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Valvular regurgitation represents an important cause of cardiovascular morbidity and mortality. Imaging is pivotal in the evaluation of native
valve regurgitation and echocardiography is the primary imaging modality for this purpose. The imaging assessment of valvular regurgitation
should integrate quantification of the regurgitation, assessment of the valve anatomy and function, and the consequences of valvular disease
on cardiac chambers. In clinical practice, the management of patients with valvular regurgitation largely relies on the results of imaging. It is
crucial to provide standards that aim at establishing a baseline list of measurements to be performed when assessing native valve regurgita-
tion. The present document aims to present clinical guidance for the multi-modality imaging assessment of native valvular regurgitation.
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e expert’s consensus ® aortic valve e mitral valve e tricuspid valve ¢ pulmonary valve
Introduction Non-invasive cardiac imaging not only detects the presence of re-

Imaging and especially Doppler echocardiography is critical to ini-
tial and longitudinal assessment of patients with native valvular
regurgitation. It provides detailed anatomic and functional informa-
tion and clarifies the mechanisms underlying valvular regurgitation.

gurgitation but also provides an understanding of the mechanisms
of regurgitation, quantification of its severity, and haemodynamic
consequences.“‘ In clinical practice, the management of patients
with native valvular regurgitation largely integrates the results of
imaging. It is thus crucial to provide standards that aim at
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establishing a baseline list of measurements to be performed when
assessing regurgitation. Practically, the evaluation of valvular regur-
gitation requires the use of different imaging modalities, should in-
tegrate multiple parameters, should be performed under
optimized medical therapy, and should be combined with clinical
data. The present document, based on the thorough review and in-
terpretation of the literature by experts in the field, aims to pre-
sent clinical guidance for the multi-modality imaging assessment of
native valvular regurgitation and to complement the 2021 ESC
guidelines on valvular heart diseases.”

General imaging considerations

Echocardiography

Two-dimensional (2D) transthoracic echocardiography (TTE) is the
first-line imaging in valvular regurgitation and is often sufficient for
diagnosis. Two-dimensional transoesophageal echocardiography
(TOE) is indicated when TTE is insufficient or when further diagnostic
refinement is required. Three-dimensional (3D) echocardiography
provides realistic and intuitive anatomic images of valvular apparatus,
which may provide additional information, particularly in patients
with complex valve lesions, and allows more accurate quantitation of
haemodynamic consequences of the regurgitation on cardiac
chambers.®

Valve assessment: key points

(1) TTE s the first-line imaging modality in valvular regurgitation.

(2) TOE s advocated when TTE is of non-diagnostic value or when
further diagnostic refinement is required.

(3) TOE s not indicated in patients with a good-quality TTE except
before planning valvular repair or in the operating room at the
time of surgery.

(4) 3D echo provides additional information in patients with com-
plex valve lesions and is increasingly used for assessing repair
suitability.

In practice, the evaluation of valvular regurgitation starts with
2D TTE, which can orient readily to a severe regurgitation in the
presence of a major valvular defect or to a minor leak when the
valve anatomy and leaflet motion are normal. The aetiology (cause
of the valve disease) and mechanism of the regurgitation (lesion/
deformation resulting in valve dysfunction) including the dysfunc-
tion type (cusp motion abnormality) are described according to
the Carpentier’s classification of leaflet motion: Type I: normal
leaflet motion, Type II: excessive motion, and Type llI: restrictive
motion.”

Then, a careful assessment of the regurgitant jet by colour
Doppler, using multiple views, can rapidly diagnose minimal regur-
gitation, which requires a priori no further quantification (Figure 7).
In all other cases, the use of a more quantitative method is advised
when feasible (vena contracta, VC; proximal isovelocity surface
area, PISA).

Estimation of the severity of valvular re-
gurgitation: key points

(1) The colour Doppler flow area of the regurgitant jet is not ap-
propriate to quantify the severity of valvular regurgitation.

(2) Both VC measurement and the PISA method are the preferred
methods to evaluate the severity of regurgitation when feasible.

(3) Adjunctive parameters should be used when there is discord-
ance between the quantified degree of regurgitation and the
clinical context.

In the second step, the impact of the regurgitation on the ventricles,
the atria and the pulmonary artery pressures is estimated. Mode of
acquisition, advantages, and limitations of the various echo Doppler
parameters used for the assessment of valvular regurgitation severity
are detailed in Tables 1 and 2. Finally, all the collected data are com-
pared with the individual clinical context in order to stratify the man-
agement and the follow-up.” When uncertainty persists alternative
imaging modalities can be used for example TOE and cardiac magnet-
ic resonance (CMR) and stress echocardiography. The use of stress
echocardiography in valvular heart disease is the subject of a different
document.® Briefly for left-sided valves, a quantitative exercise echo-
cardiography can help identify valvular lesion that have been underes-
timated on baseline imaging as well as the ventricular and pulmonary
consequences of the regurgitation. According to the clinical context
and the grade of regurgitation, appropriate monitoring will be

delivered.>”'°

Cardiac magnetic resonance

CMR adds important advantages to the assessment of native valvular
regurgitation (provides a view of the entire heart without limitations
of body habitus or imaging windows, allows free choice of imaging
planes, is free of ionizing radiation, does not require contrast adminis-
tration)."" This becomes particularly relevant when uncertainty exists
as to the severity or aetiology of regurgitant valve lesions particularly
in the presence of eccentric valve lesions, multiple regurgitant jets,
right-sided valve lesions, and in patients with poor echocardiographic
windows.” In these situations, CMR has emerged as a useful second
line investigation providing quantitative assessments of valve regurgi-
tation, heart chamber size, and systolic function that helps in the adju-
dication of valve severity. The ability of CMR to accurately assess the
right ventricle, pulmonary, and tricuspid valves (TVs) lends itself to
the assessment of right-sided valve lesions."**

The scan protocol in regurgitant valve disease evaluation is based
around cine images [using balanced steady-state free precession
(bSSFP) or fast spoiled gradient echo (FSPGR) sequences] to assess
cardiac structure and function as well as velocity encoded phase-
contrast pulse sequences that assess blood flow through the heart."
Long-axis cines images are acquired in two-, three-, and four-cham-
ber views for assessments of left-sided valve lesions with equivalent
views of the right ventricle to assess the tricuspid and pulmonary
valves. Further modified valve views can be acquired in any plane to
provide a detailed assessment of valve function and morphology. A
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Figure | Assessment of the regurgitant jet by colour flow Doppler (A: aortic; B: pulmonary; C: mitral; D: tricuspid).

ventricular short-axis cine-stack is acquired from atrioventricular
plane to the apex. This allows gold standard assessment of left and
right ventricular volumes in both diastole and systole and calculation
of stroke volumes and ejection fractions. Whilst bSSFP sequences
provide the highest signal to noise ratio, FSPGR acquired in the same
views can improve jet localization and minimize artefact. In addition,
appropriately orientated cine images allow precise measurement of
atrial size and aortic dimensions. Phase-contrast sequences are used
for direct flow measurements. In the standard protocol, they are
acquired in the aortic root (at the level of the sinotubular junction or
just below) and main pulmonary artery perpendicular to the desired
vessel. Through plane views allow precise assessment of both for-
ward and reverse flow through the plane of the valves or vessels in
questions.”* More recently, tissue characterization has emerged as
key point in several scenarios of valve disease. In this regard, T1 map-
ping and late gadolinium enhancement techniques can also provide
relevant additional information in order to detect early myocardial
damage in these patients as evidence of ventricular decompensa-
tion." These techniques can also help evaluate myocardial patholo-
gies underlying functional valve lesions.

In practice, a stepwise approach using qualitative, semi-quantitative
or quantitative methods is prone for the CMR evaluation of valvular
regurgitation. CMR can provide useful anatomic information regard-
ing valve lesions and the nature of its dysfunction. Whilst the spatial
resolution is inferior to echocardiography, CMR cine images can
readily assess valve morphology and help in understanding the aeti-
ology of valve regurgitation. Similar to echocardiography visualization
of the size of the regurgitant defect frequently provides an early guide
to the likely severity of the valve lesion.

As a crude guide to severity, the extent of signal loss (visualization
of signal voids) due to spin dephasing can be visually observed in the
receiving chamber on cine image acquisitions'® (Figure 2). It should be
noted that calculation of the regurgitant jet area or length are not re-
liable indices of disease severity and are therefore not usually per-
formed; however, patients with regurgitant lesions that demonstrate
central laminar flow usually have at least moderate regurgitation.
Alternatively, planimetry of the anatomical regurgitant orifice area

(ROA) from the cine CMR acquisitions of the valve can be per-
formed." Such a planimetry is however time-consuming and remains
challenging because of appropriate plane alignment and angulation.

Quantitative methods are the recommended approaches for CMR
assessment of regurgitation (Figure 3). Regurgitant volumes (R Vols)
can be measured directly or calculated, and used to derive the regur-
gitant fraction (RF = R Vol/forward stroke volume x 100). R Vols are
assessed by two major CMR methods depending on the valve being
interrogated. Direct quantification of the regurgitant blood flow by
phase-contrast velocity mapping [phase-contrast technique; pre-
ferred method for aortic and pulmonary regurgitation (PR)], or indir-
ectly from the difference between left ventricular (LV) total stroke
volume (using planimetry of short-axis ventricular cine images) and
forward stroke volume across the aortic or pulmonary valve (using
phase-contrast velocity mapping) [preferred method for mitral and
tricuspid regurgitation (TR)]."®"? Blood that is ejected from the ven-
tricles and not moving forward must be leaking back through the
atrioventricular valves. Alternative quantitative CMR methods allow
confirmation of these two preferred assessments. For example, the R
Vol can be calculated by cine assessment and compared with the LV
and right ventricular (RV) stroke volumes. The difference in ventricu-
lar stroke volumes represents the R Vol, assuming no other valve dis-
ease is present. The calculation of RV stroke volume is however less
reproducible due to the presence of extensive trabeculation.?® Also,
the R Vol can be obtained by the difference between the mitral or tri-
cuspid inflow stroke volume and aortic or pulmonary stroke volume
by phase-contrast imaging. The pattern of flow in the aorta can be
examined using 4D flow imaging, with further work required to as-
sess methods of quantification based upon this emerging technique.”

Importantly, CMR provides gold-standard assessments of car-
diac chamber size to assess the impact of the regurgitant lesion
on the myocardium. Similar to echocardiography patients without
cardiac dilatation are unlikely to have severe chronic regurgitation.
In patients with aortic regurgitation (AR), aortic dilatation can
point to the underlying aetiology, whilst the presence of diastolic
flow reversal in the descending aorta is easily appreciated and
measured on CMR?!
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P. Lancellotti et al.

Table 2 Echocardiographic parameters used to quantify valvular regurgitation severity: advantages and limitations

Parameters

Usefulness/advantages

Limitations

Valve morphology

Annulus diameter

Colour flow regurgi-
tant jet

VC size

PISA method

CW regurgitant jet
profile

Pressure half-time in
AR or PR

Diastolic flow rever-
sal in descending
aorta in AR

Pulmonary vein flow
in MR

Hepatic vein flow in
TR

Flail valve is specific for severe regurgitation (i.e. rup-
tured PMs in MR)

® Dilatation sensitive for severe TR
® Isolated dilatation suggests secondary MR
® Dilatation suggests secondary AR due to aortic

root dilatation

® Ease of use
® Evaluates the spatial orientation of regurgitant jet

® Good screening test for mild vs. severe regurgitation

® Relatively quick and easy

® Relatively independent of haemodynamic and instrumen-

tation factors

® Not affected by other valve leak
® Good for extremes regurgitation: mild vs. severe

® Can be used in eccentric jet

® Can be used in eccentric jets

Not affected by the aetiology of regurgitation or other
valve leak

Quantitative: estimates lesion severity (EROA) and vol-
ume overload (R Vol)

Flow convergence at 50 cm/s suggests to signifi-
cant MR

Large flow convergence at 28 cm/s suggests to
significant TR

® Simple, easily available

® More difficult in eccentric jets

® Simple

More difficult in eccentric jets

Simple

® Simple
® Systolic flow reversal is specific for severe MR

® Simple
® Systolic flow reversal is specific for severe TR

Other abnormalities are non-specific for severe valvular

regurgitation

® Dilatation seen in other conditions

® Need to be confirmed in further studies

Can be inaccurate for estimation of regurgitation

severity

® |nfluenced by technical and haemodynamic factors

Expands unpredictably below the orifice in AR or
PR

Underestimates eccentric jet adhering the atrial
wall (Coanda effect) in MR or TR

® Not valid for multiple jets

® Small values; small measurement errors leads to large %

error

® |ntermediate values need confirmation

® Affected by systolic/diastolic changes in regurgitant flow
® Lacks published data in PR

PISA shape affected

® by the aliasing velocity

® in case of non-circular orifice

® by systolic changes in regurgitant flow

® by adjacent structures (flow constraints)

PISA radius is more a hemi-ellipse

Errors in PISA measurement are squared

Inter-observer variability

Not validated for multiple jets

Feasibility limited by aortic valve calcifications in
AR

Validated in only few studies in TR

® Lacks published data in PR

® Qualitative, complementary finding

® Complete signal difficult to obtain in eccentric jet

Affected by LV compliance, blood pressure,
acuity

Affected by sample volume location and acute-
ness of AR

® Affected by aortic compliance.

Brief velocity reversal is normal

® Cut-off validated for distal aortic arch

® Affected by LA pressure, atrial fibrillation

® Not accurate if MR jet is directed into the

sampled vein

Affected by RA pressure, atrial fibrillation

Continued
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Multi-modality imaging assessment of native valvular regurgitation

Table 2 Continued

Parameters Usefulness/advantages

Peak E velocity in MR ® Simple, easily available

or TR ® Usually increased in severe regurgitation

Atrial and ventricular

size ® Normal size almost excludes severe chronic

regurgitation

® Dilatation is sensitive for chronic severe regurgitation

Limitations

® Affected by atrial pressure, atrial fibrillation, ven-
tricular relaxation

® Complementary finding

® Dilatation observed in other conditions (nonspecific)

® May be normal in acute severe regurgitation

In Bold: parameters specific to a valvular regurgitation.

AR, aortic regurgitation; CW, continuous wave; EROA, effective regurgitant orifice area; MR, mitral regurgitation; PISA, proximal isovelocity surface area; PM, papillary muscle;
PR, pulmonary regurgitation; RA, right atrium; R Vol, regurgitant volume; TR, tricuspid regurgitation; VC, vena contracta.

Figure 2 Cardiac magnetic resonance (CMR) imaging evaluation of valvular regurgitation (A: aortic; B: mitral; C: pulmonary; D: tricuspid). White
arrows: extent of the signal loss on cine CMR acquisitions. (E) 4D flow image of aortic regurgitation in a patient with dilatation of the ascending aorta.
(F) 4D flow of mitral regurgitation: eccentric mitral jet directed towards the interatrial septum contouring the LA wall.

Finally, myocardial tissue characterization has emerged in the field
of valve disease. Late gadolinium enhancement detects replacement
fibrosis, whilst T1 mapping techniques (native T1, extracellular vol-
ume fraction), facilitate quantification of interstitial fibrosis. Whilst
these have been extensively investigated in patients with aortic sten-
osis, data are emerging in regurgitant lesions assessments*>>> particu-
larly patients with mitral valve (MV) prolapse.* Further work
required to define the clinical role of such assessments.

CMR is also not as readily available and cheap as echocardiography
and cannot be performed at the bedside (Table 3). CMR is not pos-
sible in some patients with severe claustrophobia; however, cardiac
devices are no longer considered an absolute contraindication.'
Since most CMR acquisitions are acquired over multiple cardiac
cycles, arrhythmias such as atrial fibrillation or premature ventricular

contractions may pose a challenge for standard breath-held phase-
contrast velocity encoded CMR sequences.” Whilst initial data sug-
gest CMR provides powerful prognostic information, further re-
search in larger patient cohorts is required for confirmation.
Moreover, the low spatial resolution as compared to echocardiog-
raphy, means that CMR provides less detailed visualization of thin
structures such as the cardiac valves (which are usually 1-2 mm thick)
and subvalvular apparatus.™

Cardiac computed tomography

Standard cardiac computed tomography (CCT) technology requires
acquisition of dynamic datasets over multiple heart cycles to fully
image cardiac structure and function using electrocardiogram (ECG)
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LV SV= EDV-ESV

RV SV= EDV-ESV

Phase contrast

Ao total SV

Flow/Time

Phase contrast

PA total SV

Pulmonary
Artery

Flow/Time

Figure 3 Methods of quantification of valvular regurgitation by cardiac magnetic resonance imaging (CMR). A: evaluation of left ventricular (LV)
and right ventricular (RV) stroke volume (SV) using cine CMR acquisitions. LV and RV endocardial contours are traced in systole and diastole from a
short-axis stack from base to apex; Aortic (Ao) (B) and pulmonary (PA) (C) flow assessed using phase-contrast sequence and the analysis of the flow

time plot.

synchronized acquisitions. Recent technical innovations, improve-
ment of spatial resolution down to 0.5 mm, and the introduction of
wide coverage scanners have allowed the acquisition of the entire
heart including all cardiac cycles in one beat with high spatial reso-
lution and low radiation exposure.”> Nevertheless, the current role
of CCT in the assessment of patients with valve regurgitation remains
limited. There is no current clinically validated method for measuring
flow velocity or flow volume using CCT.> The main indications for
CCT in these patients include assessments of aortic dilatation; rapid
rule out of aortic dissection; assessment of valve morphology, calcifi-
cations, and non-calcific thickening; and the rule out significant coron-
ary artery disease in patients with an indication for surgery and low
probability of coronary atherosclerosis. Finally, CCT could be used
for LV and RV volumes and function evaluation or to planimeter
ROAs when both echocardiography and CMR are not available or
contra-indicated.*

Assessment of cardiac chambers size and
function

Ventricular size and function are measured using diameters and/or
volumes (Figure 4) (Tables 4 and 5). By echocardiography,

Simpson’s biplane method provides an estimate of both diastolic
and systolic volume (with indexing to body surface area) and sys-
tolic contractile function (LV ejection fraction, LVEF) and should
be performed in all cases where image quality permits. RV focused
apical four-chamber view is the preferred view for RV dimension
assessment.”” Given its improved accuracy, 3D estimates of cham-
ber volume and function are best for the assessment and surveil-
lance of chamber size, function, and adverse remodelling.® CMR
evaluation of LV or RV function represents a valuable alternative
in case of poor acoustic window or when data obtained by echo-
cardiography are inconclusive.”® When available, CMR is the pre-
ferred method to assess the right ventricle due to its high
accuracy and reproducibility, particularly in patients with tricuspid
and PR> Of note, ejection fraction (EF) is load dependent and
often overestimates ventricular systolic performance. New param-
eters [myocardial velocities and global longitudinal strain (GLS)]
are currently available for assessment of ventricular function and
are entering routine clinical practice. Cut-off values are however
yet to be validated in larger series. Atrial volumes can be reliably
measured by the 2D echo biplane area-length method, 3D echo-
cardiography, CMR, or computed tomography (CT) scan.'"®
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Table 3 CMR evaluation of valvular regurgitation: advantages and technical limitations

Parameters

Usefulness/advantages

Limitations

Cine imaging

Assessment of valve morphology as
well as cardiac chambers size and
function

(bSSFB is the preferred sequence)

AR and PR
Direct quantitative regurgitant flow
measurements

(phase-contrast sequence)

MR and TR

Indirect quantitative regurgitant flow
measurements as difference between
left and right ventricle stroke vol-
umes versus anterograde aorta and
pulmonary flow, respectively (both
bSSFB and PhC sequence are
required)

Provides assessment of valve morphology and
regurgitant jet visualization in any plane
Allows assessment of the impact of regurgi-
tant lesions on cardiac chambers

Assessment of diastolic flow reversal in the
descending aorta can aid assessment of AR

severity

® High diagnostic accuracy
® High reproducibility
® Not based on geometric assumptions

Direct measurement of forward and reverse
flow through the plane of the valve or vessel

® Not based on geometric assumptions

Accurate in aortic regurgitation and pulmon-
ary regurgitation quantification

Contribute to the calculation of MR and TR
alongside ventricular stroke volumes outlined
below

Second line test to confirm findings from dir-

ect and indirect methods described above.

