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Abstract

Purpose of Review The present article reviews the role of multimodality imaging to improve risk stratification and timing of
intervention in patients with valvular heart disease (VHD), and summarizes the latest developments in transcatheter valve

interventions.

Recent Findings Growing evidence suggests that intervention at an earlier stage may improve outcomes of patients with sig-
nificant VHD. Multimodality imaging, including strain imaging and tissue characterization with cardiac magnetic resonance
imaging, has the ability to identify early markers of myocardial damage and can help to optimize the timing of intervention.
Transcatheter interventions play an increasing role in the treatment of patients who remain at high surgical risk or present

at a late stage of their disease.

Summary Multimodality imaging identifies markers of cardiac damage at an early stage in the development of VHD.
Together with technological innovations in the field of percutaneous valvular devices, these developments have the potential
to improve current management and outcomes of patients with significant VHD.
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Abbreviations

AS Aortic stenosis

AVR  Aortic valve replacement
CMR Cardiac magnetic resonance
EF Ejection fraction

LGE Late gadolinium enhancement
LV Left ventricular

MR  Mitral regurgitation

RV Right ventricular

TR Tricuspid regurgitation

TV Tricuspid valve

VHD Valvular heart disease

Introduction

Valvular heart disease (VHD) is a major health problem,
affecting more than 2% of the general population. It is asso-
ciated with a decreased quality of life and an increased risk
of cardiovascular events, including heart failure hospitaliza-
tions and mortality [1]. Because of the prolonged survival of
patients with heart failure and the aging population, many
patients with significant VHD are considered inoperable or
are at high surgical risk. Less invasive, transcatheter valvular
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interventions have therefore received increased attention.
Transcatheter aortic valve replacement (TAVR) has proven
its value in high-risk patients and has evolved from a chal-
lenging intervention to a standardized and streamlined pro-
cedure with a clear trend towards the expansion of indica-
tions to intermediate and low-risk groups. Similarly, major
trials utilizing transcatheter therapies for secondary mitral
regurgitation (MR) have recently been completed and tran-
scatheter edge-to-edge repair now offers new treatment
options for patients with secondary MR who are inoper-
able or at high surgical risk. The successes of transcatheter
therapies for left-sided VHD have fueled the development of
novel transcatheter devices for the treatment of right-sided
VHD, and studies on transcatheter edge-to-edge repair in
patients with secondary tricuspid regurgitation (TR) are
ongoing. These technological innovations, together with a
better understanding of the mechanisms underlying VHD,
have led to major improvements in the management of
patients with significant VHD.

Timely diagnosis and adequate risk stratification remain
essential in the decision-making process of patients with
significant VHD. According to the European and American
guidelines, left ventricular (LV) ejection fraction (EF) and
the onset of symptoms remain the most important param-
eters when deciding to refer a patient with left-sided VHD
for intervention [2, 3]. Similarly, right ventricular (RV) size/
function and symptoms also play a pivotal role when refer-
ring a patient with right-sided VHD for intervention [2, 3].
However, deciding whether the onset of symptoms is caused
by the underlying VHD is challenging, especially because
most patients also have concomitant (non-)cardiovascular
comorbidities (i.e., coronary artery disease, pulmonary dis-
ease, limited mobility). In addition, LVEF and RVEF often
remain preserved for a long time despite ongoing, progres-
sive cardiac remodeling. For example, in aortic stenosis
(AS), pressure overload induces a hypertrophic remodeling
response to reduce wall stress, which maintains LVEF. This
response may eventually lead to ischemia and LV myocardial
fibrosis, even though LVEF is still preserved. In patients
with MR or TR, EF calculates the total volume of blood
that is displaced from the ventricle, not taking into consid-
eration the percentage of blood that is directed backwards
to the atrium (and therefore does not contribute to cardiac
output). LVEF and RVEF therefore often appear falsely pre-
served (or even supranormal) while eccentric remodeling
due to volume overload is already occurring. These observa-
tions underscore the need to identify earlier risk markers of
myocardial damage beyond symptoms and EF, to improve
risk stratification and optimize the timing of intervention
in patients with VHD. Evidence supporting the prognostic
value of speckle-tracking echocardiography—derived strain
imaging and cardiac magnetic resonance (CMR)-based
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tissue characterization is increasing and these novel imaging
markers are finding their way into clinical practice.

In this review, we discuss how multimodality imaging can
help to improve the management of VHD and highlight the
latest developments of transcatheter interventions in AS, as
well as in secondary MR and TR.

Latest Developments in the Management
of Aortic Stenosis

AS is the most common VHD worldwide, and its prevalence
is rising rapidly due to the aging population [1, 4]. Cur-
rent guidelines recommend AVR when patients with severe
AS become symptomatic or when LV systolic function is
impaired (i.e., LVEF <50%) [2, 3]. In contrast, an expectant
but vigilant approach has been proposed in asymptomatic
patients who show no adverse prognostic features [2, 3].
This strategy, however, has been questioned in recent years
with the observation that the prognosis of conservatively
managed, asymptomatic patients with severe AS may not
be benign [5]. In addition, a study comparing a conservative
treatment strategy with early surgical AVR demonstrated
that early surgical AVR was associated with improved sur-
vival (i.e., lower cardiac mortality and sudden cardiac death)
in asymptomatic patients with very severe AS [6]. Similarly,
the recently performed Aortic Valve replAcemenT versus
conservative treatment in Asymptomatic seveRe aortic ste-
nosis (AVATAR) trial showed that asymptomatic patients
with severe AS who underwent early surgical AVR had a
significant reduction in the primary endpoint (a composite
of all-cause death, acute myocardial infarction, stroke or
unplanned heart failure hospitalization) compared to patients
who underwent conservative treatment [7]. These studies
raise the question whether waiting for symptoms to occur
or LVEF to decline may worsen prognosis in asymptomatic
patients who are currently being treated conservatively.

