, analysis of sudden cardiac death victims with MVP revealed the 
presence of LV replacement fibrosis and with the propensity of seg
ments adjacent to the posteromedial papillary muscles.19 By using 
CMR in a US-based series, patients with MVP and evidence of LGE ex
perienced a 7.7% rate of arrhythmic events (sudden cardiac death, 
aborted sudden cardiac arrest, sustained or inducible ventricular ar
rhythmia) as compared to 2.7% for MVP patients without replacement 
fibrosis, and 0.6% for the group with primary MR due to non-MVP aeti
ology (in which the prevalence of replacement fibrosis was very low).18

Similarly, a French study of MVP patients demonstrated a higher like
lihood of arrhythmic events in presence of LGE.20 Furthermore, MVP 
patients with replacement fibrosis experienced a 2.6-fold higher rate 
of cardiac death, heart failure, new-onset atrial fibrillation, arterial em
bolism, or life-threatening ventricular arrhythmia, supporting the 

growing evidence that LGE is associated with an increased risk of ad
verse cardiovascular events in these patients.

CMR can also quantify myocardial extracellular volume (ECV) by T1 
mapping, based on the change in T1 times before and following admin
istration of gadolinium contrast.17 Studies have shown myocardial 
ECV to be correlated with histologically quantified diffuse interstitial 
myocardial fibrosis in several medical conditions,21 including VHD. A 
cross-sectional study of patients with asymptomatic moderate or se
vere primary MR noted that ECV was correlated with total exercise 
time, metabolic equivalent, and peak oxygen consumption.22 In a large 
study of patients with chronic primary MR, ECV was higher in patients 
with symptomatic MR.23 Furthermore, when followed longitudinally, 
patients with an ECV ≥30% experienced a higher likelihood of death 
or need for mitral valve surgery24 and a recent study also showed an 
association between ECV (particularly in the basal segments) and com
plex ventricular arrhythmias.25 While still an emerging marker, current 
evidence suggests that ECV may represent a marker of maladaptive re
modelling and subclinical decompensation in chronic primary MR.

Recently, a prospective multicentre study enrolled 104 patients with 
primary MR who underwent CMR before and on an average of 8 
months after mitral valve repair.26 After surgery, a significant reduction 
in ECV fraction and indexed ECV, proportional to their preoperative 
expansion was observed, but not in LGE. These findings suggest that 
interstitial reactive fibrosis is probably reversible while replacement fi
brosis is not. Also, preoperative ECV predicted the degree of post- 
operative remodelling irrespective of symptoms, highlighting that 

Figure 2 Assessment of myocardial replacement and interstitial fibrosis in patients with primary mitral regurgitation. ECV, extracellular volume; LGE, 
late gadolinium enhancement; LV, left ventricular; MVP, mitral valve prolapse.
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although patients with LGE and interstitial fibrosis still benefit from 
surgery, they are less likely to demonstrate reverse remodelling after 
surgery and a deleterious effect on LV function remains.

Finally, CMR tagging and feature-tracking also allow for assessment of 
myocardial deformation (strain), and initial studies in patients with 
chronic primary MR have shown namely a decrease in regional circum
ferential strain, persistent or occurring de novo even after mitral valve 
repair.27,28

Further studies are needed to confirm whether these CMR mea
sures can help in timing mitral valve interventions in these patients, 
and if mitral valve repair is a strategy to lessen the excess risk conferred 
by replacement and diffuse interstitial fibrosis.

The myocardium in aortic stenosis
In patients with severe AS, LVEF is often preserved and LV hypertrophy 
develops gradually to reduce wall stress and maintain cardiac output.29

In parallel to the progressive LV hypertrophy, there is an increase in 
interstitial fibrosis and myocyte apoptosis, due to oxygen supply- 
demand mismatch and myocardial ischaemia. If the valve is left untreat
ed, the LV myocardium develops areas of myocyte loss and three 
distinct patterns of fibrosis have been described: thickened endocar
dium, development of irreversible microscars particularly in the sub- 
endocardium with a gradient from the inner to the outer third of the 
myocardium, and inter-fiber and perivascular fibrosis throughout the 
myocardium.30 These important structural abnormalities lead at a later 
stage to LV systolic dysfunction, which when overt has been associated 
with poor outcome and included as an important criterion to indicate 
surgery in patients with severe AS with or without symptoms.3,4 Risk 
stratification and the best timing for prophylactic intervention, how
ever, remain controversial in asymptomatic patients with preserved 
LVEF, and is currently being evaluated in several prospective rando
mized controlled trials. Other prognostic factors should be considered 
in patients with severe AS, as for example it has been demonstrated for 
the right heart involvement (pulmonary hypertension, TR, and RV dys
function), shown to be associated with poor prognosis even in asymp
tomatic patients.31,32 In addition, transthyretin cardiac amyloidosis 
(ATTR) has been recognized as an important combined myocardial 
and aortic valve pathology, which poses diagnostic challenges due to 
presentation with low-flow, low-gradient AS and, more importantly, 
is characterized by a more severe phenotype with more frequently 
heart failure, arrhythmias, and higher mortality.33–37

