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The accurate quantification of primary mitral regurgitation (MR) and its
consequences on cardiac remodeling is of paramount importance to determine
the best timing for surgery in these patients. The recommended
echocardiographic grading of primary MR severity relies on an integrated
multiparametric approach. It is expected that the large number of
echocardiographic parameters collected would offer the possibility to check the
measured values regarding their congruence in order to conclude reliably on MR
severity. However, the use of multiple parameters to grade MR can result in
potential discrepancies between one or more of them. Importantly, many factors
beyond MR severity impact the values obtained for these parameters including
technical settings, anatomic and hemodynamic considerations, patient's
characteristics and echocardiographer’ skills. Hence, clinicians involved in valvular
diseases should be well aware of the respective strengths and pitfalls of each of
MR grading methods by echocardiography. Recent literature highlighted the
need for a reappraisal of the severity of primary MR from a hemodynamic
perspective. The estimation of MR regurgitation fraction by indirect quantitative
methods, whenever possible, should be central when grading the severity of
these patients. The assessment of the MR effective regurgitant orifice area by the
proximal flow convergence method should be used in a semi-quantitative
manner. Furthermore, it is crucial to acknowledge specific clinical situations in
MR at risk of misevaluation when grading severity such as late-systolic MR, bi-
leaflet prolapse with multiple jets or extensive leak, wall-constrained eccentric jet
or in older patients with complex MR mechanism. Finally, it is debatable whether
the 4-grades classification of MR severity would be still relevant nowadays, since
the indication for mitral valve (MV) surgery is discussed in clinical practice for
patients with 3+ and 4+ primary MR based on symptoms, specific markers of
adverse outcome and MV repair probability. Primary MR grading should be seen
as a continuum integrating both quantification of MR and its consequences, even
for patients with presumed “moderate” MR.
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1. Introduction

The landscape of primary mitral regurgitation (MR) has
evolved significantly over the past years (1). First, the global
burden of primary MR has increased worldwide: approximately
24.2 million people are affected, with higher absolute prevalence
accompanying population aging (2). In high-income countries,
primary MR is most commonly caused by myxomatous
degeneration due to fibroelastic deficiency or Barlow’s disease (3).
Conversely, although the prevalence of rheumatic mitral heart
disease has decreased, it still remains the main cause of MR in
low- and middle-income countries (4). Accordingly, in a
contemporary prospective European survey involving 28
countries, the prevalence of primary MR, mainly due to
degenerative disease, was found to be approximatively 14% (5).

Surgical correction, preferentially by mitral valve (MV) repair
when feasible, remains the sole effective treatment for patients
with severe primary MR (6). The preservation techniques of MV
repair based on the original principles of MV reconstructive
surgery described by Carpentier have improved dramatically in
recent years, together with surgeon experience (7). Moreover,
video-assisted minimally invasive and robotic tele-manipulation
have come forward as less traumatic ways to perform MV
surgery (8, 9). Consequently, the contemporary mortality risk of
MV repair for primary MR is <1% for the vast majority of
patients with primary MR (10). On the other hand, percutaneous
transcatheter edge-to-edge repair (TEER) is now established as a
validated

contraindication for surgery (11, 12). At the same time, studies

treatment option in selected patients with a
derived from large observational cohorts have underlined major
drivers of worse outcome in patients with primary MR due to
prolapse, even when asymptomatic (13-15). Hence, according to
guidelines issued by both the ESC (European Society of
Cardiology) and the AHA (American Heart Association)/ACC
(American College of Cardiology), surgery is indicated (class I)
for patients with primary MR who are symptomatic and/or
present markers of severity such as left ventricular (LV) systolic
dysfunction (16, 17). For the AHA/ACC, all patients with severe
MR and normal LV function have a class Ila indication for
surgery if there is a high probability of MV repair (>95%) and a
(18). In all
likelihood, indications for MV surgery can be expected to extend

low operative risk (expected mortality <1%)

in the years to come.

Hence, accurate assessment of MR severity is today more
important than ever in order to determine the best time for
surgery in these patients (19). Transthoracic echocardiography
(TTE) is the mainstay imaging modality for assessing the
mechanism, etiology, severity, and repair probability of MR (20).
When TTE is suboptimal or inconclusive for MR quantification,
(CMR)
transesophageal echocardiography (TEE) provide complementary

cardiac  magnetic  resonance  imaging and/or

information. Indeed, TEE helps in grading MR severity, although
its strongest advantage over TTE or CMR is to offer a
comprehensive assessment of the anatomical lesions and
mechanism(s) of MR, especially when planning MV surgery (21).

The role of exercise TTE is to ascertain key information on the
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clinical and hemodynamic tolerance of MR rather than to help
in quantifying MR severity (22).

The purpose of this work is to provide a practical appraisal of
the grading of primary MR by echocardiography. We review the
strengths and limitations of the echocardiographic parameters
used to assess primary MR in the light of contemporary data.
Also we highlight the importance of considering MR from a
hemodynamic perspective by the calculation of MR regurgitant
fraction (RegFrac), a key parameter of MR severity which has
been given renewed attention in recent years (23-26). Finally, we
share current views on the latest technical innovations in
echocardiographic grading of MR severity, focusing on future
avenues of research.

2. Echocardiographic workflow for the
assessment of primary MR severity

Both ESC/EACVI (European Association of Cardiovascular
ACC/AHA/ASE  (American
Echocardiography) guidelines prone an integrated multiparametric

Imaging) and Society  of
approach to evaluate MR severity since no single parameter
perfectly reflecting MR severity in all patients has been identified
(16, 17, 27-31). The echocardiographic parameters used to grade
MR are classically divided into three main categories: qualitative,
semi-quantitative and quantitative. The qualitative approach
consists in the search for “red flags”, that is echocardiographic
signs highly specific of severe MR but lacking sensitivity. The
semi-quantitative echocardiographic parameters are measurements
indicative of MR grade (mild or severe) but including a large
intermediate range of values where no conclusion on MR severity
can be made. Finally, the quantitative approach intends to
estimate the key components of MR which are the mitral effective
regurgitant orifice area [EROA], regurgitant volume [RegVol] and
regurgitant fraction [RegFrac]. Herein, we provide a practical
approach of the grading of primary MR by echocardiography in
four steps, derived from our shared clinical experience and in
accordance with guidelines (Figure 1). Thorough this entire
section, the reader can refer to Tables 1, 2 which summarize the
acquisition methods, strengths, weaknesses, and the clinical values
of the MR echocardiographic parameters discussed in the
following paragraphs.

2.1. Clinical assessment

The evaluation of a patient with MR begins with a full report of
her/his past medical history, previous medication regimens and a
complete physical examination with heart auscultation and
electrocardiography (ECG). Blood pressure, heart rate and
rhythm must be recorded before echocardiography. Search for
potential valve-related symptoms such as dyspnea requires
experience, especially in older patients who are likely to limit
themselves in daily activities without reporting any complaint at
the time of evaluation. Standardized questionnaires can be
helpful (47).
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[ Step 1 : Clinical |
Past medical history, MR-related symptoms, BP, HR, body size, physical ECG
Step 2 : Baseline echocardiographic assessment
Morphology Color Doppler Cardiac remodeling PW Doppler CW Doppler
MV leafiet morphology, MR jet size not reliable to LV diameters and volumes Mitral-to-aortic VTI ratio CWD shape (acute MR)
motion and annulus size grade MR LV ejection fraction Peak E-wave velocity CW Doppler MR signal
Flail leaflet Coanda effect, large LA volume Pulmonary venous flow intensity not reliable to
Cleft-like i proximal flow S-PAP pattern grade MR severity
Mitral annular disjunction convergence, color “splay” RV function, TR LV ejection time
2D-Vena contracta width
L J
L)
Step 3: of the MR
Proximal flow convergence method Indirect volumetric method +++ PW Doppler quantitative method
MR EROA estimated by PISA MR RegVol estimated by the difference between LV total stroke volume (LVTSV) - MR-RegVol estimated by the difference between mitral and
Numerous situations where the PISA method is not reliable: wall- assessed by LV volumes (2D- and 3D-TTE) and aortic forward stroke volume aortic forward stroke volumes. MR-RegFrac as the ratio
constrained eccentric jet, commissural MR, muitiple jets, late- A unique MR RegVol threshold to grade MR does not fit for every patients between MR-RegVol and the mitral forward stroke volume
systolic MR, or extensive Barlow's disease with bi-leaflet prolapse - MR RegFrac = (MR RegVol/LVTSV) relates MR severity to LV size and cardiac - _Additional value but not first-line MR grading parameter
MR EROA < 20 mm? supports mild MR, EROA 2 30mm? supports output 3D-PISA, 3DVCA
significant MR (Consider EROA as a semi-quantitative parameter) | [- MR RegFrac 2 40% supports significant MR T ing, needs advanced 3D-echocardiography skills
Step 4 : Conclusion on MR grading after TTE
Check the congruence between MR grading cardiac ling and i
Undoubtedly mild MR after TTE Moderate/Indetermin
Consider specific situations at risk of lion: late-systolic MR, bi-leaflet leak, multiple jets, women and/or elderly patients,
Check discrepancies between MR grading andfor on MR-related or cardiac i
Need for further MR quantification, Need for comprehensive assessment of No self-reported or atypical symptoms.
sinus rhythm, no C-I for CMR MV morphology, arrythmia, C-I for CMR and patient able to exercice
5 Search for triggers for MV surgery
— <,:(>| Exercice stress echo/CPET | MV repair probability
N ;  Patient's operative risk and
wishes
Definitive mild/moderate MR after Definitive significant MR after
/ multimodality imaging assessment multimodality imaging assessment
Clinical and TTE follow-up | [ Manag according to guidelines |
FIGURE 1
Central algorithm of the echocardiographic assessment of a patient with primary MR. Freely inspired by Zoghbi et al and Hagendorff et al. (23, 28). 2D,
two-dimensional; 3D, three-dimensional; BP, blood pressure; CMR, cardiac magnetic resonance; CPET, cardiopulmonary exercice testing; CWD,
Continuous-Wave Doppler; ECG, electrocardiogram; EROA, effective regurgitant orifice area; LA, left atrial; LV, left ventricular; MR, mitral
regurgitation; MV, mitral valve; PISA, proximal isovelocity surface area; RegFrac, regurgitant fraction; RegVol, regurgitant volume; RV, right ventricular;
S-PAP, systolic pulmonary artery pressure; TR, tricuspid regurgitation; TSV, total stroke volume; TTE, transthoracic echocardiography; TEE,
transesophageal echocardiography; VCA, vena contracta area; VTI, velocity-time integral.

2.2. Baseline echocardiographic assessment

2.2.1. Morphological assessment

Before to compute any measurement, the full assessment of
all components of the MV apparatus (leaflets, annulus, sub-
The
of coaptation

valvular  apparatus) is  critical. mechanism(s)

underpinning mitral loss are evaluated
according to Carpentier’s classification of leaflet motion. This
approach allows to distinguish patients with primary MR
(due to organic leaflet abnormalities) to those with
secondary MR (due to LV dysfunction and/or high LA
pressure) (20). It is relatively easy to classify MR as primary
in in the presence of obvious valve abnormalities such as
prolapse, perforation, flail, or papillary muscle rupture. In
patients with Barlow’s disease, the presence of a mitral
annulus disjunction should be carefully checked notably
because of its implications for arrhythmic risk stratification
(48, 49). It may be more difficult to elucidate whether MR is
“primary” or “secondary” in the presence of single- or bi-
leaflet retraction which is usually associated with a dilated
mitral annulus (50). Indeed an initially secondary MR can
worsen leading to so-called “tertiary” or “mixed” MR (51).

Nowadays, 3D-echocardiography imaging provides the best
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the MV
comprehensively discussed elsewhere (52).

morphologic  information for complex, as

2.2.1.1. Flail leaflet

The presence of a flail leaflet is highly supportive of severe MR and
associated with worse outcome (53-55). Also flail was the key
inclusion criterion in the original MIDA cohort (56). Whether
all patients with flail have severe MR has been recently a source
of debate (57, 58). Importantly, the morphological features of
chordae rupture and flail in MR should be considered (59).
Indeed, sometimes small chordae may rupture and lead only to
moderate MR. Sometimes, big chordal rupture occurs, but
because of the redundancy and hypermobility of the opposite
leaflet the coaptation gap is not big and MR is only moderate.
Hence, the accepted echocardiographic signature of flail leaflet
requires not only chordae rupture but also clear visualization of
a rapid systolic movement of the involved leaflet tip towards the
left atrium (LA) (Figure 2). In practice, flail leaflet can be over-
detected by TTE when the prolapsed leaflet is not entirely seen,
such that the observed distal part of the leaflet seems to be
directed towards the LA whereas the real tip looks towards the
LV. Further research using advanced 3D-imaging techniques
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TABLE 1 Doppler-based echocardiographic parameters used for MR severity grading.

Parameter

Acquisition method

Color Doppler assessment

Strengths

10.3389/fcvm.2023.1107724

Weaknesses

MR distal jet

- Every apical (4, 2, and 3-chamber) views

- Zoom on the MV and LA

- Reduce sector as narrow and imaging depth
as short as possible to increase framerate

- Set color velocity scale as high as possible
(high-velocity MR jet)

- Set Nyquist limit (aliasing velocity) between

50 and 70 cm/s (default position in the

middle of the color bar)

Keep the baseline settings for transducer

frequency and pulse repetition frequency
(PRF)

Optimize color gain to ensure adequate
visualization of MR jet while removing noise

from non-moving structures

- Easy and quick to acquire

- Allows to detect MR, its origin and jet
direction(s)

- (Importance of apical 2-chamber and
parasternal short-axis views to detect MR
commissural jet)

- A Coanda effect, a large “spontaneous”
(Nyquist limit between 50 and 70 cm/s)
proximal flow convergence during the whole
systole or color Doppler “splay” suggest
significant MR

- A clear very small central jet without
proximal flow field or visible leaflet
abnormalities suggests mild MR.

- MR distal jet not reliable to grade MR

- Influenced by flow momentum (MR orifice
area x velocity?) and driving pressure between
LV and LA (check systolic blood pressure), and
blood viscosity

- Influenced by Doppler color flow technical
settings (gain, velocity scale, pulse repetition
frequency, transducer frequency, and wall filter)

- Underestimates MR severity in case of eccentric

or wall-impinging jet (Coanda effect), severe LA

dilatation or acute severe MR with high LA

pressure

Overestimates MR severity in case of non-

holosystolic, multiple jets, or central jet with

normal LA pressure (high-velocity jet)

2D-Vena contracta
width

- TTE Parasternal long-axis view, biplane
measurement on 4- and 3-chamber view
(perpendicular to the commissural line), or
TEE long-axis view (120°)

- Clearly visualize the three components of the

MR jet: proximal flow convergence area, vena

contracta and jet (angulate the probe out of

the standard imaging planes if needed)

Zoom on the MV and surrounding structures

Reduce sector as narrow and imaging depth

as short as possible to increase framerate, set

color Doppler gain just below the threshold

where noise occurs

- Set Nyquist limit at the default position in the
middle of the color bar (50-70 cm/s)

- Measure the narrowest portion of the jet
where the largest flow convergence is seen,
that is just below the flow convergence area,
orthogonal to the direction of the jet. Average
at least 3 measures

- A value of 2D-VCW < 3 mm suggests mild
MR, >7 mm (8 mm for biplane
measurement) suggests significant MR

- May be useful in very eccentric wall-
constrained jets

- Quick to acquire

- Feasible even in case of concomitant aortic
valve insufficiency

- Wide “grey zone” for intermediate values
(between 3 and 7 mm)

Easy to misclassify MR severity with small
measurement errors: the VCW should not be
measured if the three components of the MR jet
are not clearly seen

- Moderate reproducibility on TTE (better on
TEE)

Limited value in case of atrial fibrillation
(average multiple measurements) or mitral

calcification

The measurement of 2D-VCW is less reliable

when done orthogonal to the direction of the

ultrasound beam and distal to the probe because

the lateral resolution is lower than the axial

resolution in echocardiography

- Single-plane measurement of a 3D regurgitant

orifice which is not circular-shaped: VC is only a

surrogate of the true mitral regurgitant orifice.

Not applicable to multiple jets

- Dependent on color Doppler technical settings

- Overestimates MR severity in case of non-
holosystolic jet

Continuous-Wave Doppler assessment

CW Doppler MR
envelope

- Perform multiple acquisition windows to
align the ultrasound beam with the MR jet as
best as possible

In case of preserved LVEF, peak MR jet
velocities by CW Doppler typically range
between 4 and 6 m/s: a value of a least 5 m/s
should be reached, suspect misalignment of
the ultrasound beam otherwise

Use gray scale and set CWD gain as
appropriate to optimize signal density
without noise artifacts

- Use non-imaging high-frequency transducer
(Pedof) in right parasternal window in case of
posterior leaflet prolapse with anterior-
oriented MR jet.

- Easy and quick to acquire (more challenging
in very eccentric jets)

- Allows to assess timing and duration of MR
jet throughout systole (holo-, early- or late-
systolic)

- Suspect severe MR in case of short and
triangular-shaped CWD MR jet (acute severe
MR)

- CWD MR signal intensity not reliable to grade

MR

Risk of incomplete CW Doppler envelope with

under-estimation of peak velocity in case of

eccentric jets

- Influence of gain on CWD signal density

- Influence of systolic blood pressure on peak MR
jet velocity

Pulsed-Wave Doppler assessment

Mitral inflow pattern
and the mitral-to-
aortic velocity-time
integral ratio (MAVIR)

- Apical 4-chamber view (5-chamber for LVOT
VTI)

- Set the sample volume at the tip of the mitral
leaflets for mitral VTT (1 cm below the aortic
valve for LVOT VTI)

- Sweep speed 50 to 100 cm/s

- Optimize gain

- Acquire VTI i and VITyor

- Easy and quick to acquire

- Highly reproducible

- Feasible in eccentric or multiple jets

- Excellent diagnostic value to exclude severe
MR in case of MAVIR <1 or in the presence
of impaired relaxation pattern (A wave
dominance)

- High MAVIR > 1.4 suggests significant MR

- Not applicable when atrial fibrillation

- Wide “grey zone” for intermediate values of
MAVIR (1 to 1.4)

- Not applicable to secondary MR, atrial
fibrillation, any degree of mitral stenosis or
calcification, associated aortic regurgitation

- Dependent on loading conditions (LV filling
pressure, ejection fraction, LA compliance)

- Influence of age on E wave (decreases with
aging)
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TABLE 1 Continued

10.3389/fcvm.2023.1107724

Parameter ______ Acquisition method Strengths

Pulmonary vein flow
systolic reversal pattern

- Apical 4-chamber view (angulate the probe to
visualize the right upper pulmonary vein on
TTE). Try to record on TTE at least one other
pulmonary vein (the 4 veins should be
checked on TEE)

- Set color box on the right upper pulmonary

vein - The 4 pulmonary veins can be analyzed in

- Reduce velocity scale TEE
- Set the sample volume of PW Doppler 1 cm
deep into the right upper pulmonary vein

(TTE).

- Set filter gain as appropriate

- If the MR jet is visualized toward this vein
(usual in posterior prolapse with Coandi),
also try to obtain signal from one left
pulmonary vein (harder to get on TTE)

- Acquire pulmonary venous flow pattern:
systolic (S), diastolic (D) and atrial (Ap)
waves (under normal conditions: S and D
waves are positive, S > D)

would be of great interest to better appreciate the relationship
between the anatomic features of flail leaflet and MR severity.

2.2.1.2. Cleft-like indentations

Cleft-like indentations (CLI) are deep separations extending >50%
of the mitral valve leaflet depth in myxomatous valve prolapse (60).
They are difficult to detect on standard echocardiography and are
best assessed using 3D-imaging (52, 61, 62). CLI are important to
treat during surgery otherwise they may cause residual MR
following intervention.

2.2.1.3. Papillary muscle rupture

Acute severe MR secondary to papillary muscle rupture is a rare
but deadly condition which requires urgent surgery (63).
Although it is most frequently due to acute myocardial infraction
(AMI), some cases of spontaneous papillary muscle rupture have
been reported (64, 65).

Main message for the clinician

“First look at the valve !” when evaluating a patient with MR.
Noteworthy, the distinction between primary and secondary MR
is not always straightforward. In particular, the progressive aging
of patients referred for evaluation can result in more complex
degenerative MR presentations not limited to prolapse or flail but
also involving extensive calcifications of the mitral annulus,
possible reduced echogenicity because of an insufficient acoustic
window, restricted mobility, or even some degree of associated
mitral stenosis (66). Echocardiographic assessment of MR
severity in these patients can be quite challenging.