® High accuracy and reproducibility

® |t does not require additional acquisition

Time consuming

It requires multiple breath hold

® Limited accuracy and reproducibility in

patients with arrhythmic disorders during

acquisition

® Time-consuming

It could require additional dedicates scan
acquisition

Challenging in the identification of appropri-
ate plane alignment and angulation outside of
the setting of aortic regurgitation or pulmon-

ary regurgitation

Limited accuracy and reproducibility in
patients with arrhythmic disorders during
acquisition

Background or phantom corrections could be

useful wiyth additional scan time

Indirect quantitative regurgitant flow
measurements as difference between
left and right ventricle stroke
volumes

(bSSFB is the preferred sequence)

Direct visualization of regurgitant jet
(FSPGR is the preferred sequence)

Planimetry of the anatomical regurgitant
orifice area

(bSSFB is the preferred sequence)

High accuracy and reproducibility for the as-
sessment of MR and TR (not required for AR
and MR)

It does not require additional acquisition

Linear relationship between dephasing spin
velocity and signal loss
Laminar flow suggests at least moderate aor-

tic regurgitation

® High in-plane spatial resolution allowing ac-

curate detection of regurgitant orifice

It can be applied only in patients with single

valve disease

® Time-consuming

® |t requires multiple breath hold

Limited spatial resolution in chambers evalu-
ation as compared to bSSFP

They should be acquired on top of bSSFP
sequences

Visual estimation of jet with limited correl-
ation with semi-quantitative or quantitative
method

® Time-consuming

® Challenging in the identification of appropri-

ate plane alignment and angulation

Based on geometric assumptions

AR, aortic regurgitation; bSSFP, balanced steady-state free precession; FSPGR, fast spoiled gradient echo; MR, mitral regurgitation; PhC, velocity encoded phase-contrast; PR,

pulmonary regurgitation; TR, tricuspid regurgitation.
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Figure 4 Assessment of cardiac chambers size and function by 2D and 3D echocardiography. (A) 2D measurement of LV diameters. (B—E)
Estimation of cardiac volumes by summation method of disc (B: LV, C and D: LA, E: RA). (F and G) RV fractional area change assessment. (H-N) 3D
echo assessment of cardiac chamber volumes (H-J: LV; K: LA; L: RA; M and N: RV).

Table 4 Heart chamber size and function: key points

(1) Quantitative assessment of left ventricular (LV) diameters, vol-
umes, and ejection fraction (EF) is mandatory

(2) 2D measurement of LV/RV diameters is mandatory

(3) The 2D-based biplane summation method of discs is the standard
approach for the estimation of LV volumes and ejection fraction

(4) 3D echo assessment of LV/RV function provides more accurate
and reproducible data

(5) Contrast echo is indicated in patients with poor acoustic window

(6) CMR evaluation of LV/RV function is a valuable alternative in case
of poor echogenicity or when data obtained by echo are
inconclusive

(7) CCT evaluation of LV/RV function is a valuable alternative in case
of poor echogenicity/data obtained by echo are inconclusive and
CMR is not available or contraindicated

(8) Qualitative assessment of LV/RV function is not advised

(9) Left atrial volume is the best parameter to assess its size

Aortic regurgitation

AR is a common valvular disease. Non-invasive imaging plays a key
role in the assessment and management of patients with AR,

Anatomy and function of the aortic valve

The aortic valve consists of a composite of structures surrounding
the aortic orifice along the outflow tract of the left ventricle.”®
Typically, the valve has three leaflets or cusps, which are semi-lunar in
shape (Figure 5). The cusps are inserted into a fibrous connective tis-
sue sleeve, which is attached to the aorta media above (the Valsalva
sinuses and the sino-tubular junction). Below, the cusps are attached
to the myocardium of the LV outflow tract (LVOT) and to the anter-
ior mitral leaflet (virtual basal ring), below the anatomic ventriculo-
aortic junction. Hence, the true anatomic aortic annulus is not

actually the ring projected at the most basal leaflet insertion—as usu-
ally defined and measured with various imaging techniques—but a
crown-like 3D structure. Of note, the size of aortic annulus and root
is influenced by inner pressure and changes dynamically during the
cardiac cycle. Each cusp is attached to the aorta along its curved
edge, and the cusps meet at three commissures that are equally
spaced along the circumference of the sleeve at the supra-aortic
ridge. In normal aortic valve, the cusps are symmetrical, mobile, and
free at the commissures, with equal overlap on closure. The cusps
are named left, right, and non-coronary cusps based on the location
of the coronary ostia.

Aectiology and mechanisms of AR

AR results from disease of either the aortic leaflets or the aortic root
that distorts the leaflets and prevents their correct apposition.
Common causes of leaflet abnormalities that result in AR include se-
nile leaflet calcifications, bicuspid aortic valve, infective endocarditis,
and rheumatic fever. Aortic causes of AR include annulo-aortic ecta-
sia (idiopathic root dilatation), Marfan’s syndrome, aortic dissection,
collagen vascular disease, and syphilis. The Carpentier’s classification
is also commonly used to describe the mechanism of AR (Figure 6;
Table 6).%°

Key point: In patients with AR, careful assessment of the
aortic valve, aortic annulus, and aortic root is manda-
tory. The imaging report should include information
about the aetiology, the lesion process, and the type of
dysfunction. The likelihood of valve repair should also
be discussed in case of pure AR.

Imaging evaluation in AR

Imaging findings in AR

Information about the cusp pathology (redundancy, restriction, cusp
height to indicate likely adequacy of coaptation, mobility/pliability,
thickness, and integrity), commissure variations (fusion, splaying,
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Table 5 Multimodality imaging for the assessment of the patients with valvular regurgitation

Echocardiography (TTE/TOE) CMR CCT

2D/colour Doppler/PW 3D/colour Doppler
and CW Doppler

Qualitative
Valve morphology +++ +++ ++ ++
Regurgitant jet +++ +++ ++ -
Flow reversal into aorta/pulmonary arteries +++ + +++ -
Flow reversal into veins +++ + ++ -
Regurgitant jet morphology ++ +++ ++ -
Semi-quantitative
Vena contracta width +++ +++ ++ -
Vena contracta area B +++ ++ -
Quantitative
Anatomic ROA - + ++ .
EROA ++ (PISA) + (PISA) - -
R Vol ++ (PISA) ++ (PISA) +++ -
RF + + 4+ -
Heart chamber size
Annular dimensions ++ +++ +4+ +++
Volumes ++ +++ +++ +++
Ejection fraction ++ S+ 4 44+
Vena cava diameter +++ (proximal only) +++ +++ +++
Vascular assessment + + FRN 4t
Calcification burden ++ ++ + 44t

+, Somewhat useful; ++, useful; +++, very useful; -, not useful; EROA, effective regurgitant orifice area; RF, regurgitant fraction; R Vol, regurgitant volume; VC, vena
contracta.

SYSTOLE

Figure 5 Transesophageal 3D images of normal aortic valves (AV) in systole (A) and diastole (B) as seen from the aorta. Each valve has three semi-
lunar cusps and three commissures (asterisk)*. LCC, left coronary cusp; NCC, non-coronary cusp; RCC, right coronary cusp.

attachment site, and alignment), and root morphology (septal hyper- Echocardiography usually provides all this information as the first
trophy, annular size, sinus and sino-tubular junction dimension, and . line imaging approach. The parasternal long-axis view is classically
ascending aorta dimension) should be provided. The presence of a :  used to measure the LVOT, the aortic annulus, and the aortic sinuses

flail valve is specific for severe AR. : dimensions. Leaflet thickness and morphology can be visualized from
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this window as well as from the parasternal short-axis view and the ap-
ical five and three-chamber views. However, not uncommonly, 2D
TTE does not allow a complete assessment of the anatomy and causes
of AR. In this situation, if the acoustic window is optimal, 3D echo
could provide better delineation of the aortic valve morphology.>*®
Three-dimensional TOE is increasingly used for assessing the mecha-
nisms and causes of AR, as well as the aortic root dimensions and
morphology.”” TOE is often used for further detailed examination of
the aortic valve and root. Additionally, 2D (reverse doming of the an-
terior MV leaflet; basal septal hyperechogenic aspect) and M-mode
(high frequency fluttering of the anterior mitral leaflet, the MV chordae
or the interventricular septum; premature MV closure; premature dia-
stolic opening of the aortic valve) echo findings that can be associated
with AR should also be looked for (Figure 7).

CMR imaging in AR begins with standard three-chamber and cor-
onal SSFP cine views, which provide a visual assessment of the aortic
valve, LV, and LVOT structure and function."? It can provide useful in-
formation on leaflet morphology and motion. With CCT, multiplanar
images can be reconstructed that are analogous to standard echocar-
diographic views of the aortic valve.

CMR provides limited information on aortic valve leaflets.’® CCT
can also accurately delineate aortic valve anatomy, and it is uniquely
useful in evaluating the size of the aortic annulus and the burden of
valvular, aortic, and coronary calcifications. Both CMR and CCT,
also, allow comprehensive assessment of entire aorta for quantifying
aortic dilation or the presence of coarctation in patients with bicus-
pid aortic valve.?!

CCT is the preferred imaging modality to assess maximum diameter
in patients with dilated aorta and also for sizing the aorta before sur-
gery, while CMR can be used for serial evaluation to limit radiation.>?

Assessment of AR severity
Semi-quantitative methods

Colour flow Doppler imaging. Using colour flow Doppler, the regurgitant
jet into the left ventricle during diastole can be visualized from mul-
tiple views. The colour jet area and length are weakly correlated to
the degree of AR, are affected by the aortic to LV diastolic pressure
gradient and LV compliance, and are often overestimated in the apical
views. They are currently considered as not appropriate to quantitate
AR severity. Practically, colour flow Doppler serves for detection
and initial visual assessment of AR. Central jets are suggestive of
rheumatic disease, while eccentric jets are often associated with aor-
tic valve prolapse or perforation. Colour-coded M-mode is suitable
for assessing the time-course of flow signals during the heart cycle
(Figure 8). The diameter and the cross-sectional area of the jet at its
origin are semi-quantitative colour Doppler indexes of AR severity.
The maximum colour jet diameter (width) is measured in diastole im-
mediately below the aortic valve (at the junction of the LVOT and
aortic annulus) in the parasternal long-axis view. The jet width is pro-
portional to the size of the aortic valve defect. However, since it
assumes a circular regurgitant orifice, if the orifice shape is irregular,
as in bicuspid valve, the colour jet width is less related to the degree
of regurgitation. Its accuracy can thus be improved by normalizing
the jet width for the LVOT diameter. The cross-sectional area of the
jet from the parasternal short-axis view and its ratio to the LVOT

Figure 6 Mechanisms of AR according to the Carpentier’s func-
tional classification. Type la : sino-tubular junction dilation; Type lla:
cusp prolapse (arrow); Type lll: rheumatic aortic valve disease with
restricted cusp motion.

area are also semi-quantitative parameters of AR severity. Although
these measurements suffer from a high inter-observer variability, a jet
width ratio >65% is an argument for severe AR (Figure 9).33

Key point: The colour flow area of the regurgitant jet, as
a single parameter, is not appropriate to quantify the se-
verity of AR. The colour jet width and its ratio to the
LVOT diameter may be used to semi-quantitate AR se-
verity. A more quantitative approach is required when
more than a small central AR jet is observed.

Vena contracta width. For AR, imaging of the VC—the regurgitant jet
as it traverses the aortic orifice or the effective regurgitant area—is
obtained from the parasternal long-axis echocardiographic
view. 3233 Practically, the VC represents the smallest flow diameter
at the level of the aortic valve in the LVOT, immediately below the
flow convergence region (Figure 10). It provides an estimate of the
size of the effective regurgitant orifice area (EROA) and is smaller
than the regurgitant jet width in the LVOT (expansion of the jet
occurs immediately below the VC). With echo, using a Nyquist limit
of 50-60 cm/s, a VC width of less than 3 mm correlates with mild AR,
whereas a width >6 mm indicates severe AR. The measurement of
the VC is affected by several factors including the presence of mul-
tiple jets. In this situation, the respective widths of the VC are not
additive. Moreover, the concept of VC is indeed based on the as-
sumption that the regurgitant orifice is almost circular. The orifice is
however often elliptic or irregular, which changes the width of the
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Table 6 Anatomical and functional classification of AR lesions

Dysfunction

Type I: normal leaflet motion

Imaging findings

® |a: Sinotubular junction and ascending aorta dilatation

® |b: Sinuses of Valsalva and sinotubular junction dilatation

® |c: Annulus dilatation

® |d: Cusp perforation or cusp fenestration without a primary functional aortic annular lesion

Type lla: excessive leaflet motion due to cusp prolapse

with eccentric AR jet

Complete eversion of a cusp into the LVOT in long-axis views

Distal part of a cusp prolapsing into the LVOT (clear bending of the cusp body on long-

axis views and presence of a small circular structure near the cusp free edge on short-

(1)  Cusp flail (©)
(2) Partial cusp prolapse 2)

axis views)
(3) Whole cusp prolapse 3)

Free edge of a cusp overriding the plane of aortic annulus with billowing of the entire

cusp body into the LVOT (presence of a large circular or oval structure immediately be-

neath the valve on short-axis views)

Type llb: free edge fenestration with eccentric AR jet

Type llI: restrictive leaflet motion due to poor cusps

quality or quantity

Presence of an eccentric AoR jet without definite evidence of cusp prolapse

® Thickened and rigid valves with reduced motion

® Large calcification deposits/extensive calcifications of all cusps interfering with cusp motion

The degree of calcification of the aortic valve is scored by 2D echocardiography as follows:

® Grade: no calcification

® Grade 2: isolated small calcification spots

® Grade 3: bigger calcification spots interfering with cusp motion

® Grade 4: extensive calcifications of all cusps with restricted cusp motion
°

The degree of calcification can also be quantitated by CT.

VC in different views. In presence of multiple jets, it is suggested
to report the VC width of the largest jet, while this metrics may
underestimate the overall severity of AR in this context. Three-
dimensional colour Doppler echo is useful tool to adequately
visualize the shape of the regurgitant orifice with the use of bi-
plane imaging to assess the VC in simultaneous orthogonal views
(the largest diameter is reported) or 3D zoom colour flow
Doppler.®® The VC area can then be measured by manual plan-
imetry. For both 2D and 3D VC measurements, 2D and, respect-
ively, 3D gain should be reduced and colour priority increased to
improve visualisation of the colour flow.

Key point: When feasible, the measurement of the VC
width is very useful to quantify AR. Intermediate VC val-
ues (3-6 mm) need confirmation by a more quantitative
method, when feasible. The VC can often be obtained
even in eccentric jets. In case of multiple jets, the re-
spective values of VC width are not additive. The assess-
ment of the cross-sectional area of VC by 3D echo can
be helpful to better delineate the regurgitant orifice
morphology and quantitate AR severity.

Diastolic flow reversal in the descending aorta (or peripheral arteries).
AR can lead to diastolic flow reversal in the aorta. The flow reversal
is best imaged in the upper descending aorta at the aortic isthmus
level from a suprasternal view by using pulse wave (PW) Doppler.