Echocardiographic markers of adverse 
cardiac remodelling
The functional abnormalities resulting from the above-mentioned 
structural changes are better detected by advanced echocardiographic 
parameters such as LVGLS, which are more sensitive than LVEF. Several 
studies showed that LVGLS is impaired in patients with severe AS even 
in case of preserved LVEF and absence of symptoms (Figure 3). In par
ticular, Vollema et al.38 compared 220 asymptomatic patients with se
vere AS to 220 age- and sex-matched controls without AS; both groups 
had similar, preserved LVEF, but LVGLS was significantly reduced in the 
patients with severe AS (17.9 ± 2.5% vs. 19.6 ± 2.1%, P < 0.001). Dahl 
and coworkers39 published a systematic review that confirmed that pa
tients with severe AS are often asymptomatic, present with normal LVEF 
(≥50%) but have an impaired LVGLS. Subsequent studies showed also the 
strong prognostic value of LVGLS in patients with severe AS.40 In the 
aforementioned study by Vollema and colleagues,38 in patients with 
asymptomatic severe AS and preserved LVEF, LVGLS deteriorated during 
a median follow-up of 12 months (from 18.0 ± 2.6% to 16.3 ± 2.8%, P < 
0.001) when treated conservatively. Moreover, patients with reduced 
LVGLS at baseline were at higher risk of developing symptoms and 
need for aortic valve replacement (AVR) during follow-up. An individual 
participant data meta-analysis,41 totalling 1067 asymptomatic patients 
with severe AS and LVEF >50%, showed that a cut-off value of LVGLS 
<14.7% was associated with a 2.5-fold increased risk of death. When con
sidering only patients with an LVEF ≥60%, the association between LVGLS 
and all-cause death remained significant.

The pressure overload characteristic of AS has an influence on the 
reduced value of LVGLS and therefore, after AVR, an improvement 
in LVGLS has been demonstrated.42 However, LVGLS may remain im
paired after surgery in many patients suggesting that the structural 
changes have not been reversed fully or the changes are not only caused 
by LV hypertrophy. In patients with severe AS and ATTR amyloidosis, a 
thicker LV, more impaired LVGLS, lower stroke volume, and worse LV 
diastolic function were observed as compared to patients with severe 
AS only.36 Interestingly, the typical pattern on LVGLS with relative ap
ical longitudinal strain sparing was observed with similar frequency in 
patients with and without ATTR amyloidosis.

LVGLS and echocardiography-derived LV systolic pressure (by adding 
the mean aortic valve gradient to the aortic systolic pressure) can be incor
porated to construct pressure-strain loops of the LV and obtain myocar
dial work measures which take into account LV afterload: in a recent study, 
LV global work index and constructive work showed an independent as
sociation with heart failure symptoms in patients with severe AS.43

Figure 3 Echocardiographic assessment of a patient with severe aortic stenosis. Despite a preserved left ventricular ejection fraction, the value of left 
ventricular global longitudinal strain is significantly impaired. For description of the strain analysis, see also legend of Figure 1.
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Other imaging markers of adverse cardiac 
remodelling
CMR is more sensitive than echocardiography to identify altered global 
LV geometry (radius and wall thickness, or mass volume ratio), and has 
revealed marked sex dimorphism in the remodelling response to severe 
AS. Men show higher indexed LV mass, lower LVEF, and increased myo
cardial stiffness, while women present more concentric remodelling 
with higher relative wall thickness and LVEF; however, the scale of 
the differences is being increasingly recognized with apparently more 
maladaptive myocardial response to AS in men.44–47 More importantly, 
CMR allows the visualization of both patchy non-infarct pattern scar by 
LGE imaging48,49 as well as the diffuse fibrosis in the mid-myocardium 
using T1 and ECV (Figure 4). With progressive AS, LGE accumulates 
over time, slowly in mild AS (with minimal annual change), but faster 
in moderate and severe AS with an apparent acceleration trajectory 
of scar extent.50 Prevalence of LGE in severe AS ranges from 27 to 
51%, is associated with more severe valvular stenosis and worse LV sys
tolic and diastolic function; furthermore, it correlates with histology and 
appears to be irreversible at 9 and 12 months after surgical AVR.51–56