2.2.2. Color Doppler assessment

2.2.2.1. MR distal jet

The use of Color Doppler mode allows to appraise the presence,
origin, timing (with M-mode), and direction of the MR
regurgitant(s) jet(s). All echocardiographic views should be
checked. It is worth using biplane mode from a bi-commissural

Frontiers in Cardiovascular Medicine

- Easy to acquire

- Feasible in eccentric or multiple jets

- Pulmonary vein flow systolic reversal
(PVFSR) suggests significant MR [blunting
of the pulmonary vein systolic wave (S) is not
enough to suggest significant MR]

- False positive if the MR jet (even in case of
moderate MR) is directly oriented towards the
sampled pulmonary vein (record other
pulmonary veins when possible)

- PVFSR pattern largely depends on LA
compliance and LV filling pressure: large V
waves may occur in the absence of significant
MR and vice versa.

- PVFSR pattern could be absent despite
significant MR in case of severe LA dilatation

- Not reliable if atrial fibrillation

view (TTE: apical 2-chamber, parasternal short-axis views; TEE:
60-90°) and sweep the Doppler line from one commissure to
another across the MV coaptation line with simultaneous
Doppler color mode comparison (67). However, only a full MV
3D color-coded data set with sufficient framerate can objectively
document MR regurgitant(s) jet(s), especially when several jets
(“multi-jet”) are present (68). Color Doppler analysis of the jet(s)
MR mechanism(s) (69, 70)
(Figure 3). Indeed an isolated posterior MV prolapse is expected

helps in understanding the
to induce an eccentric anterior MR jet towards the interatrial
septum (71). More complex MR mechanism(s) or associated
lesions such as cleft-like indentations or commissural leaks
should be suspected in case of “atypical” MR direction and/or
multiple jets (72-74). Primary MR due to non-P2 prolapse and/
or horizontal MR jet are likely to be underestimated by TTE (75).

Although the assessment of the MR jet size (itself or related to LA
size) is still very often used as a first method to grade MR severity,
this is not a recommended approach (76). Indeed the appearance
of MR distal jet on Color Doppler mode strongly depends on
technical settings, hemodynamic and anatomical factors beyond
MR severity (77-79). Doppler color mode does not image MR flow
but rather the spatial distribution of velocity estimates within the
plane. Therefore MR severity assessment based only on color
Doppler mode of MR distal jet is not recommended.

2.2.2.2. Color Doppler features suggestive of significant MR
On the other hand, several features of MR assessed by Color
Doppler mode are suggestive of significant MR. Independently
from jet size, the presence of a Coandd effect (eccentric jet
impinging on the LA wall towards the pulmonary veins) suggests
significant MR but is not pathognomonic (58, 80, 81). A large
“spontaneous” (ie., not changing Doppler color settings)
proximal flow field during the whole systole supports significant
MR. Recently, a new sign named “color Doppler splay”,
consisting in an artifactual horizontal extension of the color
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FIGURE 2
Morphological assessment of flail leaflet. (A,B) Patient with posterior flail leaflet visible on TTE (the tip is directed towards the LA). TEE confirms the
involvement of segment P2 (white arrow) with chordae rupture (blue arrow). (C,D) Patient with bi-leaflet MV prolapse and P2 flail (red arrow) only
visible on 3D-imaging TEE (surgical "en face" view). (E,F) Patient with flail involving the segment Al (green arrow) visible on TEE imaging using biplane
mode from the bi-commissural view (60-90°), and on 3D-imaging (surgical “en face” view). LA, left atrium; TTE, transthoracic echocardiography; TEE,
transesophageal echocardiography.

Doppler signal, has been shown to be associated with concealed
and significant MR (82).

2.2.2.3. 2D-vena contracta width

The 2D-Vena contracta width (2D-VCW) is a single-plane
measurement of the narrowest portion of the MR jet at its origin,
thereby acting as a surrogate of the true mitral regurgitant orifice
(83-86). The clear visualization of the three components of the
MR jet (proximal flow convergence area, vena contracta and distal
jet) is required to measure 2D-VCW (87). Because in primary MR
eccentric jet formations are often present, the severity of MR
cannot be quantified by 2D-VCW in most cases. Indeed, when the
VC width is measured orthogonal to the direction of the
ultrasound beam and distal to the probe, this is less reliable due
notably to the issues of lower lateral than axial resolution in
echocardiography. In contrast, the measurement of the 2D-VCW
could be more reliable when performed along the direction of the

Frontiers in Cardiovascular Medicine

ultrasound beam. Also the assumed independency of 2D-VCW
from LV-LA driving pressure or regurgitant flow rate for a fixed
orifice is questionable (88). Noteworthy the 2D-VCW does not
consider the dynamic variations of MR throughout systole because
it is measured in a single frame (89). Despite these important
limitations, measuring 2D-VCW sometimes helps in grading MR,
notably when the PISA method is not reliable because of a wall-
constrained flow field.

2.2.3. Continuous-Wave Doppler assessment

The Continuous-Wave Doppler (CWD) signal of the MR jet is
obtained by aligning the Doppler line through the vena contracta,
parallel to the jet, with the focus of the CWD at its origin. It is
important to record the most complete CWD envelope as
possible. However, this can be very challenging in eccentric jets.
Indeed in patients with posterior prolapse, the highest envelope
density is usually obtained by aligning the Doppler line either in
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FIGURE 3

TIS09 M09

Doppler color approach of primary MR evaluation. (A) Anterior MV prolapse with eccentric MR jet impinging on the posterior LA wall because of Coanda
effect. The direction of the MR jet helps in understanding the prolapse’s mechanism. (B) Posterior MV prolapse with eccentric jet impinging on the
interatrial septum down to the pulmonary veins. Despite a small color flow jet area, a significant MR should be suspected because of the presence of
a Coanda effect. (C) Posterior MV prolapse with large spontaneous proximal flow convergence (i.e without modifying Doppler color settings). A
significant MR should be suspected. (D,E) Examples of posterior MV flail by TEE where the 3 components of the MR are clearly visualized (proximal
flow convergence, vena contracta and distal MR jet). Hence, it is possible to measure 2D-vena contracta width. However, it should be kept in mind
that the measurement of 2D-VCW could be less reliable when performed orthogonal to the direction of the ultrasound beam because of lower
lateral than axial resolution. (F) Surgical “en face” view with Doppler color mode. A full MV 3D color-coded data set can objectively document MR
regurgitant(s) jet(s). However, this method could suffer from markedly decreased framerate, therefore multi-beat acquisition is usually required to
obtain an acceptable quality imaging. Herein, the origin of the MR is visualized at the MV anterior commissure (red arrow), and the distal MR jet is
impinging on the inter-atrial septal wall because of the Coanda effect. (G,H) Double MR jet with a pattern of “Crossed swords sign”. 3D-TEE imaging
revealed a large anterior cleft indentation. 3D, three-dimensional; LA, left atrium; MR, mitral regurgitation; MV, mitral valve; TEE, transesophageal

echocardiography; TTE, transthoracic echocardiography; VCW, vena contracta width.

the parasternal long-axis view (CWD ascending signal) or in the
LV outflow tract in the apical-5-chamber view. Similarly, an
incomplete envelope confined to the latter half of systole could
suggest late-systolic MR (Figure 4), while a complete spectrum
obtained from another acoustic window would result in
reclassification of the MR as holo-systolic. A triangular-shaped
CWD MR signal with early peaking and low velocity supports
severe MR (90). It can be observed notably in acute severe MR
when LA compliance is quickly overwhelmed by excess volume
load, resulting in high LA pressure and decreased LV-LA driving
pressure. Theorically, the CWD envelope density is proportional
to the number of red blood cells passing through the MV, so a
dense signal would suggest significant MR (91). However, the
CWD signal is affected markedly by settings such as gain, filter
CWD

recommended for grading of MR severity (29).

or insonation angle. Therefore intensity is not

2.2.4. Pulsed-Wave doppler assessment

2.2.4.1. MAVIR

The mitral-to-aortic velocity time-integral ratio (MAVIR) is easy,
(92). It is the

quick to acquire and very reproducible

Frontiers in Cardiovascular Medicine

dimensionless ratio of mitral to aortic VTII or in other words a
“simplified” approach of the PW Doppler quantitative method
(detailed hereafter) because not considering either mitral or LV
outflow tract (LVOT) annulus size and shape (93). However, the
MAVIR cannot be used in patients in arrythmia, associated aortic
regurgitation, and/or with higher mitral inflow velocities which are
not attributable to MR, such as in presence of any degree of MV
stenosis or annular calcification. Importantly, the PW Doppler
sample volume must be positioned at the level of the leaflet tips
(not at the mitral annulus, Figure 5). A value of MAVIR> 1.4
suggests significant MR, while a dominant A-wave mitral inflow
pattern or a MAVIR < 1 highly supports non-severe MR.

2.2.4.2. Peak E-wave velocity

The peak E-wave velocity positively correlates with MR severity,
but its true diagnostic value is questionable (94, 95). Indeed
many patients have significant MR despite not reaching the
recommended thresholds for E-wave velocity (ASE: 1.2 m/s,
EACVI: 1.5m/s) (96). Notably the normal E-wave velocity
decreases with age and is higher in women (97). Conversely,
some young individuals without MV disease or patients with
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FIGURE 4

Patient with primary MR with typical features of Barlow's disease. Presence of a MV valve prolapse (A3P3) with mitral annulus dilatation and disjunction (A).
The MR jet is very eccentric with small color jet size (B). The best CWD MR envelope is obtained in the long-axis parasternal view, revealing a mid-late
systolic MR (C). Using the PISA method, the proximal flow convergence area displays an oblong shape in apical-4-chamber view because being
constrained by the LV lateral wall (D). The proximal flow field is better delineated in long-axis parasternal view (E), with an “urchinoid” shape because
of loss of Doppler signal on its angles. CWD, Continuous-Wave Doppler; LV, left ventricular; MR, mitral regurgitation; MV, mitral valve; PISA, proximal
isovelocity surface area.

mitral stenosis, annular calcification or high LA pressure without
MR have E-wave velocities higher than 1.2 m/s. Hence the peak
E-wave velocity reflects not only MR severity but also the LV-LA
pressure gradient.

2.2.4.3. Shape of the aortic velocity-time integral

The shape and duration of aortic velocity-time integral also should
be looked. A small, early-systolic and triangular-shaped aortic VTT
suggests significant MR (Figure 5). A short LV ejection time
(<260 ms) may identify among patients with moderate or severe
MR those at higher risk of MV surgery during follow-up (98).

2.2.4.4. Pulmonary venous flow pattern

The pulmonary venous flow pattern assessed by PW Doppler
reflects the pulmonary vein-LA driving pressure, which can be
impacted by the presence of significant MR but also by other
causes of altered loading conditions or LA volume (99). Thus a
complete pulmonary vein flow systolic reversal (PVFSR) pattern
and not only blunting should be supportive of significant MR.
PVESR can be confounded with the MR jet if both are along the
same line. Also an eccentric or high velocity jet of an only
moderate MR may selectively enter a given pulmonary vein,
resulting in a false-positive PVFSR. The pulmonary venous flow
recording by TEE allows to individually interrogate each of the
four pulmonary veins. Itakura et al. recently reported a positive
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correlation between the number of pulmonary veins where a
PVSER pattern was found, pulmonary capillary wedge pressure,
and 3D-vena contracta area (100).

2.2.5. Consequences of MR on cardiac remodeling

A very important parameter in valvular heart disease is the
evaluation of the consequences on cardiac remodeling. In practice,
a whole standard TTE examination is usually performed before to
specifically focus on MR quantitative measurements such as
EROA or RegVol. Chronic primary MR causes direct volume
overload on the LA and in later stages pressure overload. In
addition, the left ventricular stroke volume (LVSV) must
compensate for the mitral RegVol to maintain LV forward stroke
volume. This will progressively lead to LV dilatation according to
the Frank-Starling law. Therefore LV volumes and diameters must
be carefully assessed. The evaluation of LV volumes would
intuitively better reflect MR consequences on remodeling than
diameters. Moreover, patients with primary MR can display
LV that
contributes to higher LV end-systolic volume (ESV) despite
normal LV end-systolic diameter (ESD) (101). However, LVESD
remains a crucial parameter of LV impairment in primary MR

spherical  mid-to-apical end-systolic  remodeling

that integrates LV dilatation, systolic function and afterload. From
an epidemiological perspective, the strong prognostic value of
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VM Vmax 1.02 m/s 2 dT  244ms

VM Vmoy 0.60 m/s 1 dT 246 ms

VM GDmax 4.18 mmHg

VM GDmoy  1.72 mmHg

VMITV 28.7cm

FC 76 BPM
FIGURE 5
Echocardiographic assessment of MR severity grading. Illustrative example of a 50-year-old male patient with primary MR. Posterior MV flail leaflet is seen
on apical-3-chamber view (A). The mitral VTl is measured at 28.7 (B: the sample volume is positioned at the tip of the mitral leaflets). The LVOT VTl is
measured at 17.7 (see Figure 7), thus resulting in a high MAVIR (1.62). A short LV ejection time is observed (<260 ms, C). The 3 components of the MR
jet (proximal flow convergence, vena contracta and distal jet) are not clearly identified (D), therefore the 2D-VCW cannot be measured accurately
The PISA radius is measured at 1.2 cm for an aliasing velocity of 31 cm/s, thus suggesting significant MR. The MR EROA and MR RegVol estimated by
the PISA method are of 0.51cm2 and 81 ml, respectively. (E) However, the proximal flow convergence is partly constrained by the posterior LV wall
(white arrow). Also there is a dropout of MR signal on the other side of the hemisphere (green arrow) because of a “Doppler angle effect”. Then, the
MR is mainly mid-late systolic as shown by the CW Doppler MR signal (F). Hence, the MR RegVol by the PISA method is likely to over-estimate the
true MR RegVol. All taken together, the MR is likely to be significant. CWD, Continuous-Wave Doppler; MAVIR, mitral-to-aortic velocity-time integral
ratio; MV, mitral valve; VTI, velocity-time integral; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

LVESD on outcome has been demonstrated in large scale cohort
studies. From a practical perspective, LV diameters assessed in
parasternal long-axis view, whenever possible using M-mode, are
more reproducible from a center to another than volumes in 2D-
TTE. It is important to position the probe as high as possible on
the patient’s chest (only the LV base should be seen) so as to get
the ultrasound beam strictly orthogonal to the LV walls, at the tip
of the MV leaflets. Also the assessment of LA volume, a strong
predictor of outcome in primary MR, requires great consideration.
Especially, standard apical views maximize the long axis of the LV,
rather than the dimensions of the atria, resulting in LA
foreshortening (102). Therefore, LA-focused apical views should be
systematically acquired to provide more reliable estimation of size.

In more advanced stage of the disease (or in case of acute
worsening, for example due to sudden chordae rupture),
symptoms occur, alongside with LV systolic dysfunction and/or
pulmonary hypertension (103). A particular problem of MR is
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that LV afterload is reduced, so the LVEF remains normal or
supranormal until the disease reaches an advanced stage.
Therefore, parameters such as LVEF or global longitudinal strain
over-estimate LV contractility (104). Also the presence of mitral
annulus disjunction may simulate stronger LVEF (105). Presence
of a small aortic VTI despite a hyperkinetic LV (LVEF > 60%)
owing to low impedance is suggestive of severe MR. A significant
primary MR with LVEF below 60% early LV
dysfunction and requires prompt surgery. It is difficult to

indicates

estimate accurately LV filling pressure by echocardiography in
primary MR (106). Indeed, E/A and E/Ea ratios are not reliable
predictors of LV filling pressure in MR (107, 108). In contrast,
the difference between the duration of pulmonary vein and
mitral A waves may estimate LV end-diastolic pressure
independently from MR (108). Recent studies have suggested
that a new staging classification for cardiac damage (also

including right ventricle damage) in patients with asymptomatic
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moderate or severe primary MR would provide independent and
incremental prognostic value (109, 110). Strikingly, a recent
study derived from the MIDA-Quantitative registry reported that
LA dilatation, atrial fibrillation, high pulmonary pressure and/or
at least moderate tricuspid regurgitation could be independently
associated with post-operative survival in degenerative MR (111).
Nevertheless, all these consequences are not specific to chronic
severe MR and may result from other cardiac conditions that
must be carefully ruled out.

The common belief that chronic primary MR cannot be severe if
the LV is not dilated is probably accurate for men, but not
necessarily for women and/or elderly patients. Indeed, normal LV
volumes decrease with age and are lower in women (112). It is
not uncommon in daily practice to observe a normal or only
mildly enlarged LV in women or elderly patients despite true
chronic symptomatic severe MR. Mantovani et al. reported that
normalizing for body size, LV and LA diameters were at least as
large in women as in men (113). A recent Asian network analysis
of cardiac remodeling in 850 patients with at least moderate
chronic MR highlighted a phenogroup of old patients with
relatively preserved LV size (114). Further studies focusing on
volume data are needed to define the sex- and age-normalized
cut-off levels for LV and LA dilatation appropriate for valid
prognosis assessment of primary MR.

Main message for the clinician

The appraisal of the consequences of MR on cardiac remodeling
is as important as the collection of MR specific echocardiographic
parameters. A patient with a MR classified as moderate or
indeterminate solely on the basis of the TTE findings but with
LA/LV enlargement and/or elevated systolic artery pulmonary
pressure requires a more thorough assessment. Patient’s age and
sex should be considered when assessing left heart volumes.

2.3. Echocardiographic estimation of the
MR quantitative parameters

The quantitative methods as stated by guidelines refer to those
allowing to evaluate the three key components of MR severity: (1)
mitral effective regurgitant orifice area (EROA) that directly
evaluates the area of leaflet coaptation gap; (2) mitral RegVol; and
(3) mitral RegFrac, related to the amount of load and the
hemodynamic consequences of MR. Despite that the outcome
implications of MR quantitative methods have been demonstrated
in epidemiological studies, they still remain widely under-used as
shown in two surveys (77, 115, 116). Yet as recently reported,
quantitative methods are feasible for use in daily practice in MR
(117, 118). In the Mayo Clinic cohort, MR quantification either by
PISA and/or PW Doppler quantitative methods was feasible in
more than 4 patients out of 5 with moderate or severe MR (117).
In practice, there are clinical situations where formal quantification
is not required to grade MR as “severe”, such as a symptomatic
patient with MV flail leaflet and huge coaptation gap. Apart from
these specific situations and in accordance with guidelines, we
advocate the use of quantitative methods whenever possible when
grading MR severity.
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2.3.1. Proximal flow convergence method

2.3.1.1. Pathophysiological basis

The proximal isovelocity surface area (PISA) method is based upon
the fact that the amount of regurgitant flow through a given orifice
can be determined by basic principles of fluid dynamics alongside
the aliasing phenomenon (119-121). Indeed when crossing a finite
rounded orifice, the blood accelerates in concentric shells with
progressive decreasing surface area and increasing velocity.
Therefore, the flow through the regurgitant orifice equals the
flow through a given isovelocity shell according to the law of
conservation of mass. The isovelocity shells can be revealed by
modifying the Nyquist limits of the color Doppler settings, which
will result in aliasing at the set levels. This allows to visually
identify the hemispheric isovelocity shells close to the orifice
provided that the aliasing velocity chosen is approximatively 10%
of the peak MR jet velocity (that is in practice between 20 and
40 cm/s depending on low- vs. high-flow status) (32). The MR
flow rate is estimated by the following formula: 2mxr’>x V,
where r is the PISA radius and V, the aliasing velocity. By
applying the continuity equation one can estimate EROA as MR
flow rate/Vmax and RegVol as EROA x VTI where Vmax and
VTI are respectively the maximum Doppler velocity and velocity-
time integral of the regurgitant jet estimated by CWD mode.

2.3.1.2. Limitations of the PISA method

The PISA method has been calibrated with LV angiography and
TTE indirect quantitative methods (116-119). It is to date the
most popular method among cardiologists to quantify MR.
However, major limitations hamper its routine use in practice.
All of these have been the object of many original studies, state-
or-the-art reviews and editorials. Actually, the PISA method
which has been first calibrated in experimental models relies on
the core assumption that the flow would always be constant over
time and orthogonal to well-defined hemispherical isovelocity
shells until passing through a “pin-hole” orifice on a flat plane
(120). these “idealized”
encountered in vivo in primary MR (Figure 6) (36, 37). The

However, conditions are rarely
main limitations of the PISA method are summarized in
Table 2. Those related to the measurement of PISA radius are
numerous as recently illustrated by Hagendorff et al. (23).
Interestingly, the vast majority of these issues had been well
described since the very first PISA validation studies in the 1990s
and have been given renewed attention in recent years thanks to
the advances in 3D-echo imaging, comparison studies with CMR,
software post-processing and computational models (45, 122-
124). Therefore there are several features in primary MR where
the PISA method may not be reliable including: wall-constrained
eccentric jet (usually in case of posterior valve prolapse or
commissural MR), multiple jets, late-systolic MR, or extensive
Barlow’s disease with bi-leaflet prolapse and diffuse MR leaking
from one MV commissure to another (Figure 6).