To optimize risk stratification and management of asymp-
tomatic patients with severe AS, a more thorough under-
standing of the underlying pathophysiology is imperative.
Severe AS causes pressure overload of the LV, whereafter
LV hypertrophy develops to reduce wall stress and maintain
cardiac output. With the development of LV hypertrophy,
myocardial oxygen demand increases while coronary flow
reserve decreases due to concomitant microvascular dysfunc-
tion, low coronary perfusion pressure, and reduced diastolic
perfusion time [8]. This oxygen demand/supply mismatch
triggers subendocardial ischemia [9], which leads to myo-
cyte degeneration with irreversible cell loss and the forma-
tion of myocardial fibrosis [10]. As such, significant cardiac
remodeling may already occur in patients with severe AS in
whom LVEF is still preserved. From this perspective, the



Current Cardiology Reports (2022) 24:1407-1416

1409

identification of early markers of myocardial damage (i.e.,
before a reduction in LVEF is observed) that can improve
risk stratification and allow early referral for intervention is
a priority. Besides important risk factors, including hemody-
namic response to exercise, AS severity by jet velocity, rate
of AS progression, pulmonary hypertension, and elevated
brain natriuretic peptides, increasing attention has been given
to speckle-tracking echocardiography—derived global longi-
tudinal strain (GLS) measurements and the detection of myo-
cardial fibrosis with CMR.

Reduced LV GLS is a more sensitive marker of impaired
LV contractile function than LVEF and shows a strong asso-
ciation with the presence of myocardial fibrosis on CMR

Fig. 1 Speckle-tracking strain imaging in patients with valvular heart
disease. The figure shows three examples of patients with valvular
heart disease and the use of 2D speckle-tracking strain echocardi-
ography. Patient 1 (panels A, B, C): a 67-year-old male patient with
ischemic cardiomyopathy and non-viable myocardium after right
coronary artery (RCA) myocardial infarction, presented with severe
secondary mitral regurgitation due to tethering of the posteromedial
papillary muscle (panel A). Left ventricular global longitudinal strain
(GLS) was —7.5%, with dyskinesia (blue color) in the RCA territory
on a parametric GLS map (panel B). Impaired myocardial work effi-

[11, 12] (Fig. 1). Evidence is accruing that LV GLS may
have important prognostic implications in asymptomatic
patients with severe AS and preserved LVEF. In a recent
meta-analysis, including 1067 patients with asymptomatic
severe AS and preserved LVEF, a LV GLS value < 14.7%
(absolute value) was associated with a 2.5-fold higher risk
of all-cause mortality [13].

CMR can provide myocardial tissue characterization, ena-
bling the non-invasive assessment of LV fibrosis (Fig. 2).
LV fibrosis can be divided into 2 types: reactive intersti-
tial fibrosis and focal replacement fibrosis. Replacement
fibrosis in AS reflects a more advanced disease and histo-
pathological studies have demonstrated that it is one of the

ANT_SEPT

ciency can be seen in the RCA territory on a parametric map (panel
C). Patient 2 (panels D, E): a 75-year-old male patient presented with
severe aortic stenosis (aortic valve area 0.75 cm.?, peak aortic jet
velocity 4.25 m/s, mean gradient 51 mmHg) (panel D). Although the
left ventricular ejection fraction was preserved (56%), the left ventric-
ular GLS was reduced (—13.5%) (panel E). Patient 3 (panels F, G):
a 69-year-old female patient presented with severe, secondary TR.
Although tricuspid annular plane systolic excursion was preserved
(21 mm) (panel F), right ventricular free wall strain was reduced
(—16%) (panel G)
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Fig.2 Tissue characterization with cardiac magnetic resonance imag-
ing. The figure shows four examples of patients with valvular heart
disease and the use of cardiac magnetic resonance imaging to assess
left ventricular myocardial fibrosis. Patient 1: a 44-year-old female
with prior myocarditis and a left ventricular ejection fraction of
21% presented with severe secondary mitral regurgitation. Regions
of interest for native T1 time have been drawn inside both papillary
muscles (blue and red arrow) and show an elevated native T1 time of
the anterolateral (1184 ms) and the posteromedial papillary muscles

main factors driving the transition from LV hypertrophy
to heart failure [10]. Replacement fibrosis in AS typically
presents in a non-infarct, “mid-wall” pattern of late gado-
linium enhancement (LGE) (Fig. 2). This typical pattern can
help to differentiate scarring due to AS from other causes
(e.g., cardiac amyloidosis, myocardial infarction). In 674
patients with severe AS undergoing AVR, the presence of
LGE was an independent and powerful predictor of worse
outcomes, correlating with mortality in a dose-dependent
manner (every 1% increase in LGE increased mortality haz-
ard by 11% and cardiovascular mortality hazard by 8%) [14].
Reactive interstitial fibrosis occurs in the earlier stages of
AS (before replacement fibrosis) and reflects excess colla-
gen deposition in the extracellular matrix. Two parameters
(T1 mapping and extracellular volume quantification) have
been shown to accurately quantify the amount of interstitial
fibrosis on CMR (Fig. 2). In 440 patients with severe AS
undergoing AVR, Everett and colleagues [15] demonstrated
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(1148 ms) (panel A). Patient 2: a 78-year-old male patient presented
with severe aortic stenosis and preserved left ventricular ejection
fraction of 58%. The T1 time of the left ventricular myocardium is
increased (984 ms) (panel B). Patient 3: a 54-year-old male patient
presented with a lateral myocardial infarction and necrosis of both
papillary muscles (blue arrows), causing severe mitral regurgita-
tion (panel C). Patient 4: a 76-year-old female patient presented with
severe aortic stenosis. Cardiac magnetic resonance imaging shows the
presence of mid-wall replacement fibrosis (blue arrow) (panel D)

that extracellular volume fraction provided the strongest
prognostic information and was superior to LVEF, with
every 1% increase being independently associated with a
10% increase in the risk of all-cause mortality. The Evalua-
tion of Transcatheter Aortic Valve Replacement Compared
to Surveillance for Patients With Asymptomatic Severe
Aortic Stenosis (EARLY TAVR) trial (NCT03042104) and
the Early Valve Replacement Guided by Biomarkers of LV
Decompensation in Asymptomatic Patients With Severe AS
(EVOLVED) trial (NCT03094143) are currently investigat-
ing whether early AVR benefits asymptomatic patients with
severe AS. The results of these studies are eagerly awaited,
and have the potential to change clinical practice.