With echo, the sample volume is placed just distal to the origin of the
left subclavian artery and it is aligned as much as possible along the
major axis of the aorta. The Doppler filter is decreased to its lowest
setting to allow detection of low velocities (<10 cm/s). With milder
degrees of regurgitation, there is a brief reversal of flow limited to
early diastole. As the degree of the regurgitation increases, the dur-
ation and the velocity of the reversal flow during diastole increase. It
becomes sustained throughout diastole at velocities exceeding
20cm/s in severe AR (end-diastolic velocity measured at peak R
wave) (Figure 11). This cut-off value has been validated in the prox-
imal descending aorta just beneath the aortic isthmus.>® Significant
holodiastolic reversal in the abdominal aorta is also a very specific
sign of severe AR. With CMR, cine images of the aorta can visualized
flow reversal in the descending aorta. Additionally, velocity-encoded
imaging is used to assess holodiastolic flow reversal at the level of the
mid-descending aorta (highly specific for severe AR).>"

Key point: The measurement of the diastolic flow rever-
sal in the descending and abdominal aorta must system-
ically be performed, when assessable. It should be
considered as the strongest additional parameter for
evaluating the severity of AR.

Continuous wave Doppler of the AR jet. Continuous wave (CW)
Doppler of the AR jet is classically best obtained from the apical five-
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chamber view (Figure 12). However, effort should be made to obtain
correct Doppler angle in order to minimize errors related to possible
ultrasound beam misalignment. For eccentric jets, better signals may
be obtained from the right parasternal window. While faint spectral
display is compatible with trace or mild AR, significant overlap be-
tween moderate and severe AR exists in more dense jet tracings.
Practically, the CW density does not provide useful information
about the severity of AR. The grading by this method is qualitative.
The rate of deceleration of the diastolic regurgitant jet and the
derived pressure-half time reflect both the degree of regurgitation
and the ventricular end-diastolic pressures. As the degree of AR
increases, the aortic diastolic pressure decreases and the LV end-
diastolic pressure increases.”® The late diastolic jet velocity is thus
reduced and the pressure half-time shortened. A pressure half-time
of <200 ms is consistent with severe AR, whereas a value >500 ms
suggests mild AR. Of note, the pressure half-time is however influ-
enced by LV and aortic compliance, the acuteness of AR (i.e. in severe
acute AR, the pressure half-time is almost always short) and the
aorto-ventricular pressure gradient.

patients with cusp perforation or commissural leaks. The use of 3D
echocardiography to improve the accuracy of the PISA method and
the VC area to quantify AR is promising but requires further valid-
ation.® The PISA method also allows to measure the R Vol but in add-
ition to the limitations of the PISA method mentioned above for the
measurement of the EROA, the CW Doppler signal of AR is often in-
complete, especially in eccentric jets. Grading of severity of AR classi-
fies regurgitation as mild, moderate or severe, and sub-classifies the
moderate regurgitation class into ‘mild-to-moderate’ (EROA of 10 to
19 mm or an R Vol of 2044 mL) and ‘moderate-to-severe’ (EROA
of 20-29 mm? or an R Vol of 45-59 mL). An EROA >30mm? oran R
Vol >60mL indicates severe AR. A RF [R Vol divided by the LVOT
stroke volume] greater than 50% indicates severe AR. A moderate
EROA or R Vol may, in fact, correspond to a large RF and thus to a
severe AR in patients with depressed LV systolic function and low
flow state or in patients with acute AR. In such cases, more weight
should be given to the RF to grade AR severity. Hence, patient with
an EROA and a R Vol that are in the moderate range but a RF >50%
should be considered as having severe AR.

Key point: The CW Doppler density of the AR jet does
not provide useful information about the severity of AR.
The assessment of the pressure-half time requires good
Doppler beam alignment. A careful probe angulation is
often needed. Because of the influences by LV and aortic
chamber compliance and pressures, pressure half-time
can only serve as a complementary finding for the as-
sessment of AR severity.

Key point: When feasible, the PISA method is highly
suggested to quantify the severity of AR. It can be used
in both central and eccentric jets. In eccentric AR jets,
the parasternal long-axis view must preferentially be
used to evaluate the flow convergence zone. An EROA
>30mm? or a R Vol >60 mL indicates severe AR. A RF
greater than 50% indicates severe AR, even if EROA and
R Vol are in the moderate range.

Quantitative assessment

Anatomic orifice area. The anatomic ROA may be measured directly
by planimetry using 2D/3D echocardiography, CCT, or CMR. Using
an ‘en face view’ of the aortic valve, the smallest diastolic ROA in
mid-diastole is traced. Cut-offs of severity are, however, less well
defined than for EROA and its clinical use is still limited. With CMR,
an anatomic ROA >48 mm? is consistent with severe AR’

The proximal isovelocity surface area method. With echocardiography,
the assessment of the flow convergence zone has been less exten-
sively studied in AR than in mitral regurgitation.***" Imaging of the
flow convergence zone is obtained from the apical three- or five-
chamber or parasternal long-axis or upper right parasternal views.
The radius of the PISA is measured at diastole using the first aliasing.
R Vol and EROA are obtained using the standard formulas (Figures 13
and 14). The flow convergence or PISA method has several limita-
tions. Firstly, it is not feasible in a significant percentage of patients
with AR due to interposition of valve tissue and difficulty in correctly
identifying the flow convergence zone. Non-planar or confined flow
convergence zones that invalidate the hemispheric assumption are
potential causes of either under- or over-estimation of AR severity
by the PISA method. Accordingly, caution should be exercised when
using the PISA method in patients with obtuse flow convergence
angles, such as those with aneurysmal dilation of the ascending aorta
or those with confined flow convergence zone such as could occur in

Doppler volumetric method. PVWW Doppler method can be used as an
alternative method to quantify the AR severity." In the absence
of significant mitral regurgitation (MR), the mitral inflow is used to
calculate the systemic stroke volume (see MR section). The RV
outflow tract site can be used in patients with significant MR. The
total stroke volume is derived from the LVOT stroke volume.
This approach is time consuming and is associated with several
drawbacks.

CMR quantification. CMR is the alternative method of choice to quan-
tify the R Vol and RF. In AR, the phase-contrast direct method is the
most validated approach with the advantage of not being affected by
coexisting valvular regurgitation lesions. Phase-contrast velocity map-
ping is used to calculate aortic forward and reverse flow per cardiac
cycle (Figure 14). A through plane phase-contrast imaging slice is posi-
tioned at the level of aortic root, often just above the aortic valve and
at or below the sinotubular junction. In some cases, velocity-encoded
phase-contrast is unreliable as when the area of interest is obscured
by artefacts, when flow is complex in a markedly dilated aortic root,
or in case of arrhythmias. In these contexts, indirect methods may be
used. The RF is calculated by dividing the R Vol by the LV stroke vol-
ume. RF is an independent predictor of outcome in patients with
AR* and a RF >33% has been shown to predict the likelihood of
requiring surgery within 9 years.*® RF limits that optimize concord-
ance of CMR and echo severity grades are: mild <15%, moderate
16-25%, moderate—severe 26-48%, and severe >48%."">
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Key point: Although large outcome CMR studies are
lacking, CMR is the alternative method of choice for
quantitative assessment of AR. The direct approach
using the phase-contrast technique is the most reprodu-
cible with the advantage of not being affected by coex-
isting valvular regurgitation lesions. A RF >50%
indicates severe AR.

Consequences of AR on LV size and function

The presence of severe AR has significant haemodynamic effects, pri-
marily on the left ventricle. AR imposes additional volume load on
the left ventricle. In acute AR, the left ventricle is classically not
enlarged, while in the chronic situation, the left ventricle progressive-
ly dilates and irreversible LV damage may occur. Hence, dilatation is
sensitive for chronic significant (moderate to severe) AR, while nor-
mal size almost excludes severe chronic AR. However, dilatation can
be observed in other conditions (non-specific) or may be absent in
acute severe AR. Three-dimensional echocardiography allows more
accurate measurement of LV volumes and EF than 2D echocardiog-
raphy. LV volumetric data derived by echocardiography (LV end-
systolic volume index >45mL/m?)* or CMR (LV end-diastolic vol-
ume >246mL with RF >33%)* may be instrumental in the

M-Mode |

Early closure’of mitral valve
(severe, usually #icute AR)
Sign of increased LV EDP

identification of patients at increased risk of clinical progression.
Strain imaging (GLS < -19%) may be helpful in identifying subclinical
LV dysfunction in the setting of serial echocardiograms and may help
for risk stratification.** Thresholds recommended in current ESC
guidelines® for intervention in asymptomatic patients with severe AR
are: LVEF < 50%, LV end-systolic diameter >50 mm or >25 mm/m?>.
CMR may be used for the detection of myocardial fibrosis, especially
in high-risk patients, where it is associated persisting symptoms post-
AVR, poor LV recovery, and an adverse prognosis. Further studies
are required.®®

Key point: LV diameters, volumes, and ejection fraction
should always be measured and reported in patients
with AR. The LV diameters and volumes must be
indexed to the body surface area. Three-dimensional
echocardiography and CMR imaging allows more accur-
ate evaluation of LV volumes and EF than 2D echocardi-
ography. However, until further data are available
current cut-offs for intervention are based on 2D echo
results.

PRLAX

' Doming of the
afiteridr leaflet

Figure 7 (A) Measurements of the aortic diameters. 1: valve annulus, 2: aortic sinuses, 3: sinotubular junction, 4: proximal ascending aorta; (B) ex-
ample of AR jet impinging on the anterior mitral valve leaflet with a reverse doming of the anterior mitral valve leaflet; (C) M-mode recording showing
early mitral valve closure in a patient with severe AR; (D) M-mode recording showing the fluttering motion of the anterior mitral leaflet in a patient

with severe AR.
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Figure 8 (A) Colour Doppler showing a severe AR. (B) Colour-coded M-mode depicting the time-dependency of flow signal during the heart

cycle.

Role of exercise echocardiography

The development of symptoms during exercise testing is useful in
predicting outcome in patients with severe AR who are apparently
asymptomatic at rest. The observed magnitude of change in ejection
fraction or stroke volume from rest to exercise is related not only to
myocardial contractile function but also to severity of volume-
overload and exercise-induced changes in preload and peripheral ar-
terial resistance. However, the absence of contractile reserve—de-
crease in LVEF by 5% at exercise—has been associated with LV
decompensation after surgery.® As the incremental value of stress
echocardiography in predicting outcome of patients with asymptom-
atic AR is limited by the small number of available studies, this specific
application is currently limited to the research arena. In the symp-
tomatic patient with moderate AR, stress echocardiography can be
useful to identify factors related to AR or other concomitant condi-
tions that may be responsible for the symptoms, such as significant
rise in pulmonary pressure during exercise (>60mmHg), inducible
myocardial ischaemia, or failure to increase LVEF during exercise.?

Integrating indices of severity

Echocardiographic assessment of AR should follow a multi-
parameter integrative approach that includes data form 2D/3D
imaging of the aortic root, aortic valve, and left ventricle as well as
Doppler measures of regurgitation severity (Table 7) (Figure 15).
Effort should be made to quantify the degree of regurgitation, ex-
cept in the presence of mild or less severe AR or when AR is con-
sidered severe using specific signs. Both the VC width and the PISA
method are the preferred parameters, whenever possible.
Adjunctive parameters help to consolidate about the severity of
AR. CMR is the alternative method of choice and should be used
when the results of echocardiography (TEE and TOE) are

Ratio 7&% -
T2 width

14 mm

—~

Figure 9 Colour Doppler assessment of the jet width ratio (max-
imum colour jet diameter divided by LV outflow tract diameter) in a
patient with severe AR. VC, vena contracta.

unsatisfactory or inconclusive or when there is discrepancy be-
tween AR severity and clinical findings. These parameters should
be interpreted according the chronicity of AR and the LV remodel-
ling. CMR may provide additional information about the mechanism
of AR, the dimension of aorta, and the presence of local fibrosis.
Either echocardiography or CMR is used for serial evaluation of
aortic dimension, although the latter gives a more complete assess-
ment of the thoracic aorta. CCT scanning is not routinely used but
can be helpful in specific circumstances, especially in the preproce-
dural intervention planning (presence and extent of aortic valve
and root calcifications, annular size assessment, presence of coron-
ary artery disease, and dimension of the aorta).
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Figure 10 (A) Semi-quantitative assessment of AR severity using the vena contracta width (VC). The three components of the regurgitant jet
(flow convergence zone, vena contracta, and jet turbulence) are obtained. (B) Assessment of the VC in a patient with a AR jet directed towards the
septum. PT-LAX, parasternal long-axis view.

Dcs::ending
Aorta

-

P |/Severe AR

L End diastolic \
“velocity 0.41 m/s r—Aﬂ

\ "‘\\ #ﬂw\

Figure Il A pulsed Doppler recording within the descending aorta from a patient with severe AR demonstrates flow reversal throughout dia-
stole. An end diastolic flow velocity greater than 20 cm/s is indicative of severe AR.
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VC2 mm

& Mild AR

: i
PHT 694 ms

'
LVOFTVI 18 cm

Moderate AR

v

VC 14 mm

,.“!

-

Severe AR

o

4
PHT 98

- v
LVOT TVI 36 cm
N 42 & S M

Figure 12 Three examples of AR are provided, all taken from the parasternal long-axis view using colour Doppler (top) and from the apical five-
chamber view using continuous wave Doppler (mid). The vena contracta (VC) increases with the severity of AR. The pressure half-time (PHT)
decreases with more severe AR whereas the left ventricular outflow time velocity (LVOT TVI) integral increases.

Intervention guidance

The incidence of valve sparing or repair decreases with the severity
of dysfunction and is less than 50% in type Il dysfunction. The pres-
ence and extent aortic calcifications (i.e. porcelain aorta) on CCT
may limit the surgical approach by precluding clamping or cannula-
tion. Three-dimensional TOE and CCT, using automated modelling,
provide precise measurements of leaflet free edge, height, and coap-
tation height, which might help estimating the size of the graft during
aortic valve surgery. A height <8 mm is predictive of recurrent AR

. 46
after aortic valve surgery.

Suggested follow-up

Asymptomatic patients with mild AR, no LV dilatation and normal
LVEF require echocardiographic evaluation every 2-3years. In
patients with asymptomatic severe AR and normal LV function and
size, first echocardiographic monitoring should be performed 3—
6 months after the initial diagnosis. After that, follow-up evaluation
should be done when symptoms occur, or in asymptomatic patients
every 1 year or every 3—6 months when LV size and function are
close to thresholds for surgery or in cases of aortic dilatation. If the

aorta is not well imaged with echocardiography then a CMR or CCT
should be performed, particularly if surgery is being considered.
Either echocardiography or CMR are preferred for follow-up assess-
ment of aortic dimension (no radiation exposure). Any increase
>3 mm in aortic dimension should be validated by CMR or CCT.>*

Pulmonary regurgitation

A slight amount of PR has been reported in 40-78% of patients with
normal pulmonary valves. Acquired mild to moderate PR is most
often seen in patients with pulmonary hypertension with dilatation of
the pulmonary artery. Severe PR is uncommon and usually observed
in patients with anatomic abnormalities of the valve or after valvulot-
omy.* There are very few validated studies owing to the low preva-
lence rates and difficulties in imaging.

Anatomy and function of the pulmonary
valve

The pulmonary valve is a three-leaflet structure, anatomically similar
to the aortic valve (Figure 16). The pulmonic valve structure is
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APICAL 5-CV L o e

EROA = Flow / Peak velocity

EROA = (2mr2 x Va) / Peak velocity
EROA = (2x3.14x0.9x35)/450

EROA = 178/450 = 0.39 cm?
R Vol = EROAx TVI

RVol=0.39cmZ2x 210 cm =82 mL

Figure I3 Quantitative assessment of AR severity using the PISA method from the apical five-chamber view (CV). EROA, effective regurgitant ori-
fice area; R Vol, regurgitant volume; TVI, time-velocity integral; Va, aliasing velocity.

Y.

i’orward flow

R Vol 71 ml
s | RF 46%

L4

“ERGA 41 mi2
R Vol 78 ml | Reverse flow

Figure 14 Quantitative assessment of AR severity using the PISA method (A—F) and the CMR phase-contrast method (G-/). Stepwise analysis of
AR. (A) Parasternal long-axis view (PT-LAX). (B) Colour-flow display. (C) Zoom of the selected zone. (D) Downward shift of zero baseline to obtain
a hemispheric PISA. (E) Measure of the PISA radius using the first aliasing. (F) Continuous wave Doppler of AR jet allowing calculation the effective
regurgitant orifice area (EROA) and regurgitant volume (R Vol). CMR evaluation of AR by direct method (G-). (G) Aortic root positioning (white
arrow: extent of the signal loss on cine); (H) phase-contrast velocity mapping at the aortic root level; and (/) flow-time curves computing forward and
reverse or backward flows. The reverse flow represents the directly measured volume of AR. TV, time-velocity integral.
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Aortic

Regurgitation

Probably Mild AR

Specific slims
Qualitative
S N Probably Moderate AR
+  Small central jet

QUANTITATIVE EVALUATION
Whenever possible

EROA < 10 mi - EROA: 10-19 mm? EROA: 20 -29 mm?
' R Vol: 45-59 mL
RF: 40-49 %

Unsatisfactory/Inconclusive TTE, Discrepancy between
AR severity and clinical findings/Aorta morphology

Probably Severe AR

Specific signs
Qualitative
Flail cusp, Large coaptation defect
Large central jet

Holodiastolic flow reversal in the

descending aorta
Semi-quantitative

VC width > 6mm

Jet width/LVOT 2 65%

et CSA/LVOT CSA 2 60%

PHT < 200ms
Structural

Enlarged and remodeled LV

EROA 2 30 mm?
R Vol 260 mL
RF250%

Severe AR

Indeterminate AR
Consider TOE or CMR

Figure |5 Algorithm for the assessment of AR severity. CSA, cross-sectional area; LVOT, left ventricular outflow tract; PHT, pressure half time;

VC, vena contracta.

Figure 16 2D and 3D echo recordings of the pulmonic valve. PT-SAX, parasternal short-axis view.