Importantly, the mitral RegVol calculated by the PISA method
is based on the EROA measured at a single time point during
systole (125). However, in primary MR due to prolapse, the
highest flow rate usually occurs during mid-to-late systole (38).
Hence, the use of PISA does not truly fit physiological reality
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FIGURE 6

Examples of pitfalls of the PISA method. (A) Patient with anterior MV prolapse. A clear hemispheric-shaped proximal flow convergence is seen on
parasternal long-axis view (A). However, this is not the most common situation encountered in clinical practice. (B) Wall-constrained proximal flow
convergence with a oblong shape. This is frequently observed in case of posterior MV prolapse or commissural MR. There is a risk of over-estimation
of MR EROA and RegVol by the PISA method. (C) Late-systolic MR. As shown in Doppler color coupled to M-mode, the MR is only present in the
latter part of systole. Therefore the MR EROA which depends on a single time point measurement (the PISA radius) is not reliable to grade MR. (D)
Multiple MR jets. The PISA method is not reliable to grade MR. Indirect quantitative methods should be considered. (E) Bi-leaflet prolapse with
extensive MR from one commissure to another. The PISA method is inapplicable. Indirect quantitative methods should be considered. EROA, effective
regurgitant orifice area; LV, left ventricular; MR, mitral regurgitation; MV, mitral valve; PISA, proximal isovelocity surface area.

and can greatly over-estimate true RegVol. Theorically, both mitral
EROA and RegVol should be integrated instantaneously over the
entire cardiac cycle. Hence, the MR RegVol assessed by PISA
only gives a rough estimate of the true RegVol.

Main message for the clinician

We suggest in routine practice to not report the mitral RegVol
assessed by PISA. However, whenever it is possible to obtain a
reliable measurement, without any of the clinical situations in
primary MR as detailed above, the assessment of mitral EROA
by PISA should be performed. Indeed, from an epidemiological
perspective, each increase in EROA results in proportional higher
risk of long-term mortality. Nonetheless, the numerous pitfalls in
PISA method result in significant inter- and intra-observer
variability on an individual basis. Hence, as suggested by other
recent papers on the field, it is debatable whether PISA-based
measurements should be considered as semi-quantitative rather
than true quantitative parameters (23, 43).

2.3.2. Indirect quantitative methods

2.3.2.1. Pathophysiological basis

The indirect quantitative methods rely on the principle of
conservation of mass: in a heart with normally functioning
valves, the amount of blood crossing the MV (=transmitral
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volume) equals the amount of blood ejected into the aorta across
the aortic valve. Hence, in patients with isolated MR, the LV
total stroke volume (LVTSV) equals the aortic forward stroke
volume (anterograde flow) plus the mitral RegVol (retrograde
flow). Then, the MR RegFrac is obtained by dividing the MR
RegVol by the LVTSV. Because they estimate MR RegVol and
RegFrac without considering the MR regurgitant jet(s), the
indirect quantitative methods are of great interest in case of very
eccentric, multiple jets, or when the duration of MR is
inconstant during systole, such as late-systolic MR, in other
words all clinical situations where the PISA method is not
detailed
appropriate approach for a thorough assessment of the MR

reliable as above. Certainly, they are the most
severity from a hemodynamic perspective. However, they are
only feasible in patients with sinus rhythm.

Noteworthy, the term of “volumetric methods” used in
previous  studies is  somewhat  misleading  because
different of

calculating LVTSV: either using PW Doppler mode at the level

indistinguishably referring to two methods
of the mitral annulus to calculate the transmitral volume, or by
computing the difference between LV end-diastolic (EDV) and
end-systolic volumes (ESV) LVESV according to the 2D or 3D

Simpson’s method. For the sake of clarity, the terms of “PW
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FIGURE 7
PW Doppler quantitative method. Same patient as Figure 5. The LV total stroke volume is computed by the Doppler method as follows: LVTSVuy) = X
(Amv)2 X VTIumy/4. Importantly, the Ayy must be measured at early diastole. Also the sample volume must be positioned at the level of the mitral annulus
(not that of the leaflet tips). The aortic systolic forward stroke volume is computed by the Doppler method as follows: LVSV(A0) = nt X (A yor)2 X VTl von/4.
The A yotr must be measured at mid systole. The MR RegVolpy, is computed as the difference between the LVTSVuy) and the LVSV(Ao). Consequently, the
MR RegFracuy) is obtained by dividing the MR RegVolmy) by the LVTSV(uy). 4, diameter; LV, left ventricular/ventricle; LVOT, LV outflow tract; LVSV(Ao), LV
systolic aortic forward stroke volume by Doppler method; LVTSV(uy), LV total stroke volume by the PW Doppler quantitative method; MR, mitral
regurgitation; RegVol, regurgitant volume; RegFrac, regurgitant fraction; PW, Pulsed-Wave; VTI, velocity-time integral

Doppler quantitative method” and “volumetric method”,
respectively referring to the former and the latter, will be used.

2.3.2.2. PW Doppler quantitative method

The PW Doppler quantitative method has been historically used to
quantify MR (Figure 7) (126-128). Nowadays, it is not routinely
used in practice. Indeed, this is a time-consuming approach.
Then, this method suffers from two major sources of
measurement errors: those related to the estimation of aortic
forward systolic volume, as detailed thereafter, but also those
related to the mitral annulus which significantly impact the
estimation of transmitral volume (Table 2). The recent advances
in imaging the mitral annulus with 3D-techniques may help to
better estimate the transmitral volume but further research is
required to validate this approach. The PW Doppler quantitative
method is feasible only in patients with sinus rhythm, without
aortic regurgitation but also without any degree of mitral stenosis
or annular calcification. To date, this approach should not be
used first-line but rather as an additional support when the
assessment of other MR parameters leads to discrepant or

inconclusive results.

Frontiers in Cardiovascular Medicine

2.3.2.3. Volumetric method

The use of volumetric methods to quantify MR has been given
renewed attention in recent years (Table 3). This is notably due
to the intense debate surrounding the discrepant results between
the COAPT and MITRA-FR trials which assessed the efficacy of
transcatheter edge-to-edge repair for secondary MR (135, 136).
Indeed several authors noticed inconsistencies when analyzing
the reported echocardiographic data of the COAPT study (24,
25, 137, 138). Consequently, the need has arisen to reappraise
the quantification of MR from a hemodynamic perspective (139,
140). The 2D-TTE volumetric method could suffer criticism
because of two sources of measurement errors: those related to
the LV volumes, and those related to the LV aortic forward
stroke volume by PW Doppler. LV volumes measurements by
2D-TTE can be underestimated markedly compared to those
obtained with CMR (141). The reasons explaining this include
geometric assumptions of LV shape as elliptic according to the
biplane Simpson’s method, interobserver variability in the
delineation of myocardial borders, apical foreshortening, or poor
acoustic window (129, 142). Nonetheless, in our common
experience it is possible to obtain reliable total and forward LV
stroke volume values (and therefore to calculate MR RegVol and
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TABLE 3 Relevant published studies in contemporary practice focusing on the volumetric method by echocardiography to quantify primary MR.

First author, Number of patients

year (Ref #)
Cawley et al., 2013
(129)

26 with primary MR in sinus rhythm

Comparative method

- CMR volumetric method

Main findings

- Good correlation between RegVol assessed by 2D-TTE versus CMR
volumetric methods (r=0.79).

- Under-estimation of LV volumes assessed by 2D-TTE compared
with CMR

Maréchaux et al.,
2014 (130)

60 with primary MR due to prolapse (all grades)
in sinus rhythm

- MR 4-grades 1+ to 4+
integrated approach

- High feasibility for determining 3D-TTE RegFrac (90% of patients)

- Highly specific cut-off value of 3D-TTE RegFrac > 40% to detect
significant MR (3+ or 4+)

- Large overlap zone for 3D-TTE RegFrac between 3 +and 4+ MR
grades

- Better discriminative value of 3D-TTE compared with 2D-TTE
RegFrac between 1 and 2+ vs. 3-4+ MR grades

Heo et al., 2017
(131)

- 37 (validation group out of 152) who
underwent CMR with primary (n=27) or
secondary (n=10) MR (all grades)

method

- RegFrac by CMR volumetric

- Moderate correlation (r=0.53) with poor agreement (=75; 40 ml)
between RegVol assessed by 2D-TTE versus CMR volumetric
methods.

Levy et al,, 2018
(132)

- 53 with primary MR due to prolapse (all
grades)

- RegVol by CMR volumetric
and 2D-PISA methods

- High feasibility (86% of patients) for determining 3D-TTE RegVol
using automated fast 3D-TTE software (HeartModel)

- Excellent inter- and intraobserver reproducibility for RegVol
between 3D-TTE and CMR volumetric methods (56 + 28 ml vs.
57 +23 ml) but significantly higher using 2D-PISA (69 + 30 ml)

Lee et al., 2018
(133)

- 166 with severe primary MR due to chordae
rupture in sinus rhythm

- RegVol by 2D-PISA

- Discordant MR severity grading found in 41% of patients using
RegVol (>60 ml by 2D-PISA but < 60 ml by 2D-TTE volumetric
method)

- Moderate correlation (r=0.53) with poor agreement (—25; 162 ml)
between RegVol assessed by 2D-TTE volumetric versus 2D-PISA
methods.

- Small LV EDV or narrow PISA angle associated with over-
estimation of RegVol by PISA versus 2D-TTE volumetric methods.

Altes et al., 2022
(134)

- 188 with moderate-to-severe or severe primary
MR due to prolapse in sinus rhythm

- RegVol by 2D-PISA and
CMR volumetric methods

- Weak correlation (r=0.30) with poor agreement (-37; 63 ml)
between RegVol assessed by 2D-TTE volumetric versus 2D-PISA
methods.

- Moderate correlation (r = 0.55) between RegVol assessed by 2D-TTE
versus CMR volumetric methods

- Fair correlation between LVEDV and RegVol (r=0.68) but not
RegFrac (r=0.17) assessed by 2D-TTE volumetric methods

RegFrac) by 2D-TTE in the majority of patients when the image
quality is sufficient (Figure 8) (130). This has recently been also
reported by other groups (24, 43). To achieve this, the LV
borders should be traced at the interface between the LV cavity
and the compacted myocardium, and not at the blood-tissue
interface (that is at the tip of the trabeculation) (143). The
following tips can be helpful to obtain the most accurate apical
views, without foreshortening the LV apex: (1) correctly position
the patient; (2) select the acoustic window from the lowest rib
space achievable; (3) ask the patient to breathe in/out as
appropriate then to hold her/his breath while recording the
apical views. The use of contrast echocardiography may help on
a case-by-case basis but has not specifically been studied in the
context of MR (144). Hence, after respecting an initial learning
the LVTSV  should
approximatively equal the aortic forward stroke volume),
should be confident their
measurements in pathological conditions such as MR.

Nowadays, the 3D-TTE evaluation of LV volumes is part of the

curve on normal exams (where

clinicians in own volumetric

routine echo assessment in many centers. 3D-TTE has the
advantages of not relying on geometric assumptions for volume
calculations and of avoiding the need for foreshortened views.
3D-TTE-assessed LV volumes showed significantly less bias and
lower intra- and inter-observer variability compared to CMR
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than those assessed with 2D TTE, at the exception of markedly
enlarged LV volumes (145, 146). Importantly, no systematic
difference in the measured LV ejection fraction between the 3D-
TTE methods and CMR has reported  (147).
Notwithstanding this, Levy et al. reported that in a cohort of
patients with primary MR, while 3D-TTE LV EDV and ESV
values were lower than those measured with CMR, LV TSV
values were similar (bias: —5+22 ml) (132). Consequently, MR
RegVol values were similar between 3D-TTE and CMR (bias =
—2+12 ml). Maréchaux et al. found that in healthy patients
without valvular disease 3D-TTE LV TSV and Doppler-based SV
values were very close (bias —0.5 ml) without systematic bias.

been

Therefore, MR RegFrac can be routinely determined using 3D-
TTE with a high feasibility rate in patients with primary MR
(130). However, this method requires good image quality and the
benefits of 3D-TTE are tempered by its lower temporal
resolution compared with 2D: a minimal frame rate of 25-30 fps
should be reached to allow measurements. Also the reliability of
3D-TTE in patients with atrial fibrillation has not been
specifically assessed in MR. Importantly, the echocardiography
platform and analysis software used significantly affect the values
of 3D-echo-determined LV parameters (148). Finally, one should
not look for strict consistency between MR RegVol and RegFrac
measurements by the volumetric method between 2D-TTE, 3D-
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FIGURE 8
Indirect volumetric method. Same patient as Figures 5, 7. The LV total stroke volume is computed as the difference between LV end-diastolic and end-
systolic volumes according to the 2D-biplane Simpson’s method [LVTSVzp)l or 3D-volumes [LVTSVzp)l. The LV borders should be traced at the interface
between the LV cavity and the compacted myocardium, and not at the blood-tissue interface (that is at the tip of the trabeculation). The aortic systolic
forward stroke volume is computed by the Doppler method (see Figure 7). The MR-RegVolp 3p) is computed as the difference between the LVTSV2p, 3p)
and the LVSV(Ao). The MR-RegFracp, 3p) is obtained by dividing the MR RegVolep, 3p) by the LVTSV(op, 3p). The congruence between MR RegVol and
RegFrac values obtained by the different indirect quantitative methods as well as LV hemodynamic and cardiac output should be carefully checked. A,
diameter; BP, biplane; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular/ventricle; LVSV(Ao), LV systolic aortic forward stroke
volume by Doppler method; LVTSV(zp), LV total stroke volume by 2D-indirect volumetric method; LVTSVzp), LV total stroke volume by 3D-indirect
volumetric method; MR, mitral regurgitation; RegVol, regurgitant volume; RegFrac, regurgitant fraction.

TTE and CMR (if performed), but rather to ascertain that the
values obtained are in the same range of MR grading severity.
Whichever LV volumes are measured using 2D- or 3D-TTE,
the calculation of forward aortic stroke volume is the same and
for

requires consideration. The potential causes

measurement of the LVOT diameter have been well documented

imprecise

in aortic stenosis (149). In patients with normal aortic valves, it
is possible to obtain reliable estimates of forward aortic stroke
volume when several conditions are fulfilled: proper positioning
of the PW Doppler sample volume, good PW Doppler spectral
envelope quality, adequate parasternal long-axis view with zoom
on the LVOT, no aortic annular calcification, measurement of
LVOT diameter at the level of aortic annulus in mid-systole
(150). Nonetheless, the true shape of LVOT is not circular but
rather thereby in stroke volume

elliptical, resulting
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underestimation calculated using LVOT diameters vs. 3D LVOT
areas (44, 151). Whether the estimation of forward stroke volume
by the of LVOT by 3D-
echocardiography would result in varying MR RegVol values

direct measurement area
needs further assessment.

Main message for the clinician

The indirect quantitative methods, feasible in patients in sinus
rhythm, allow to obtain MR RegVol and RegFrac measurements,
which correspond to hemodynamics. Therefore the 2D- and 3D-
TTE volumetric methods should take a central role in the
routine echocardiographic examination of patients with MR. The
biggest LV volumes between those obtained by 2D vs. 3D-TTE
should be selected to calculate LV total
Whichever quantitative method is used, it is critical to look for

stroke volume.

consistency between LV, LA and mitral regurgitant volumes: for
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instance, it is not physiologically possible to have a MR RegVol
value higher than the end-systolic LA volume. Also, the MR
RegVol should not reach a value close or even higher than the
LV total stroke volume, otherwise the “remaining” aortic systolic
forward stroke volume would not be sufficient to ensure a
cardiac output compatible with normal life. Both the PISA and
volumetric methods have their own strengths and limitations in
grading MR severity (152). To avoid mistaking the quantitative
method actually used for a given measurement with the others,
we EROA and

suggest reporting PISA-assessed mitral

volumetrically assessed mitral RegVol and RegFrac.

2.3.3. Vena contracta area and proximal flow
convergence assessed by three-dimensional
echocardiography in primary MR

The integration of 3D echocardiography in modern-day echo
units provides an opportunity to better appraise the complex
geometry of the MV apparatus, leaflets and coaptation gap (153,
154). In particular 3D-echocardiography allows to consider the
mitral EROA as a three-dimensional structure thereby not relying
anymore on the many assumptions made when measuring 2D-
VCW or 2D-PISA (155, 156). Several single-center cohort studies
described good reproducibility of 3D-vena contracta area (VCA)
or 3D-PISA with better agreement with CMR compared with
two-dimensional measurements (124). The acquisition methods
and technical considerations to acquire VCA and EROA by 3D-
TTE have been well described in a recent review by Mantegazza
et al. (52). Interestingly, these 3D methods may be of great
interest to grade residual MR following transcatheter mitral valve
repair (157, 158). In practice, although recent improvements in
3D-echocardiography techniques have made it possible to
increase spatial and temporal resolutions, they still remain lower
than with color 2D. Also the use of 3D-echo with Doppler color
mode requires good image quality and sufficient framerate (>20
frames per second). Multibeat acquisition is helpful but not be
feasible in patients unable to hold their breath or with
arrhythmia. Thus, the subsequent MR jet analysis by multiplanar
reconstruction (MPR) is time-consuming, implies advanced 3D-
echocardiography skills and may be subject to interobserver
variability. Therefore, the use of 3D-VCA and 3D-PISA currently
remains limited to a few specialized echo units—although such
limitations may be overcome in the near future by promising
(AI)-based The
multiple-center prospective data for external validation of test-
retest reproducibility and MR severity cut-off levels of 3D-VCA
and 3D-PISA associated with adverse outcome would mark a

artificial intelligence tools. availability of

major step towards more widespread use of these methods.

2.4. Conclusion on MR grading by
echocardiography and work-up

At the end of echocardiographic evaluation, the MR should be

» «

classified as “significant”,

» <«

moderate”, “mild”, or “indeterminate”,
as discussed in the following section (see Section 3.1). If there is
no doubt that the MR is significant by 2D-TTE and with one or

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2023.1107724

more indication(s) for MV surgery, then intervention should be
planned promptly after Heart Team discussion according to
MV repair probability, patient’s risk profile and wishes. In this
setting, the role of TEE is to detail the morphology of MV and
mechanism(s) of MR either to guide the surgeon if a MV repair
surgery
percutaneous TEER.

is planned or to screen for the feasibility of

If the MR is significant but symptoms are equivocal or absent
and the patient is able to exercice, then either exercice stress
echocardiography or cardiopulmonary exercice testing (CPET)
are indicated to evaluate functional and hemodynamic tolerance
of MR. Exercice stress echocardiography also allows to unmask
exercice pulmonary hypertension at low workload, while CPET
can detect reduced peak oxygen consumption related to MR
consequences (159-161). Yet there is no established evidence that
one of these two examinations would better stratify patients’ risk
than the other one in primary MR.

The work-up after TTE of patients with “moderate” or
“indeterminate” MR is closely similar. Indeed the risk of
patients with moderate MR is not uniform, as discussed further
lead classify MR

“indeterminate”. Discrepant results can be found between one

below. Several reasons can to as

or more MR specific echocardiographic parameters. Some of the
MR parameters may not be feasible or reliable as previously
detailed. Also MR should be graded as “indeterminate” if only

mild the of MR
echocardiographic parameters but with suspected valve-related

or moderate apparently on basis
symptoms, LA/LV enlargement or elevated pulmonary pressures
without another explanation. Importantly, clinical situations or
specific features of MR are at risk of misevaluation of severity
including atrial fibrillation, late-systolic MR, bi-leaflet prolapse
with multiple jets or extensive leak, wall-constrained eccentric
jet or in women and/or older patients with complex MR
mechanism. Then, a second-line examination (CMR or TEE)
should be performed.