Recently, several observational studies have shown that
moderate AS is also associated with a considerable risk of
adverse cardiovascular events, including death [16, 17e].
These studies support the concept that anatomic indices
of aortic valve area and pressure gradients are probably
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insufficient to describe AS severity and impact on LV perfor-
mance. AS stenosis may better be approached as a continu-
ous variable, with each incremental increase imposing an
increased pressure load on the LV. The identification of early
markers of myocardial damage may therefore also improve
the risk stratification of patients with moderate AS. Hayward
and colleagues [18] showed that the degree of LV systolic
dysfunction assessed by LV GLS, rather than LVEF, was the
major determinant of outcome in 169 patients with moder-
ate AS and reduced LVEEF. Stassen et al. demonstrated that
LV GLS was independently associated with all-cause mor-
tality in patients with moderate AS and preserved LV. In
addition, patients with moderate AS and preserved LVEF
but impaired LV GLS (<16%, absolute value) had equally
worse outcomes compared to those with reduced LVEF
[19]. In 143 patients with moderate (40%) or severe (60%)
AS, 50% of the patients with mid-wall LGE had moderate
AS [20]. In addition, more than half of the patients with mid-
wall fibrosis who died in the same study had moderate AS
[20]. This raises the question whether patients with moderate
AS showing signs of cardiac damage are being referred too
late and would benefit from early AVR. The Transcatheter
Aortic Valve Replacement to Unload the Left Ventricle in
Patients With Advanced Heart Failure (TAVR UNLOAD)
(NCT02661451) and the Prospective, Randomized, Con-
trolled Trial to Assess the Management of Moderate Aortic
Stenosis by Clinical Surveillance or Transcatheter Aortic
Valve Replacement (PROGRESS) trial (NCT04889872)
will investigate whether transcatheter AVR could improve
outcomes in these patients.

Latest Developments in the Management
of Secondary Mitral Regurgitation

Secondary MR occurs as a result of LV adverse remode-
ling and papillary muscle tethering and/or dyssynchrony in
patients with LV disease. The presence of secondary MR has
been linked to all-cause mortality and heart failure hospitali-
zations [21-23]. However, most data regarding the impact
of secondary MR on prognosis originate from retrospective
studies. Since multivariable models may fail to take into
account all confounders, the true independent contribu-
tion of secondary MR to outcomes remains unresolved. All
patients with secondary MR and heart failure with a reduced
LVEEF should first of all receive optimal, guideline-directed
medical therapy, including cardiac resynchronization ther-
apy. The benefit of performing an additional intervention
to address secondary MR is the subject of ongoing debate.
Traditionally, restrictive annuloplasty has been performed
surgically in selected patients, but suffers from the invasive
nature of the procedure. In addition, a significant number
of patients experience residual or recurrent secondary MR

after surgery. No clear prognostic benefit has ever been dem-
onstrated for surgical mitral valve repair in secondary MR,
although symptomatic benefit, reverse LV remodeling, and
improved LV systolic function have been documented [24,
25]. A trend towards improved survival has been shown
when a mitral repair was performed in the context of coro-
nary artery bypass surgery in patients with a LVEF <35%
[26]. Results from the Cardiovascular Outcomes Assessment
of the MitraClip Percutaneous Therapy for Heart Failure
Patients with Functional Mitral Regurgitation (COAPT) trial
suggest that all-cause mortality and heart failure hospitali-
zation can be reduced by selective application of percuta-
neous, edge-to-edge mitral valve repair [27ee]. However,
approximately 50% of patients allocated to the treatment
arm of the COAPT trial were still admitted for heart failure
hospitalization or died within 2 years after the intervention
[28]. These patients therefore remain at high risk, despite the
performance of percutaneous mitral valve repair. Because
secondary MR is independently associated with worse out-
comes and evidence exists for symptomatic and prognos-
tic benefit after percutaneous repair, the question remains
if improved risk stratification and earlier intervention can
improve the results of interventional therapies, especially
transcatheter repair. A number of emerging imaging bio-
markers represent independent risk factors in patients with
secondary MR and have the potential to refine the selection
of patients, as well as the timing of transcatheter mitral valve
transcatheter repair.

The LV regurgitant volume/LV end-diastolic volume ratio
represents the absolute severity of regurgitation to the degree
of LV remodeling, and was independently associated with
all-cause mortality in a study of 379 patients with significant
secondary MR [29]. Expressing secondary MR as the ratio
of the effective regurgitant orifice area/LV end-diastolic vol-
ume is an alternative approach to express the proportionality
of regurgitation in relation to the degree of LV remodeling.
Disproportionate secondary MR (i.e., more severe MR and
less severe LV remodeling) may respond better to transcath-
eter therapies than pharmacologic therapy alone [30]. The
outcome of secondary MR may be modulated by underly-
ing myocardial scar tissue. In a study of 441 patients who
underwent LGE-CMR, secondary MR with a regurgitant
fraction >30% was associated with outcomes only in the
presence of myocardial scar [31]. The link between scar tis-
sue and outcomes may be explained by the presence of LV
viability, which predicted improvement of secondary MR
in response to coronary artery bypass surgery [32] (Fig. 2).
Not only replacement fibrosis (detected by LGE-CMR)
but also interstitial LV fibrosis may impact on secondary
MR. Papillary muscle native T1 time has been correlated
with secondary MR regurgitant fraction in a population of
patients with non-ischemic dilated cardiomyopathy (Fig. 2)
[33]. In addition to LV structure, LV functional parameters
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may have prognostic value in risk-stratifying patients with
secondary MR. In a study of 650 patients with secondary
MR, LV GLS was found to be an independent predictor of
all-cause mortality, while LVEF was not (Fig. 1) [34]. Non-
invasive LV myocardial work parameters have also been
linked to long-term survival in patients with significant sec-
ondary MR (Fig. 1) [35]. In a large cohort of patients who
were investigated for suspected coronary artery disease, LV
subpapillary ischemia on pharmacologic stress CMR was
associated with the severity of secondary MR, independent
of scar tissue [36]. Not only LV but also left atrial function
may be important in characterizing the effect of secondary
MR. Left atrial reservoir strain was independently associ-
ated with all-cause mortality in a study of 666 patients with
significant secondary MR [37].