2202 UYOIB|\ 81 UO J9SN OUEJI - OUIZUO\ 0ojBojolpied ouaD SOOYI Bo9l0NAIg A 1026159/€52aBal/10Ua/E60 L 01 /10p/a[oilE-ouBADE/BuIBEWO[YS/W00 dNO DILSPED.//:SANY WO} POPEOJUMOQ



22

P. Lancellotti et al.

Figure 17 2D and 3D assessment of PR severity by using colour-flow imaging.

however thinner because of the lower pressures in the right than in
the left heart.

Aectiology and mechanisms

Primary PR may be caused by congenital anomalies (quadricuspid or
bicuspid valves), hypoplasia, post-repair of Tetralogy of Fallot, or pro-
lapse of the pulmonary valve. Other causes include infective endocar-
ditis, carcinoid syndrome, and rheumatic heart disease. Carcinoid
syndrome results in shortening and thickening of the pulmonary valve
leaflets, similar to the involvement of the TV. Myxomatous valve is
rare, resulting in thickening, redundancy, and sagging of the pulmon-
ary valve leaflets. Secondary PR is most common in patients with ele-
vated pulmonary artery pressure. By definition, the pulmonary valve
leaflets are normal with secondary PR.

Imaging evaluation in PR

Pulmonary valve morphology

In PR, imaging is key for inspection of the pulmonary valve anatomy,
the RV outflow tract, pulmonary annulus, main pulmonary arteries
and proximal branches. Two-dimensional/3D TTE and TOE provide

useful information regarding anomalies of cusp number (bicuspid or
quadricuspid valves), motion (doming or prolapse), or structure
(hypoplasia, dysplasia, and absence of pulmonary valve). Evaluation of
the pulmonary valve anatomy is however more difficult than for
other valves (limited by poor acoustic access). With 2D echo, typical-
ly only one or two leaflets of the pulmonary valve can be simultan-
eously visualized. On occasion, the pulmonary valve can be seen in a
short-axis view. In adults, visualization of the pulmonary valve is
obtained from the parasternal short-axis view at the level of the
aortic valve or from a subcostal approach. Live TTE 3D echocardiog-
raphy from the parasternal window can be effective in visualizing en
face pulmonary valve short-axis morphology and quantifying cusp
number (Figure 17).*’ Three-dimensional biplane echo imaging by
providing simultaneous 2D orthogonal views allows a better evalu-
ation of the pulmonary valve. Pulmonary annulus diameter derived by
3D TTE in patients with tetralogy of Fallot correlates more closely
with surgical measurements, when compared to 2D TTE and cardiac
MSCT.>® The role of TOE in PR is limited since the pulmonary valve
is more difficult to image with TOE (far from the probe). The views
that maximize visualization of the pulmonary valve include horizontal
plane imaging at the level of the short-axis aortic valve (‘inflow-
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Figure 18 Assessment of PR severity by using colour-flow imaging. Top: Measurements of the right ventricular outflow tract dimension (RVOT)
and regurgitant jet width in two patients with TR. Bottom: continuous wave Doppler recordings.

outflow view’) and a deep gastric view in 120° imaging plane (outflow
view).

CMR can be used as an alternative tool when echocardiography is
suboptimal to assess pulmonary valve morphology. The ability to
image in any plane, ensures that the pulmonary valve can be well
visualized. Moreover, CMR is excellent for evaluating the anatomy
and dimensions of the main pulmonary arteries and its branches, as
well as surgically constructed shunts, and is of particular utility in the
assessment of congenital pulmonary valve disease.'>'*

CCT can also delineate pulmonary valve anatomy as well as the
size of the pulmonary annulus, the pulmonary arteries dimension and
the burden of calcifications. It may be used when echo and CMR
assessments are not definitive and to aid preprocedural planning.*®

Assessment of PR severity
Determination of the PR severity is less well validated than determin-
ation of AR severity.

Semi-quantitative methods

Colour flow Doppler Imaging. Detection of PR relies almost exclusively
on colour flow imaging. PR is diagnosed by documenting a diastolic
jet in the RV outflow tract directed towards the right ventricle.

Pathologic PR is distinguished from physiologic PR by a longer dur-
ation of flow (holodiastolic) and a wider jet as the regurgitant jet
crosses the pulmonic valve>' Functional PR jets are usually very
small, central and spindle-shaped. In severe PR, where equalization of
diastolic pulmonary artery and RV pressures occurs earlier in dia-
stole, the colour jet area can be brief and inaccurate (dependency on
the driving pressure).>” The assessment of PR severity is usually esti-
mated by the diameter of the jet at its origin.>* The maximum colour
jet diameter (width) is measured in diastole immediately below the
pulmonic valve (at the junction of the RV outflow tract and pulmon-
ary annulus) in the parasternal short-axis view or from the subcostal
view. Although this measurement suffers from a high inter-observer
variability (depending on the cut-plane), a jet width that occupies
>65% of the RV outflow tract width measured in the same frame sug-
gests severe PR>*

Detection of reversal colour Doppler flow in branch of pulmonary
arteries is a very specific (87%) sign of severe PR. This has much
greater specificity for CMR-derived severe PR than flow reversal in
the main pulmonary arteries (specificity of 39%).>>

Vena contracta width. Although the VC width is probably a more ac-
curate method than the colour jet width to evaluate PR severity by
colour Doppler, it lacks still validation studies (Figures 18 and 19). As

2202 UYOIB|\ 81 UO J9SN OUEJI - OUIZUO\ 0ojBojolpied ouaD SOOYI Bo9l0NAIg A 1026159/€52aBal/10Ua/E60 L 01 /10p/a[oilE-ouBADE/BuIBEWO[YS/W00 dNO DILSPED.//:SANY WO} POPEOJUMOQ



24

P. Lancellotti et al.

for other regurgitations, the same limitations are applicable. A VC/
pulmonary valve annulus ratio >50% is an indicator of greater than
mild PR. A ratio >0.7 is a marker of severe PR. The shape of the VCis
complex in most cases. Though, the value of 3D echo has not yet
been clearly defined,”® a 3D VC area > 0.45 cm? is in keeping with se-
vere PR.

Pulsed Doppler. Theoretically, PW Doppler assessment of the forward
and reverse flows at the pulmonary annulus and in the pulmonary ar-
tery can been used to calculate R Vol and RF. The pulmonary annulus
should be measured carefully during early ejection (23 frames after
the R wave on the ECG), just below the valve. This technique is sub-
ject to errors in measurement and is not well validated.>”

Continuous wave Doppler of the PR jet. The density of the CW signal
provides a qualitative measure of regurgitation.”® In mild PR, there is
a slow deceleration of the jet velocity. A rapid deceleration rate
with termination of flow in mid to late diastole (deceleration time
< 260ms) is not specific but compatible with severe PR. In patients
with congenital disease, a pressure half time <100 ms yields good sen-
sitivity and specificity for severe PR’ The pressure half time is de-
pendent not only on PR severity but also on diastolic intrapulmonary
pressures and on diastolic properties of the right ventricle, with
shorter pressure half time when RV physiology is restrictive. A PR
index <0.77 (ratio of PR duration by CW Doppler to total diastolic
time) is consistent with severe PR, although not specific.®

Quantitative assessment

Anatomic orifice area

There is no clinically validated data on direct measurement of the
anatomic orifice area.

The proximal isovelocity surface area method. In some patients, the flow
convergence zone can be assessed (Figure 20). However, no studies
have examined the clinical accuracy of this method in quantifying the
severity of PR.

Doppler volumetric method. There is no clinically accepted method of
quantifying PR using CW Doppler.

CMR quantification. CMR is currently the best method to quantitate
PR and serially assess RV remodelling and function in patients with
significant PR and congenital heart disease.®’ It should be considered
in most patients with suspected substantial PR unless echocardio-
graphic findings are conclusive. Visual assessment of the degree of sig-
nal loss due to spin dephasing from the regurgitation can also be used
but are less validated and provide only a qualitative assessment of PR
severity. Both direct (phase-contrast technique) (Figure 20) and indir-
ect methods of quantification can be used to calculate R Vol and RF.
The direct method is however the preferred approach, with a co-
axial through plane phase-contrast sequence planned just above the
pulmonary valve. Quantification of the R Vol by comparing LV and
RV stroke volumes is also possible but only valid in the absence of
any other concomitant valvular regurgitation. The R Vol can also be
calculated from the difference between RV total (using planimetry of
short-axis cine images) and forward stroke volume across the aortic

valve (using phase-contrast velocity mapping) in the absence of signifi-
cant TR. Considered RF threshold for assessing PR severity on CMR
are: mild <20%, moderate 20-40%, and severe >40%.5" When avail-
able, CMR is the preferred method to assess the right ventricle due
to its high accuracy and reproducibility.

Key point: CMR is an accurate tool for quantitative as-
sessment of PR. The direct approach using the phase-
contrast technique is the most reproducible with the ad-
vantage of not being affected by coexisting valvular re-
gurgitation lesions. A RF >40% indicates severe PR.
When available, CMR is the preferred method for
assessing RV size.

Consequences of PR

Evaluation of the size and function of the right ventricle in the ab-
sence of pulmonary hypertension provides indirect clues to the se-
verity of PR. Evidence of RV dilatation is however not specific for
severe PR, especially if observed in the context of pulmonary hyper-
tension. Nevertheless, its absence suggests milder degree of PR or
acute PR. Of note, dilatation can be observed in other conditions
(non-specific) or may be absent in acute severe PR. As for TR, the RV
function is classically evaluated on echocardiography by the RV vol-
umes and the RV fractional area change. Three-dimensional echocar-
diography allows more accurate evaluation of RV ejection fraction
(RVEF) than 2D. The utility of the other indices deriving from tissue
Doppler or strain imaging has not been extensively examined in the
context of PR unrelated to congenital heart disease. When available,
CMR is the preferred method to assess the right atrium and right
ventricle due to its high accuracy and reproducibility. CMR provides
larger right atrial (RA)/RV volumes than echocardiography, due to
different handling of trabeculations, which are excluded on echocar-
diography. Conversely, RVEF by 3D echocardiography is comparable
to CMR.® Indexed RV end-diastolic volume >160 mL/m* on CMR has
been associated with a low likelihood of RV functional recovery after
reintervention for severe residual PR in the context of corrected tet-
ralogy of Fallot.®?

Role of exercise echocardiography

Latent RV dysfunction and impaired functional response to stress can
be unmasked by exercise echocardiography. Except in the setting of
congenital heart disease, the value of exercise testing in patients with
PR has not been specifically examined.2

Integrating indices of severity

Echocardiographic assessment of PR includes integration of data
from 2D/3D imaging of the pulmonary valve and right ventricle as
well as Doppler measures of regurgitation severity (Table 8)
(Figure 21). In the absence of extensive data on quantitation of PR,
the experts strongly suggest to assess the PR severity by integrating
information from all different approaches available and to corrobor-
ate each other. The simplest and most robust method is PR jet width
and VC. CMRis the alternative method of choice and should be used
in most cases when there is concern about clinically significant PR (i.e.
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Severe PR

-

-8

Figure 19 Example of a patient with a severe PR. (A) Left, complete lack of valve coaptation and right, measurement of the vena contracta width
(VC); (B) colour-coded M-mode depicting the time-dependency of flow signal during the heart cycle; and (C) Continuous Doppler recording of PR
showing a rapid flow deceleration during the diastole (red arrow) and increased systolic flow velocity (not related to concomitant pulmonary stenosis).

v
S

0.4 cm2 i»
S EROA 40 mm?
r R Vol 40 ml

Forward flow

R Vol 51 ml
RF 45%

Reverse flow

Figure 20 Assessment of PR severity by the PISA method (A) and the CMR phase-contrast method (direct method) (B). White arrow: extent of
the signal loss on cine CMR. Phase-contrast velocity mapping and flow-time curves computing forward and reverse or backward flows. The reverse
flow represents the directly measured volume of PR.
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Table 8 Grading the severity of PR

PR severity classes Mild

Qualitative parameters
Pulmonic valve morphology Normal

Colour flow PR jet width®

length with a narrow origin

Reversal flow in pulmonary artery branches Absent
CW signal of PR jet®

Pulmonic vs. aortic flow by PW
Semi-quantitative parameters

VC width (mm) Not defined
Deceleration time of the PR Not defined
Pressure half-time* Not defined
Jet width/annulus ratio Not defined
PR index? Not defined
Quantitative parameters
EROA (mm?) Not defined
R Vol (mL) Not defined
RF (%) <20
CMR parameters, RF (%) <20

Structural parameters, RV size® Usually normal

Small, usually <10mm in

Faint/Slow deceleration

Normal or slightly increased

Moderate Severe

Normal/Abnormal Abnormal

Intermediate Large, with a wide origin; may be
brief in duration

Absent Present

Dense/variable Dense/steep deceleration, early
termination of diastolic
flow

Intermediate Greatly increased

Not defined Not defined
Not defined <260ms
Not defined <100 ms
Not defined >65%

Not defined <0.77

Not defined Not defined
Not defined Not defined
20-40 >40

20-40 >40

Normal or dilated Usually dilated

CW, continuous-wave; EROA, effective regurgitant orifice area; PR, pulmonic regurgitation; PW, pulse wave; R Vol, regurgitant volume; RV, right ventricle; VC: vena contracta.

In bold: specific signs for severe PR.

?At a Nyquist limit of 5060 cm/s.

®Steep deceleration is not specific for severe PR.

Pressure half time is shortened with increasing RV diastolic pressure.
9PR index: ratio of PR duration by CW Doppler to total diastolic time.

“Unless for other reasons, the RV size is usually normal in patients with mild PR. In acute severe PR, the RV size is often normal. Accepted cut-off values for non-significant RV en-
largement (measurements obtained from the apical 4-chamber view): Mid RV dimension <33 mm, RV end-diastolic area <28 cm?, RV end-systolic area <16 cm?, RV fractional area

change >32%, maximal.

only moderate PR with dilating RV) unless the echocardiographic
findings are conclusive. CCT scan can be helpful in specific circum-
stances to complement echocardiography, especially in the prepro-
cedural intervention planning.

Intervention guidance

Intervention guidance mainly refer to pulmonary valve replacement
either surgically or percutaneously.®® It should be considered in
patients with severe PR and symptoms of evidence of RV
decompensation.

Suggested follow-up

As for other valvular regurgitation, the follow-up of patients with PR
depends on the aetiology and severity of PR, the size and function of
the right ventricle, and the associated diseases. Although information
is limited, careful follow-up should be organized in patients with mod-
erate to severe PR

Mitral regurgitation

MR is increasingly prevalent in Europe despite the reduced incidence
of rheumatic disease. Non-invasive imaging plays a key role in the as-
sessment and management of patients with MR >

Anatomy and function of the mitral valve
Normal MV function depends on optimal function of the complex
interaction between the mitral leaflets, the subvalvular apparatus
(chordae tendineae and papillary muscles), the mitral annulus, the left
atrium and the left ventricle. An abnormality in any one of these com-
ponents can cause the valve to leak.** The normal MV has two leaf-
lets; the posterior attached to the two-thirds of the annular plane
and the anterior, to the remaining one-third. They are each divided
into three scallops: A1, A2, A3 and P1, P2, P3. A1 and P1 correspond
to the external, anterolateral portion of their respective leaflet, close
to the antero-lateral commissure and the left atrial appendage. On
the opposite side, A3 and P3 are internal, close the postero-medial
commissure and the tricuspid annulus (Figure 22). Normal leaflet
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thickness is <5 mm in diastole and the degree of leaflet overlap at the
point of coaptation should be >5 mm for a competent valve.

Aetiology and mechanisms of MR

According to aetiology, MR can be classified as primary (i.e. organic/
structural: intrinsic abnormalities of the leaflet and/or subvalvular ap-
paratus) or secondary (i.e. functional/non-structural: when MV anat-
omy is normal but abnormalities of the left ventricle and/or LA
disrupt normal valvular function), whereas the mechanism is based
on Carpentier’s classification of leaflet motion: Type I: normal leaflet
motion [primary MR: leaflet perforation or cleft (la); secondary MR:
annular dilatation either from LA or LV dilatation (Ib)], Type Il: exces-
sive motion (leaflet prolapse), and Type IlI: restrictive motion (A: sys-
tolic/diastolic due to rheumatic, post-inflammatory or post-
radiotherapy disease and B: systolic due regional/global LV remodel-
ling) (Figure 23). Several types may eventually co-exist in the same pa-
tient. Causes of primary MR include most commonly degenerative
disease (Barlow, fibroelastic degeneration, Marfan, Ehlers—Danlos,
and annular calcification), rheumatic disease, toxic valvulopathy, and
endocarditis. Ruptured papillary muscle secondary to myocardial in-
farction is included as primary ischaemic MR. Rarely, in chronic is-
chaemic MR, the mechanism of MR is related to fibrosis and
elongation of the papillary muscle leading to progressive leaflet pro-
lapse (lIb). The most common causes of mitral regurgitation are out-
lined below. For the selection of the most appropriate device for MV
transcatheter procedures, a pathophysiological classification that
accounts for the aetiology of the MV disorder can be used (Table 9).

Degenerative disease (60%), the most common surgical MR cause,
covers a large spectrum of lesions (Figures 24 and 25): (i) isolated bil-
lowing with leaflets tips remaining intra-ventricular to flail leaflet with
valvular eversion [the leaflet tip is directed towards the left atrium
(LA)], (ii) isolated scallop to multi-segment (or generalized) prolapse
(the leaflet tip is directed towards the left ventricle and the coapta-
tion line is behind the annular plane), and (iii) thin/non-redundant
leaflets (fibroelastic deficiency) structure to thick/excess leaflet tissue
(Barlow’s disease). Calcific degeneration comprises mitral annular
calcification that can invade the leaflets and cause retraction with
consequent regurgitation of the valve.