Importantly, LGE independently predicted all-cause and cardiovascular 
mortality, regardless of type of LGE (infarct pattern vs. non-infarct pat
tern) or intervention (surgical or transcatheter).57 After AVR, de novo 
LGE may occur in between 5 and 18% of patients but myocardial vul
nerability during surgery is not yet well understood.57–61 Whether early 
intervention guided by LGE improves survival is currently under inves
tigation in the EVOLVED trial (NCT03094143), assessing early inter
vention in asymptomatic patients with LGE.59

Beyond LGE, T1 mapping and ECV quantification allow assessment 
of diffuse fibrosis that precedes irreversible focal fibrosis.60 Diffuse fi
brosis prior to AVR has been shown to predict symptomatic and LV 
function improvement.61–63 In a recent multicentre study in 440 pa
tients with severe AS prior to surgery, ECV fraction was independently 
associated with cardiovascular and all-cause mortality.64 Importantly, 
reverse remodelling after AVR was associated with early normalization 
in LV function within the first 6 months, and LV mass regression in the 
first 6 to 12 months with up 20–30% LV mass reduction at 1 year.65–73

Of note, early mass regression was greater in the presence of more LV 
hypertrophy, and in absence of scar.74

Figure 4 Assessment by magnetic resonance imaging of a patient with critical aortic stenosis. A 4-chamber bSSFP-cine image (A) showing normal left 
ventricular cavity size with concentric hypertrophy. Short-axis bSSFP-cine image (B) en-face view of the aortic valve demonstrating fusion of the left and 
right coronary cusp and a planimetered aortic valve area of 0.6 cm2. Phase-contrast imaging just above the aortic valve (C + D) demonstrating a peak 
velocity of nearly 5 m/s. Bright (E) and dark (F ) blood late gadolinium enhancement images demonstrating patchy, non-infarct scar in the lateral wall. A 
native T1 map (G) and extracellular volume fraction map (H ) demonstrate no evidence of myocardial infiltration (septal T1 1040 ms, lateral wall T1 
1060 ms, normal <1060 ms; septal ECV 26%, lateral wall ECV 28%, normal <30%).
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ECV quantification allows further interrogation of this process by 
splitting LV mass into a matrix and cell compartment. Prevalence of in
creased myocardial ECV in severe AS (using the threshold of >28%) 
ranges from 33% up to 54% depending on the studied population.56,64

Early ECV data interrogating LV mass regression at 6 months post-AVR 
noted cellular regression without significant extracellular matrix 
changes,75 but more recent data demonstrated both cellular and matrix 
regression at 1 year (with the cellular response greater than the inter
stitial matrix response); scar by LGE however was irreversible.56 This 
highlights that myocardial compartments are plastic, providing scar is 
absent.

LV myocardial strain as measured by CMR was also shown in initial 
studies on AS, to discriminate between asymptomatic vs. symptomatic 
patients and to be associated with outcomes after surgical or transcath
eter interventions.27,76

Nuclear scintigraphy has not played a significant role in the management 
of AS until recently, when bone scintigraphy (tracer is DPD, HMD, or PYP 
depending on the country) has been increasingly used to diagnose ATTR 
amyloidosis. Other imaging modalities, including CMR but also ECV by 
computed tomography can also help in characterizing myocardial involve
ment in this disease: the AS-amyloid prevalence in severe AS patients 
ranges between 8 and 16% depending on the age of the patients but in 
patients above the age of 75 years appears to affect 1 in 8.33–37 In principle, 
AVR should not be withheld from patients with dual pathology but pa
tients should be considered for amyloid-specific therapies.77