The interventional treatment of secondary MR is under-
going rapid evolution. Percutaneous, edge-to-edge mitral
valve repair has demonstrated symptomatic and prognos-
tic benefits in selected patients, but may not be well suited
to all mitral valve anatomies. Edge-to-edge repair does not
directly address mitral annular dilation, for which surgical
mitral annuloplasty has been a mainstay [38]. A multitude of
percutaneous mitral valve replacement devices are in devel-
opment that have the potential to correct the valvular as well
as the annular components of secondary MR [38]. Percuta-
neous mitral valve replacement devices may also prove use-
ful in the management of failed percutaneous edge-to-edge
repair, or when suboptimal results have been obtained [38].

Latest Developments in the Management
of Secondary Tricuspid Regurgitation

Significant (moderate or severe) TR is frequently observed
in heart failure patients, with a prevalence of up to 23% [39].
Despite this high prevalence, TR has long been considered
an innocent bystander when it comes to risk stratification
and treatment of these patients. More recent data, how-
ever, have shown an independent association between TR
severity and outcomes, even after adjusting for left-sided
VHD, LVEEF, pulmonary hypertension, and right heart fail-
ure [40e¢]. The question therefore remains if tricuspid valve
(TV) intervention can improve outcomes in well-selected
patients with significant TR. Previously, the idea was that
TR severity reliably improves once the left-sided pathol-
ogy (i.e., LV systolic dysfunction or significant VHD) was
addressed and little attention was given to TV surgery for
secondary TR [41]. However, more recent data showed that
unoperated TR at the time of left-sided valve surgery will
progress to significant TR in up to 33% of patients and is
associated with worse outcomes [42]. In addition, these data
also showed that concomitant TV surgery did not increase
perioperative mortality and was associated with right-sided
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reverse remodeling and improved long-term outcomes [42].
These observations have led to an increased interest in TV
surgery. However, optimal timing for surgical intervention in
patients with severe TR remains challenging and the advan-
tage of TV surgery over medical therapy remains a matter
of debate. In a recent randomized controlled trial including
patients undergoing mitral valve surgery, those who also
received TV annuloplasty had a lower incidence of primary
endpoint events compared to those who underwent mitral
valve surgery alone at 2-year follow-up [43]. However, this
reduction was mainly driven by less frequent progression
to severe TR (not by mortality). Whether this reduced pro-
gression of TR results in long-term clinical benefit needs
to be proven with longer-term follow-up data [43]. In a ret-
rospective analysis including patients with isolated severe
TR, TV surgery was not associated with improved long-
term survival when compared to medical management alone
after accounting for immortal time bias [44]. Furthermore,
isolated TV surgery for severe TR has been associated with
a high morbidity and in-hospital mortality, with the latest
data from a French registry showing an in-hospital mortal-
ity of 10% [45]. However, this high in-hospital mortality
rate was mainly attributed to multiple comorbidities and late
referral for surgery. Indeed, current European and Ameri-
can guidelines only recommend TV surgery in patients with
severe secondary TR who are symptomatic or show RV dila-
tion (unless patients also undergo left-sided surgery) [2, 3].
However, significant TR may remain asymptomatic for an
extended period of time, even though it has already led to
progressive RV dilation and dysfunction, which will even-
tually cause symptoms of right heart failure and increase
mortality [40e]. The question therefore remains if tricus-
pid valve (TV) intervention can improve outcomes in well-
selected patients with significant TR. Previously, the idea
was that TR severity reliably improves once the left-sided
pathology (i.e., LV systolic dysfunction or significant VHD)
was addressed and little attention was given to TV surgery
for secondary TR [41]. However, more recent data showed
that unoperated TR at the time of left-sided valve surgery
will progress to significant TR in up to 33% of patients and is
associated with worse outcomes [42]. In addition, these data
also showed that concomitant TV surgery did not increase
perioperative mortality and was associated with right-sided
reverse remodeling and improved long-term outcomes
[42]. These observations have led to an increased interest in
TV surgery. However, optimal timing for surgical interven-
tion in patients with severe TR remains challenging and the
advantage of TV surgery over medical therapy remains a
matter of debate. In a recent randomized controlled trial
including patients undergoing mitral valve surgery, those
who also received TV annuloplasty had a lower incidence of
primary endpoint events compared to those who underwent
mitral valve surgery alone at 2-year follow-up [43]. However,
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this reduction was mainly driven by less frequent progres-
sion to severe TR (not by mortality). Whether this reduced
progression of TR results in long-term clinical benefit needs
to be proven with longer-term follow-up data [43]. In a ret-
rospective analysis including patients with isolated severe
TR, TV surgery was not associated with improved long-term
survival when compared to medical management alone after
accounting for immortal time bias [44]. Furthermore, iso-
lated TV surgery for severe TR has been associated with
a high morbidity and in-hospital mortality, with the latest
data from a French registry showing an in-hospital mortal-
ity of 10% [45]. However, this high in-hospital mortality
rate was mainly attributed to multiple comorbidities and late
referral for surgery. Indeed, current European and Ameri-
can guidelines only recommend TV surgery in patients with
severe secondary TR who are symptomatic or show RV
dilation (unless patients also undergo left-sided surgery) [2,
3]. However, significant TR may remain asymptomatic for
an extended period of time, even though it has already led to
progressive RV dilation and dysfunction, which will even-
tually cause symptoms of right heart failure and increase
mortality [40e, 46]. Galloo et al. [47] demonstrated that the
majority of patients with significant TR are indeed referred
at a late stage, having symptoms and signs of right heart
failure, which was associated with worse 5-year mortal-
ity rates. Moreover, when symptoms are present, diuretic