Secondary MR (20%) develops despite a structurally normal MV in
the context of ischaemic heart disease, dilated cardiomyopathy, or
LA remodelling/dilatation.®>®® It results from an imbalance between
the forces acting on the mitral leaflets and the LV-generated closing
forces. In patients with LV systolic dysfunction, LV (£LA) remodelling
and the resulting tethering of the MV play a major role in the genesis
of secondary MR. Chronic secondary ischaemic MR results, in 95% of
the cases, from a type lllb dysfunction. The restrictive motion occurs
essentially during systole and is more frequent in patients with previ-
ous inferolateral infarction (asymmetric pattern).®® In this setting, the
traction on the anterior leaflet by secondary chordae can induce the
so-called « seagull sign » (Figure 26A). In patients with idiopathic
dilated cardiomyopathy or with both anterior and inferior infarctions,
both leaflets exhibit a reduced systolic motion leading to incomplete
coaptation (symmetric pattern) (Figure 26B). Atrial (atriogenic) sec-
ondary MR (typically associated with atrial fibrillation, heart failure
with preserved LVEF, hypertension, older age) results from significant
isolated LA dilatation/remodelling and ensuing annular dilation/de-
formation with insufficient leaflet expansion as a compensatory

mechanism (Figure 26C).” In such case, the leaflet motion is usually
normal but there is nonetheless a lack of leaflet coaptation.

Rheumatic MR (15%) is characterized by variable thickening of the
leaflets especially at the level of their free edge. Fibrosis of the chor-
dae is frequent, especially of those attached to the posterior valve
leaflet explaining the rigidity and reduced motion of the posterior
leaflet and in systole (Type llla).

In some patients, the posterior leaflet remains in a semi-open pos-
ition throughout the cardiac cycle and the motion of the anterior leaf-
let in systole produces a false aspect of prolapse.

Mixed MR is characterized by a combination of both primary and
secondary aetiologies, i.e. coexistence of Carpentier Type la, II, or llla
with b or llib.

Mitral annular disjunction (MAD) is the abnormal atrial displacement
of the posterior mitral leaflet hinge-point away from the ventricular
myocardium. MAD has been associated with MV prolapse and sud-
den cardiac death.®®

Key point: In patients with MR, careful analysis of the
mitral valve morphology and apparatus is mandatory.
The imaging report should include information about
the aetiology, the lesion process and the type of dysfunc-
tion. The likelihood of valve repair should also be
discussed.

Imaging evaluation in MR

Mitral valve morphology

Two-dimensional TTE and TOE are the primary modalities used to
accurately assess the MV morphology (Figures 27 and 28). The TTE
parasternal short-axis view and the TOE transgastric view at 0° permit
the assessment of the six scallops and, with colour-Doppler imaging,
the localization of the origin of the regurgitant jet may identify pro-
lapsing segments. The TTE parasternal long-axis and the TOE sagittal
view at 120° classically show A2 and P2. With TOE, angulation of the
probe towards the aortic valve allows the visualization of A1 and P1
and towards the tricuspid, the visualization of A3 and P3. In apical 4-
chamber view, appreciation of A3, A2, and P1 (internal to external) is
possible. The TTE 2-chamber view or the TOE view at 40° to 60° with
TOE displays P3, A2, and P1 (left to right, bi-commissural view). The
precise location of the involved leaflets/scallops, the description of
the presence and extent of calcifications and the extent of anatomic
changes are fundamental parameters to be provided. A flail leaflet, a
ruptured papillary muscle or a large coaptation defect is specific for
severe MR.

Of note, with 2D TTE, the diagnosis of prolapse should be made in
the parasternal or apical long-axis views, but not in the apical four-
chamber view, because the saddle shaped annulus may lead to false
positive diagnosis. Using the parasternal long-axis TTE view (or TOE
135°), annular dilatation is identified when the ratio annulus diam-
eter/anterior leaflet length is >1.3 (in diastole) or when the antero-
posterior annulus diameter is >35 mm.*” Commissural diameter can
be measured in TTE apical two-chamber view or in TOE at 50°. The
normal contraction of the mitral annulus (decrease in annular area in
systole) is 25%.%¢
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Pulmonary

Regurgitation

Probably Mild PR

Probably Severe PR

Probably Moderate PR

Specific signs
Qualitative
Abnormal leeaflet
Diastolic flow reversal in PA branches
Early termination of CW PR flow
Semi-quantitative
PHT < 100 ms
Jet width/annulus > 65%
Structural
Enlarged and remodeled RV

QUANTITATIVE EVALUATION
Whenever possible

RF: 20-40 % RF >40 %

Severe PR

Unsatisfactory/Inconclusive TTE, Discrepancy between Indeterminate PR
PR severity and clinical findings/RV assessment Consider CMR

Figure 21 Algorithm for the assessment of PR severity. CW, continuous wave; pressure half time.

Figure 22 Real-time 3D TTE volume rendering of the mitral valve. (A) Ventricular perspective; (B and C) atrial perspective (surgical view). A1, A2,
A3, anterior mitral valve segments; ANT COMM, anterolateral commissure; Ao: aortic valve; LVOT, left ventricular outflow tract; P1, P2, P3, poster-
ior mitral valve scallops; POST COMM, postero-medial commissure; TV, tricuspid valve.

Volumetric datasets acquired during 3D imaging provide visu- parasternal or apical views. The ‘en face’ view of the valve from
alization of the valve from any angle or in any plane (Figures 22, : the atrial perspective is identical to the surgical view in the oper-
27, and 28). The TTE MV datasets can be acquired in either the : ating room.** In this view, by displaying the aortic valve at the
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Figure 23 Mechanisms of mitral regurgitation according to the Carpentier’s functional classification.

top centre of the image (12 o’clock) and the left atrial append-
age to the left (9 o'clock), scallops 1 to 3 are seen from left to
right. Simultaneous multi-plane imaging (such as Xplane or Multi-
D) allows visualization of the MV through from the lateral to the
medial aspect of the coaptation line. Practically, 3D imaging provides
a comprehensive evaluation of the MV morphology (Figure 22) and
should be used when available (TTE or TOE if necessary). This
technique is superior for describing mitral pathology, especially for
anterior leaflet defects and commissural involvement in degenerative
disease and commissural fusion in rheumatic process.

CMR can be used as an alternative tool when TTE images are sub-
optimal, and TOE is not possible to assess MV morphology. MV

anatomy can be imaged by acquisition of standard short-axis, two-,
three-, and four-chamber long-axis views in combination with ob-
lique long-axis cines orthogonal to the line of coaptation.** Whilst
the spatial resolution of CMR is less than echo, it can still readily iden-
tify morphologic abnormalities of the mitral apparatus such as billow-
ing, prolapse or flail segments.’

CCT may also be helpful in assessing MV anatomy but it is major
role in is the planning of intervention where it provides accurate as-
sessment of the mitral annulus size, the presence and extent of calcifi-
cation of the leaflets and subvalvular apparatus, the angle between
the anterior MV and LVOT and the presence of coronary artery dis-
ease in younger patients.26
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Assessment of MR severity
Semi-quantitative methods

Colour flow Doppler imaging. Colour flow imaging is the most common
way to assess MR severity.”® The general assumption is that as the se-
verity of the MR increases, the size and the extent of the jet into the
LA also increases. Theoretically, larger colour jets that extend deep
into the LA represent more MR than smaller thin jets that appear just
beyond the mitral leaflets. However, the relation between jet size
and MR severity presents a large range of variability because, in add-
ition to regurgitation severity, the colour flow display depends on
many technical and haemodynamic factors (Figure 29). For a similar
severity, patients with increased LA pressure or with eccentric jets
that hug the LA wall or in whom the LA is enlarged may exhibit
smaller jets area than those with normal LA pressure and size or with
central jets (Figure 30).”" In acute MR, even centrally directed jets
may be misleadingly small. Furthermore, as this method is a source of
many errors, it must be avoided to assess MR severity. Nevertheless,
the detection of a large eccentric jet adhering, swirling and reaching
the posterior wall of the LA is in favour of severe MR. Conversely,
small thin jets that appear just beyond the mitral leaflets usually indi-
cate mild MR.

Key point: The colour flow area of the regurgitant jet
has to be avoided for quantifying the severity of MR.
Colour flow imaging should only be used for detecting
MR. A more quantitative approach is required when
more than a small central MR jet is visualized.

Vena contracta width. The VC is the area of the jet as it leaves the
regurgitant orifice; it thus reflects the ROA.”>”® The VC is typically
imaged in a view perpendicular to the commissural line (Figure 37).
Averaging measurements over at least two—three beats and using
two orthogonal planes whenever possible is a must. A VC width
<3 mm indicates mild MR, while a width >7 mm defines severe MR.

The concept of VC assumes that the regurgitant orifice is quasi-
circular. The orifice is roughly circular in primary MR; while in sec-
ondary MR, it appears to be non-circular and rather elongated along
the mitral coaptation line.”*”® Thus, the VC could appear narrow in
the four-chamber view and broad in the two-chamber view.
Moreover, conventional 2D colour Doppler imaging does not pro-
vide appropriate orientation of 2D scan planes to obtain an accurate
cross-sectional view of the VC. If available, use of 3D echo formats
such as biplane imaging to assess the VC in simultaneous orthogonal
views or 3D zoom colour flow Doppler can aid in better identifying
the regurgitant orifice morphology. The VC area can then be meas-
ured by manual planimetry. In case of multiple MR jets, the respective
widths of the multiple VC are not additive. Such characteristics may
be better appreciated and measured by 3D echocardiography. In sec-
ondary MR, an average of VC widths (four- and two-chamber views)
has been shown to be better correlated with the 3D VC area. An
average value >8 mm on 2D echo (Figure 32) has been reported to
define severe MR for all aetiologies of MR including secondary
MR.7¢”7 Although prognostic data is lacking, 3D VC cross-sectional
area is increasingly used with a suggested threshold for severe MR of
>40 mm?2."8

Key point: When feasible, the measurement of VC is
the best parameter to quantify MR. Intermediate VC
values (3—-6 mm) need confirmation by a other quantita-
tive method, when feasible. The VC can often be
obtained in eccentric jet. In case of multiple jets, the re-
spective values of the VC width are not additive. The as-
sessment of the VC by 3D echo can be helpful to better
delineate the regurgitant orifice morphology.

Anterograde velocity of mitral inflow—mitral to aortic VTl ratio. In the ab-
sence of mitral stenosis, the increase in transmitral flow that occurs
with increasing MR severity can be detected as higher flow velocities
during early diastolic filling (increased E velocity). In the absence of
mitral stenosis, a peak E velocity >1.2m/s suggests severe MR
Conversely, a dominant A wave (atrial contraction) basically excludes
severe MR. These patterns are more applicable in patients older than
50years or in conditions of impaired myocardial relaxation. The
pulsed Doppler mitral to LVOT VTl ratio (or Doppler velocity index)
is also used as an easily measured index for the quantification of iso-
lated pure organic MR. Mitral inflow Doppler tracings are obtained at
the mitral leaflet tips and LVOT just below the aortic annulus in the
apical four-chamber view. A VTl ratio >14 suggests severe MR
whereas a VTl ratio <1 is in favour of mild MR (Figure 33).”°

Pulmonary venous flow. Pulsed Doppler evaluation of pulmonary ven-
ous flow pattern is another aid for grading the severity of MR
(Figure 33).%° In normal individuals, a positive systolic wave (S) fol-
lowed by a smaller diastolic wave (D) is classically seen in the absence
of diastolic dysfunction. With increasing severity of MR, there is a de-
crease of the S wave velocity. In severe MR, the S wave becomes
frankly reversed. As unilateral pulmonary flow reversal can occur at
the site of eccentric MR jets if the jet is directed into the sampled
vein, sampling through all pulmonary veins is required, especially dur-
ing TOE. Although evaluation of right upper pulmonary flow can
often be obtained using TTE, evaluation is best performed using TOE
with the pulsed Doppler sample placed about 1 cm deep into the pul-
monary vein. Atrial fibrillation and elevated LA pressure from any
cause can blunt forward systolic pulmonary vein flow. Therefore,
blunting of pulmonary venous flow lacks of specificity for the diagno-
sis of severe MR, while systolic pulmonary flow reversal is specific for
severe MR,

Key point: Both the pulsed Doppler mitral to aortic VTI
ratio and the systolic pulmonary flow reversal are specif-
ic for severe MR. They represent the strongest corrobo-
rating parameters for evaluating MR severity.

Continuous wave Doppler of MR jet

Peak MR jet velocities by CW Doppler typically range between 4 and
6m/s. This reflects the high systolic pressure gradient between the
left ventricle and left atrium. The velocity itself does not provide use-
ful information about the severity of MR. Conversely, the signal
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Figure 24 (A) In normal mitral valve, the coaptation (red point) occurs beyond the mitral annular plane (line). (B) Billowing mitral valve is observed
when a part of the mitral valve body protrudes into the left atrium (arrow). (C and D) Mitral valve prolapse is defined as abnormal systolic displace-
ment of 1 (C: posterior prolapse) or both leaflets into the left atrium below the annular (D: bileaflet prolapse). (E) Flail of the anterior leaflet (arrow).

Figure 25 Examples of anterior (top panels) and posterior prolapses (bottom panels). (A) Flail of A2 (arrow) with (B) the corresponding intrao-
perative image and (C) the colour Doppler showing the direction of the jet towards the lateral wall of the left atrium. (D) Flail of P2 (arrow) with (E)
the corresponding intraoperative image and (F) the colour Doppler showing the direction of the jet towards the interatrial septum.
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intensity (jet density) of the CW envelope of the MR jet can be a
qualitative guide to MR severity. A dense MR signal with a full enve-
lope indicates more severe MR than a faint signal (Figure 33). The
CW Doppler envelope may be truncated (notched) with a triangular
contour and an early peak velocity (blunt). This indicates elevated LA
pressure or a prominent regurgitant pressure wave in the LA due to
severe MR. In eccentric MR, it may be difficult to record the full CW
envelope of the jet because of its eccentricity, while the signal inten-

sity shows dense features.”™

Key point: The CW Doppler density of the MR jet is a
qualitative parameter of MR severity.

Quantitative assessment

Anatomic regurgitant orifice area. The AROA may be measured direct-
ly by planimetry using 2D/3D echocardiography, CT or CMR. Cut-
offs of severity are, however, less well defined than for EROA and its
clinical use remains limited.

The proximal isovelocity surface area method. The flow convergence
method is the most valuable quantitative approach whenever feas-
ible®" (Figure 34). The apical four-chamber view is classically used for
optimal visualization of the PISA. However, the parasternal long- or
short-axis view is often useful for visualization of the PISA in case of
anterior MV prolapse. The area of interest is optimized by lowering
imaging depth and reducing the Nyquist limit to approximately 15—
40 cm/s. The radius of the PISA is measured at mid-systole using the
first aliasing from a single-frame image. R Vol and EROA are obtained
using the standard formulas (Figure 35). Qualitatively, the presence of
flow convergence at a Nyquist limit of 50—-60 cm/s should alert to the
presence of severe MR

The PISA method faces several advantages and limitations (Figures
36-39)."2#" Colour M-mode is important to assess the variation of
MR flow and the related PISA during systole (Figure 36). The PISA ra-
dius is most frequently constant in patients with rheumatic MR. It fre-
quently increases progressively with a maximum during the second
half of systole in patients with MV prolapse. In the presence of sec-
ondary MR, there is a dynamic variation of ROA with early and late
systolic peaks and a mid-systolic decrease. These changes reflect the
phasic variation in transmitral pressure that acts to close the mitral
leaflets more effectively when pressure reaches its peak in mid-sys-
tole.®? The PISA method assumes hemispheric symmetry of the vel-
ocity distribution proximal to the circular regurgitant lesion, which
may not hold for eccentric jets, multiple jets, or complex or elliptical
regurgitant orifices. Practically, the geometry of the PISA varies, de-
pending on the shape of the orifice and MV leaflets surrounding the
orifice. In secondary MR, the PISA might look like an ellipsoidal shape
and two separate MR jets originating from the medial and lateral sides
of the coaptation line can be observed on 2D echo. When the shape
of the flow convergence zone is not a hemisphere, the PISA method
may underestimate the degree of secondary MR, particularly when
the ratio of long-axis length to short-axis length of the 3D regurgitant
orifice is >1.5.2% When the EROA is calculated with the hemispheric
assumption (using the vertical PISA), the horizontal length of PISA is
ignored. In primary MR, the shape of the PISA is rounder, which

o= . ';ALymngetric pattern‘ _

Ay vl

v Symmetric pattern
Atrial MR

Figure 26 Examples of secondary MR. (A) Ischaemic secondary
MR with a predominant posterior leaflet restriction (arrows) lead-
ing to an asymmetric tenting pattern. The restriction on the anterior
leaflet due excessive stretching by the strut chordate provides the
typical seagull sign (white arrow). The colour jet is originating cen-
trally but is directed laterally towards the lateral wall of the left
atrium. (B) Ischaemic secondary MR with a bileaflet restriction
(arrows) leading to a symmetric tenting pattern. The colour jet is
originating and directed centrally into the left atrium. (C) Atrial
(atriogenic) secondary MR resulting from significant LA dilatation/
remodelling.

minimizes the risk of EROA underestimation (Figure 39A). These find-
ings could, in part, explain why the threshold used to define a severe
secondary MR is inferior to that used for primary MR. EROA is the
most robust parameter as it represents a marker of lesion severity. A
large EROA can lead to a large regurgitant kinetic energy (large RVol)
but also to more potential energy with low RVol in case of high LA
pressure. The R Vol may also be lower in low flow states, which is
often present in patients with secondary MR. In such conditions, a
moderate R Vol may correspond to a severe RF.

In secondary MR, the EROA is expected to increase in proportion
to increasing LV size as a result of leaflet tethering and annular dilata-
tion. In proportionate MR, the estimated degree of MR is proportion-
ate to the size of the left ventricle. In disproportionate MR, the
degree of MR is unexpectedly large compared with the LV size, and
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so the symptoms are driven by MR and the outcome is improved
after transcatheter MV repair.2*%° Grading the severity of secondary
MR should be performed under optimal medical therapy.