CMR should be considered rather than TEE as second-line
imaging modality in patients rhythm,
contraindication for CMR and able to hold her/his breath, when
the main remaining issue is to quantify MR. The comprehensive

in sinus without

assessment of MR by CMR both in terms of quantification and
arrhythmic risk stratification is beyond the scope of this review
(162). The numerous advantages of CMR to quantify MR in
patients are well-known (163). However, CMR comprises also
some technical limitations which can lead to fluctuations in MR
RegVol measurements by the indirect volumetric method. These
include the choice of LV basal slice selected to estimate LV
volumes because of partial-volume effects and through-plane
motion. This is of particular concern in patients with prominent
bi-leaflet prolapse (164). LV volumes estimates include the
papillary muscles and trabeculae in the ventricular cavity. Then
the forward stroke volume value (and thus MR RegVol) may
vary regarding the location of through-plane phase contrast
velocity mapping (165). Therefore, in our opinion, there is no
need to oppose CMR and echocardiography: in experienced
hands, both are excellent imaging modalities to assess MR
severity and have their own strengths and pitfalls.
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On the other hand, TEE should be preferred over CMR as
second-line imaging after TTE when there is a specific need to
comprehensively assess MV morphology in addition to grade MR
severity. Also TEE is the second imaging modality of choice in
patients with atrial fibrillation and/or with contraindication to
CMR. The main complementary asset of TEE in primary MR
evaluation is to provide a comprehensive evaluation of the
mechanisms of the leak—notably thanks to high-resolution 3D
imaging—and to predict probability of repair (52). MR grading
by TEE requires specific considerations. TEE can provide better
definition of 2D-VCW or proximal flow convergence than TTE
thanks to its higher spatial and temporal resolution. Also the
presence of an MR with Coandd phenomenon is well-defined by
TEE. The CWD line can be aligned better with the direction of
the jet using TEE, so the complete envelope of the signal can be
obtained. All four pulmonary veins can be evaluated with TEE
(100). 3D-VCA and 3D-PISA TEE provide substantially better
image quality than TTE (156). However, for a same given
RegVol, the MR jet can appear larger in TEE color Doppler
mode because of the higher frequencies of the probe, or smaller
in case of increased heart rate. Yet, while a close agreement has
been reported between TTE and TEE MR quantitative values by
PISA, the prognostic implications of cut-off values for MR
EROA and RegVol by 2D-PISA have been studied only using
TTE but not TEE (166). Importantly, MR is load-dependent,
therefore its quantification may be influenced by the conditions
under which TEE is performed (during surgery or under general
anesthesia relative to light sedation) (167).

3. Discrepancies in echocardiography-
based grading of MR severity

3.1. Considerations about MR grading

Disease grading according to severity is a cornerstone in
medicine enabling clear communication between patients and
of
Historically, the 4-grade classification system for MR severity

practitioners and identification appropriate  therapies.
arose from the qualitative findings of LV angiography used to
assess MR (168). Enriquez-Sarano et al. first calibrated thresholds
for MR quantitative measurements (EROA, RegVol, RegFrac)
using LV angiography as the reference standard. The same group
then subsequently demonstrated the prognostic value of these
thresholds (116, 169). Thereafter, guidelines endorsed the 4-grade
classification system resulting in its widespread use. Yet in
routine practice it may be questioned whether this classification
is truly discriminative for every patient with primary MR. Indeed
Gammie et al. recently highlighted substantial variability in MR
severity definition and reporting in contemporary clinical studies
of mitral valve interventions (170). For example, 2+ MR was
defined as moderate in 64% of studies, mild in 27%, and mild-
moderate in 9%.

As such there is significant overlap between all MR semi-
quantitative and quantitative parameters against LV angiography

or PW Doppler quantitative evaluation. This can be explained in

Frontiers in Cardiovascular Medicine

18

10.3389/fcvm.2023.1107724

part by the sources of variability of each individual parameter, as
well as by the choice of the gold standard. In particular there is
considerable overlap between MR grades 3+ and 4+ (121, 167).
Not surprisingly, the same overlap was found in recent studies
evaluating the diagnostic accuracy of 3D-TTE parameters such as
3D-RegFrac (130). Actually, no one single echocardiographic
parameter can discriminate with accuracy 3+ vs. 4+ MR for a
given patient. Furthermore, prognosis worsens in asymptomatic
MR 3+ patients over long-term follow-up until eventually
reaching that of patients classified as MR 4 +at baseline (116).
Antoine et al. demonstrated in a large study population that,
compared with general population mortality, long-term excess
mortality appears for moderate MR (EROA >20 mm®) and
becomes notable at EROA > 30 mm? (117). They highlighted that
patients with “moderate” MR according to guidelines (that is
with RegVol and 60 ml) a very
heterogenous group where the true challenge is to determine

between 30 represent
those who already suffer from consequences of MR and need
intervention, those who may rapidly progress during follow-up
and become eligible for MV surgery, and those at lower risk who
should remain under active surveillance. As insightfully stated by
Hung et al., the MR RegVol taken alone does not always capture
the prognostic importance of MR, hence the patient’s overall
clinical status should be considered (171).

Main message for the clinician

The indication for MV surgery is discussed in heart teams for
patients with 3+ and 4+ primary MR, based on the feasibility of
MV repair, symptoms, other markers of adverse outcome in MR
such as LV dysfunction, and operative risk. Considering the
aforementioned, we think that numerical classification of MR
should be abandoned. Following the latest guidelines, MR should
be classified as “none”, “trace/mild”, “moderate” or “significant/
severe”. Perhaps a further step would be to routinely prefer the
term “significant” rather than “severe” MR to define the presence
of a hemodynamically significant amount of regurgitant blood
flowing across the MV. The term “severe”, implying by its
etymology bad outcomes and requirements for intervention,
should be employed in case of significant MR associated with
one or several triggers for MV surgery. As our knowledge
improves, it becomes clear that a rethinking of how we
conceptualize MR grading is necessary. We should see it as a
continuum integrating both quantification of MR and its
consequences, even for patients with presumed “moderate” MR.

3.2. Discrepancies arising from the
integrated multiparametric approach

The echocardiographic multiparametric approach has been
precisely endorsed by guidelines to address the fact that no one
single parameter can be used systematically to grade MR severity.
However, the use of multiple parameters inherently results in
potential discrepancies between one or more of them. Some of
the reasons for this have been previously discussed: MR
parameters may be impacted by technical settings, loading or
other pathophysiological conditions, or echocardiographer skill.
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Two reproducibility studies reported only moderate interobserver
agreement for grading MR by echocardiography (172, 173). Of
note, both studies assessed reproducibility based on pre-recorded
sets of echocardiographic loops and images. Actually, no
prospective test-retest reproducibility study has been performed
yet for echocardiographic grading of primary MR severity. Given
the potential differences between echocardiographers when
acquiring a MR proximal flow convergence or vena contracta, it
can reasonably be hypothesized that doing so would result in
greater interobserver variability. Moreover, some MR parameters
are directly related to the amount of mitral regurgitant load
(vena contracta, flow convergence area), whereas others are
related to the impact of MR on heart chambers (LV, LA
enlargement). This represents another source of discrepancy
since MR volume and its consequences are not systematically
related in a linear way.

Recently, a limited concordance between echocardiographic
parameters of MR severity was reported, particularly for patients
with more severe MR. On the other hand, the concordance
between parameters was better when considering only 2D-VCW,
MR EROA by PISA and RegVol (174). These findings correspond
to the usual application of the integrated approach where
quantitative MR parameters when measured prevail over the others.
In another study from the same group, the strongest associations
between MR RegVol by CMR and MR echocardiographic
parameters were found for MR EROA, MR RegVol assessed by
PISA, LVEDV, and flail leaflet, suggesting that these parameters
should be weighted more heavily than others in echocardiographic
grading of MR severity (175). A particular problem is that current
guidelines do not suggest how discrepancies between multiple
parameters should be handled, in particular whether the most
severe parameter should be considered or if a consensus of
parameters should be used. Therefore the latest ASE guidelines
proposed hierarchical “weighting” of the different MR parameters
in an algorithm to guide decision-making according to the presence
or absence of these individual parameters and detailed for which
combinations MR should be considered definitively mild or severe
(27, 28). Gao et al. first investigated the ability of the ASE
algorithm to rule in severe MR defined by CMR, proven post-
operative LV reverse remodeling and improved functional class
(176). Recently, Uretsky et al. observed in a subgroup of 48 patients
who underwent MV intervention and post-operative CMR that
severe MR by CMR was associated with LV reverse remodeling
(defined as change in LVEDV after intervention), whereas
“definitely severe MR” by the ASE algorithm was not (177).
However, whether a significant decrease in LVDEV after MV
intervention necessary implies that MR would be severe is
uncertain. To date, data are scarce regarding the relationship
between the echocardiographic integrated approach for MR grading
or CMR-based MR parameters and clinical post-operative outcome
in patients with primary MR.

Main message for the clinician

The of MR grading
parameters offers the possibility to check the measured values

large number echocardiographic

regarding their congruence. The presence of incongruent findings
should be explained by the MR type and features, loading

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1107724

conditions, acquisition techniques or echocardiographer skill. On
the other hand, the measured values that appear demonstrably
incongruent must be viewed critically and with caution. Hence,
the large number of echocardiographic parameters available to
grade MR offers both challenges and opportunities (178).

3.3. Discrepancies between quantitative MR
parameters and outcome implications

Beyond the discrepancies between MR parameters, it is
paramount to recognize that there are method-related differences
of quantitative parameters such as MR RegVol. Indeed, mitral
RegVols assessed by PISA or volumetric methods (either by 2D-
TTE, 3D-TTE or CMR) can differ markedly (179). A recent
meta-analysis of contemporary studies showed an overestimation
with all 2D-echo measurements with only moderate agreement
compared to CMR (124). Indeed, a major heterogeneity is
observed for RegVol values between one or other method
compared with CMR, with some patients having higher RegVol
values by echo vs. CMR whereas other patients exhibit the
opposite. Focusing on patients with at least moderate-to-severe
primary MR exclusively due to prolapse (n=188), we recently
reported that the mitral RegVols obtained by PISA displayed
poor correlation with those obtained with a volumetric method
(CMR, TTE), thereby precluding direct comparison (134). In
practice, this implies that one needs to account for these
method-based differences and interpret RegVol according to
different methods. Interestingly, Igata et al. recently observed that
MR EROA and RegVol assessed by the volumetric method, but
not by PISA, were predictive of outcome in patients with
secondary MR and LVEF <35% (180). Such a “head-to-head”
comparative study of these MR quantitative methods by
echocardiography remains to be done in primary MR.

Strikingly, the MR RegVol overestimation by PISA compared
with volumetric methods has been reported to be more prevalent
in patients with a normal or only mildly enlarged LV (133, 134).
This has important implications for patients with small body
surface area, notably women and/or elderly patients. Mantovani
et al. observed smaller absolute cardiac dimensions and MR
regurgitant volumes for women, thereby suggesting that these
measurements should be indexed to body size (113). As a result, a
given amount of MR RegVol is likely to impact differently heart
(and
symptoms) between two patients with different LV sizes and body

chambers and hemodynamics thereby occurrence of
surface areas. In practice, MR RegVol values obtained by
volumetric methods below the 60 ml threshold retained by
guidelines are frequently found for women and/or elderly patients,
of MR-related
intervention. Indeed, there is an expected proportional relationship
between MR RegVol and LVEDV in primary MR. However, the

LV response to MR may differ according to the underlying

despite clear resolution symptoms  after

etiology (Barlow’s disease, fibroelastic deficiency, or restrictive
primary MR) or aging, because of impaired LV relaxation which
may result in a lesser degree of MR RegVol and LV dilatation
before symptom onset. Further studies are warranted to elucidate
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whether (1) sex-, age-, and/or MR etiology-specific thresholds could
help to tailor the timing of intervention for these patients and (2)
MR RegFrac rather than RegVol thresholds would allow better
evaluation of MR severity, better prognostication and decision-
making in all or selected subgroups of patients.

The main advantage of MR RegFrac is to consider the
importance of MR from a more hemodynamic perspective,
relating MR severity to the patient’s LV dimensions and cardiac
stroke volume. Using the volumetric method, MR RegVol is
calculated using LVEDV. In the presence of normal LV volumes
or only moderate dilatation, a unique 60 ml cut-off to define MR
severity does not fit to all patients with primary MR. As reported
by Uretsky et al., a third of patients with an MR RegVol assessed
by CMR of less than 60 ml met the echocardiographic criteria for
severe MR (175). Because MR RegVol and LVEDV (and thus
LVTSV) are both related to body surface area, the calculation of
MR RegFrac by the volumetric method could enable assessment
of MR severity independently from LV size (134). Compared
with RegVol, the clinical significance of MR RegFrac has been
seldom studied, either on echocardiography or CMR. Maréchaux
et al. reported that a cut-off of 3D-RegFrac>40% accurately
discriminates patients with 3+ or 4+ MR, with a grey zone of
overlap between 1+ or 2+ vs. 3+ or 4+ patients reduced by 3D-
TTE compared to 2D-TTE (130). Consistently, CMR studies
emphasized the discriminative value of a CMR-RegFrac > 40%,
that is below the 50% threshold still retained in guidelines, and
with prognostic implications (181). Independently from the
imaging modality used (2D-TTE, 3D-TTE, or CMR), further
should be
standardize the severity thresholds of RegFrac based on outcome

multicenter prospective studies conducted to
predictions in patients with primary MR.

Main message for the clinician

It is of upmost importance to conciliate MR quantitative
measurements and hemodynamic findings when grading MR
severity. If there are inconsistencies, either at individual patient-
or study-level, the echocardiographic raw data should be carefully
checked (26, 138). MR RegVol values estimated by PISA or
indirect quantitative methods can differ markedly. Also, a unique
MR RegVol cut-off of 60 ml to define MR severity does not fit to
all patients with primary MR. MR RegFrac by the volumetric
method relates the MR RegVol to the patient’s LV dimensions
and cardiac stroke volume. From a practical approach, a MR
RegFrac assessed by the volumetric method of 40% or more is
highly specific of significant (3+ or 4+) MR (182). Its routine
calculation may allow to reconcile at least in part alleged

discrepancies between echocardiography and CMR in grading MR.

3.4. Morphological features of primary MR
at risk of discrepancies in grading MR
severity

3.4.1. Late-systolic MR

The presence of a “late-systolic MR” (that is with a jet largely
predominating or exclusively present from mid to late-systole)
and/or bi-leaflet impairment with mitral annulus disjunction
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should alert the echocardiographer to risk of misleading
evaluation of its severity. Ten years ago, Topilsky et al. reported
that the MR EROA assessed by PISA was differently linked to
outcome in patients with mid-late systolic MR compared with
those with holo-systolic MR (183). Indeed, for a same given
EROA, patients with mid-late systolic MR had less harmful
consequences of MR in terms of cardiac remodeling and
outcome. Hence, the use of EROA alone to quantify MR severity
should be avoided in such patients. However, the common belief
that late-systolic MR would be rarely severe is untrue. Indeed,
there is a risk of under-estimating MR severity using PISA in
mid-late systolic MR notably due to hidden multiple jets,
especially in case of bi-leaflet prolapse. Accordingly, we reported
lower MR RegVol values assessed by PISA compared with
volumetric methods in the presence of mitral annulus disjunction
(134). A first reason explaining this would be that patients with
Barlow’s disease and mitral annular disjunction can display
multiple jets. Another one would be that in addition to the MR
regurgitant jet, these patients present with a “prolapsing volume”,
that is a non-regurgitant blood volume shift resulting from the
MV prolapse, localized between the mitral annulus and the
leaflets in end-systole (184, 185). Levy et al. recently showed that
LVESV
measurements and thus estimations of MR RegVol and RegFrac

this “prolapse volume” may significantly impact
by volumetric methods (186). Whether the prolapse volume
would have independent prognostic value in addition to the MR
transvalvular load or is just a confounding factor when
estimating MR RegVol is currently unknown.

It is crucial to acknowledge these clinical situations at risk of
discrepancies in MR grading according to methods because they
have prognostic implications. Penicka et al. demonstrated that
of the

discordance between PISA and volumetric methods (assessed by

multiple or late-systolic jets were major drivers
CMR) in asymptomatic patients with at least moderate primary
MR (187). Furthermore, they showed that consideration of these
discrepancies led to reclassification of these patients’ risk on the
basis of hard outcomes (all-cause mortality or indication for MV
surgery). Indeed, with MR by

echocardiography but severe by CMR mainly displayed multiple

patients moderate

MR jets and were at higher risk of adverse outcome during
with MR by
echocardiography but only moderate by CMR mainly exhibited

follow-up.  Conversely, patients severe
late-systolic jets and shared better outcome. These important
results highlight the fact that the indirect volumetric methods
should be routinely performed in the presence of these features
of MR at risk of discrepancies. In addition to Topilsky et al’s
findings, these data also underline the need for further research
to discriminate among the mixed group of patients with mid-late
systolic MR those who have moderate from those who actually

have severe MR.

3.4.2. Atrial fibrillation

Finally, the presence of atrial fibrillation (AF) at the time of
MR severity
grading. The variability of beat lengths, in particular when

echocardiography also substantially hampers

associated with tachycardia, impact the evaluation of Doppler
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color parameters such as VC or PISA. Also the LA can be enlarged
because of the consequences of long-standing AF irrespective of the
MR severity. Essayagh et al. established separate cut-off values to
define LA dilatation in primary MR according to heart rhythm
(sinus rhythm or AF) (13). AF particularly affects the accuracy
and feasibility of volumetric methods and of 3D-echo imaging
which may suffer from stitching artifacts. Patients with AF were
present only in few studies assessing the diagnostic value of
primary MR parameters. However, new-onset AF represents a
turning point in the natural course of primary MR with a strong
prognostic value leading to discuss intervention (188). Thus, the
challenge is to discriminate patients with severe primary MR and
new-onset AF who should be referred for MV surgery from
those who still have moderate MR despite AF. In practice,
whenever possible, it is better to re-assess a patient with AF after
restoration of sinus rhythm by cardioversion.

Main message for the clinician

Late-systolic MR, multiple jets, bi-leaflet prolapse or atrial
fibrillation are situations  at risk  of

frequent particular

misevaluation when quantifying MR.

3.5. Impact of discrepancies in MR severity
grading on TTE serial assessment

Echocardiographic follow-up of patients with chronic primary
MR is recommended at annual (moderate) or 6-month (severe)
intervals (16, 17). Active surveillance performed in experienced
centers for patients with truly asymptomatic severe primary MR
is associated with a favorable prognosis, resulting in timely
referral to MV surgery, and excellent long-term survival (189).
Several practical points concerning TTE serial assessment of
these patients are worth underlining. There are two questions
being raised here: (1) Has the MR become severe or even
worsened? (2) Did adverse cardiac remodeling due to MR occur
or worsen?

The first question is easy to answer if the MR clearly worsened
between two examinations (for instance moving from grade 2+ to 4
+ due to sudden chordae rupture with new-onset flail leaflet).
However, more progressive changes in chronic primary MR could
be harder to detect. MR parameters depend upon machine settings
or loading conditions so they may vary from one TTE to another
independently from MR severity. The same machine with recorded
settings should be used for the TTE follow-up of a given patient.
Importantly, the echocardiographic images and loops should be re-
examined side-by-side from one TTE examination to another to
detect real changes not related to inter-observer variability. Doppler
color MR jet is unable to assess MR progression (190). MR
quantitative methods would theoretically allow better assessment of
MR progression because they provide “objective” numerical values
of MR grading. However, both PISA and volumetric methods may
be impacted from intra- and inter-observer variability creating some
“noise” in their ability to assess MR progression (191). Moraldo
et al. purposefully demonstrated that relying on PISA alone to
detect small changes in RegVol would require averaging a
considerable number of beats (38). As they rightfully stated in their
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study, measuring several values and retaining the one which best
fits the previous measured value as well as the clinical and full
echocardiographic picture at the time of evaluation should be
avoided. Because the 3D-TTE volumetric method has shown better
reproducibility, it would arguably outperform MR
echocardiographic parameters in assessing MR progression, but this

other

remains to be proven. For 3D-TTE, the same echocardiogram and
software must be chosen to allow serial comparison of LV volumes
(148). Finally, because of the discrepancies between RegVols
assessed by PISA or volumetric methods, it is paramount to
acknowledge that in any case measurements of RegVol by PISA or
by 2D-TTE are interchangeable.

TTE serial assessment of patients with primary MR also
intends to detect progression of LV diameters and volumes, LA
size, degradation of LVEF or new-onset signs of pulmonary
hypertension. Indeed, chronic MR may cause LA and LV
thereby
potentially damage the whole MV apparatus, which in turn

dilatation and worsen mitral annular dilatation,
results in further worsening MR severity and LV impairment
(23). Great care should be taken in measuring LV and LA
volumes from the same apical windows as previous TTEs. Again
it is important to re-examine the echocardiographic loops side-
by-side whenever needed. In practice, an apparently moderate
MR but with progressive LV and/or LA enlargement without
another explanation is suspect to have been under-estimated.
Data are scarce on the prospective assessment of cardiac
adaptations to primary MR over time. An increased mitral
annulus size could be associated with a greater progression of
MR severity (191, 192). In a community-based study, MR
progression was associated with more severe ventricular and
atrial remodeling and worse outcome (193). Latest ACC/AHA
guidelines indicate that it is reasonable to consider MV surgery
(class IIb, level of evidence C) in patients with severe primary
MR and normal LV systolic function but with a progressive
increase in LVESD approaching 40 mm or decrease in LVEF
towards 60% on longitudinal follow-up (17).