Fig.3 Three-dimensional echocardiographic measurements of the
right ventricular volumes and ejection fraction. A 72-year-old man
presented with severe secondary TR. Two-dimensional echocardiog-
raphy showed a non-dilated right ventricle (basal diameter 39 mm)

treatment effectively improves these symptoms, leading to
a low referral rate for intervention [48]. Currently, only 5%
of patients with significant TR are referred for surgery [48].

Although the optimal timing for TV surgery remains a
conundrum, patients should probably be referred for TV
surgery at an earlier stage, prior to the onset of symptoms,
severe RV systolic dysfunction, and end-organ damage.
Evaluation of the right heart plays a central role in optimiz-
ing the risk stratification of patients undergoing TV surgery.
Dietz et al. [49] showed that patients with significant second-
ary TR had worse outcomes in the presence of RV systolic
dysfunction, regardless of the presence of RV dilation. In
contrast, patients showing RV dilation, but preserved RV
systolic function, had comparable outcomes to those show-
ing no RV remodeling [49]. This observation underscores
the importance of early referral, before RV systolic dysfunc-
tion occurs. Two-dimensional echocardiography is consid-
ered the first-line imaging technique for the evaluation of RV
remodeling. However, it is limited by its inability to accu-
rately assess the complex three-dimensional geometry of
the RV. Muraru et al. [50] showed the incremental value of
three-dimensional echocardiography to evaluate the relation-
ship between the TV annulus area and right atrial/RV vol-
umes in patients with TR (Fig. 3). Moreover, the coaptation
zone in secondary TR is often non-circular and evaluation
of the vena contracta width with two-dimensional imaging

Volume

and a preserved tricuspid annular plane systolic excursion (18 mm).
In contrast, three-dimensional echocardiography shows a mildly
dilated right ventricle (end-diastolic volume 91 ml/m.?) with an
impaired right ventricular ejection fraction (42%)
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is often inaccurate. In this setting, quantification of the
vena contracta using three-dimensional planimetry may be
superior [51]. The assessment of RV systolic function with
speckle-tracking echocardiography is less load- and angle-
dependent compared to conventional two-dimensional echo-
cardiographic parameters and more sensitive to detecting
RV systolic dysfunction [52]. Two- and three-dimensional
speckle-tracking echocardiography also showed a good cor-
relation with histopathological findings of RV myocardial
fibrosis and may therefore be used as a surrogate marker of
RV fibrosis [53]. Prihadi et al. [52] showed that RV free wall
longitudinal strain identified higher rates of RV dysfunc-
tion and improved risk stratification in patients with TR,
compared to conventional echocardiographic parameters
of RV systolic function (Fig. 1). Preoperative RV free wall
longitudinal strain was also independently associated with
outcomes in patients undergoing isolated surgery for severe
functional TR [54]. Nonetheless, the evaluation of RV sys-
tolic function in patients with significant TR remains sub-
ject to afterload (which is often increased in patients with
significant TR) and RV systolic function could therefore
be misinterpreted. RV-pulmonary artery coupling (esti-
mated non-invasively by the tricuspid annular plane sys-
tolic excursion/pulmonary arterial systolic pressure ratio)
may overcome this limitation. After correcting for potential
confounders, RV-pulmonary artery uncoupling (defined as
a ratio <0.31 mm/mmHg) was the only echocardiographic
parameter that was independently associated with all-cause
mortality in patients with significant TR [55]. New measures
of RV systolic function, quantified with CMR, including RV
shortening and effective RVEF, have been shown to bet-
ter identify patients with RV dysfunction and demonstrated
incremental value over conventional RVEF when evaluating
outcomes [56].

Similar to patients with AS and secondary MR, the evalu-
ation of myocardial fibrosis by late LGE-CMR has prognos-
tic importance and could help to define the optimal timing
for TR intervention [57]. However, its clinical applicability
in patients with significant TR is limited by the thin-walled
RV and needs to be defined in further research [53].

Recently, several transcatheter techniques have been
developed, aiming to reduce TR severity. Although edge-
to-edge repair is most often used, it does not directly address
tricuspid annular dilation and may therefore not be appli-
cable to all anatomies. In these situations, other devices
such as annular reduction devices, spacer devices, bicaval
valve implant devices, or transcatheter TV replacements
could be of additional help to effectively reduce TR sever-
ity [58]. These devices have been proven to be safe and
effective in reducing TR severity, and showed significant
clinical improvement in patients with moderate or severe TR
[59-62]. As such, these devices provide a potential future
therapeutic option for inoperable and high-risk patients,
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although confirmation is needed from prospective, rand-
omized controlled trials.

Conclusion

VHD is a major health problem and is associated with
increased morbidity and mortality. Treatment options are
often underutilized due to increased surgical risk and late
patient referral. Multimodality imaging has the potential to
change the management paradigm of VHD by identifying
markers of cardiac damage at an earlier stage. In addition,
transcatheter valvular interventions could play a pivotal
role in the treatment of patients who remain at high surgi-
cal risk or present at a later stage of their disease.

Funding JS received funding from the European Society of Cardiology
(ESC Training Grant App000064741).