Grading of severity of MR using semi-quantitative and quantita-
tive parameters classifies regurgitation in three main classes: mild,
moderate, or severe, and sub-classifies the moderate regurgitation
class into ‘mild-to-moderate’ (EROA of 20-29 mm or a R Vol of
30-44mL) and ‘moderate-to-severe’ (EROA of 30-39 mm? or a R
Vol of 45-59 mL). The mild-to-moderate sub-class is also labelled
as ‘Moderate’ or ‘Grade 2’ or 2+’ and the moderate-to-severe
sub-class also labelled as ‘moderately severe’ or ‘Grade 3’ or 3+’
in grading schemes of other medical societies or group of
experts.”* Quantitatively, MR is considered severe if EROA is
>40 mm? and/or R Vol >60mL. The cut-off values of EROA and R
Vol at which MR has a significant impact on outcomes may be
lower in secondary MR, especially in case of an elliptical regurgitant
orifice or in low flow conditions (EROA 23Omm2 and/or R Vol
>45mL). In secondary MR, even lower thresholds may be associ-
ated with poor prognosis (EROA >20mm® and/or R Vol
>30mL)%"®8 but these criteria are not sufficient to refer patients
for MV intervention2*®¢ In such conditions it is preferable to put
more weight on the RF than of EROA or R Vol to grade MR se-
verity. The RF is calculated by diving the R Vol by the total LV
stroke volume. The total stroke volume can be calculated as the
difference between LV end-diastolic volume minus LV end-systolic
volume measured by 2D echocardiography or preferably by 3D
echocardiography. The total LV stroke volume can also be calcu-
lated as the sum of R Vol and systemic stroke volume [obtained
by multiplying the LVOT area - nd*/4=0.785 d? where d is the
LVOT diameter—by LVOT time-velocity integral (TVI)]. A RF
>50% indicates severe MR, regardless of the EROA or R Vol.

Key point: When feasible, the PISA method is highly
valuable to quantitate the severity of MR. It can be used
in both central and eccentric jets. An EROA >40 mm?
and/or a R Vol >60 mL indicates severe MR. In second-
ary MR, the cut-offs of EROA and R Vol, beyond which
MR portends a significant impact on outcomes and thus
requires intervention, may be lower (EROA >30 mm?
and/or R Vol >45mL; i.e. consistent with moderate-to-
severe MR but with generally RF > 50%, consistent with
severe MR), especially in case of an elliptical regurgitant
orifice and/or in low flow conditions.

Doppler volumetric method. Quantitative PW Doppler method can be
used as an additive or alternative method, especially when the PISA
and the VC are not accurate or not applicable (Figure 40). This ap-
proach is time consuming and is associated with several drawbacks.”™
* Briefly, mitral R Vol is obtained by calculating the difference be-
tween the total stroke volume (product of mitral annulus area—nd®/
4=0.785 dz, where d is the mitral annulus diameter—and mitral in-
flow TVI) and systemic stroke volume (obtained by multiplying the
LVOT area—nd*/4=0.785 d where d is the LVOT diameter—by
LVOT TVI). This calculation is inaccurate and so should not be
applied in the presence of significant AR.

Key point: The Doppler volumetric method is a time-
consuming approach and should not considered as a first
line method to quantify MR severity. This method can
however be used when PISA is not feasible or uncertain.

CMR quantification. CMR is the alternative method of choice to quan-
tify the R Vol and RF. The preferred approach relies on the indirect
calculation of the R Vol from the difference between LV total (using
planimetry of short-axis cine images) and forward stroke volume
across the aortic valve (using phase-contrast velocity mapping)
(Figure 34). The RF is calculated by dividing the R Vol by the LV stroke
volume. This method is highly reproducible and considered robust as
it is not affected by the direction or eccentricity of the regurgitant jet,
is not affected by the presence of AR and makes no haemodynamic
or LV geometry assumptions. As a second choice, quantification of
the R Vol can be obtained by comparing LV and RV stroke volumes.
The phase-contrast technique with direct assessment of flow at the
level of the MV is less accurate and rarely used for this purpose due
to the significant motion of the MV plane during systole."®” The RF is
calculated by dividing the R Vol by the LV stroke volume for the two
first methods and by the mitral inflow stroke volume for the direct
approach. Reference ranges for MR quantification are yet to be as
firmly established as those for echocardiography. A threshold of R
Vol >55 mL or RF >40% was found to be associated with progression
to symptoms and need for MV surgery in patients with primary MR.”°
There are few comparative studies between echocardiography and
CMR. The majority of them showed modest agreement in assessing
the severity of MR, particularly in secondary MR”" Compared to
CMR, echocardiographic grading of MR severity tends to be higher
and 2D-PISA-derived R Vol larger.” This is because CMR calculates
mitral regurgitation across systole whereas echo considers a single
time point. A significant discrepancy is seen in 10-20% of patients,
which requires further assessment by TOE or invasive means.” We
propose that a CMR RF of >50% is considered as severe MR, with
further work required to validate severity thresholds.”

Key point: Although there is only modest agreement be-
tween MR severity by CMR versus quantitative echocar-
diography and that large studies on prognostic value of
CMR-quantitated MR are lacking, CMR is the alternative
or corroborating method of choice for quantitative as-
sessment of MR. The indirect approach by comparing
ventricular stroke volume to aortic forward flow is the
most reproducible with the advantage of not being
affected by coexisting AR, and the direction or eccentri-
city of the regurgitant jet. A RF >50% indicates severe
MR.

Consequences of MR

The presence of severe primary MR has significant haemodynamic
effects, primarily on the left ventricle and LA.> In acute primary MR,
the left ventricle is classically not enlarged while the LVEF usually
increases in response to the increased preload. In the chronic com-
pensated phase (the patient could be asymptomatic), the forward
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Figure 27 Mitral valvular segmentation analysis with 2D TTE. (A) 3D TTE cut planes across the mitral valve. (B) 2D TTE parasternal long-axis view
depicting A2 and P2; (C) A1and P1 (tilting of the probe towards the aortic valve); (D) A3 and P3 [tilting of the probe towards the tricuspid (Tr) valve];
(E) 2D TTE parasternal short-axis view depicting each scallop; (F) four-chamber view depicting A3, A2, and P1; (G) bicommissural view.

oy
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Figure 28 Mitral valvular segmentation analysis with 2D TOE. (A-C) Views obtained at O°: (A) five-chamber view depicting A1 and P1, four-cham-
ber view depicting A2 and P2; downward four-chamber view depicting A3 and P3; (D) bicommissural view; (E) view at 120° visualizing A2 and P2;

and (F) transgastric view at 0° depicting each scallop.

stroke volume is maintained through an increase in LVEF. Such
patients typically have LVEF >65%. In this phase, the LA remodels
and dilates but the LA pressure is often normal. In the chronic de-
compensated phase (the patients could still be asymptomatic or may
fail to recognize deterioration in their clinical status), the forward
stroke volume decreases and the LA pressure increases significantly.
The LV contractility can thus decrease silently and irreversibly.
However, the LVEF may still be in the low normal range despite the
presence of significant myocardial dysfunction. Hence, dilatation is
sensitive for chronic significant MR, while normal size almost
excludes severe chronic MR. However, dilatation can be observed in
other conditions or may be absent in acute severe MR and is,

therefore, a non-specific finding. Three-dimensional echocardiog-
raphy and CMR allows more accurate evaluation of LV volumes and
EF than 2D. Strain imaging (GLS < -18%) may be helpful in identifying
subclinical LV dysfunction in the setting of serial echocardiograms
and may help determine appropriate follow-up intervals or timing for
intervention.” The excess regurgitant blood entering the LA may in-
duce a progressive LA remodelling, a rise in pulmonary arterial pres-
sure and a significant tricuspid annular dilatation. Secondary MR has a
different physiology, as it is the consequence of an initial ventricular/
annular disease. The LV and LA dilatation are in excess to the degree
of MR. The LA pressure is often elevated despite lower R Vol than in
primary MR. Therefore, the assessment of LV size and systolic
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Figure 29 Effect of colour scale (A) and gain setting (B) on mitral regurgitant jet size.

function, of LA size, and pulmonary arterial pressure help identify the
optimum timing of intervention. Current cut-off values used for
defining the timing of intervention are based on echo results.
Although CMR provides the most accurate assessment of LA and LV
size and function, thresholds for intervention are not yet clearly
defined.

Key point: When MR is more than mild MR, providing
the LV diameters, volumes and ejection fraction as well
as the LA dimensions (preferably LA volume) and the
pulmonary arterial systolic pressure in the final echocar
diographic report is mandatory. Three-dimensional
echocardiography and CMR allows more accurate evalu-
ation of LV volumes and EF than 2D but further work to
validate appropriate thresholds are required. Current
cut-offs for intervention remain based on 2D echo
results.

Role of exercise echocardiography

In patients with primary MR, exercise echocardiography may pro-
voke symptoms, and be useful to assess the SPAP response and strat-
ify risk. Although there is less evidence, the test is also reasonable in

symptomatic patients with at least moderate MR. The increase in MR
severity (>1 grade), dynamic pulmonary hypertension (SPAP >
60 mmHg),% the absence of contractile reserve (< 5% increase in EF
or < 2% increment in GLS), and a limited RV contractile recruitment
[quantified by tricuspid annular plane systolic excursion (TAPSE)
<18 mm] are all parameters of poor prognosis. When MR is not
severe at rest, the dataset should include colour flow Doppler (to
allow off-line quantification of severity by PISA method and VC of
the regurgitant jet), MR CW Doppler for quantification of severity
by PISA method, TR CW Doppler for estimation of the SPAP, and
LV views for global and regional systolic function evaluation.
Assessment of TR velocity should also be made early during exer-
cise since early increases in SPAP are indicators of more significant
disease.

In secondary MR, exercise stress echocardiography may provide
helpful information in patients with the following clinical context:
when resting LV systolic function and degree of MR are dispropor-
tionate to the degree of symptoms; following recurrent and unex-
plained episodes of pulmonary oedema; to assess moderate MR
prior already planned coronary artery bypass grafting (to identify
those who may benefit from combined revascularization and MV re-
pair); persistent PH after MV repair. Increase in MR severity (increase
in EROA >13 mm?) and dynamic pulmonary hypertension (SPAP >
60 mmHg) are predictors of worse prognosis.8
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Figure 30 Visual assessment of mitral regurgitant jet using colour-flow imaging. Examples of two patients with severe mitral regurgitation (A) large
central jet and (B) large eccentric jet with a clear Coanda effect. CV, four-chamber view.
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Figure 31 Semi-quantitative assessment of MR severity using the vena contracta width (VC). The three components of the regurgitant jet (flow
convergence zone, vena contracta, jet turbulence) are obtained. CV, chamber view; PT-LAX, parasternal long-axis view.

Integrating indices of severity
Echocardiographic assessment of MR includes integration of data
from 2D/3D imaging of the valve and ventricle as well as Doppler

measures of regurgitation severity (Table 10; Figure 41). Effort should
be made to quantify the degree of regurgitation, except in the pres-
ence of mild or obviously severe MR using specific signs. Both the VC

2202 UYOIB|\ 81 UO J9SN OUEJI - OUIZUO\ 0ojBojolpied ouaD SOOYI Bo9l0NAIg A 1026159/€52aBal/10Ua/E60 L 01 /10p/a[oilE-ouBADE/BuIBEWO[YS/W00 dNO DILSPED.//:SANY WO} POPEOJUMOQ



38 P. Lancellotti et al.

Figure 32 Semi-quantitative assessment of MR severity using the vena contracta width (VC) obtained from the apical four-chamber and two-
chamber views (CV) in a patient with ischaemic functional MR. The mean vena contracta is calculated (6 + 10/2 =8 mm).

-
‘/'—v

Cut-off sign TVIi16.5cm

Figure 33 Three examples of various degrees of MR, mild (A), moderate (B), and severe (C) are provided. The regurgitant jet area (RJA) as well as
the mitral E wave velocity increase with the severity of MR. In severe MR, the continuous wave Doppler signal of the regurgitant jet is truncated, tri-
angular and intense. Notching of the continuous wave envelope (cut-off sign) can occur in severe MR. D, diastolic wave; Mild MR, normal pulmonary
vein flow pattern; Moderate MR, blunt forward systolic pulmonary vein flow in a patient with moderate MR; S, systolic wave; Severe MR, reversed
systolic pulmonary flow in a patient with severe MR; TVI, time-velocity integral.
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Figure 34 Quantitative assessment of MR severity using the PISA method (A—F) and the indirect CMR method (G-). Stepwise analysis of MR. (A)
Apical four-chamber view (CV). (B) Colour-flow display. (C) Zoom of the selected zone. (D) Downward shift of zero baseline to obtain a hemispheric
PISA. (E) Measure of the PISA radius using the first aliasing. (F) Continuous wave Doppler of MR jet allowing calculation the effective regurgitant ori-
fice area (EROA) and regurgitant volume (R Vol). TVI, time-velocity integral. CMR: White arrow: extent of the signal loss on cine CMR. (G)
Assessment of LV volumes using cine images; (H) phase-contrast velocity mapping at the aortic root level; and (/) flow-time curves computing for-

ward aortic flow.

width and the PISA method are valuable. Adjunctive parameters help
to consolidate about the severity of MR. CMR is the alternative
method of choice and should be largely used when the results of
echocardiography (TEE and TOE) are unsatisfactory or inconclusive
or when there is discrepancy between MR severity and clinical find-
ings. These parameters should be interpreted according the chron-
icity of MR and the LV remodelling. CMR may provide additional
information about the mechanism of MR, myocardial viability, and the
presence underlying cardiomyopathic disease. CCT scan can be help-
fulin specific circumstances to complement echocardiography, espe-
cially in the preprocedural intervention planning (presence and
extent of MV calcifications, mitral annular size assessment, and pres-
ence of coronary artery disease).

Intervention guidance

Several echocardiographic parameters can help to identify patients at
risk of treatment failure. In primary MR, some predictors of unsuc-
cessful repair have been reported: the presence of a large central
regurgitant jet, severe annular dilatation (>50 mm), involvement of
>3 scallops especially if the anterior leaflet is involved, and extensive
valve calcification (Table 11).°* Moreover, lack of valve tissue is also
an important predictor of unsuccessful repair both in rheumatic valve
disease and in patients who have had infective endocarditis with large
valve perforation. The development of systolic anterior motion
(SAM) of the MV with LVOT obstruction after MV repair can lead to
severe haemodynamic instability. Factors predisposing patients to
SAM are the presence of a myxomatous MV with redundant leaflets
(excessive anterior leaflet tissue), a non-dilated hyperdynamic LV,

and a short distance between the MV coaptation point and the ven-
tricular septum after repair.

In secondary ischaemic MR, patients with a mitral diastolic annulus
diameter >37 mm, a systolic tenting area >1.6 cm? and a severe func-
tional ischaemic MR could have a 50% probability of recurrence of re-
gurgitation after MV repair.”® Pre-operatively (TTE),
parameters are associated with an increased risk of MV repair failure
(Table 12)%* (Figure 42).

In case of transcatheter MV edge-to-edge-repair several unfavour-
able morphological characteristics can be identified by echocardiog-
raphy (Table 13).>7¢

several

Key point: Imaging report should provide information
regarding the likelihood of surgical or transcatheter MV
repair.

Suggested follow-up for MR

Moderate primary MR requires clinical examination every year and
an echocardiogram every 1-2years. In patients with severe primary
MR, clinical and echocardiographic assessment is needed every
6 months. Progression of MR severity is frequent with important indi-
vidual differences in the progression rate. The average yearly increase
in R Vol is 7Z.5mL and 5.9 mm? in EROA®" In addition, the progres-
sion of other parameters needs to be assessed: the increase in annu-
lar size, the development of a flail leaflet, the evolution of LV end-
systolic dimension, LVEF, LA area or volume, pulmonary systolic
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EROA = Flow/Peak velocity
EROA = (2112 x Va)/Peak velocity

EROA = (2x3.14x1x33)/531
EROA = 207/531 = 0.39 cm?

R Vol

EROA X TVI

RVol=0.39cm2x 158 cm = 61mL

Figure 35 Quantification of MR using the PISA method. To avoid the underestimation of the regurgitant volume the ratio of the aliasing velocity

(Va) to peak orifice velocity (vel) is maintained less than 10%.

arterial pressure, exercise capacity, and occurrence of atrial
arrhythmias.

Tricuspid regurgitation

TR is a common ﬂnding.97 Since it is mostly asymptomatic and not
easily audible on physical examination, it is frequently only diagnosed
by echocardiography performed for other indications. Although a
mild degree of TR is frequent and benign, moderate and severe TR
are associated with poor |:>rognosis.98'99 It should be stressed that TR
is most often seen in patients with multiple valvular disease, especially
aortic or MV disease.

Anatomy and function of the tricuspid
valve

The TV complex is similar to the MV but has greater variability.100 It
consists of the annulus, leaflets, RV, papillary muscles, and chordae
tendinae. The TV is located between the right atrium and the right
ventricle and is placed in a slightly more apical position than the
MV.1%" The TV has three leaflets of unequal size: the anterior leaf-
let is usually the largest and extends from the infundibular region

anteriorly to the inferolateral wall posteriorly; the septal leaflet
extends from the interventricular septum to the posterior ven-
tricular border; the posterior leaflet attaches along the posterior
margin of the annulus from the septum to the inferolateral wall.
The insertion of the septal leaflet of the TV is characteristically
apical relative to the septal insertion of the anterior mitral leaflet.
Normal leaflet thickness is <1 mm in diastole and the degree of
leaflet overlap at the point of coaptation should be >5mm for a

competent valve.'®

Aetiology and mechanisms
The most common cause of TR is not a primary TV disease (organic
TR) but rather impaired valve coaptation (secondary or functional
TR) caused by dilatation of the right ventricle and/or of the tricuspid
annulus due to left-sided heart valve diseases, pulmonary hyperten-
sion, congenital heart defects, atrial fibrillation and cardiomyop-
athy.102 Mixed TR is characterized by a combination of both primary
and secondary aetiologies.