Main message for the clinician

The echocardiographic longitudinal follow-up of patients with
primary MR includes not only MR severity grading but also all its
consequences on heart remodeling. Serial echocardiograms should
be re-examined side-by-side. It is not rare in clinical practice to
better appraise the MR severity on a second examination and
eventually reclassify an initially “indeterminate” or “moderate”
MR as significant.

4. Latest developments and future
directions

Several advances in echocardiographic imaging and new

approaches are under development to overcome current
limitations of MR quantification methods. These include real-
time automated 3D-PISA considering the variations of MR
during systole (194, 195), automatic quantification of real-time
3D full-volume color Doppler (FVCD) TTE (131, 196),

automated quantification of the density of the CWD MR signal,
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named the “average pixel intensity” method (197), and semi-
automated MR quantification based on the Navier-Stokes
equation with 3D color modeling of the velocity profile through
the regurgitant orifice (198, 199).

All of these attempts to quantify MR with echocardiography in
a semi-automatic way have shown positive results with better
agreement with TEE or CMR than traditional methods, but only
in single-center pilot studies with small sample-sized study
populations. Also so far, most of these new MR quantification
software products are vendor-dependent, thereby restraining their
widespread use. Their incorporation into routine daily workflow
will require external validation of their diagnostic yield as well as
their implementation on echocardiographic machines. Lastly, the
promise of Al-based innovative solutions in echocardiography
can be expected to provide in the near future automatic
quantification of valvular regurgitation (200).

5. Conclusion

Echocardiographic grading of primary MR severity relies upon
an integrated multiparametric approach as recommended by the
latest guidelines. It is of paramount importance that clinicians
involved in valvular diseases are aware of the respective
advantages and pitfalls of each of the different MR quantitative
methods and imaging modalities used (2D, 3D-TTE, TEE).
Appraisal of MR grading methods also requires comprehensive
understanding of the basic principles of echocardiography
hemodynamics and of the natural history of the disease. In
particular it is important to acknowledge specific clinical
situations at risk of misevaluation such as late-systolic MR, bi-
leaflet prolapse with multiple jets, elderly patients and/or women,
or presumed “moderate” MR but with valve-related symptoms
and/or consequences on cardiac remodeling. Primary MR
grading should be seen as a continuum integrating both
quantification of MR and its consequences. The MR regurgitant
fraction by indirect volumetric methods allows to appraise the

References

1. Dziadzko V, Clavel MA, Dziadzko M, Medina-Inojosa JR, Michelena H,
Maalouf J, et al. Outcome and undertreatment of mitral regurgitation: a
community cohort study. Lancet. (2018) 391:960-9. doi: 10.1016/S0140-6736
(18)30473-2

2. Coffey S, Roberts-Thomson R, Brown A, Carapetis J, Chen M, Enriquez-Sarano
M, et al. Global epidemiology of valvular heart disease. Nat Rev Cardiol. (2021)
18:853-64. doi: 10.1038/s41569-021-00570-z

3. Anyanwu AC, Adams DH. Etiologic classification of degenerative mitral valve
disease: barlow’s disease and fibroelastic deficiency. Semin Thorac Cardiovasc Surg.
(2007) 19:90-6. doi: 10.1053/j.semtcvs.2007.04.002

4. Watkins DA, Johnson CO, Colquhoun SM, Karthikeyan G, Beaton A, Bukhman
G, et al. Global, regional, and national burden of rheumatic heart disease, 1990-2015.
N Engl ] Med. (2017) 377:713-22. doi: 10.1056/NEJMoal603693

5. Iung B, Delgado V, Rosenhek R, Price S, Prendergast B, Wendler O, et al.
Contemporary presentation and management of valvular heart disease: the
eurobservational research programme valvular heart disease ii survey. Circulation.
(2019) 140:1156-69. doi: 10.1161/CIRCULATIONAHA.119.041080

6. Lazam S, Vanoverschelde JL, Tribouilloy C, Grigioni F, Suri RM, Avierinos JF,
et al. Twenty-year outcome after mitral repair versus replacement for severe

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1107724

MR from a hemodynamic perspective and should be the
Advanced
echocardiographic imaging techniques and progress in automatic

cornerstone  of MR  severity  assessment.
measurements pave the way for new promising approaches to

MR grading which need to be validated in clinical practice.

Author contributions

Substantial contributions to the conception or design of the
work; or the acquisition, analysis, or interpretation of data for
the work: AA, CT, SM. Drafting the work or revising it critically
for important intellectual content: EV, FL, DV, AP, AV, BLG. All
authors contributed to the article and approved the submitted

version.

Acknowledgments

We thank Gerald Pope, Medical and Scientific Translations.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

degenerative mitral regurgitation: analysis of a large, prospective, multicenter,
international  registry.  Circulation. ~ (2017)  135:410-22.  doi:  10.1161/
CIRCULATIONAHA.116.023340

7. Jouan J. Mitral valve repair over five decades. Ann Cardiothorac Surg. (2015)
4:322-34. doi: 10.3978/j.issn.2225-319X.2015.01.07

8. Klepper M, Noirhomme P, de Kerchove L, Mastrobuoni S, Spadaccio C,
Lemaire G, et al. Robotic mitral valve repair: a single center experience over
a 7-year period. J Card Surg. (2022) 37:2266-77. doi: 10.1111/jocs.16575

9. Muneretto C, Bisleri G, Bagozzi L, Repossini A, Berlinghieri N, Chiari E. Results
of minimally invasive, video-assisted mitral valve repair in advanced barlow’s disease
with bileaflet prolapse. Eur J Cardiothorac Surg. (2015) 47:46-50; discussion 50-41.
doi: 10.1093/ejcts/ezul 66

10. Badhwar V, Chikwe J, Gillinov AM, Vemulapalli S, O’Gara PT, Mehaffey JH,
et al. Risk of surgical mitral valve repair for primary mitral regurgitation. ] Am Coll
Cardiol. (2023) 81(7):636-48. doi: 10.1016/j.jacc.2022.11.017

11. Vesely MR, Benitez RM, Robinson SW, Collins JA, Dawood MY, Gammie JS.
Surgical and transcatheter mitral valve repair for severe chronic mitral regurgitation:
a review of clinical indications and patient assessment. ] Am Heart Assoc. (2015) 4
(12):€002424. doi: 10.1161/JAHA.115.002424

frontiersin.org


https://doi.org/10.1016/S0140-6736(18)30473-2
https://doi.org/10.1016/S0140-6736(18)30473-2
https://doi.org/10.1038/s41569-021-00570-z
https://doi.org/10.1053/j.semtcvs.2007.04.002
https://doi.org/10.1056/NEJMoa1603693
https://doi.org/10.1161/CIRCULATIONAHA.119.041080
https://doi.org/10.1161/CIRCULATIONAHA.116.023340
https://doi.org/10.1161/CIRCULATIONAHA.116.023340
https://doi.org/10.3978/j.issn.2225-319X.2015.01.07
https://doi.org/10.1111/jocs.16575
https://doi.org/10.1093/ejcts/ezu166
https://doi.org/10.1016/j.jacc.2022.11.017
https://doi.org/10.1161/JAHA.115.002424
https://doi.org/10.3389/fcvm.2023.1107724
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Altes et al.

12. Benfari G, Sorajja P, Pedrazzini G, Taramasso M, Gavazzoni M, Biasco L, et al.
Association of transcatheter edge-to-edge repair with improved survival in older
patients with severe, symptomatic degenerative mitral regurgitation. Eur Heart J.
(2022) 43:1626-35. doi: 10.1093/eurheartj/ehab910

13. Essayagh B, Antoine C, Benfari G, Messika-Zeitoun D, Michelena H, Le
Tourneau T, et al. Prognostic implications of left atrial enlargement in degenerative
mitral regurgitation. ] Am Coll Cardiol. (2019) 74:858-70. doi: 10.1016/j.jacc.2019.
06.032

14. Tribouilloy C, Rusinaru D, Grigioni F, Michelena HI, Vanoverschelde JL,
Avierinos JF, et al. Mitral regurgitation international database I. Long-term
mortality associated with left ventricular dysfunction in mitral regurgitation due to
flail leaflets: a multicenter analysis. Circ Cardiovasc Imaging. (2014) 7:363-70.
doi: 10.1161/CIRCIMAGING.113.001251

15. Tribouilloy C, Grigioni F, Avierinos JF, Barbieri A, Rusinaru D, Szymanski C,
et al. Survival implication of left ventricular end-systolic diameter in mitral
regurgitation due to flail leaflets a long-term follow-up multicenter study. ] Am Coll
Cardiol. (2009) 54:1961-8. doi: 10.1016/j.jacc.2009.06.047

16. Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, et al.
2021 Esc/eacts guidelines for the management of valvular heart disease. Eur Heart
J. (2022) 43:561-632. doi: 10.1093/eurheartj/ehab395

17. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP 3rd, Gentile F,
et al. 2020 Acc/aha guideline for the management of patients with valvular heart
disease: executive summary: a report of the American college of cardiology/
American heart association joint committee on clinical practice guidelines. ] Am
Coll Cardiol. (2021) 77:450-500. doi: 10.1016/j.jacc.2020.11.035

18. Suri RM, Vanoverschelde JL, Grigioni F, Schaff HV, Tribouilloy C, Avierinos JF,
et al. Association between early surgical intervention vs watchful waiting and
outcomes for mitral regurgitation due to flail mitral valve leaflets. JAMA. (2013)
310:609-16. doi: 10.1001/jama.2013.8643

19. Baumgartner H, Tung B, Otto CM. Timing of intervention in asymptomatic
patients with valvular heart disease. Eur Heart J. (2020) 41:4349-56. doi: 10.1093/
eurheartj/ehaa485

20. Grayburn PA, Thomas JD. Basic principles of the echocardiographic evaluation
of mitral regurgitation. JACC Cardiovasc Imaging. (2021) 14:843-53. doi: 10.1016/j.
jcmg.2020.06.049

21. Pastore MC, Mandoli GE, Sannino A, Dokollari A, Bisleri G, D’Ascenzi F, et al.
Two and three-dimensional echocardiography in primary mitral regurgitation:
practical hints to optimize the surgical planning. Front Cardiovasc Med. (2021)
8:706165. doi: 10.3389/fcvmm.2021.706165

22. Dulgheru R, Marchetta S, Sugimoto T, Go YY, Girbea A, Oury C, et al. Exercise
testing in mitral regurgitation. Prog Cardiovasc Dis. (2017) 60:342-50. doi: 10.1016/j.
pcad.2017.10.004

23. Hagendorff A, Knebel F, Helfen A, Stébe S, Haghi D, Ruf T, et al
Echocardiographic assessment of mitral regurgitation: discussion of practical and
methodologic aspects of severity quantification to improve diagnostic conclusiveness.
Clin Res Cardiol. (2021) 110:1704-33. doi: 10.1007/s00392-021-01841-y

24. Kamoen V, Calle S, De Buyzere M, Timmermans F. Proportionate or
disproportionate secondary mitral regurgitation: how to untangle the gordian knot?
Heart. (2020) 106:1719-25. doi: 10.1136/heartjn]-2020-317040

25. Hahn RT. Disproportionate emphasis on proportionate mitral regurgitation-are
there better measures of regurgitant severity? JAMA Cardiol. (2020) 5:377-9. doi: 10.
1001/jamacardio.2019.6235

26. Hagendorff A, Doenst T, Falk V. Echocardiographic assessment of functional
mitral regurgitation: opening pandora’s box? ESC Heart Fail. (2019) 6:678-85.
doi: 10.1002/ehf2.12491

27. Bonow RO, O’Gara PT, Adams DH, Badhwar V, Bavaria JE, Elmariah S, et al.
2020 Focused update of the 2017 acc expert consensus decision pathway on the
management of mitral regurgitation: a report of the American college of cardiology
solution set oversight committee. ] Am Coll Cardiol. (2020) 75:2236-70. doi: 10.
1016/j.jacc.2020.02.005

28. Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Foster E, Grayburn PA,
et al. Recommendations for noninvasive evaluation of native valvular regurgitation: a
report from the American society of echocardiography developed in collaboration
with the society for cardiovascular magnetic resonance. ] Am Soc Echocardiogr.
(2017) 30:303-71. doi: 10.1016/j.ech0.2017.01.007

29. Lancellotti P, Tribouilloy C, Hagendorff A, Popescu BA, Edvardsen T, Pierard
LA, et al. Recommendations for the echocardiographic assessment of native valvular
regurgitation: an executive summary from the European association of
cardiovascular imaging. Eur Heart ] Cardiovasc Imaging. (2013) 14:611-44. doi: 10.
1093/ehjci/jet105

30. Lancellotti P, Pibarot P, Chambers J, La Canna G, Pepi M, Dulgheru R, et al.
Multi-modality imaging assessment of native valvular regurgitation: an eacvi and

esc council of valvular heart disease position paper. Eur Heart ] Cardiovasc
Imaging. (2022) 23:e171-232. doi: 10.1093/ehjci/jeab253

31. Faza NN, Chebrolu LB, El-Tallawi KC, Zoghbi WA. An integrative,
multiparametric approach to mitral regurgitation evaluation: a case-based
illustration. JACC Case Rep. (2022) 4:1231-41. doi: 10.1016/j.jaccas.2022.07.013

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1107724

32. Utsunomiya T, Doshi R, Patel D, Mehta K, Nguyen D, Henry WL, et al.
Calculation of volume flow rate by the proximal isovelocity surface area method:
simplified approach using color Doppler zero baseline shift. ] Am Coll Cardiol.
(1993) 22:277-82. doi: 10.1016/0735-1097(93)90844-Q

33. Utsunomiya T, Ogawa T, Doshi R, Patel D, Quan M, Henry WL, et al. Doppler
Color flow “proximal isovelocity surface area” method for estimating volume flow rate:
effects of orifice shape and machine factors. ] Am Coll Cardiol. (1991) 17:1103-11.
doi: 10.1016/0735-1097(91)90839-2

34. Moraldo M, Del Franco A, Pugliese NR, Pabari PA, Francis DP. Avoiding bias in
measuring  “hemisphere radius” in echocardiographic mitral regurgitation
quantification: mona lisa Pisa. Int J Cardiol. (2012) 155:318-20. doi: 10.1016/j.
ijcard.2011.12.015

35. Pu M, Prior DL, Fan X, Asher CR, Vasquez C, Griffin BP, et al. Calculation of
mitral regurgitant orifice area with use of a simplified proximal convergence method:
initial clinical application. ] Am Soc Echocardiogr. (2001) 14:180-5. doi: 10.1067/mje.
2001.110139

36. Buchner S, Poschenrieder F, Hamer OW, Jungbauer C, Resch M, Birner C, et al.
Direct visualization of regurgitant orifice by cmr reveals differential asymmetry
according to etiology of mitral regurgitation. JACC Cardiovasc Imaging. (2011)
4:1088-96. doi: 10.1016/j.jcmg.2011.06.020

37. Mao W, Caballero A, Hahn RT, Sun W. Comparative quantification of primary
mitral regurgitation by computer modeling and simulated echocardiography. Am
J Physiol Heart Circ Physiol. (2020) 318:H547-557. doi: 10.1152/ajpheart.00367.2019

38. Moraldo M, Cecaro F, Shun-Shin M, Pabari PA, Davies JE, Xu XY, et al.
Evidence-based recommendations for Pisa measurements in mitral regurgitation:
systematic review, clinical and in-vitro study. Int J Cardiol. (2013) 168:1220-8.
doi: 10.1016/j.ijcard.2012.11.059

39. Papolla C, Adda J, Rique A, Habib G, Rieu R. In vitro quantification of mitral
regurgitation of complex geometry by the modified proximal isovelocity surface
area method. J Am Soc Echocardiogr. (2020) 33:838-47.e831. doi: 10.1016/j.echo.
2020.03.008

40. Francis DP, Willson K, Ceri Davies L, Florea VG, Coats AJ, Gibson DG. True
shape and area of proximal isovelocity surface area (Pisa) when flow convergence is
hemispherical in valvular regurgitation. Int J Cardiol. (2000) 73:237-42. doi: 10.
1016/S0167-5273(00)00222-9

41. Pu M, Vandervoort PM, Griffin BP, Leung DY, Stewart W], Cosgrove DM 3rd,
et al, Quantification of mitral regurgitation by the proximal convergence method
using transesophageal echocardiography. Clinical validation of a geometric
correction for proximal flow constraint. Circulation. (1995) 92:2169-77. doi: 10.
1161/01.CIR.92.8.2169

42. Pu M, Vandervoort PM, Greenberg NL, Powell KA, Griffin BP, Thomas JD.
Impact of wall constraint on velocity distribution in proximal flow convergence
zone. Implications for color Doppler quantification of mitral regurgitation. /| Am
Coll Cardiol. (1996) 27:706-13. doi: 10.1016/0735-1097(95)00509-9

43. Hagendorff A, Stobe S. Plausible functional diagnostics by rational
echocardiography in the assessment of valvular heart disease - role of quantitative
echocardiography in the assessment of mitral regurgitation. Front Cardiovasc Med.
(2022) 9:819915. doi: 10.3389/fcvm.2022.819915

44. Lavine SJ, Obeng GB. The relation of left ventricular geometry to left ventricular
outflow tract shape and stroke volume index calculations. Echocardiography. (2019)
36:905-15. doi: 10.1111/echo.14323

45. Antoine C, Mantovani F, Benfari G, Mankad SV, Maalouf JF, Michelena HI,
et al. Pathophysiology of degenerative mitral regurgitation: new 3-dimensional
imaging insights. Circ Cardiovasc Imaging. (2018) 11:€005971. doi: 10.1161/
CIRCIMAGING.116.005971

46. Sturla F, Onorati F, Puppini G, Pappalardo OA, Selmi M, Votta E, et al. Dynamic
and quantitative evaluation of degenerative mitral valve disease: a dedicated
framework based on cardiac magnetic resonance imaging. J Thorac Dis. (2017) 9:
§225-5238. doi: 10.21037/jtd.2017.03.84

47. Chambers JB, Prendergast B, Iung B, Rosenhek R, Zamorano JL, Piérard LA,
et al. Standards defining a ‘heart valve centre’: esc working group on valvular heart
disease and European association for cardiothoracic surgery viewpoint. Eur Heart J.
(2017) 38:2177-83. doi: 10.1093/eurheartj/ehx370

48. Essayagh B, Sabbag A, Antoine C, Benfari G, Batista R, Yang LT, et al. The mitral
annular disjunction of mitral valve prolapse: presentation and outcome. JACC
Cardiovasc Imaging. (2021) 14:2073-87. doi: 10.1016/j.jcmg.2021.04.029

49. Sabbag A, Essayagh B, Barrera JDR, Basso C, Berni A, Cosyns B, et al. Ehra
expert consensus statement on arrhythmic mitral valve prolapse and mitral
annular disjunction complex in collaboration with the esc council on valvular
heart disease and the European association of cardiovascular imaging endorsed
cby the heart rhythm society, by the Asia pacific heart rhythm society, and by the
latin American heart rhythm society. Europace. (2022) 24:1981-2003. doi: 10.
1093/europace/euacl25

50. Zamorano JL, Manuel Monteagudo J, Mesa D, Gonzalez-Alujas T, Sitges M,
Carrasco-Chinchilla F, et al. Frequency, mechanism and severity of mitral
regurgitation: are there any differences between primary and secondary mitral
regurgitation? ] Heart Valve Dis. (2016) 25:724-9. PMID: 28290172

frontiersin.org


https://doi.org/10.1093/eurheartj/ehab910
https://doi.org/10.1016/j.jacc.2019.06.032
https://doi.org/10.1016/j.jacc.2019.06.032
https://doi.org/10.1161/CIRCIMAGING.113.001251
https://doi.org/10.1016/j.jacc.2009.06.047
https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1016/j.jacc.2020.11.035
https://doi.org/10.1001/jama.2013.8643
https://doi.org/10.1093/eurheartj/ehaa485
https://doi.org/10.1093/eurheartj/ehaa485
https://doi.org/10.1016/j.jcmg.2020.06.049
https://doi.org/10.1016/j.jcmg.2020.06.049
https://doi.org/10.3389/fcvm.2021.706165
https://doi.org/10.1016/j.pcad.2017.10.004
https://doi.org/10.1016/j.pcad.2017.10.004
https://doi.org/10.1007/s00392-021-01841-y
https://doi.org/10.1136/heartjnl-2020-317040
https://doi.org/10.1001/jamacardio.2019.6235
https://doi.org/10.1001/jamacardio.2019.6235
https://doi.org/10.1002/ehf2.12491
https://doi.org/10.1016/j.jacc.2020.02.005
https://doi.org/10.1016/j.jacc.2020.02.005
https://doi.org/10.1016/j.echo.2017.01.007
https://doi.org/10.1093/ehjci/jet105
https://doi.org/10.1093/ehjci/jet105
https://doi.org/10.1093/ehjci/jeab253
https://doi.org/10.1016/j.jaccas.2022.07.013
https://doi.org/10.1016/0735-1097(93)90844-Q
https://doi.org/10.1016/0735-1097(91)90839-2
https://doi.org/10.1016/j.ijcard.2011.12.015
https://doi.org/10.1016/j.ijcard.2011.12.015
https://doi.org/10.1067/mje.2001.110139
https://doi.org/10.1067/mje.2001.110139
https://doi.org/10.1016/j.jcmg.2011.06.020
https://doi.org/10.1152/ajpheart.00367.2019
https://doi.org/10.1016/j.ijcard.2012.11.059
https://doi.org/10.1016/j.echo.2020.03.008
https://doi.org/10.1016/j.echo.2020.03.008
https://doi.org/10.1016/S0167-5273(00)00222-9
https://doi.org/10.1016/S0167-5273(00)00222-9
https://doi.org/10.1161/01.CIR.92.8.2169
https://doi.org/10.1161/01.CIR.92.8.2169
https://doi.org/10.1016/0735-1097(95)00509-9
https://doi.org/10.3389/fcvm.2022.819915
https://doi.org/10.1111/echo.14323
https://doi.org/10.1161/CIRCIMAGING.116.005971
https://doi.org/10.1161/CIRCIMAGING.116.005971
https://doi.org/10.21037/jtd.2017.03.84
https://doi.org/10.1093/eurheartj/ehx370
https://doi.org/10.1016/j.jcmg.2021.04.029
https://doi.org/10.1093/europace/euac125
https://doi.org/10.1093/europace/euac125
https://pubmed.ncbi.nlm.nih.gov/28290172
https://doi.org/10.3389/fcvm.2023.1107724
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Altes et al.