The myocardium in aortic 
regurgitation
Acute aortic regurgitation (AR) most often results from endocarditis, 
aortic dissection, chest trauma, or iatrogenic injury. When severe, acute 
LV volume overload generally leads to a low output state and pulmon
ary oedema. Thus, early surgical intervention occurs prior to the hemo
dynamic myocardial consequences which are expected in chronic AR. 
In contrast, in chronic severe AR, the LV faces a prolonged volume 
overload and relative pressure overload, with adaptive eccentric hyper
trophy with cardiomyocyte growth by addition of new sarcomeres in 
series, and therefore increase in LV volumes and mass (both cellular 
and interstitial).78 LV dilatation is considered an important criterion 
in current guidelines for the management of patients with severe AR 
by using LV linear dimensions.3,4 However, it is well known that LV lin
ear dimensions have limitations and volumetric measurements by echo
cardiography, especially when with three-dimensional imaging,79 can 
more precisely and accurately identify the complex LV remodelling 
which occurs in chronic AR.80,81 Echocardiographic LV volume assess
ment has been shown to have good reproducibility in patients with 
moderate-severe and severe AR and a LV end-systolic volume 
≥45 mL/m² was independently associated with all-cause mortality as 
well as cardiac symptoms.80

The chronic volume (and pressure) overload which characterizes AR 
leads also to the development of myocardial fibrosis, diastolic dysfunc
tion and ultimately impairment of contractile function.78 In a population 
of 41 patients with ≥ moderate-severe chronic AR, advanced diastolic 
dysfunction including pseudo-normalization or restrictive filling was 
present in 25% and has been associated with worse outcome after 
AVR.82

Finally, mortality in chronic AR increases by reduced LVEF, which 
however occurs at a late stage in the natural history of this VHD, and 
several studies have suggested that valve intervention should be 

considered at an earlier stage of ventricular remodelling than recom
mended by guidelines.83–85 In this regard, the functional conse
quences of the maladaptive processes to volume overload might be 
better reflected by myocardial strain measurements. Patients with 
severe AR and LVEF >50% have shown impaired values of LV longi
tudinal, circumferential and radial strain by echocardiography as com
pared to controls.86 When dividing patients according to the 
presence of symptoms, symptomatic patients had also more im
paired LV longitudinal (14.9 ± 3.0 vs. 16.8 ± 2.5%, P < 0.001), circum
ferential (17.5 ± 2.9% vs. 19.3 ± 2.8%, P = 0.001), and radial (35.7 ± 
12.2% vs. 43.1 ± 14.7%, P = 0.004) strains as compared to asymptom
atic patients. Furthermore, LVGLS has been associated with all-cause 
death in 865 patients with severe AR who were asymptomatic or 
mildly symptomatic and had an LVEF ≥50%. Alashi et al.87 showed, 
that patients with an LVGLS <19.5% had higher mortality rates at 6 
years follow-up as compared to patients with an LVGLS ≥19.5% 
(17% vs. 11%, P < 0.01). Each 1% absolute worsening in LVGLS was 
independently associated with all-cause death with a hazard ratio 
of 1.11.

To integrate the loading conditions in the assessment of LV systolic 
function, the calculation of pressure-strain loops and myocardial work 
has been proposed also in patients with chronic severe AR. Meucci 
et al.88 showed in 57 patients with moderate and severe chronic AR 
and preserved LVEF who were referred for surgical AVR, that the ma
jority of the patients had normal or increased myocardial work. 
However, after aortic valve surgery, 28% of patients presented im
paired LV myocardial work. The post-operative impairment of LV glo
bal myocardial work was associated with a lesser degree of LV reverse 
remodelling suggesting that there was prior to surgery a more advanced 
LV myocardial remodelling.

CMR evaluation may provide incremental value over echocardiog
raphy,89 namely by a better characterization of LV remodelling, precise 
quantification of AR severity, but more importantly identifying the de
velopment of myocardial fibrosis (Figures 5 and 6). Presence of either 
ischaemic or non-ischaemic myocardial fibrosis identified by CMR 
was seen in up to a third of patients chronic AR.90 Importantly, it 
was associated with 2.5-fold increase in mortality and mitigated by 
AVR. Particularly, ECV fraction was shown to have a strong correlation 
with AR severity measured by aortic regurgitant fraction, and both 
were associated with worse outcomes in chronic AR patients.91

When feature-tracking CMR was used to measure strain, LVGLS 
showed to be impaired early in the course of the disease and a marker 
of AR severity, while circumferential and radial strain worsened later 
and were associated with outcome, namely the need for aortic valve 
surgery.92

In summary, given the current widespread use of volumetric mea
surements and improved standardization, future guidelines should sup
port the use of volumetric rather than linear measurements of the LV, 
either obtained by echocardiography or by CMR. Assessment of myo
cardial strain and fibrosis appears very promising for further risk strati
fication in severe chronic AR.