The Carpentier’s classification remains the most common used
functional classification in TR: Type I: (i) primary (la): leaflet perfor-
ation (infective endocarditis, trauma caused by catheter or lead) or
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Figure 36 Four examples of flow convergence zone changes during systole using colour M-Mode. (A and B) Functional MR (A: early and late peaks
and mid-systolic decreases; B: early systolic peak), C: rheumatic MR with an end-systolic decrease in flow convergence zone, and D: M mitral valve

prolaspe (late systolic enhancement).

(i) atrial secondary (Ib) caused by tricuspid annular dilatation; Type Il
(primary): prolapse of one or more leaflets (TV prolapse); and Type
lll: restricted motion in diastole/systole (llla, primary) as the conse-
quence of rheumatic disease, significant calcifications, toxic valvulop-
athy, or in systole (lllb) as in ventricular secondary TR (Figure 43).
Types Ib and llib are, by far, the most frequent aetiologies of TR. For
the selection of the most appropriate device for TV transcatheter
procedures, a pathophysiological classification that accounts for the
aetiology of the TV disorder can be used (Table 14).

A variety of primary disease processes can affect the TV complex
directly and lead to valve incompetence: infective endocarditis, con-
genital disease like Ebstein anomaly or atrioventricular canal, rheum-
atic fever (commissural fusion, shortening and retraction of one or
more leaflets and of the chordae tendinea), carcinoid syndrome (lack
of commissural fusion, thickened valve with markedly restricted mo-
tion during cardiac cycle), endomyocardial fibrosis, myxomatous de-
generation of the TV leading to prolapse or flail TV, penetrating and
non-penetrating trauma, and iatrogenic damages during cardiac sur-
gery, biopsies, and catheter/pacemaker placement in right heart
chambers.'®

Tricuspid annular disjunction is the abnormal atrial displacement of
the hinge points of the TV away from the ventricular myocardium,

which may cause TR."®

In ‘ventricular’ secondary TR (Carpentier), the progressive remod-
elling of the RV cavity leads to tricuspid annular dilatation, papillary
muscle displacement, and tethering of the leaflets, resulting in sec-
ondary TR. Atrial (atriogenic) secondary TR, typically associated with
atrial fibrillation (but can also be seen in its absence, namely idiopathic
atrial TR), results from significant isolated RA dilatation/remodelling
associated with progressive lack of TV coaptation.105 Here, the right
ventricle may be non-dilated, with normal papillary muscle geometry
and no evidence of leaflet tethering or tenting.'® As for secondary
MR, secondary TR begets TR. Indeed, TR itself leads to further RV
dilation and dysfunction, right atrial enlargement, more tricuspid an-
nular dilatation and tethering, and worsening TR. With increasing TR,
the RV dilates and eventually fails, causing increased RV diastolic pres-
sure and, in advanced situations a shift of the inter-ventricular septum
towards the left ventricle. Such ventricular interdependence might
reduce the LV cavity size (pure compression), causing restricted LV
filling and increased LV diastolic and pulmonary artery pressure. The
tricuspid annular dilatation, the loss of its contraction and the
increased tethering are probably the most important factors in the
development of TR. Indeed, the tricuspid annulus is not saddle-
shaped anymore; it becomes flat, planar, and distorted.'””

Leads of cardiac implantable electronic device can interfere with
the TV apparatus by impinging upon a leaflet, adhering to a leaflet,
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Figure 37 Examples of eccentric MR that can still be perfectly assessed by using the PISA method.

interfering with the subvalvular apparatus, perforating/lacerating a
leaflet, and avulsion of a leaflet, which may uncommonly happen dur-

ing lead extraction (Figure 44).'%®

Imaging evaluation in TR

Tricuspid valve morphology

Echocardiography is the first line imaging to assess the TV morph-
ology, the presence, severity and mechanism of TR and its conse-
quences on right ventricle. The four main TTE views allowing the TV
visualization are the parasternal (long-axis view of RV inflow, short-
axis view at the level of the aortic valve), the apical four-chamber and
the subcostal views (Figure 45). RV focused apical four-chamber view
is preferable for TV and RV dimension assessment. TOE for the TV is
typically more difficult than for the MV. TOE is possible with the
four-chamber view at 0° in the basal transoesophageal and oesogas-
tric junction planes. TOE is of interest for the diagnosis of endocardi-
tis, venous catheters, and pacemakers lead infection, and visualization
of traumatic rupture of the TV. However, it is rarely possible to visu-
alize by 2D echo the three leaflets simultaneously (usually from a
modified subcostal view). Therefore, the designation of individual
leaflets of the TV should be done with caution unless a simultaneous
view of all three cusps is obtained.'""® On short-axis, the leaflet ad-
jacent to the aorta is either the septal or anterior leaflet, and the leaf-
let adjacent to the RV free wall is usually the posterior leaflet. In the

apical four-chamber view, there is more certainty, with the anterior
leaflet on the free wall and the septal leaflet adjacent to the septum.

Three-dimensional echo has become an essential tool to evaluate
TV morphology; it allows simultaneous visualization of the three leaf-
lets moving during the cardiac cycle, their commissures and their at-
tachment to the tricuspid annulus'®'%"""% (Figure 45). Multi-slice
and/or transversal cut planes using volume rendering display are used
to ensure that the whole TV and annulus are included in the dataset
throughout the cardiac cycle. Transversal cut planes from the RV or
the RA perspective are used to assess the anatomy of the leaflets and
the TVA, whilst longitudinal cut planes are used to assess the papillary
muscles and the chordae. A standardized imaging display of the trans-
versal cut planes is preferred, with the LVOT and septal leaflet at 12
o’clock. With the ‘en face view’, 3D echo allows precise localization
of defects such as prolapse, vegetation and perforation. Three-di-
mensional echo is superior to 2D echo for the assessment of the tri-
cuspid annulus dimension, since the latter makes the geometric
assumption that the annulus is circular, and thus systematically under-
estimates tricuspid annulus dimensions.""’

CMR can be used as an alternative tool when echocardiography is
suboptimal to assess TV morphology. Despite its lower spatial reso-
lution than echocardiography, CMR can image in any planes and can
effectively assess the morphology of TV in most patients.'>"*

CCT may also be helpful in assessing TV anatomy, particularly in
evaluating the size of the tricuspid annulus and the presence and
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extent of calcification of the TV and subvalvular apparatus to aid pre-
procedural planning.®®

In secondary TR, a tenting area, measured in mid-systole from the
apical four-chamber view, >1 cm? has been shown to be associated
with severe TR.""? The tricuspid annulus forms a non-planar struc-
ture with an elliptical saddle-shaped pattern, having two high points
(oriented superiorly towards the right atrium) and two low points
(oriented inferiorly towards the right ventricle that is best seen in
mid-systole)."”® Normal TV annulus diameter in adults is 28 + 5mm
in the four-chamber view. Significant tricuspid annular dilatation is
defined by a diastolic diameter of >21 mm/m? (>40 mm). The normal
contraction (decrease in annular area in systole) of the tricuspid an-
nulus is 25%. These cut-offs are still derived from 2D
echocardiography.

Assessment of TR severity
Semi-quantitative methods

Colour flow Doppler imaging. Grading the severity of TR is in principle
similar to MR. However, because standards for determining the
TR severity are less robust than for MR, the algorithms for relating
colour flow-derived parameters to TR severity are less well devel-
oped. Colour-flow imaging is useful to recognize small jets, but the
assessment of larger TR jets has important limitations."™ Indeed,
flow jets that are directed centrally into the right atrium generally
appear larger than eccentric wall-impinging jets with similar or
worse severity. Basically, multiple windows (apical four-chamber,
parasternal long and short-axis views, and sub-costal view) are
required to assess TR severity by colour-flow analysis. The general
assumption is that larger colour jets that extend deep into the RA
represent more TR than smaller thin jets that are seen just beyond
the tricuspid leaflets. As for MR, this method is a source of many
errors and is limited by several technical and haemodynamic fac-
tors"™"1> and on that basis colour flow imaging is not appropriate
for assessing TR severity (Figure 46). Nevertheless, the detection
of a large eccentric jet adhering, swirling and reaching the poster-
ior wall of the right atrium is in favour of severe TR. Conversely,
small thin central jets usually indicate mild TR.

Key point: The colour flow area of the regurgitant jet is
not appropriate to quantify the severity of TR. Colour
flow imaging should only be used for diagnosing TR. A
more quantitative approach is required when more
than a small central TR jet is observed.

Vena contracta width. The VC width of the TR is typically imaged in
the apical four-chamber view using the same settings as for MR
(Figure 47). Averaging measurements over at least two—three beats
needs to be performed. A VC width >7 mm is in favour of severe
while a width <6 mm may be either mild or moderate TR The
geometry of the regurgitant orifice of secondary TR is usually more
complex than for MR and rarely circular or ovale, given its trileaflet
anatomy." ' If available, use of 3D echo formats such as biplane imag-
ing to assess the VC in simultaneous orthogonal views or 3D zoom
colour flow Doppler can aid in better identifying the regurgitant ori-
fice morphology. The VC area can then be measured by manual

planimetry. A poor correlation exists between the 2D VC width and
the 3D VC area, the latter being well correlated with EROA. The
maximal VC diameter by 3D echocardiography is usually greater than
the 2D measurement. This could underline the poor accuracy of the
2D VC width in eccentric jets. Although prognostic data is still lack-
ing, 3D VCarea is increasingly used with a suggested threshold for se-

vere TR of >40 mm?2'"

Key point: When feasible, the measurement of the VC
is the best method to quantify TR. A VC width >7 mm
defines severe TR. Lower values are difficult to inter-
pret. In case of multiple jets, the respective values of the
VC width are not additive. The assessment of the VC by
3D echo can be helpful to better delineate the regurgi-
tant orifice morphology and grade the TR severity.

Anterograde velocity of tricuspid inflow. Similar to MR, the severity of
TR will affect the early tricuspid diastolic filling (E velocity). In the ab-
sence of tricuspid stenosis, the peak E velocity increases in propor-
tion to the degree of TR. Tricuspid inflow Doppler tracings are
obtained at the tricuspid leaflet tips. A peak E velocity >1 m/s suggests
severe TR (Figure 48)."**

Hepatic vein flow. Pulsed Doppler evaluation of hepatic venous flow
pattern is another aid for grading TR. In normal individuals, the pat-
tern of flow velocity consists of anterograde systolic, transient flow
reversal as the TV annulus recoils at the end of systole, anterograde
diastolic and a retrograde A wave caused by atrial contraction. Such
hepatic flow patterns are affected by respiration. With increasing se-
verity of TR, there is a decrease in hepatic vein systolic velocity. In se-
vere TR, systolic flow reversal occurs (Figure 49). The sensitivity of
flow reversal for severe TR is 80%.'"* Thus, the absence of systolic
flow reversal does not rule out severe TR. Blunted systolic hepatic
vein flow can be observed in case of abnormal right atrial and RV
compliance, atrial fibrillation and elevated right atrial pressure from
any cause.'™® Blunting of hepatic flow may thus lack of specificity.
Retrograde systolic flow can also be seen with colour flow Doppler.
It can be associated with phasic spontaneous appearance of some
contrast in the hepatic vein.

Key point: The systolic hepatic flow reversal is specific
for severe TR. It represents the strongest additional par-
ameter for evaluating the severity of TR.

Continuous wave Doppler of the TR jet. As for MR, the CW envelope of
the TR jet can be a guide to TR severity. A dense TR signal with a full
envelope indicates more severe TR than a faint signal. The CW
Doppler envelope may be truncated (notched) with a triangular con-
tour and an early peak velocity (blunt), which is indicative of elevated
right atrial pressure or a prominent regurgitant pressure wave in the
right atrium due to severe TR."?* Marked respiratory variation
(decreased TR velocity with inspiration) suggests an elevated RA
pressure (Kussmaul's sign on physical examination). The TR jet can
be used to determine RV or pulmonary artery systolic pressure. This
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Figure 38 (A) Example of a flat flow convergence zone; (B) presence of 2 jets; and (C and D) distorted and constrained flow convergence zone by

the lateral myocardial wall.

is done by calculating the RV to RA pressure gradient using the modi-
fied Bernoulli equation and then adding an assumed RA pressure. Of
note, the velocity of the TR jet by itself does not provide useful infor-
mation about the severity of TR. For instance, massive/torrential TR
is often associated with a low jet velocity (<2m/s) as there is near
equalization of RV and RA pressures.""” In some case, a high-velocity
jet that represents only mild TR may be present when severe pul-
monary hypertension is present.

Quantitative assessment

Anatomic orifice area. The AROA may be measured directly by plan-
imetry using 2D/3D echocardiography (Figure 50), CT or CMR. Cut-
offs of severity are, however, less well defined than for EROA and its
clinical use is still limited."™

The proximal isovelocity surface area method. Although providing quan-
titative assessment, the flow convergence method is rarely applied
for TR assessment in clinical practice (Figure 51), partly because one
of the basic assumptions (circularity of regurgitant orifice) for its ap-
plication is rarely met in secondary TR. This approach has been vali-
dated in small studies."">"*""?* The apical four-chamber view and
the parasternal long- and short-axis views are classically required for

optimal visualization of the PISA. The area of interest is optimized by
lowering imaging depth and the Nyquist limit to approximately 15—
40 cm/s. The radius of the PISA is measured at mid-systole using the
first aliasing (Figures 51 and 52). Qualitatively, a TR PISA radius
>9 mm at a Nyquist limit of 28 cm/s alerts to the presence of severe
TR whereas a radius <Smm suggests mild TR'' An
EROA>40mm? or a R Vol of >45mL (due to lower TR velocity
than in MR) indicates severe TR."** The PISA method faces several
advantages and limitations."'?? It could underestimate the severity of
TR by up to 30%." This method is also less accurate in eccentric jets.
Of note, the number of studies having evaluated the value of the flow
convergence method in TR remains limited. When severe, TR can be
subcategorized into severe, massive and torrential, which is of clinical

interest in patients referred for transcatheter intervention,'>*12¢

Key point: When feasible, the PISA method is the best
to quantify the TR severity. A TR PISA radius >9 mm at
a Nyquist limit of 28cml/s indicates severe TR. An
EROA >40 mm? and/or a R Vol >45 mL indicates severe
TR. When severe, TR can be subcategorized into se-
vere, massive and torrential, which is of clinical interest
in patients referred for transcatheter intervention.
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Figure 39 3D shape of the flow convergence in functional (A) (hemielliptic) and organic MR (B) (hemispheric).

Pulsed Doppler

Doppler volumetric method. Quantitative PW Doppler method has not
been validated to quantify the TR severity. This approach is

useless.">*

CMR quantification

CMR evaluation of TR is feasible, but less established than that of
other regurgitant valvular lesions. Indirect methods include calcula-
tion of the R Vol from the difference between RV total (using planim-
etry of short-axis cine images) and forward stroke volume across the
pulmonary valve (using phase-contrast velocity —mapping)
(Figure 52)."* The RF is calculated by dividing the R Vol by the RV
stroke volume. A recent study demonstrated that a RF of >50% and
a R Vol of >45ml identified patients at increased risk of death.®’
Indeed, TR quantified by CMR was independently associated with
mortality after adjustment for clinical and imaging covariates including
RVEF, MR severity and pulmonary artery pressures.127 Another study
demonstrated that CMR RVEF assessments performed pre-
operatively provided important long-term prognostic information in
patients undergoing corrective surgery for severe functional TR
As another choice, in the absence of other regurgitant lesions, quanti-
fication of the RVol can be obtained by comparing LV and RV stroke
volumes. Direct measurement using phase-contrast images position

at the level of the TV are of limited value due to substantial through-
plane motion of the TV. Further studies are required to validate the
CMR thresholds for severe TR but we would currently advocate
using a RF cut off >50%."*¢

Key point: Although less validated, CMR may be used
to assess TR severity using direct phase-contrast
assessments.

Consequences of TR

Signs of severe TR include RA and RV dilatation, a dilated and pulsa-
tile inferior vena cava and hepatic vein, a dilated coronary sinus and
systolic bowing of the interatrial septum towards the LA. The shape
of the septum differs according to the TR aetiology (D-shaped LV
predominantly in diastole in RV volume overload; septal flattening
throughout the cardiac cycle in pulmonary hypertension). Although
not specific, a rapid anterior motion of the interventicular septum at
the onset of systole (isovolumic contraction) (paradoxical ventricular
septal motion) represents a qualitative sign of RV volume overload
due to severe TR. An end-systolic RV eccentricity index >2—
obtained by dividing the longest right lateral distance by the distance
connecting the ventricular septum and the RV free wall—is in favour
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Figure 40 The quantitative assessment of MR severity by the Doppler volumetric method requires the measurement of the left ventricular out-
flow tract diameter (LVOT), the mitral annulus diameter and of two pulse wave velocity profiles (outflow tract and mitral inflow velocities). TVI,

time-velocity integral.

of severe TR (sensitivity of 79%).""? Three-dimensional echocardiog-
raphy allows more accurate evaluation of RV volumes and EF than
2D and should be used as much as possible.E"110 Although evidence
of right heart dilatation is not specific for TR and can be noted in
other conditions (pulmonary valve regurgitation, left-to-right atrial
shunt, and anomalous venous return), its absence suggests milder de-
gree of TR. As for the left ventricle, the RVEF is a crude estimate of
RV function. It is dependent on loading conditions, ventricular inter-
action as well as myocardial structure. Other parameters such as
TAPSE, systolic myocardial velocities, and GLS are currently available
for a better assessment of RV function.'” Imaging the vena cava and
its respiratory variation also provides an evaluation of RA pressure.
Thresholds for RV dysfunction are: RV fractional area change <35%,
TAPSE <17 mm, systolic myocardial velocity <9.5 cm/s, and Free-wall
longitudinal strain <20%.%” A tricuspid annulus dimension >40 mm or
>21mm/m? represents the threshold used for intervention in
patients with mild or moderate TR undergoing left-sided valvular
intervention.”