Compliance with Ethical Standards

Conflict of Interest The Department of Cardiology, Heart Lung Center,
Leiden University Medical Center received research grants from Abbott
Vascular, Bayer, Biotronik, Bioventrix, Boston Scientific, Edwards Lifes-
ciences, GE Healthcare, Ionis and Medtronic. JJB received speaker fees
from Abbott Vascular and Edwards Lifesciences. The remaining authors
have nothing to disclose.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have
been highlighted as:

e Of importance

ee Of major importance

1. Yadgir S, Johnson CO, Aboyans V, Adebayo OM, Adedoyin
RA, Afarideh M, et al. Global, regional, and national burden


http://creativecommons.org/licenses/by/4.0/

Current Cardiology Reports (2022) 24:1407-1416

1415

10.

11.

13.

16.

17.0

of calcific aortic valve and degenerative mitral valve diseases,
1990-2017. Circulation. 2020;141(21):1670-80.

Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP
3rd, Gentile F, et al. 2020 ACC/AHA Guideline for the man-
agement of patients with valvular heart disease: a report of the
American College of Cardiology/American Heart Association
Joint Committee on Clinical Practice Guidelines. Circulation.
2021;143(5):e72-2217.

Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus
S, Bauersachs J, et al. 2021 ESC/EACTS Guidelines for
the management of valvular heart disease. Eur Heart J.
2022;43(7):561-632.

Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Barwolf C,
Levang OW, et al. A prospective survey of patients with valvu-
lar heart disease in Europe: the Euro Heart Survey on Valvular
Heart Disease. Eur Heart J. 2003;24(13):1231-43.

Pai RG, Kapoor N, Bansal RC, Varadarajan P. Malignant natural
history of asymptomatic severe aortic stenosis: benefit of aortic
valve replacement. Ann Thorac Surg. 2006;82(6):2116-22.
Kang DH, Park SJ, Rim JH, Yun SC, Kim DH, Song JM, et al.
Early surgery versus conventional treatment in asymptomatic
very severe aortic stenosis. Circulation. 2010;121(13):1502-9.
Banovic M, Putnik S, Penicka M, Doros G, Deja MA, Kockova
R, et al. Aortic Valve ReplAcemenT versus Conservative Treat-
ment in Asymptomatic SeveRe Aortic Stenosis: the AVATAR
trial. Circulation. 2022;145(9):648-58.

Rassi AN, Pibarot P, Elmariah S. Left ventricular remodelling
in aortic stenosis. Can J Cardiol. 2014;30(9):1004-11.

Galiuto L, Lotrionte M, Crea F, Anselmi A, Biondi-Zoccai GG,
De Giorgio F, et al. Impaired coronary and myocardial flow in
severe aortic stenosis is associated with increased apoptosis: a
transthoracic Doppler and myocardial contrast echocardiography
study. Heart. 2006;92(2):208-12.

Hein S, Arnon E, Kostin S, Schonburg M, Elsasser A, Polyakova
V, et al. Progression from compensated hypertrophy to failure in
the pressure-overloaded human heart: structural deterioration and
compensatory mechanisms. Circulation. 2003;107(7):984-91.
Lancellotti P, Donal E, Magne J, O’Connor K, Moonen ML,
Cosyns B, et al. Impact of global left ventricular afterload on
left ventricular function in asymptomatic severe aortic stenosis:
a two-dimensional speckle-tracking study. Eur J Echocardiogr.
2010;11(6):537-43.

Vollema EM, Sugimoto T, Shen M, Tastet L, Ng ACT, Abou R,
et al. Association of left ventricular global longitudinal strain
with asymptomatic severe aortic stenosis: natural course and
prognostic value. JAMA Cardiol. 2018;3(9):839-47.

Magne J, Cosyns B, Popescu BA, Carstensen HG, Dahl J, Desai
MY, et al. Distribution and prognostic significance of left ven-
tricular global longitudinal strain in asymptomatic significant
aortic stenosis: an individual participant data meta-analysis.
JACC Cardiovasc Imaging. 2019;12(1):84-92.

Musa TA, Treibel TA, Vassiliou VS, Captur G, Singh A, Chin
C, et al. Myocardial scar and mortality in severe aortic stenosis.
Circulation. 2018;138(18):1935-47.

Everett RJ, Treibel TA, Fukui M, Lee H, Rigolli M, Singh A,
et al. Extracellular myocardial volume in patients with aortic
stenosis. ] Am Coll Cardiol. 2020;75(3):304-16.

Stassen J, Butcher S, Hirasawa K, Singh G, Milhorini Pio S,
Amanullah M, et al. Prognostic value of left ventricular ejection
fraction and symptom severity in patients with moderate aortic
stenosis. Eur Heart J Cardiovasc Imaging. 2021. Online ahead
of print.

Strange G, Stewart S, Celermajer D, Prior D, Scalia GM, Marwick
T, et al. Poor long-term survival in patients with moderate aortic
stenosis. J Am Coll Cardiol. 2019;74(15):1851-63. Findings from

18.

20.

21.

22.

23.

24.

25.

26.

27.00

28.

29.

30.

31.

32

this study suggest that moderate aortic stenosis is associated
with poor long-term survival.

Hayward C, Thornton G, Asher A, Tyebally S, Ray-Chaudhuri
A, Mangan C, et al. Determinants of outcome in patients with
left ventricular impairment and moderate aortic stenosis. JACC
Cardiovasc Imaging. 2020;13(6):1449-50.

Stassen J, Pio SM, Ewe SH, Singh GK, Hirasawa K, Butcher SC,
et al. Left ventricular global longitudinal strain in patients with
moderate aortic stenosis. J Am Soc Echocardiogr. 2022. Online
ahead of print.

Dweck MR, Joshi S, Murigu T, Alpendurada F, Jabbour A,
Melina G, et al. Midwall fibrosis is an independent predictor
of mortality in patients with aortic stenosis. J Am Coll Cardiol.
2011;58(12):1271-9.

Bursi F, Enriquez-Sarano M, Nkomo VT, Jacobsen SJ, Weston
SA, Meverden RA, et al. Heart failure and death after myocardial
infarction in the community: the emerging role of mitral regur-
gitation. Circulation. 2005;111(3):295-301.