51. Landi A, Faletra FF, Pavon AG, Pedrazzini G, Valgimigli M. From secondary to
tertiary mitral regurgitation: the paradigm shifts, but uncertainties remain. Eur Heart
J Cardiovasc Imaging. (2021) 22:835-43. doi: 10.1093/ehjci/jeab080

52. Mantegazza V, Gripari P, Tamborini G, Muratori M, Fusini L, Ghulam Ali S,
et al. 3d Echocardiography in mitral valve prolapse. Front Cardiovasc Med. (2022)
9:1050476. doi: 10.3389/fcvm.2022.1050476

53. Mintz GS, Kotler MN, Segal BL, Parry WR. Two-dimensional echocardiographic
recognition of ruptured chordae tendineae. Circulation. (1978) 57:244-50. doi: 10.
1161/01.CIR.57.2.244

54. Sweatman T, Selzer A, Kamagaki M, Cohn K. Echocardiographic diagnosis of
mitral regurgitation due to ruptured chordae tendineae. Circulation. (1972)
46:580-6. doi: 10.1161/01.CIR.46.3.580

55. Ling LH, Enriquez-Sarano M, Seward JB, Tajik AJ, Schaff HV, Bailey KR, et al.
Clinical outcome of mitral regurgitation due to flail leaflet. N Engl ] Med. (1996)
335:1417-23. doi: 10.1056/NEJM199611073351902

56. Grigioni F, Tribouilloy C, Avierinos JF, Barbieri A, Ferlito M, Trojette F, et al.
Outcomes in mitral regurgitation due to flail leaflets a multicenter European study.
JACC Cardiovasc Imaging. (2008) 1:133-41. doi: 10.1016/j.jcmg.2007.12.005

57. Kehl DW, Rader F, Siegel RJ. Echocardiographic features and clinical outcomes
of flail mitral leaflet without severe mitral regurgitation. ] Am Soc Echocardiogr. (2017)
30:1162-8. doi: 10.1016/j.ech0.2017.06.019

58. Uretsky S, Morales DCV, Aldaia L, Mediratta A, Koulogiannis K, Marcoff L,
et al. Characterization of primary mitral regurgitation with flail leaflet and/or wall-
impinging flow. ] Am Coll Cardiol. (2021) 78:2537-46. doi: 10.1016/j.jacc.2021.09.1382

59. Varadarajan P, Pai RG. Strings of the heart. ] Am Soc Echocardiogr. (2017)
30:1169-71. doi: 10.1016/j.ech0.2017.10.007

60. Mantovani F, Clavel MA, Vatury O, Suri RM, Mankad SV, Malouf J, et al. Cleft-
like indentations in myxomatous mitral valves by three-dimensional echocardiographic
imaging. Heart. (2015) 101:1111-7. doi: 10.1136/heartjnl-2014-307016

61. Ring L, Rana BS, Ho SY, Wells FC. The prevalence and impact of deep clefts in
the mitral leaflets in mitral valve prolapse. Eur Heart ] Cardiovasc Imaging. (2013)
14:595-602. doi: 10.1093/ehjci/jes310

62. Narang A, Addetia K, Weinert L, Yamat M, Shah AP, Blair JE, et al. Diagnosis of
isolated cleft mitral valve using three-dimensional echocardiography. ] Am Soc
Echocardiogr. (2018) 31:1161-7. doi: 10.1016/j.ech0.2018.06.008

63. Labrada L, Patil A, Kumar J, Kolman S, Iftikhar O, Keane M, et al. Papillary
muscle rupture complicating acute myocardial infarction: a tale of teamwork. JACC
Case Rep. (2020) 2:2283-8. doi: 10.1016/j.jaccas.2020.08.027

64. Gouda P, Weilovitch L, Kanani R, Har B. Case report and review of nonischemic
spontaneous papillary muscle rupture reports between 2000 and 2015.
Echocardiography. (2017) 34:786-90. doi: 10.1111/echo.13498

65. Shim CY, Kim YJ, Son JW, Chang HJ, Hong GR, Ha JW, et al. Spontaneous
rupture of a papillary muscle. Circulation. (2013) 127:¢586-588. doi: 10.1161/
CIRCULATIONAHA.112.142448

66. Grave C, Tribouilloy C, Tuppin P, Weill A, Gabet A, Juilliere Y, et al. Fourteen-
year temporal trends in patients hospitalized for mitral regurgitation: the increasing
burden of mitral valve prolapse in men. J Clin Med. (2022) 11(12):3289. doi: 10.
3390/jcm1112328

67. McGhie ]S, de Groot-de Laat L, Ren B, Vletter W, Frowijn R, Oei F, et al.
Transthoracic two-dimensional xplane and three-dimensional echocardiographic
analysis of the site of mitral valve prolapse. Int | Cardiovasc Imaging. (2015)
31:1553-60. doi: 10.1007/s10554-015-0734-7

68. Lin BA, Forouhar AS, Pahlevan NM, Anastassiou CA, Grayburn PA, Thomas
JD, et al. Color Doppler jet area overestimates regurgitant volume when multiple
jets are present. ] Am Soc Echocardiogr. (2010) 23:993-1000. doi: 10.1016/j.echo.
2010.06.011

69. Stewart WJ, Currie PJ, Salcedo EE, Klein AL, Marwick T, Agler DA, et al.
Evaluation of mitral leaflet motion by echocardiography and jet direction by
Doppler color flow mapping to determine the mechanisms of mitral regurgitation.
J Am Coll Cardiol. (1992) 20:1353-61. doi: 10.1016/0735-1097(92)90248-L

70. Grayburn PA, Berk MR, Spain MG, Harrison MR, Smith MD, DeMaria AN.
Relation of echocardiographic morphology of the mitral apparatus to mitral
regurgitation in mitral valve prolapse: assessment by Doppler color flow imaging.
Am Heart J. (1990) 119:1095-102. doi: 10.1016/S0002-8703(05)80240-6

71. Wilcox 1, Fletcher PJ, Bailey BP. Colour Doppler echocardiographic assessment
of regurgitant flow in mitral valve prolapse. Eur Heart J. (1989) 10:872-9. doi: 10.1093/
oxfordjournals.eurheartj.a059395

72. Beeri R, Streckenbach SC, Isselbacher EM, Akins CW, Vlahakes GJ, Adams MS,
et al. The crossed swords sign: insights into the dilemma of repair in bileaflet mitral
valve prolapse. ] Am Soc Echocardiogr. (2007) 20:698-702. doi: 10.1016/j.ech0.2006.
11.030

73. Di Segni E, Kaplinsky E, Klein HO. Color Doppler echocardiography of isolated
cleft mitral valve. Roles of the cleft and the accessory chordae. Chest. (1992) 101:12-5.
doi: 10.1378/chest.101.1.12

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1107724

74. Kim K]J, Kim HK, Park JB, Hwang HY, Yoon YE, Kim Y], et al. Transthoracic
echocardiographic findings of mitral regurgitation caused by commissural prolapse.
JACC Cardiovasc Imaging. (2018) 11:925-6. doi: 10.1016/j.jcmg.2017.09.002

75. Posada-Martinez EL, Ortiz-Leon XA, Ivey-Miranda JB, Trejo-Paredes MC, Chen
W, McNamara RL, et al. Understanding non-p2 mitral regurgitation using real-time
three-dimensional transesophageal echocardiography: characterization and factors
leading to underestimation. ] Am Soc Echocardiogr. (2020) 33:826-37. doi: 10.1016/
j.ech0.2020.03.011

76. Spain MG, Smith MD, Grayburn PA, Harlamert EA, DeMaria AN. Quantitative
assessment of mitral regurgitation by Doppler color flow imaging: angiographic and
hemodynamic correlations. ] Am Coll Cardiol. (1989) 13:585-90. doi: 10.1016/0735-
1097(89)90597-4

77. Kamoen V, Calle S, El Haddad M, De Backer T, De Buyzere M, Timmermans F.
Diagnostic and prognostic value of several color Doppler jet grading methods in
patients with mitral regurgitation. Am J Cardiol. (2021) 143:111-7. doi: 10.1016/j.
amjcard.2020.12.027

78. Thomas JD, Liu CM, Flachskampf FA, O’Shea JP, Davidoff R, Weyman AE.
Quantification of jet flow by momentum analysis. An in vitro color Doppler flow
study. Circulation. (1990) 81:247-59. doi: 10.1161/01.CIR.81.1.247

79. Martins MR, Martins WP, Soares CAM, Miyague AH, Kudla MJ, Pavan TZ.
Understanding the influence of flow velocity, wall motion filter, pulse repetition
frequency, and aliasing on power Doppler image quantification. J Ultrasound Med.
(2018) 37:255-61. doi: 10.1002/jum.14338

80. Chen CG, Thomas JD, Anconina J, Harrigan P, Mueller L, Picard MH, et al.
Impact of impinging wall jet on color Doppler quantification of mitral
regurgitation. Circulation. (1991) 84:712-20. doi: 10.1161/01.CIR.84.2.712

81. Enriquez-Sarano M, Tajik AJ, Bailey KR, Seward JB. Color flow imaging
compared with quantitative Doppler assessment of severity of mitral regurgitation:
influence of eccentricity of jet and mechanism of regurgitation. ] Am Coll Cardiol.
(1993) 21:1211-9. doi: 10.1016/0735-1097(93)90248-Y

82. Verbeke J, Kamoen V, Calle S, De Buyzere M, Timmermans F. Color Doppler
splay in mitral regurgitation: hemodynamic correlates and outcomes in a clinical
cohort. ] Am Soc Echocardiogr. (2022) 35:933-9. doi: 10.1016/j.ech0.2022.04.006

83. Quéré JP, Tribouilloy C, Enriquez-Sarano M. Vena contracta width
measurement: theoretic basis and wusefulness in the assessment of valvular
regurgitation severity. Curr Cardiol Rep. (2003) 5:110-5. doi: 10.1007/s11886-003-
0077-1

84. Tribouilloy C, Shen WF, Quéré JP, Rey JL, Choquet D, Dufossé¢ H, et al.
Assessment of severity of mitral regurgitation by measuring regurgitant jet width at
its origin with transesophageal Doppler color flow imaging. Circulation. (1992)
85:1248-53. doi: 10.1161/01.CIR.85.4.1248

85. Mele D, Vandervoort P, Palacios I, Rivera JM, Dinsmore RE, Schwammenthal E,
et al. Proximal jet size by Doppler color flow mapping predicts severity of mitral
regurgitation. Clinical studies. Circulation. (1995) 91:746-54. doi: 10.1161/01.CIR.
91.3.746

86. Grayburn PA, Fehske W, Omran H, Brickner ME, Liideritz B. Multiplane
transesophageal echocardiographic assessment of mitral regurgitation by Doppler
color flow mapping of the vena contracta. Am ] Cardiol. (1994) 74:912-7. doi: 10.
1016/0002-9149(94)90585-1

87. Roberts BJ, Grayburn PA. Color flow imaging of the vena contracta in mitral
regurgitation: technical considerations. ] Am Soc Echocardiogr. (2003) 16:1002-6.
doi: 10.1016/S0894-7317(03)00509-1

88. Kizilbash AM, Willett DL, Brickner ME, Heinle SK, Grayburn PA. Effects of
afterload reduction on vena contracta width in mitral regurgitation. J Am Coll
Cardiol. (1998) 32:427-31. doi: 10.1016/S0735-1097(98)00236-8

89. Lozano-Edo S, Jover-Pastor P, Osa-Saez A, Buendia-Fuentes F, Rodriguez-
Serrano M, Arnau-Vives MA, et al. Spatiotemporal complexity of vena contracta
and mitral regurgitation grading using three-dimensional echocardiographic
analysis. ] Am Soc Echocardiogr. (2023) 36:77-86.e77. doi: 10.1016/j.ech0.2022.09.021

90. Kisanuki A, Tei C, Minagoe S, Natsugoe K, Shibata K, Yutsudo T, et al.
[Continuous wave Doppler echocardiographic evaluations of the severity of mitral
regurgitation]. J Cardiol. (1989) 19:831-8. PMID: 2641776

91. Bolger AF, Eidenvall L, Ask P, Loyd D, Wranne B. Understanding continuous-
wave Doppler signal intensity as a measure of regurgitant severity. ] Am Soc
Echocardiogr. (1997) 10:613-22. doi: 10.1016/S0894-7317(97)70024-5

92. Ascione L, De Michele M, Accadia M, Tartaglia PF, Guarini P, Sacra C, et al.
Usefulness of the mitral/aortic flow velocity integral ratio as a screening method to
identify patients with hemodynamically significant mitral regurgitation. ] Am Soc
Echocardiogr. (2003) 16:437-41. doi: 10.1016/S0894-7317(03)00004-X

93. Tribouilloy C, Shen WF, Rey JL, Adam MC, Lesbre JP. Mitral to aortic velocity-
time integral ratio. A non-geometric pulsed-Doppler regurgitant index in isolated pure
mitral regurgitation. Eur Heart ]. (1994) 15:1335-9. doi: 10.1093/oxfordjournals.
eurheartj.a060390

94. Thomas L, Foster E, Schiller NB. Peak mitral inflow velocity predicts mitral
regurgitation severity. ] Am Coll Cardiol. (1998) 31:174-9. doi: 10.1016/S0735-1097
(97)00454-3

frontiersin.org


https://doi.org/10.1093/ehjci/jeab080
https://doi.org/10.3389/fcvm.2022.1050476
https://doi.org/10.1161/01.CIR.57.2.244
https://doi.org/10.1161/01.CIR.57.2.244
https://doi.org/10.1161/01.CIR.46.3.580
https://doi.org/10.1056/NEJM199611073351902
https://doi.org/10.1016/j.jcmg.2007.12.005
https://doi.org/10.1016/j.echo.2017.06.019
https://doi.org/10.1016/j.jacc.2021.09.1382
https://doi.org/10.1016/j.echo.2017.10.007
https://doi.org/10.1136/heartjnl-2014-307016
https://doi.org/10.1093/ehjci/jes310
https://doi.org/10.1016/j.echo.2018.06.008
https://doi.org/10.1016/j.jaccas.2020.08.027
https://doi.org/10.1111/echo.13498
https://doi.org/10.1161/CIRCULATIONAHA.112.142448
https://doi.org/10.1161/CIRCULATIONAHA.112.142448
https://doi.org/10.3390/jcm1112328
https://doi.org/10.3390/jcm1112328
https://doi.org/10.1007/s10554-015-0734-7
https://doi.org/10.1016/j.echo.2010.06.011
https://doi.org/10.1016/j.echo.2010.06.011
https://doi.org/10.1016/0735-1097(92)90248-L
https://doi.org/10.1016/S0002-8703(05)80240-6
https://doi.org/10.1093/oxfordjournals.eurheartj.a059395
https://doi.org/10.1093/oxfordjournals.eurheartj.a059395
https://doi.org/10.1016/j.echo.2006.11.030
https://doi.org/10.1016/j.echo.2006.11.030
https://doi.org/10.1378/chest.101.1.12
https://doi.org/10.1016/j.jcmg.2017.09.002
https://doi.org/10.1016/j.echo.2020.03.011
https://doi.org/10.1016/j.echo.2020.03.011
https://doi.org/10.1016/0735-1097(89)90597-4
https://doi.org/10.1016/0735-1097(89)90597-4
https://doi.org/10.1016/j.amjcard.2020.12.027
https://doi.org/10.1016/j.amjcard.2020.12.027
https://doi.org/10.1161/01.CIR.81.1.247
https://doi.org/10.1002/jum.14338
https://doi.org/10.1161/01.CIR.84.2.712
https://doi.org/10.1016/0735-1097(93)90248-Y
https://doi.org/10.1016/j.echo.2022.04.006
https://doi.org/10.1007/s11886-003-0077-1
https://doi.org/10.1007/s11886-003-0077-1
https://doi.org/10.1161/01.CIR.85.4.1248
https://doi.org/10.1161/01.CIR.91.3.746
https://doi.org/10.1161/01.CIR.91.3.746
https://doi.org/10.1016/0002-9149(94)90585-1
https://doi.org/10.1016/0002-9149(94)90585-1
https://doi.org/10.1016/S0894-7317(03)00509-1
https://doi.org/10.1016/S0735-1097(98)00236-8
https://doi.org/10.1016/j.echo.2022.09.021
https://pubmed.ncbi.nlm.nih.gov/2641776
https://doi.org/10.1016/S0894-7317(97)70024-5
https://doi.org/10.1016/S0894-7317(03)00004-X
https://doi.org/10.1093/oxfordjournals.eurheartj.a060390
https://doi.org/10.1093/oxfordjournals.eurheartj.a060390
https://doi.org/10.1016/S0735-1097(97)00454-3
https://doi.org/10.1016/S0735-1097(97)00454-3
https://doi.org/10.3389/fcvm.2023.1107724
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Altes et al.