When available, CMR is the preferred method to assess the right
atrium and right ventricle due to its high accuracy and reproducibility.
CMR provides larger RA/RV volumes than echocardiography, due to
different handling of trabeculations, which are excluded on echocar-
diography. Conversely, RVEF by 3D echocardiography is comparable
to CMR."**"" |ndexed RV end-diastolic volume >164mL/m* on

CMR has been associated with a low likelihood of RV functional re-
covery after re-intervention for severe residual TR in the context of
previous left-sided valve surgery.128

Key point: When TR is more than mild, the evaluation
of RV dimensions and function, RA volume, inferior
vena cava diameter and the pulmonary arterial systolic
pressure is mandatory." Three-dimensional echocardiog-
raphy allows more accurate evaluation of RV volumes
and EF than 2D. The assessment of RV systolic function
using TAPSE, systolic myocardial velocities, or GLS is
useful to look for RV dysfunction. When available, CMR
is the preferred method for assessing RA and RV size.
CMR values are not interchangeable with echo derived-
data.

Role of exercise echocardiography

As for MR, the goal of exercise echocardiography is to examine the
RV functional reserve and to evaluate the changes in pulmonary ar-
tery systolic pressure. No data are currently available on patients
with isolated TR.8
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Mitral

Regurgitation
Probably Mild MR

Specific signs
Qualitative
*  Normal/Mild MV Abnormality
*  Smal central jet
*  No or small convergence zone
*  Semi-quantitative
*  VCwidth<3mm

*  Systolic dominant pulmonary

Probably Moderate MR

Probably Severe MR

Specific signs
Qualitative
Flail leaflet, Large coaptation defect,
Severe tenting
Large central jet
Large holosystolic convergence zone
*  Semi-quantitative

VC width 2 7mm (2 8 mm for biplane)
Pulmonary vein systolic flow reversal
VTI mitral/VTI LVOT > 1.4

Structural
Enlarged and remodeled LV
Elevated PAP

QUANTITATIVE EVALUATION
Whenever possible

EROA < 20 mm? .
R Vol < 30 mL .

Mild-to-Moderate MR

Mild MR d

Unsatisfactory/Inconclusive TTE, Discrepancy
between MR severity and clinical findings

EROA: 20 -29 mm? .
R Vol: 30-44 mL o
* RF: 30-39% .

EROA = 40 mm?
R Vol =2 60 mL
RF 250 %

EROA: 30 -39 mm?
R Vol: 45-59 mL
RF: 40-49 %

Moderate-to-Severe MR

Moderate MR

Severe MR

Indeterminate MR
Consider TOE or CMR

Figure 41 Algorithm for the assessment of MR severity. PAP, pulmonary arterial pressure.

Table Il Probability of successful surgical mitral valve repair in MR based on echo findings
Aectiology Dysfunction Calcification Mitral annulus Probability
dilatation of repair
Degenerative II: Localized prolapse (P2 and/or A2) No/localized Mild/moderate Feasible
Secondary lorlllb No Moderate Feasible
Barlow II: Extensive prolapse (>3 scallops, posterior commissure) Localized (annulus) Moderate Difficult
Rheumatic llla but pliable anterior leaflet Localized Moderate Difficult
Severe Barlow II: Extensive prolapse (> 3 scallops, anterior commissure) Extensive (annulus + leaflets) Severe Unlikely
Endocarditis II: Prolapse but destructive lesions No No/mild Unlikely
Rheumatic llla but stiff anterior leaflet Extensive (annulus + leaflets) Moderate/severe Unlikely
Secondary lllb but severe valvular deformation No No or severe Unlikely

Integrating indices of severity

Echocardiographic assessment of TR includes integration of data
from 2D/3D imaging of the valve, right heart chambers, septal motion
and inferior vena cava as well as Doppler measures of regurgitant se-
verity (Figures 53 and 54; Table 15). Colour-flow Doppler should be
examined in multiple windows. The consensus of the expert is to ad-
vocate grading the severity of TR by using the VC width and the PISA
radius, except in the presence of mild or trivial TR or when TR is con-
sidered severe using specific signs. When severe, TR can be subcate-
gorized into severe, massive and torrential, which is of clinical

interest in patients referred for transcatheter intervention (Table 16).
CMR may be useful when the results of echocardiography are unsat-
isfactory or inconclusive. CCT scan can be helpful in preprocedural
intervention planning.

Intervention guidance

Persistent or recurrent TR has been reported in up to 20-50% of
patients undergoing MV surgery."** In secondary TR, this has been
related to the extent of tricuspid leaflet restriction and to the severity
of tricuspid annular dilatation.'® Both the severity of pre-operative
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Table 12 Unfavourable Imaging characteristics for
surgical mitral valve repair in secondary MR®?

® Mitral valve deformation

® Coaptation distance (leaflet tenting height) >1 cm
® | caflet tenting area >2.5-3 cm?
® Complex jets originating centrally and postero-medially

® Postero-lateral angle >45° (severe posterior leaflet tethering)

Local LV remodelling

® Interpapillary muscle distance >20 mm

® Posterior papillary-fibrosa distance >40 mm
® Lateral wall motion abnormality

® Global LV remodelling
® LVEDD >65mm, LV ESD >51 mm (LV ESV >140 mL) (low like-
lihood of reverse LV remodelling after repair and poor long-term
outcome)

® Systolic sphericity index >0.7

EDD, end-diastolic diameter; ESD, end-systolic diameter; ESV, end-systolic vol-
ume; LV, left ventricle.

LV dismeter

TR and RV dysfunction contributes to residual post-operative TR.
Similarly, severe TV tethering predicts residual TR after TV annulo-
plasty. A tenting area >1.63 cm? and a tethering (coaptation) distance
>0.76cm are good predictors of residual TR after TV surgery
(Figure 55)."*® Exclusion criteria for transcatheter TriClip therapy are:
a systolic pulmonary arterial pressure >60 mm Hg, a severe coapta-
tion defect (>2 cm) of the tricuspid leaflets, leaflet calcification in the
grasping area, a TV orifice of <1 cm® and/or mean gradient

>5 mmHg, or the presence of Ebstein anomaly.">*

Key point: Imaging report should provide information
on the likelihood of successful surgical or transcatheter
tricuspid valve repair.

Suggested follow-up for TR

As for other valvular regurgitation, the follow-up of patients with TR
depends on the aetiology and severity of TR, the RV size and function
and the associated diseases. Usually, the follow-up will be dictated by
the severity of left-sided valve disease. Although data are limited,
careful follow-up should be organized in patients with moderate to
severe TR

PLA = sin -1 (CINPLL)

3.

Figure 42 Echo morphologic parameters that are measured in secondary MR. (A) Global LV remodelling [diameter, LV volumes, sphericity index
(SI'= L/t L: major axis, l: minor axis)]. (B) Local LV remodelling (1: apical displacement of the postero-medial papillary muscle; 2: second order chord-
ate; and 3: interpapillary muscle distance). (C) Mitral valve deformation [1: systolic tenting area (TA); 2: coaptation distance (CD); and 3: postero-lat-

eral angle (PLA)].
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Table 13 Unfavourable parameters for percutaneous mitral valve repair with MitraClip

5,96

Primary MR

Leaflet perforation/large cleft
Rheumatic MR

Large flail gap >10 mm

Large flail width >15mm

Mitral valve opening area <3 cm?

Leaflet calcification in the grasping area

Secondary MR

Severe tenting (coaptation depth > 11 mm)

Coaptation length <2 mm, large coaptation gap

Posterior leaflet length <7 mm

LVEDD >70 mm; LVEDV >200 mL or LVEDV index >96 mL/m?

Figure 43 Mechanisms of TR according to the Carpentier’s functional classification.
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Figure 44 Pacemaker lead-associated TR. (A-D) An RV pacing lead can be seen crossing the TV (white arrow). (D) 3D TOE live zoom image of
the right atrium (RA) en face view of the TV showing the position of the pacing lead close to the posterior leaflet, with resultant severe TR (E and F).
TV, tricuspid valve.

Figure 45 (A) Drawing of the TV. (B and C) 3D TTE volume rendering of the normal TV. (B) Ventricular perspective. (C) Atrial perspective (surgi-
cal view). (D) 3D cut planes trough the TV. (E-M) 2D echo recordings of the TV. (E-G) Apical four-chamber views. [If the LVOT is visible, the septal
and anterior TV leaflets are likely to be in view (panel F). If the coronary sinus (CS) is seen, the septal and posterior TV leaflets are likely to be imaged
(panel G).] (H and /) Parasternal long-axis (PLAX) RV inflow views. If the interventricular septum (IVS) and CS can be seen, the image will most likely
demonstrate the septal and anterior leaflets of the TV (panel H). If the septum and CS are not seen, it is likely to be the anterior and posterior leaflets
that are imaged (panel /). (G) Sub-costal view. (K—-M) Parasternal short-axis (SAX) views (see H and ). A, anterior leaflet; P, posterior leaflet; S, septal
leaflet.
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APICAL 4-CV APICAL 4-CV
LS

l:-'

\ Coanda®

Large effect

Centn'il Jet
Y. =

Ecqtric Jet

Figure 46 Visual assessment of tricuspid regurgitant jet using colour-flow imaging. (A) Large central jet. (B) Eccentric jet with a clear Coanda effect.
CV, four-chamber view.

APICAL 4-CV
I,

Flow *
10Convergence

Figure 47 (A) Semi-quantitative assessment of TR severity using the vena contracta width (VC). The three components of the regurgitant jet
(flow convergence zone, vena contracta, jet turbulence) are obtained. (B) 3D VC shape. CV: chamber view.
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Massive TR | Torrential TR

.n—r " r'...'

!

Peak 3.66 m/s Peak 2.53 m/s

E 83 cm/s”

uit.l.l

Figure 48 Five examples of various degrees of TR, mild (A), moderate (B), severe (C), massive (D), and torrential (E) are provided. The regurgitant
jetarea (RJA) as well as the tricuspid E wave velocity increase with the severity of TR. In severe TR, the continuous wave Doppler signal of the regur-
gitant jet is truncated, triangular and intense. The peak velocity of TR (continuous wave Doppler) allows the estimation of pulmonary pressure except
in case of massive/torrential TR, since the Bernouilli equation is not applicable.

= Systolic

/ reversal
¢ &

Figure 49 Subcostal echocardiogram recorded in a patient with severe TR. (A—C) The colour Doppler confirms retrograde flow into the vena
cava and hepatic vein in systole consistent with TR (red). (D) A spectral Doppler recording from a hepatic vein, also confirming the systolic retro-
grade flow.
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Multi-modality imaging assessment of native valvular regurgitation 55

Figure 50 3D TTE acquisition in a patient with pulmonary hypertension and secondary TR. (A and B) Apical views showing the extent of leaflet
tethering. (C and D) Quantitative assessment of the anatomic regurgitant orifice area using anatomically oriented cut planes to obtain and planimeter
the true anatomical orifice area. (E) Size and shape of the VC obtained using 3D colour Doppler.

:

PISA:* E
radius

FI.ER(')A 40 mJ}"LtF

R Vol 49 ml

e

: 1 TVI
‘:d.

Figure 51 Quantitative assessment of TR severity using the PISA method. Stepwise analysis of TR. (A) Apical four-chamber view (CV); (B) colour-
flow display; (C) zoom of the selected zone; (D) downward shift of zero baseline to obtain a hemispheric PISA; (E) measure of the PISA radius using
the first aliasing; and (F) continuous wave Doppler of TR jet allowing calculation the effective regurgitant orifice area (EROA) and regurgitant volume
(R Vol). TVI, time-velocity integral.
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APICAL 4,CV

*  EROA60 m:
R Vol 45 ml

RVSV PFV PBV TR Vol
188ml ~ 96ml ~ 16ml = 76ml

Figure 52 Quantitative assessment of TR severity using the PISA method (A-D) and the indirect CMR method (E and F). White arrow: extent of
the signal loss on cine CMR. (E) Assessment of LV volumes using cine images. () Phase-contrast velocity mapping at the aortic root level and flow-
time curves computing forward aortic flow.

Total RV SV = 176 (RV EDV) - 66 (RV ESV) = 110 ml Pulmonary SV (2D PC) =51 ml

R Vol =110 - 51 = 59 ml and RF = R Vol/RV SV= (59/110 )x100=

Figure 53 Assessment of TR severity and consequences compiling 2D/3D echocardiography and CMR data.
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Tricuspid

Regurgitation
Probably Mild TR

Specific signs Speific signs.
Qualitative Probably Moderate TR . tive
Normal/Mild TV Abnormality -

Smal central jet
No or small convergence zone
Faint, partial CW jet . nvergence zone
Semi-quantitative * De a t with early peaking
PISA radius $ 5 mm at Nyquist 28 cm/'s. |
3mm . SA E uist 28 cm/s

Probably Severe TR

flet, Large coaptation defect, Severe

yw reversal

Structural
Enlarged RA/RV/IVC

QUANTITATIVE EVALUATION |
Whenever possible |

* EROA <20 mm? ROA: 20 -39 EROA 2 40 mm?
¢« RVol<30mL R Vol: 30-44 R Vol 245 mL
« RFS15% a RF: 16-49 % RF250%

Moderate TR Severe TR

Unsatisfactory/Inconclusive TTE, Discrepancy between
TR severity and clinical findings/RV assessment*

Transcatheter TV Repair /Replacement?

Indeterminate TR

: * VCwidth: 7-13 mm 1 VC width: 14-20 mm | VCwidth 2 21 mm
Consldel’ TOE or CMR 3D VCarea/Doppler: 75-35 mm? 3D VC area/Doppler: 95-114 mm? - 3D VCarea/Doppler 2 115
EROA by PISA: 40-59 mm? EROA by PISA: 60-79 mm? . EROA by PISA 2 BO mm?
- RVol: 45-59 mL R Vol: 60-74 mL RVolz 75 mL

o I

Figure 54 Algorithm for the assessment of TR severity. IVC, inferior vena cava.
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Table I5 Grading the severity of TR

TR Severity classes

Moderate

Severe

Qualitative parameters

Tricuspid valve morphology
Colour flow TR jet?

Flow convergence zone
CW signal of TR jet

Semi-quantitative parameters

Hepatic vein flow®

Normal or mildly abnormal leaflets
Small, narrow, central
Not visible, transient or small

Faint/partial/parabolic

Systolic dominance

Moderately abnormal leaflets
Moderate central
Intermediate in size and duration

Dense/parabolic, or triangular

Systolic blunting

Severe valve lesions/flail/large coap-
tation defect//severe tenting

Large central jet or eccentric wall
impinging jet of variable size

Large throughout systole

Dense/often triangular with early
peaking (peak <2 m/s in massive TR)

Systolic flow reversal

Tricuspid inflow A-wave dominant Variable E wave dominant (>1m/s)®
PISA radius (mm)© <5 6-9 >9
VC width (mm)>¢ <3 3-69 >7
3D VC area or quantitative 75-94
Doppler EROA (mm?)
Quantitative parameters
EROA (mm?) <20 20-39 >40
R Vol (mL) <30 3044 > 45
RF (%) <15 16-49 >50
CMR parameters
RF (%) <15 1649 >50
Structural parameters
RV, RA, IVC size® Usually normal Normal of mild dilation Usually dilated

CW, continuous-wave; EROA, effective regurgitant orifice area; R Vol, regurgitant volume; RA, right atrium; RF, regurgitant fraction; RV, right ventricle; TR, tricuspid regurgita-
tion; VC, vena contracta.

In bold: specific signs for severe TR.

?At a Nyquist limit of 50-60 cm/s.

®Unless other reasons of systolic blunting (atrial fibrillation, elevated RA pressure).

“Baseline Nyquist limit shift of 28 cm/s.

9When VC width is assessed as an average of measurements performed biplane the threshold value for severe TR is > 9 mm.

€In the absence of other causes of elevated RA pressure.

fUnless for other reasons, the RA and RV size and IVC are usually normal in patients with mild TR. An end-systolic RV eccentricity index >2 is in favour of severe TR. In acute
severe TR, the RV size is often normal. In chronic severe TR, the RV is classically dilated. Accepted cut-off values for non-significant right-sided chambers enlargement (measurements
obtained from the apical four-chamber view): mid RV dimension <33 mm, RV end-diastolic area <28 cmz, RV end-systolic area 516cm2, RV fractional area change >32%, maximal
2D RA volume <33 mL/m%.

An IVC diameter <2.1 cm is considered normal. The IVC is dilated when the diameter is >2.5 cm.

Table 16 Grading the severity of TR in the context of transcatheter TV repair/replacement

Severe Massive Torrential
Semi-quantitative parameters
VC width (mm)? 7-13 14-20 >21
3D VC area or quantitative Doppler EROA (mm?) 75-94 95-114 >115
Quantitative parameters
EROA by PISA (mm?)® 40-59 60-79 >80
R Vol (mL) 40-59 60-74 >75

EROA, effective regurgitant orifice area; RF, regurgitant fraction; R Vol, regurgitant volume.
?At a Nyquist limit of 50-60 cm/s.
®Baseline Nyquist limit shift of 28 cm/s.
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TV>2.3cm?

Figure 55 (A-D) 2D/3D echo morphologic parameters that are measured in secondary TR. (A-D, F) Evaluation of the tethering (coaptation) dis-
tance (CD), systolic tenting area (TA), and systolic tenting volume; (E) 3D derived tricuspid annulus.
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