The myocardium in tricuspid 
regurgitation
The aetiology of TR can be quite heterogeneous due to the interplay 
between the right atrium (RA), the RV, tricuspid annulus and pulmon
ary pressures, but also to leaflet morphology and other contributors 
such as atrial fibrillation and presence of intracardiac devices.93 The 
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type and extent of RA and RV remodelling induced by TR is crucial for 
the management of these patients, and has been included as last topic of 
current review to create further awareness on the importance of 
standard and new imaging biomarkers to assess myocardial involve
ment of the right heart.93 The myocardial structural changes, including 
accumulation of collagen in the extracellular matrix, may differ signifi
cantly across the spectrum of TR aetiologies and severity.94 The RV 
histological changes are more pronounced in pressure overload condi
tions as compared to volume overload circumstances, and increased 
myocardial fibrosis has been described in experimental and clinical 
models particularly as results of pulmonary hypertension.95–97

However, combined pressure and volume overload is common in these 
patients whose overall myocardial remodelling and insult are ampli
fied.95,97 Pressure-volume overload may lead also to RV ischaemia 
which further enhances myocardial fibrosis development. These struc
tural changes all lead ultimately to impaired RV functional parameters 
which underlies the poor outcomes of these patients. It is therefore im
portant to identify sensitive functional and anatomical imaging biomar
kers to better risk stratify patients with TR. However, most of current 
functional parameters are influenced by the loading conditions (preload 
and afterload), presence of ischaemia, pericardial constraint and the in
terventricular dependence. Therefore, any RV functional imaging is an 
imperfect indirect marker of RV structural remodelling (myocardial 
fibrosis).

Bearing in mind those limitations, echocardiography is the imaging 
technique most frequently used in the evaluation of the patients with 
severe TR. Among the various parameters of RV function, longitudinal 
strain has demonstrated incremental prognostic value over RV fraction
al area change and tricuspid annulus plane systolic excursion (TAPSE). 
Among 896 patients with moderate and severe TR, RV longitudinal 
strain detected more frequently RV dysfunction as compared to RV 
fractional area change or TAPSE, and each 1% impairment in RV longi
tudinal strain was independently associated with increased all-cause 
death (hazard ratio 1.029, P = 0.003).98 To account for the afterload, 
especially important among patients with pulmonary hypertension 
and secondary severe TR, Fortuni and coworkers99 showed that the ra
tio between TAPSE and systolic pulmonary artery pressure reflected 
the RV to pulmonary arterial (RV-PA) coupling and had important 
prognostic implications. Patients with RV-PA uncoupling (defined by 
a ratio between TAPSE and systolic pulmonary arterial pressure 
<0.31 mm/mmHg) had 46% increased risk of all-cause death as com
pared to patients with preserved RV-PA coupling.

Difficulties for CMR performance in this population are related to 
common presence of atrial fibrillation and intracardiac devices which 
can create artefacts. Nonetheless, the growing use of CMR in TR pa
tients has led to a better understanding of its importance for this pa
tient population for the following two main reasons: (i) being the 
gold standard for quantification of RV remodelling and RV function, 

Figure 5 Magnetic resonance imaging for the assessment of aortic regurgitation severity and left ventricular remodelling (dilatation and dysfunction). 
A 72-year-old asymptomatic female patient with trileaflet aortic valve and echocardiogram showing moderate aortic regurgitation. (A) Breath-held 
short-axis stack cine acquisition for calculation of left ventricular volumes, ejection fraction, stroke volume, and left ventricular mass. There is moderate 
left ventricular dilatation (LVEDVi 112 mL/m2) despite a basal LVEDd measurement of 5.3 cm, vs. mid-left ventricular cavity (6.2 cm) correlates better 
with the volumetric mild left ventricular dilatation; left ventricular mass, wall thickness and LVEF (62%) are preserved. However in (B), global longitudinal 
strain is impaired = −16.5% (see the strain curve displayed in the upper panel and the myocardial overlay of the feature-tracking post-processing analysis 
in the lower panel). (C ) 2D phase-contrast through-plane acquisition at the level of the ST junction for forward and backward flow and volume cal
culation. (D) Red curve indicates ascending aorta flow, whereas yellow curve, descending thoracic aorta. Severe aortic regurgitant fraction (34%) is 
identified. Holodiastolic retrograde flow in the descending thoracic aorta (yellow curve above the baseline) is a specific and supportive finding. Mild 
mitral regurgitation also identified (regurgitant volume 19 mL; regurgitant fraction 17%).
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Figure 6 Patterns of myocardial fibrosis seen by magnetic resonance imaging in patients with chronic aortic regurgitation. (A) and (B) Discrete sub
endocardial infarction at mid anteroseptum; (C ) and (D) increased wall thickness, but normal left ventricular mass, and no replacement myocardial fi
brosis. Extracellular volume fraction (28%) is upper normal; (E) and (F ) increased wall thickness with non-ischaemic midwall fibrosis at the basal 
anteroseptum and elevated extracellular volume fraction (32%), supportive more advanced left ventricular remodelling.