95. Ozdemir K, Altunkeser BB, Sokmen G, Tokag M, Gk H. Usefulness of peak
mitral inflow velocity to predict severe mitral regurgitation in patients with normal
or impaired left ventricular systolic function. Am Heart J. (2001) 142:1065-71.
doi: 10.1067/mh;j.2001.118465

96. Okamoto C, Okada A, Kanzaki H, Nishimura K, Hamatani Y, Amano M, et al.
Prognostic impact of peak mitral inflow velocity in asymptomatic degenerative mitral
regurgitation. Heart. (2019) 105:609-15. doi: 10.1136/heartjnl-2018-313733

97. Miyoshi T, Addetia K, Citro R, Daimon M, Desale S, Fajardo PG, et al. Left
ventricular diastolic function in healthy adult individuals: results of the world
alliance societies of echocardiography normal values study. ] Am Soc Echocardiogr.
(2020) 33:1223-33. doi: 10.1016/j.ech0.2020.06.008

98. Altes A, Bernard ], Dumortier H, Dupuis M, Toubal O, Mahjoub H, et al.
Significance of left ventricular ejection time in primary mitral regurgitation. Am
J Cardiol. (2022) 178:97-105. doi: 10.1016/j.amjcard.2022.05.019

99. Klein AL, Savage RM, Kahan F, Murray RD, Thomas JD, Stewart W], et al.
Experimental and numerically modeled effects of altered loading conditions on
pulmonary venous flow and left atrial pressure in patients with mitral regurgitation.
J Am Soc Echocardiogr. (1997) 10:41-51. doi: 10.1016/S0894-7317(97)80031-4

100. Itakura K, Utsunomiya H, Takemoto H, Takahari K, Ueda Y, Izumi K, et al.
Prevalence, distribution, and determinants of pulmonary venous systolic flow
reversal in severe mitral regurgitation. Eur Heart ] Cardiovasc Imaging. (2021)
22:964-73. doi: 10.1093/ehjci/jeab098

101. Schiros CG, Dell’Italia L], Gladden JD, Clark D 3rd, Aban I, Gupta H, et al.
Magnetic resonance imaging with 3-dimensional analysis of left ventricular
remodeling in isolated mitral regurgitation: implications beyond dimensions.
Circulation. (2012) 125:2334-42. doi: 10.1161/CIRCULATIONAHA.111.073239

102. Kebed K, Kruse E, Addetia K, Ciszek B, Thykattil M, Guile B, et al. Atrial-
focused views improve the accuracy of two-dimensional echocardiographic
measurements of the left and right atrial volumes: a contribution to the increase in
normal values in the guidelines update. Int | Cardiovasc Imaging. (2017) 33:209-18.
doi: 10.1007/s10554-016-0988-8

103. Gaasch WH, Meyer TE. Left ventricular response to mitral regurgitation.
Circulation. (2008) 118:2298-303. doi: 10.1161/CIRCULATIONAHA.107.755942

104. Galli E, Lancellotti P, Sengupta PP, Donal E. Lv mechanics in mitral and aortic
valve diseases: value of functional assessment beyond ejection fraction. JACC
Cardiovasc Imaging. (2014) 7:1151-66. doi: 10.1016/j.jcmg.2014.07.015

105. Essayagh B, Mantovani F, Benfari G, Maalouf JF, Mankad S, Thapa P, et al.
Mitral annular disjunction of degenerative mitral regurgitation: three-dimensional
evaluation and implications for mitral repair. ] Am Soc Echocardiogr. (2022)
35:165-75. doi: 10.1016/j.ech0.2021.09.004

106. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H, Edvardsen
T, et al. Recommendations for the evaluation of left ventricular diastolic function by
echocardiography: an update from the American society of echocardiography and the
European association of cardiovascular imaging. ] Am Soc Echocardiogr. (2016)
29:277-314. doi: 10.1016/j.ech0.2016.01.011

107. Olson JJ, Costa SP, Young CE, Palac RT. Early mitral filling/diastolic mitral
annular velocity ratio is not a reliable predictor of left ventricular filling pressure in
the setting of severe mitral regurgitation. ] Am Soc Echocardiogr. (2006) 19:83-7.
doi: 10.1016/j.ech0.2005.07.005

108. Rossi A, Cicoira M, Golia G, Anselmi M, Zardini P. Mitral regurgitation and
left ventricular diastolic dysfunction similarly affect mitral and pulmonary vein flow
Doppler parameters: the advantage of end-diastolic markers. ] Am Soc Echocardiogr.
(2001) 14:562-8. doi: 10.1067/mje.2001.111475

109. Bernard J, Altes A, Dupuis M, Toubal O, Mahjoub H, Tastet L, et al. Cardiac
damage staging classification in asymptomatic moderate or severe primary mitral
regurgitation. Structural Heart. (2022) 6:100004. doi: 10.1016/j.shj.2022.100004

110. van Wijngaarden AL, Mantegazza V, Hiemstra YL, Volpato V, van der Bijl P,
Pepi M, et al. Prognostic impact of extra-mitral valve cardiac involvement in patients
with primary mitral regurgitation. JACC Cardiovasc Imaging. (2022) 15:961-70.
doi: 10.1016/j.jcmg.2021.11.009

111. Butcher SC, Essayagh B, Steyerberg EW, Benfari G, Antoine C, Grigioni F, et al.
Factors influencing post-surgical survival in degenerative mitral regurgitation. Eur
Heart J. (2023) (2023):ehad004. doi: 10.1093/eurheartj/ehad004. [Epub ahead of print]

112. Petersen SE, Aung N, Sanghvi MM, Zemrak F, Fung K, Paiva JM, et al.
Reference ranges for cardiac structure and function using cardiovascular magnetic
resonance (cmr) in caucasians from the UK biobank population cohort.
] Cardiovasc Magn Reson. (2017) 19:18. doi: 10.1186/s12968-017-0327-9

113. Mantovani F, Clavel MA, Michelena HI, Suri RM, Schaff HV, Enriquez-Sarano
M. Comprehensive imaging in women with organic mitral regurgitation: implications
for clinical outcome. JACC Cardiovasc Imaging. (2016) 9:388-96. doi: 10.1016/j.jcmg.
2016.02.017

114. Choi YJ, Park J, Hwang D, Kook W, Kim Y], Tanaka H, et al. Network analysis of
cardiac remodeling by primary mitral regurgitation emphasizes the role of diastolic
function. JACC Cardiovasc Imaging. (2022) 15:974-86. doi: 10.1016/j.jcmg.2021.12.014

115. Wang A, Grayburn P, Foster JA, McCulloch ML, Badhwar V, Gammie JS, et al.
Practice gaps in the care of mitral valve regurgitation: insights from the American

Frontiers in Cardiovascular Medicine

25

10.3389/fcvm.2023.1107724

college of cardiology mitral regurgitation gap analysis and advisory panel. Am
Heart J. (2016) 172:70-9. doi: 10.1016/j.ahj.2015.11.003

116. Enriquez-Sarano M, Avierinos JF, Messika-Zeitoun D, Detaint D, Capps M,
Nkomo V, et al. Quantitative determinants of the outcome of asymptomatic mitral
regurgitation. N Engl ] Med. (2005) 352:875-83. doi: 10.1056/NEJMo0a041451

117. Antoine C, Benfari G, Michelena HI, Maalouf JF, Nkomo VT, Thapa P, et al.
Clinical outcome of degenerative mitral regurgitation: critical importance of
echocardiographic quantitative assessment in routine practice. Circulation. (2018)
138:1317-26. doi: 10.1161/CIRCULATIONAHA.117.033173

118. Stobe S, Kreyer K, Jurisch D, Pfeiffer D, Lavall D, Farese G, et al.
Echocardiographic analysis of acute effects of percutaneous mitral annuloplasty on
severity of secondary mitral regurgitation. ESC Heart Fail. (2020) 7:1645-52.
doi: 10.1002/ehf2.12719

119. Recusani F, Bargiggia GS, Yoganathan AP, Raisaro A, Valdes-Cruz LM, Sung
HW, et al. A new method for quantification of regurgitant flow rate using color
Doppler flow imaging of the flow convergence region proximal to a discrete
orifice. An in vitro study. Circulation. (1991) 83:594-604. doi: 10.1161/01.CIR.83.
2.594

120. Utsunomiya T, Ogawa T, Tang HA, Doshi R, Patel D, Quan M, et al. Doppler
Color flow mapping of the proximal isovelocity surface area: a new method for
measuring volume flow rate across a narrowed orifice. ] Am Soc Echocardiogr.
(1991) 4:338-48. doi: 10.1016/S0894-7317(14)80444-6

121. Grossmann G, Giesler M, Schmidt A, Kochs M, Wieshammer S, Eggeling T,
et al. Quantification of mitral regurgitation by colour flow Doppler imaging-value
of the “proximal isovelocity surface area” method. Int J Cardiol. (1993) 42:165-73.
doi: 10.1016/0167-5273(93)90087-W

122. van Wijngaarden SE, Kamperidis V, Regeer MV, Palmen M, Schalij MJ, Klautz
RJ, et al. Three-dimensional assessment of mitral valve annulus dynamics and impact
on quantification of mitral regurgitation. Eur Heart ] Cardiovasc Imaging. (2018)
19:176-84. doi: 10.1093/ehjci/jex001

123. Yosefy C, Levine RA, Solis J, Vaturi M, Handschumacher MD, Hung J.
Proximal flow convergence region as assessed by real-time 3-dimensional
echocardiography: challenging the hemispheric assumption. ] Am Soc Echocardiogr.
(2007) 20:389-96. doi: 10.1016/j.ech0.2006.09.006

124. Skoldborg V, Madsen PL, Dalsgaard M, Abdulla J. Quantification of mitral
valve regurgitation by 2d and 3d echocardiography compared with cardiac magnetic
resonance a systematic review and meta-analysis. Int ] Cardiovasc Imaging. (2020)
36:279-89. doi: 10.1007/s10554-019-01713-7

125. Schwammenthal E, Chen C, Benning F, Block M, Breithardt G, Levine RA.
Dynamics of mitral regurgitant flow and orifice area. Physiologic application of the
proximal flow convergence method: clinical data and experimental testing.
Circulation. (1994) 90:307-22. doi: 10.1161/01.CIR.90.1.307

126. Rokey R, Sterling LL, Zoghbi WA, Sartori MP, Limacher MC, Kuo LC, et al.
Determination of regurgitant fraction in isolated mitral or aortic regurgitation by
pulsed Doppler two-dimensional echocardiography. ] Am Coll Cardiol. (1986)
7:1273-8. doi: 10.1016/S0735-1097(86)80146-2

127. Lewis JF, Kuo LC, Nelson JG, Limacher MC, Quinones MA. Pulsed Doppler
echocardiographic determination of stroke volume and cardiac output: clinical
validation of two new methods using the apical window. Circulation. (1984)
70:425-31. doi: 10.1161/01.CIR.70.3.425

128. Kizilbash AM, Hundley WG, Willett DL, Franco F, Peshock RM, Grayburn PA.
Comparison of quantitative Doppler with magnetic resonance imaging for assessment
of the severity of mitral regurgitation. Am J Cardiol. (1998) 81:792-5. doi: 10.1016/
$0002-9149(97)01024-2

129. Cawley PJ, Hamilton-Craig C, Owens DS, Krieger EV, Strugnell WE,
Mitsumori L, et al. Prospective comparison of valve regurgitation quantitation by
cardiac magnetic resonance imaging and transthoracic echocardiography. Circ
Cardiovasc Imaging. (2013) 6:48-57. doi: 10.1161/CIRCIMAGING.112.975623

130. Marechaux S, Le Goffic C, Ennezat PV, Semichon M, Castel AL, Delelis F, et al.
Quantitative assessment of primary mitral regurgitation using left ventricular volumes:
a three-dimensional transthoracic echocardiographic pilot study. Eur Heart
] Cardiovasc Imaging. (2014) 15:1133-9. doi: 10.1093/ehjci/jeu091

131. Heo R, Son JW BOH, Chang HJ, Kim YJ, Datta S, Cho IJ, et al. Clinical
implications ~ of  three-dimensional real-time color Doppler  transthoracic
echocardiography in quantifying mitral regurgitation: a comparison with conventional
two-dimensional methods. ] Am Soc Echocardiogr. (2017) 30:393-403.e397. doi: 10.
1016/j.ech0.2016.12.010

132. Levy F, Marechaux S, Tacuzio L, Schouver ED, Castel AL, Toledano M, et al.
Quantitative assessment of primary mitral regurgitation using left ventricular
volumes obtained with new automated three-dimensional transthoracic
echocardiographic software: a comparison with 3-tesla cardiac magnetic resonance.
Arch Cardiovasc Dis. (2018) 111:507-17. doi: 10.1016/j.acvd.2017.10.008

133. Lee K, Om SY, Lee SH, Oh JK, Park HK, Choi YS, et al. Clinical situations
associated with inappropriately large regurgitant volumes in the assessment of
mitral regurgitation severity using the proximal flow convergence method in
patients with chordae rupture. ] Am Soc Echocardiogr. (2020) 33:64-71. doi: 10.
1016/j.ech0.2019.08.020

frontiersin.org


https://doi.org/10.1067/mhj.2001.118465
https://doi.org/10.1136/heartjnl-2018-313733
https://doi.org/10.1016/j.echo.2020.06.008
https://doi.org/10.1016/j.amjcard.2022.05.019
https://doi.org/10.1016/S0894-7317(97)80031-4
https://doi.org/10.1093/ehjci/jeab098
https://doi.org/10.1161/CIRCULATIONAHA.111.073239
https://doi.org/10.1007/s10554-016-0988-8
https://doi.org/10.1161/CIRCULATIONAHA.107.755942
https://doi.org/10.1016/j.jcmg.2014.07.015
https://doi.org/10.1016/j.echo.2021.09.004
https://doi.org/10.1016/j.echo.2016.01.011
https://doi.org/10.1016/j.echo.2005.07.005
https://doi.org/10.1067/mje.2001.111475
https://doi.org/10.1016/j.shj.2022.100004
https://doi.org/10.1016/j.jcmg.2021.11.009
https://doi.org/10.1093/eurheartj/ehad004
https://doi.org/10.1186/s12968-017-0327-9
https://doi.org/10.1016/j.jcmg.2016.02.017
https://doi.org/10.1016/j.jcmg.2016.02.017
https://doi.org/10.1016/j.jcmg.2021.12.014
https://doi.org/10.1016/j.ahj.2015.11.003
https://doi.org/10.1056/NEJMoa041451
https://doi.org/10.1161/CIRCULATIONAHA.117.033173
https://doi.org/10.1002/ehf2.12719
https://doi.org/10.1161/01.CIR.83.2.594
https://doi.org/10.1161/01.CIR.83.2.594
https://doi.org/10.1016/S0894-7317(14)80444-6
https://doi.org/10.1016/0167-5273(93)90087-W
https://doi.org/10.1093/ehjci/jex001
https://doi.org/10.1016/j.echo.2006.09.006
https://doi.org/10.1007/s10554-019-01713-7
https://doi.org/10.1161/01.CIR.90.1.307
https://doi.org/10.1016/S0735-1097(86)80146-2
https://doi.org/10.1161/01.CIR.70.3.425
https://doi.org/10.1016/S0002-9149(97)01024-2
https://doi.org/10.1016/S0002-9149(97)01024-2
https://doi.org/10.1161/CIRCIMAGING.112.975623
https://doi.org/10.1093/ehjci/jeu091
https://doi.org/10.1016/j.echo.2016.12.010
https://doi.org/10.1016/j.echo.2016.12.010
https://doi.org/10.1016/j.acvd.2017.10.008
https://doi.org/10.1016/j.echo.2019.08.020
https://doi.org/10.1016/j.echo.2019.08.020
https://doi.org/10.3389/fcvm.2023.1107724
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Altes et al.

134. Altes A, Levy F, lacuzio L, Dumortier H, Toledano M, Tartar ], et al.
Comparison of mitral regurgitant volume assessment between proximal flow
convergence and volumetric methods in patients with significant primary mitral
regurgitation: an echocardiographic and cardiac magnetic resonance imaging study.
J Am Soc Echocardiogr. (2022) 35:671-81. doi: 10.1016/j.ech0.2022.03.005

135. Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell JM, et al.
Transcatheter mitral-valve repair in patients with heart failure. N Engl | Med.
(2018) 379:2307-18. doi: 10.1056/NEJMoal806640

136. Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G, Piriou N, et al.
Percutaneous repair or medical treatment for secondary mitral regurgitation. N Engl
J Med. (2018) 379:2297-306. doi: 10.1056/NEJMoal805374

137. Hagendorff A, Knebel F, Helfen A, Stébe S, Doenst T, Falk V. Disproportionate
mitral regurgitation: another myth? A critical appraisal of echocardiographic
assessment of functional mitral regurgitation. Int J Cardiovasc Imaging. (2021)
37:183-96. doi: 10.1007/s10554-020-01975-6

138. Ennezat PV, Malergue MC, Le Jemtel TH. Even disproportionate secondary
coapt mitral regurgitation should obey antoine lavoisier’s law. ] Am Coll Cardiol.
(2020) 75:2095-6. doi: 10.1016/j.jacc.2019.11.071

139. Blumlein S, Bouchard A, Schiller NB, Dae M, Byrd BF, Ports T, et al.
Quantitation of mitral regurgitation by Doppler echocardiography. Circulation.
(1986) 74:306-14. doi: 10.1161/01.CIR.74.2.306

140. Enriquez-Sarano M, Bailey KR, Seward JB, Tajik AJ, Krohn M], Mays JM.
Quantitative Doppler assessment of valvular regurgitation. Circulation. (1993)
87:841-8. doi: 10.1161/01.CIR.87.3.841

141. Rigolli M, Anandabaskaran S, Christiansen JP, Whalley GA. Bias associated
with left ventricular quantification by multimodality imaging: a systematic review
and meta-analysis. Open Heart. (2016) 3:¢000388. doi: 10.1136/openhrt-2015-000388

142. Van De Heyning CM, Magne J, Piérard LA, Bruyére PJ, Davin L, De Maeyer C,
et al. Assessment of left ventricular volumes and primary mitral regurgitation severity
by 2d echocardiography and cardiovascular magnetic resonance. Cardiovasc
Ultrasound. (2013) 11:46. doi: 10.1186/1476-7120-11-46

143. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American society of echocardiography and the European
association of cardiovascular imaging. ] Am Soc Echocardiogr. (2015) 28:1-39.e14.
doi: 10.1016/j.ech0.2014.10.003

144. Thomson HL, Basmadjian AJ, Rainbird AJ, Razavi M, Avierinos JF, Pellikka
PA, et al. Contrast echocardiography improves the accuracy and reproducibility of
left ventricular remodeling measurements: a prospective, randomly assigned,
blinded study. ] Am Coll Cardiol. (2001) 38:867-75. doi: 10.1016/S0735-1097(01)
01416-4

145. Dorosz JL, Lezotte DC, Weitzenkamp DA, Allen LA, Salcedo EE. Performance
of 3-dimensional echocardiography in measuring left ventricular volumes and ejection
fraction: a systematic review and meta-analysis. ] Am Coll Cardiol. (2012)
59:1799-808. doi: 10.1016/j.jacc.2012.01.037

146. Moceri P, Doyen D, Bertora D, Cerboni P, Ferrari E, Gibelin P. Real time three-
dimensional echocardiographic assessment of left ventricular function in heart failure
patients: underestimation of left ventricular volume increases with the degree of
dilatation. Echocardiography. (2012) 29:970-7. doi: 10.1111/j.1540-8175.2012.01707.x

147. Wood PW, Choy JB, Nanda NC, Becher H. Left ventricular ejection fraction
and volumes: it depends on the imaging method. Echocardiography. (2014)
31:87-100. doi: 10.1111/echo.12331

148. Castel AL, Toledano M, Tribouilloy C, Delelis F, Mailliet A, Marotte N, et al.
Assessment of left ventricular size and function by 3-dimensional transthoracic
echocardiography: impact of the echocardiography platform and analysis software.
Am Heart J. (2018) 202:127-36. doi: 10.1016/j.ahj.2018.05.013

149. Hahn RT, Pibarot P. Accurate measurement of left ventricular outflow tract
diameter: comment on the updated recommendations for the echocardiographic
assessment of aortic valve stenosis. | Am Soc Echocardiogr. (2017) 30:1038-41.
doi: 10.1016/j.ech0.2017.06.002

150. Patel HN, Miyoshi T, Addetia K, Henry MP, Citro R, Daimon M, et al. Normal
values of cardiac output and stroke volume according to measurement technique, age,
sex, and ethnicity: results of the world alliance of societies of echocardiography study.
J Am Soc Echocardiogr. (2021) 34:1077-85.e1071. doi: 10.1016/j.ech0.2021.05.012

151. Maes F, Pierard S, de Meester C, Boulif ], Amzulescu M, Vancraeynest D, et al.
Impact of left ventricular outflow tract ellipticity on the grading of aortic stenosis in
patients with normal ejection fraction. J Cardiovasc Magn Reson. (2017) 19:37.
doi: 10.1186/512968-017-0344-8

152. Gardin JM. Letter to the editor: rationale for using multiple echo-Doppler
methods to quantify mitral regurgitation. /| Am Soc Echocardiogr. (2022) 35
(11):1194-5. doi: 10.1016/j.ech0.2022.07.013

153. Thavendiranathan P, Phelan D, Thomas JD, Flamm SD, Marwick TH.
Quantitative assessment of mitral regurgitation: validation of new methods. ] Am
Coll Cardiol. (2012) 60:1470-83. doi: 10.1016/j.jacc.2012.05.048

154. Zeng X, Levine RA, Hua L, Morris EL, Kang Y, Flaherty M, et al. Diagnostic
value of vena contracta area in the quantification of mitral regurgitation severity by

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1107724

color Doppler 3d echocardiography. Circ Cardiovasc Imaging. (2011) 4:506-13.
doi: 10.1161/CIRCIMAGING.110.961649

155. Choi J, Heo R, Hong GR, Chang HJ, Sung JM, Shin SH, et al. Differential effect
of 3-dimensional color Doppler echocardiography for the quantification of mitral
regurgitation according to the severity and characteristics. Circ Cardiovasc Imaging.
(2014) 7:535-44. doi: 10.1161/CIRCIMAGING.113.001457