Rossi A, Dini FL, Faggiano P, Agricola E, Cicoira M, Frattini
S, et al. Independent prognostic value of functional mitral regur-
gitation in patients with heart failure. A quantitative analysis of
1256 patients with ischaemic and non-ischaemic dilated cardio-
myopathy. Heart. 2011;97(20):1675-80.

Goliasch G, Silbernagel G, Kleber ME, Grammer TB, Pilz
S, Tomaschitz A, et al. Refining long-term prediction of car-
diovascular risk in diabetes - the VILDIA Score. Sci Rep.
2017;7(1):4700.

Bolling SF, Pagani FD, Deeb GM, Bach DS. Intermediate-term
outcome of mitral reconstruction in cardiomyopathy. J Thorac
Cardiovasc Surg. 1998;115(2):381-6.

Braun J, van de Veire NR, Klautz RJ, Versteegh MI, Holman
ER, Westenberg JJ, et al. Restrictive mitral annuloplasty cures
ischemic mitral regurgitation and heart failure. Ann Thorac Surg.
2008;85(2):430-6.

Deja MA, Grayburn PA, Sun B, Rao V, She L, Krejca M, et al.
Influence of mitral regurgitation repair on survival in the sur-
gical treatment for ischemic heart failure trial. Circulation.
2012;125(21):2639-48.

Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell
IM, et al. Transcatheter mitral-valve repair in patients with heart
failure. N Engl J Med. 2018;379(24):2307-18. Findings from
this study suggest that transcatheter edge-to-edge repair
improves survival in well-selected patients with secondary
mitral regurgitation.

Tung B, Armoiry X, Vahanian A, Boutitie F, Mewton N, Trochu
JN, et al. Percutaneous repair or medical treatment for second-
ary mitral regurgitation: outcomes at 2 years. Eur J Heart Fail.
2019;21(12):1619-27.

Namazi F, van der Bijl P, Fortuni F, Mertens BJA, Kamperidis
V, van Wijngaarden SE, et al. Regurgitant volume/left ventricu-
lar end-diastolic volume ratio: prognostic value in patients with
secondary mitral regurgitation. JACC Cardiovasc Imaging.
2021;14(4):730-9.

Grayburn PA, Sannino A, Packer M. Distinguishing proportion-
ate and disproportionate subtypes in functional mitral regurgita-
tion and left ventricular systolic dysfunction. JACC Cardiovasc
Imaging. 2021;14(4):726-9.

Tayal B, Debs D, Nabi F, Malahfji M, Little SH, Reardon M,
et al. Impact of myocardial scar on prognostic implication of
secondary mitral regurgitation in heart failure. JACC Cardiovasc
Imaging. 2021;14(4):812-22.

Penicka M, Linkova H, Lang O, Fojt R, Kocka V, Vanderheyden M,
et al. Predictors of improvement of unrepaired moderate ischemic
mitral regurgitation in patients undergoing elective isolated coronary
artery bypass graft surgery. Circulation. 2009;120(15):1474-81.

@ Springer



1416 Current Cardiology Reports (2022) 24:1407-1416

33. Kato S, Nakamori S, Roujol S, Delling FN, Akhtari S, Jang J, 49. Dietz MF, Prihadi EA, van der Bijl P, Goedemans L, Mertens
et al. Relationship between native papillary muscle T1 time and BJA, Gursoy E, et al. Prognostic implications of right ventricular
severity of functional mitral regurgitation in patients with non- remodeling and function in patients with significant secondary
ischemic dilated cardiomyopathy. J Cardiovasc Magn Reson. tricuspid regurgitation. Circulation. 2019;140(10):836—45.
2016;18(1):79. 50. Muraru D, Addetia K, Guta AC, Ochoa-Jimenez RC, Genovese

34. Namazi F, van der Bijl P, Hirasawa K, Kamperidis V, van D, Veronesi F, et al. Right atrial volume is a major determinant
Wijngaarden SE, Mertens B, et al. Prognostic value of left of tricuspid annulus area in functional tricuspid regurgitation: a
ventricular global longitudinal strain in patients with second- three-dimensional echocardiographic study. Eur Heart J Cardio-
ary mitral regurgitation. J Am Coll Cardiol. 2020;75(7):750-8. vasc Imaging. 2021;22(6):660-9.

35.  Yedidya I, Lustosa RP, Fortuni F, van der Bijl P, Namazi F, Vo 51. Praz F, Muraru D, Kreidel F, Lurz P, Hahn RT, Delgado V, et al.
NM, et al. Prognostic implications of left ventricular myocardial Transcatheter treatment for tricuspid valve disease. Eurolnter-
work indices in patients with secondary mitral regurgitation. vention. 2021;17(10):791-808.

Circ Cardiovasc Imaging. 2021;14(9): e012142. 52. Prihadi EA, van der Bijl P, Dietz M, Abou R, Vollema EM,

36. Kochav JD, Kim J, Judd R, Kim HW, Klem I, Heitner J, et al. Marsan NA, et al. Prognostic implications of right ventricu-
Ischemia-mediated dysfunction in subpapillary myocardium as lar free wall longitudinal strain in patients with significant
a marker of functional mitral regurgitation. JACC Cardiovasc functional tricuspid regurgitation. Circ Cardiovasc Imaging.
Imaging. 2021;14(4):826-39. 2019;12(3): e008666.

37. Stassen J, Namazi F, van der Bijl P, van Wijngaarden SE, 53. Tian F, Zhang L, Xie Y, Zhang Y, Zhu S, Wu C, et al.
Kamperidis V, Marsan NA, et al. Left atrial reservoir function 3-dimensional versus 2-dimensional STE for right ventricular
and outcomes in secondary mitral regurgitation. J] Am Soc myocardial fibrosis in patients with end-stage heart failure.
Echocardiogr. 2022. Online ahead of print. JACC Cardiovasc Imaging. 2021;14(7):1309-20.