Figure 7 Assessment of right ventricular dysfunction and fibrosis in severe tricuspid regurgitation. (A) An example of a patient with massive tricuspid 
regurgitation and dilation of the right ventricle. In (B), the region of interest to measure right ventricular longitudinal strain with speckle tracking echo
cardiography is shown and the regional values of longitudinal strain in the free wall are presented. The time to peak longitudinal strain of the basal, mid, 
and apical segments of the lateral wall are presented in (C ). (D) and (E) show the short-axis of the right ventricular at the level of the tricuspid valve and 
the 4-chamber view respectively obtained with cine-cardiac magnetic resonance imaging . On late gadolinium enhancement cardiac magnetic resonance 
imaging sequences, the macroscopic fibrosis can be observed in the junctional areas between the right and the left ventricles (F, arrows). Using T1 
mapping techniques, microscopic fibrosis of the right and left ventricles can be measured (G).
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uncovering the shortcomings of 2D echocardiography, and (ii) it 
evaluates using LGE the extent and pattern of myocardial fibrosis 
leading to the diagnosis of the underlying cardiomyopathy100

(Figure 7).
Ongoing transcatheter tricuspid replacement trials use cardiac com

puted tomography for anatomical screening and procedural planning 
but have not yet leveraged the full analytical capabilities of this imaging 
modality such as its functional assessment, quantification of TR severity 
(via measurement of effective regurgitant orifice area), myocardial 
strain or myocardial ECV fraction, a surrogate of diffuse myocardial 
fibrosis.101

Clinical translation, 
implementation, and conclusions
In degenerative VHD, although valve stenosis or regurgitation are the 
primary insult, is the myocardial response that determines how the in
sult is tolerated and the prognosis of the patients, and should therefore 
drive the decision on in whom and when to intervene. Novel imaging 
biomarkers are therefore advocated to better understand myocardial 
changes secondary to volume or pressure overload or possibly con
comitant to the valvular abnormalities, and, most importantly, to depict 
the crucial switch from adaptive (and reversible) to maladaptive (pos
sibly irreversible) myocardial remodelling (Graphical Abstract). 
Cumulative evidence is already available on the use of advanced echo
cardiographic techniques and CMR unique capabilities to predict ad
verse myocardial remodelling and therefore refine timing for 
intervention. However, these imaging biomarkers are still largely under
used, possibly because of lack of availability, standardization (including 
reproducibility, identification of cut-off values with clinical significance 
and comparison among different vendors) and prospective validation. 
The application in clinical practice particularly of novel CMR imaging 
biomarkers such as native T1 mapping, ECV, but also strain measures, 
will need to follow a careful implementation roadmap which has been 
outlined in a specific SCMR document.17 The access continues to im
prove as all CMR vendors already have T1 mapping sequences available 
and many commercial solutions for post-processing the data analysis. 
Nevertheless, the clinical implementation and expertise for the inter
pretation and reporting needs to be coupled with important review 
of the data acquisition, imaging quality, variability of the mea
sures64,90,102 and attention to potential confounders (including loading 
conditions) or artefacts.17 Of note, since ECV calculation is derived 
from a ratio of myocardial/blood pool T1 value changes, ECV values 
are typically not influenced by the pulse sequence and/or magnetic field 
strength (which occurs for myocardial T1 values). As a consequence, 
native or post-contrast T1 mapping values have greater variability limit
ing their clinical applicability in multicentre studies.

Finally, the results of ongoing randomized trials including these novel 
imaging biomarkers as inclusion criteria, and future research, possibly 
applying new diagnostic algorithms from machine learning on big 
data, are highly awaited to help changing our perspective from a valve- 
centred to a myocardium-focused approach in managing patients with 
degenerative VHD.
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