156. Goebel B, Heck R, Hamadanchi A, Otto S, Doenst T, Jung C, et al. Vena
contracta area for severity grading in functional and degenerative mitral
regurgitation: a transoesophageal 3d colour Doppler analysis in 500 patients. Eur
Heart ] Cardiovasc Imaging. (2018) 19:639-46. doi: 10.1093/ehjci/jex056

157. Caballero A, Qin T, Hahn RT, McKay R, Sun W. Quantification of mitral
regurgitation  after  transcatheter ~ edge-to-edge  repair:  comparison  of
echocardiography and patient-specific in silico models. Comput Biol Med. (2022)
148:105855. doi: 10.1016/j.compbiomed.2022.105855

158. Avenatti E, Mackensen GB, El-Tallawi KC, Reisman M, Gruye L, Barker CM,
et al. Diagnostic value of 3-dimensional vena contracta area for the quantification of
residual mitral regurgitation after mitraclip procedure. JACC Cardiovasc Interv. (2019)
12:582-91. doi: 10.1016/j.jcin.2018.12.006

159. Messika-Zeitoun D, Johnson BD, Nkomo V, Avierinos JF, Allison TG, Scott C,
et al. Cardiopulmonary exercise testing determination of functional capacity in mitral
regurgitation: physiologic and outcome implications. J Am Coll Cardiol. (2006)
47:2521-7. doi: 10.1016/j.jacc.2006.02.043

160. Magne J, Donal E, Mahjoub H, Miltner B, Dulgheru R, Thebault C, et al.
Impact of exercise pulmonary hypertension on postoperative outcome in primary
mitral regurgitation. Heart. (2015) 101:391-6. doi: 10.1136/heartjnl-2014-306296

161. Coisne A, Aghezzaf S, Galli E, Mouton S, Richardson M, Dubois D, et al.
Prognostic values of exercise echocardiography and cardiopulmonary exercise
testing in patients with primary mitral regurgitation. Eur Heart ] Cardiovasc
Imaging. (2022) 23:1552-61. doi: 10.1093/ehjci/jeab231

162. Garg P, Swift AJ, Zhong L, Carlhall CJ, Ebbers T, Westenberg J, et al.
Assessment of mitral valve regurgitation by cardiovascular magnetic resonance
imaging. Nat Rev Cardiol. (2020) 17:298-312. doi: 10.1038/541569-019-0305-z

163. Liu B, Edwards NC, Pennell D, Steeds RP. The evolving role of cardiac
magnetic resonance in primary mitral regurgitation: ready for prime time? Eur
Heart ] Cardiovasc Imaging. (2019) 20:123-30. doi: 10.1093/ehjci/jey147

164. Vincenti G, Masci PG, Rutz T, De Blois J, Prsa M, Jeanrenaud X, et al. Impact
of bileaflet mitral valve prolapse on quantification of mitral regurgitation with cardiac
magnetic resonance: a single-center study. J Cardiovasc Magn Reson. (2017) 19:56.
doi: 10.1186/512968-017-0362-6

165. Bertelsen L, Vejlstrup N, Andreasen L, Olesen MS, Svendsen JH. Cardiac
magnetic resonance systematically overestimates mitral regurgitations by the
indirect method. Open Heart. (2020) 7(2):¢001323. doi: 10.1136/openhrt-2020-001323

166. Grossmann G, Wohrle J, Kochs M, Giesler M, Hombach V, Hoher M.
Quantification of mitral regurgitation by the proximal flow convergence method-
comparison of transthoracic and transesophageal echocardiography. Clin Cardiol.
(2002) 25:517-24. doi: 10.1002/clc.4960251108

167. Pieper EP, Hellemans IM, Hamer HP, Ravelli AC, Cheriex EC, Tijssen ]G,
et al. Value of systolic pulmonary venous flow reversal and color Doppler jet
measurements assessed with transesophageal echocardiography in recognizing
severe pure mitral regurgitation. Am ] Cardiol. (1996) 78:444-50. doi: 10.1016/
$0002-9149(96)00335-9

168. Croft CH, Lipscomb K, Mathis K, Firth BG, Nicod P, Tilton G, et al.
Limitations of qualitative angiographic grading in aortic or mitral regurgitation. Am
J Cardiol. (1984) 53:1593-8. doi: 10.1016/0002-9149(84)90585-X

169. Dujardin KS, Enriquez-Sarano M, Bailey KR, Nishimura RA, Seward JB, Tajik
AJ. Grading of mitral regurgitation by quantitative Doppler echocardiography:
calibration by left ventricular angiography in routine clinical practice. Circulation.
(1997) 96:3409-15. doi: 10.1161/01.CIR.96.10.3409

170. Gammie JS, Grayburn PA, Quinn RW, Hung ], Holmes SD. Quantitating mitral
regurgitation in clinical trials: the need for a uniform approach. Ann Thorac Surg.
(2022) 114:573-80. doi: 10.1016/j.athoracsur.2021.03.073

171. Hung J, Zeng X, Little SH. Quantifying mitral regurgitation: how much should
we lean on Pisa? ] Am Soc Echocardiogr. (2018) 31:1000-1. doi: 10.1016/j.ech0.2018.
07.003

172. Biner S, Rafique A, Rafii F, Tolstrup K, Noorani O, Shiota T, et al
Reproducibility of proximal isovelocity surface area, vena contracta, and regurgitant
jet area for assessment of mitral regurgitation severity. JACC Cardiovasc Imaging.
(2010) 3:235-43. doi: 10.1016/j.jcmg.2009.09.029

173. Coisne A, Aghezzaf S, Edmé JL, Bernard A, Ma I, Bohbot Y, et al
Reproducibility of Reading echocardiographic parameters to assess severity of mitral
regurgitation. Insights from a French multicentre study. Arch Cardiovasc Dis.
(2020) 113:599-606. doi: 10.1016/j.acvd.2020.02.004

174. Uretsky S, Aldaia L, Marcoff L, Koulogiannis K, Argulian E, Lasam G, et al.
Concordance and discordance of echocardiographic parameters recommended for
assessing the severity of mitral regurgitation. Circ Cardiovasc Imaging. (2020) 13:
€010278. doi: 10.1161/CIRCIMAGING.119.010278

frontiersin.org


https://doi.org/10.1016/j.echo.2022.03.005
https://doi.org/10.1056/NEJMoa1806640
https://doi.org/10.1056/NEJMoa1805374
https://doi.org/10.1007/s10554-020-01975-6
https://doi.org/10.1016/j.jacc.2019.11.071
https://doi.org/10.1161/01.CIR.74.2.306
https://doi.org/10.1161/01.CIR.87.3.841
https://doi.org/10.1136/openhrt-2015-000388
https://doi.org/10.1186/1476-7120-11-46
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/S0735-1097(01)01416-4
https://doi.org/10.1016/S0735-1097(01)01416-4
https://doi.org/10.1016/j.jacc.2012.01.037
https://doi.org/10.1111/j.1540-8175.2012.01707.x
https://doi.org/10.1111/echo.12331
https://doi.org/10.1016/j.ahj.2018.05.013
https://doi.org/10.1016/j.echo.2017.06.002
https://doi.org/10.1016/j.echo.2021.05.012
https://doi.org/10.1186/s12968-017-0344-8
https://doi.org/10.1016/j.echo.2022.07.013
https://doi.org/10.1016/j.jacc.2012.05.048
https://doi.org/10.1161/CIRCIMAGING.110.961649
https://doi.org/10.1161/CIRCIMAGING.113.001457
https://doi.org/10.1093/ehjci/jex056
https://doi.org/10.1016/j.compbiomed.2022.105855
https://doi.org/10.1016/j.jcin.2018.12.006
https://doi.org/10.1016/j.jacc.2006.02.043
https://doi.org/10.1136/heartjnl-2014-306296
https://doi.org/10.1093/ehjci/jeab231
https://doi.org/10.1038/s41569-019-0305-z
https://doi.org/10.1093/ehjci/jey147
https://doi.org/10.1186/s12968-017-0362-6
https://doi.org/10.1136/openhrt-2020-001323
https://doi.org/10.1002/clc.4960251108
https://doi.org/10.1016/S0002-9149(96)00335-9
https://doi.org/10.1016/S0002-9149(96)00335-9
https://doi.org/10.1016/0002-9149(84)90585-X
https://doi.org/10.1161/01.CIR.96.10.3409
https://doi.org/10.1016/j.athoracsur.2021.03.073
https://doi.org/10.1016/j.echo.2018.07.003
https://doi.org/10.1016/j.echo.2018.07.003
https://doi.org/10.1016/j.jcmg.2009.09.029
https://doi.org/10.1016/j.acvd.2020.02.004
https://doi.org/10.1161/CIRCIMAGING.119.010278
https://doi.org/10.3389/fcvm.2023.1107724
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Altes et al.

175. Uretsky S, Argulian E, Supariwala A, Marcoff L, Koulogiannis K, Aldaia L, et al.
A comparative assessment of echocardiographic parameters for determining primary
mitral regurgitation severity using magnetic resonance imaging as a reference
standard. J Am Soc Echocardiogr. (2018) 31:992-9. doi: 10.1016/j.ech0.2018.04.006

176. Gao SA, Polte CL, Lagerstrand KM, Johnsson A A, Bech-Hanssen O.
Evaluation of the integrative algorithm for grading chronic aortic and mitral
regurgitation severity using the current American society of echocardiography
recommendations: to discriminate severe from moderate regurgitation. ] Am Soc
Echocardiogr. (2018) 31:1002-12.e1002. doi: 10.1016/j.ech0.2018.04.002

177. Uretsky S, Animashaun IB, Sakul S, Aldaia L, Marcoff L, Koulogiannis K, et al.
American  Society of echocardiography algorithm for degenerative mitral
regurgitation: comparison with cmr. JACC Cardiovasc Imaging. (2022) 15:747-60.
doi: 10.1016/}.jcmg.2021.10.006

178. Zoghbi WA. Challenges and opportunities in evaluating severity of
degenerative mitral regurgitation: details matter. JACC Cardiovasc Imaging. (2022)
15:761-5. doi: 10.1016/j.jcmg.2022.01.011

179. Uretsky S, Gillam L, Lang R, Chaudhry FA, Argulian E, Supariwala A, et al.
Discordance between echocardiography and mri in the assessment of mitral
regurgitation severity: a prospective multicenter trial. | Am Coll Cardiol. (2015)
65:1078-88. doi: 10.1016/j.jacc.2014.12.047

180. Igata S, Cotter BR, Hang CT, Morikawa N, Strachan M, Raisinghani A, et al.
Optimal quantification of functional mitral regurgitation: comparison of volumetric
and proximal isovelocity surface area methods to predict outcome. ] Am Heart
Assoc. (2021) 10:e018553. doi: 10.1161/JAHA.120.018553

181. Vermes E, Tacuzio L, Levy F, Bohbot Y, Renard C, Gerber B, et al. Role of
cardiovascular magnetic resonance in native valvular regurgitation: a comprehensive
review of protocols, grading of severity, and prediction of valve surgery. Front
Cardiovasc Med. (2022) 9:881141. doi: 10.3389/fcvm.2022.881141

182. Starling MR, Kirsh MM, Montgomery DG, Gross MD. Impaired left ventricular
contractile function in patients with long-term mitral regurgitation and normal
ejection fraction. ] Am Coll Cardiol. (1993) 22:239-50. doi: 10.1016/0735-1097(93)
90840-W

183. Topilsky Y, Michelena H, Bichara V, Maalouf J, Mahoney DW, Enriquez-
Sarano M. Mitral valve prolapse with mid-late systolic mitral regurgitation: pitfalls
of evaluation and clinical outcome compared with holosystolic regurgitation.
Circulation. (2012) 125:1643-51. doi: 10.1161/CIRCULATIONAHA.111.055111

184. Luyten P, Heuts S, Cheriex E, Olsthoorn JR, Crijns H, Winkens B, et al. Mitral
prolapsing volume is associated with increased cardiac dimensions in patients with
mitral annular disjunction. Neth Heart J. (2022) 30:131-9. doi: 10.1007/s12471-021-
01575-6

185. El-Tallawi KC, Kitkungvan D, Xu J, Cristini V, Yang EY, Quinones MA, et al.
Resolving the disproportionate left ventricular enlargement in mitral valve prolapse
due to barlow disease: insights from cardiovascular magnetic resonance. JACC
Cardiovasc Imaging. (2021) 14:573-84. doi: 10.1016/j.jcmg.2020.08.029

186. Levy F, Tacuzio L, Marechaux S, Civaia F, Dommerc C, Wautot F, et al.
Influence of prolapse volume in mitral valve prolapse. Am ] Cardiol. (2021)
157:64-70. doi: 10.1016/j.amjcard.2021.07.019

187. Penicka M, Vecera J, Mirica DC, Kotrc M, Kockova R, Van Camp G.
Prognostic  implications of magnetic resonance-derived quantification in
asymptomatic patients with organic mitral regurgitation: comparison with Doppler

Frontiers in Cardiovascular Medicine

27

10.3389/fcvm.2023.1107724

echocardiography-derived integrative approach. Circulation. (2018) 137:1349-60.
doi: 10.1161/CIRCULATIONAHA.117.029332

188. Grigioni F, Benfari G, Vanoverschelde JL, Tribouilloy C, Avierinos JF, Bursi F,
et al. Long-term implications of atrial fibrillation in patients with degenerative mitral
regurgitation. ] Am Coll Cardiol. (2019) 73:264-74. doi: 10.1016/j.jacc.2018.10.067

189. Zilberszac R, Heinze G, Binder T, Laufer G, Gabriel H, Rosenhek R. Long-term
outcome of active surveillance in severe but asymptomatic primary mitral regurgitation.
JACC Cardiovasc Imaging. (2018) 11:1213-21. doi: 10.1016/j.jcmg.2018.05.014

190. Thomas N, Unsworth B, Ferenczi EA, Davies JE, Mayet ], Francis DP.
Intraobserver variability in grading severity of repeated identical cases of mitral
regurgitation. Am Heart ]. (2008) 156:1089-94. doi: 10.1016/j.ahj.2008.07.017

191. Enriquez-Sarano M, Basmadjian AJ, Rossi A, Bailey KR, Seward JB, Tajik AJ.
Progression of mitral regurgitation: a prospective Doppler echocardiographic study.
J Am Coll Cardiol. (1999) 34:1137-44. doi: 10.1016/S0735-1097(99)00313-7

192. Ma JI, Igata S, Strachan M, Nishimura M, Wong DJ, Raisinghani A, et al.
Predictive factors for progression of mitral regurgitation in asymptomatic patients
with mitral valve prolapse. Am ] Cardiol. (2019) 123:1309-13. doi: 10.1016/j.
amjcard.2019.01.026

193. Avierinos JF, Detaint D, Messika-Zeitoun D, Mohty D, Enriquez-Sarano M.
Risk, determinants, and outcome implications of progression of mitral regurgitation
after diagnosis of mitral valve prolapse in a single community. Am ] Cardiol. (2008)
101:662-7. doi: 10.1016/j.amjcard.2007.10.029

194. Spampinato RA, Lindemann F, Jahnke C, Paetsch I, Fahr F, Sieg F, et al.
Quantification of regurgitation in mitral valve prolapse with automated real time
echocardiographic 3d proximal isovelocity surface area: multimodality consistency
and role of eccentricity index. Int J Cardiovasc Imaging. (2021) 37:1947-59. doi: 10.
1007/s10554-021-02179-2

195. Schmidt FP, Gniewosz T, Jabs A, Miinzel T, Hink U, Lancellotti P, et al.
Usefulness of 3d-Pisa as compared to guideline endorsed parameters for mitral
regurgitation quantification. Int J Cardiovasc Imaging. (2014) 30:1501-8. doi: 10.
1007/s10554-014-0496-7

196. Son JW, Chang HJ, Lee JK, Chung H]J, Song RY, Kim Y], et al. Automated
quantification of mitral regurgitation by three dimensional real time full volume
color Doppler transthoracic echocardiography: a validation with cardiac magnetic
resonance imaging and comparison with two dimensional quantitative methods.
J Cardiovasc Ultrasound. (2013) 21:81-9. doi: 10.4250/jcu.2013.21.2.81

197. Kamoen V, El Haddad M, De Backer T, De Buyzere M, Timmermans F. The
average pixel intensity method and outcome of mitral regurgitation in mitral valve
prolapse. J] Am Soc Echocardiogr. (2020) 33:54-63. doi: 10.1016/j.ech0.2019.07.021

198. Militaru S, Bonnefous O, Hami K, Langet H, Houard L, Allaire S, et al.
Validation of semiautomated quantification of mitral valve regurgitation by three-
dimensional color Doppler transesophageal echocardiography. ] Am Soc
Echocardiogr. (2020) 33:342-54. doi: 10.1016/j.ech0.2019.10.013

199. Singh A, Su J, This A, Allaire S, Rouet JM, Laghi A, et al. A novel approach for
semiautomated three-dimensional quantification of mitral regurgitant volume reflects
a more physiologic approach to mitral regurgitation. ] Am Soc Echocardiogr. (2022)
35:940-6. doi: 10.1016/j.ech0.2022.05.005

200. Schuuring MJ, Isgum I, Cosyns B, Chamuleau SAJ, Bouma BJ. Routine
echocardiography and artificial intelligence solutions. Front Cardiovasc Med. (2021)
8:648877. doi: 10.3389/fcvm.2021.648877

frontiersin.org


https://doi.org/10.1016/j.echo.2018.04.006
https://doi.org/10.1016/j.echo.2018.04.002
https://doi.org/10.1016/j.jcmg.2021.10.006
https://doi.org/10.1016/j.jcmg.2022.01.011
https://doi.org/10.1016/j.jacc.2014.12.047
https://doi.org/10.1161/JAHA.120.018553
https://doi.org/10.3389/fcvm.2022.881141
https://doi.org/10.1016/0735-1097(93)90840-W
https://doi.org/10.1016/0735-1097(93)90840-W
https://doi.org/10.1161/CIRCULATIONAHA.111.055111
https://doi.org/10.1007/s12471-021-01575-6
https://doi.org/10.1007/s12471-021-01575-6
https://doi.org/10.1016/j.jcmg.2020.08.029
https://doi.org/10.1016/j.amjcard.2021.07.019
https://doi.org/10.1161/CIRCULATIONAHA.117.029332
https://doi.org/10.1016/j.jacc.2018.10.067
https://doi.org/10.1016/j.jcmg.2018.05.014
https://doi.org/10.1016/j.ahj.2008.07.017
https://doi.org/10.1016/S0735-1097(99)00313-7
https://doi.org/10.1016/j.amjcard.2019.01.026
https://doi.org/10.1016/j.amjcard.2019.01.026
https://doi.org/10.1016/j.amjcard.2007.10.029
https://doi.org/10.1007/s10554-021-02179-2
https://doi.org/10.1007/s10554-021-02179-2
https://doi.org/10.1007/s10554-014-0496-7
https://doi.org/10.1007/s10554-014-0496-7
https://doi.org/10.4250/jcu.2013.21.2.81
https://doi.org/10.1016/j.echo.2019.07.021
https://doi.org/10.1016/j.echo.2019.10.013
https://doi.org/10.1016/j.echo.2022.05.005
https://doi.org/10.3389/fcvm.2021.648877
https://doi.org/10.3389/fcvm.2023.1107724
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Quantification of primary mitral regurgitation by echocardiography: A practical appraisal
	Introduction
	Echocardiographic workflow for the assessment of primary MR severity
	Clinical assessment
	Baseline echocardiographic assessment
	Morphological assessment
	Flail leaflet
	Cleft-like indentations
	Papillary muscle rupture
	Color Doppler assessment
	MR distal jet
	Color Doppler features suggestive of significant MR
	2D-vena contracta width
	Continuous-Wave Doppler assessment
	Pulsed-Wave doppler assessment
	MAVIR
	Peak E-wave velocity
	Shape of the aortic velocity-time integral
	Pulmonary venous flow pattern
	Consequences of MR on cardiac remodeling

	Echocardiographic estimation of the MR quantitative parameters
	Proximal flow convergence method
	Pathophysiological basis
	Limitations of the PISA method
	Indirect quantitative methods
	Pathophysiological basis
	PW Doppler quantitative method
	Volumetric method
	Vena contracta area and proximal flow convergence assessed by three-dimensional echocardiography in primary MR

	Conclusion on MR grading by echocardiography and work-up

	Discrepancies in echocardiography-based grading of MR severity
	Considerations about MR grading
	Discrepancies arising from the integrated multiparametric approach
	Discrepancies between quantitative MR parameters and outcome implications
	Morphological features of primary MR at risk of discrepancies in grading MR severity
	Late-systolic MR
	Atrial fibrillation

	Impact of discrepancies in MR severity grading on TTE serial assessment

	Latest developments and future directions
	Conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