38. Hensey M, Brown RA, Lal S, Sathananthan J, Ye J, Cheung 54. Kim M, Lee HJ, Park JB, Kim J, Lee SP, Kim Y], et al. Preopera-
A, et al. Transcatheter mitral valve replacement: an update on tive right ventricular free-wall longitudinal strain as a prognosti-
current techniques, technologies, and future directions. JACC cator in isolated surgery for severe functional tricuspid regurgita-
Cardiovasc Interv. 2021;14(5):489-500. tion. J Am Heart Assoc. 2021;10(9): e019856.

39. Benfari G, Antoine C, Miller WL, Thapa P, Topilsky Y, Rossi 55.  Fortuni F, Butcher SC, Dietz MF, van der Bijl P, Prihadi EA,
A, et al. Excess mortality associated with functional tricuspid De Ferrari GM, et al. Right ventricular-pulmonary arterial
regurgitation complicating heart failure with reduced ejection coupling in secondary tricuspid regurgitation. Am J Cardiol.
fraction. Circulation. 2019;140(3):196-206. 2021;148:138-45.

40.¢ Wang N, Fulcher J, Abeysuriya N, McGrady M, Wilcox I, 56. Hinojar R, Gémez AG, Garcia-Martin A, Monteagudo JM,
Celermajer D, et al. Tricuspid regurgitation is associated with Fernandez-Méndez MA, de Vicente AG, et al. Impact of right
increased mortality independent of pulmonary pressures and ventricular systolic function in patients with significant tricuspid
right heart failure: a systematic review and meta-analysis. Eur regurgitation. A cardiac magnetic resonance study. Int J Cardiol.
Heart J. 2019;40(5):476-84. Findings from this systematic 2021;339:120-7.
review suggest that tricuspid regurgitation is independently 57.  Stirrat J, Rajchl M, Bergin L, Patton DJ, Peters T, White JA.
associated with mortality in patients with heart failure. High-resolution 3-dimensional late gadolinium enhancement

41. Braunwald NS, Ross J Jr, Morrow AG. Conservative manage- scar imaging in surgically corrected Tetralogy of Fallot: clini-
ment of tricuspid regurgitation in patients undergoing mitral cal feasibility of volumetric quantification and visualization. J
valve replacement. Circulation. 1967;35(4 Suppl):163-9. Cardiovasc Magn Reson. 2014;16(1):76.

42.  Chikwe J, Itagaki S, Anyanwu A, Adams DH. Impact of con- 58.  CurioJ, Demir OM, Pagnesi M, Mangieri A, Giannini F, Weisz
comitant tricuspid annuloplasty on tricuspid regurgitation, G, et al. Update on the current landscape of transcatheter
right ventricular function, and pulmonary artery hyperten- options for tricuspid regurgitation treatment. Interv Cardiol.
sion after repair of mitral valve prolapse. J Am Coll Cardiol. 2019;14(2):54-61.
2015;65(18):1931-8. 59. Nickenig G, Weber M, Lurz P, von Bardeleben RS, Sitges M,

43.  Gammie JS, Chu MWA, Falk V, Overbey JR, Moskowitz AJ, Sorajja P, et al. Transcatheter edge-to-edge repair for reduction
Gillinov M, et al. Concomitant tricuspid repair in patients with of tricuspid regurgitation: 6-month outcomes of the TRILUMI-
degenerative mitral regurgitation. N Engl J Med. 2021. NATE single-arm study. Lancet. 2019;394(10213):2002—11.

44.  Axtell AL, Bhambhani V, Moonsamy P, Healy EW, Picard 60. Nickenig G, Weber M, Schueler R, Hausleiter J, Ndbauer M,
MH, Sundt TM 3rd, et al. Surgery does not improve survival in von Bardeleben RS, et al. 6-month outcomes of tricuspid valve
patients with isolated severe tricuspid regurgitation. ] Am Coll reconstruction for patients with severe tricuspid regurgitation. J
Cardiol. 2019;74(6):715-25. Am Coll Cardiol. 2019;73(15):1905-15.

45. Dreyfus J, Audureau E, Bohbot Y, Coisne A, Lavie-Badie Y, 61. Asmarats L, Perlman G, Praz F, Hensey M, Chrissoheris MP,
Bouchery M, et al. TRI-SCORE: a new risk score for in-hospital Philippon F, et al. Long-term outcomes of the FORMA tran-
mortality prediction after isolated tricuspid valve surgery. Eur scatheter tricuspid valve repair system for the treatment of severe
Heart J. 2022;43(7):654-62. tricuspid regurgitation: insights from the first-in-human experi-

46. Nath J, Foster E, Heidenreich PA. Impact of tricuspid regurgita- ence. JACC Cardiovasc Interv. 2019;12(15):1438-47.
tion on long-term survival. J Am Coll Cardiol. 2004;43(3):405-9. 62. Fam NP, Braun D, von Bardeleben RS, Nabauer M, Ruf T,

47. Galloo X, Stassen J, Butcher SC, Meucci MC, Dietz MF, Connelly KA, et al. Compassionate use of the PASCAL tran-
Mertens BJA, et al. Staging right heart failure in patients with scatheter valve repair system for severe tricuspid regurgitation:
tricuspid regurgitation undergoing tricuspid surgery. Eur J Car- a multicenter, observational, first-in-human experience. JACC
diothorac Surg. 2022. Online ahead of print. Cardiovasc Interv. 2019;12(24):2488-95.

48. Agarwal S, Tuzcu EM, Rodriguez ER, Tan CD, Rodriguez

LL, Kapadia SR. Interventional cardiology perspective of
functional tricuspid regurgitation. Circ Cardiovasc Interv.
2009;2(6):565-73.

@ Springer

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Focus on Diagnosis and Prognosis to Guide Timing of Intervention in Valvular Heart Disease
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Latest Developments in the Management of Aortic Stenosis
	Latest Developments in the Management of Secondary Mitral Regurgitation
	Latest Developments in the Management of Secondary Tricuspid Regurgitation
	Conclusion
	References




