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ABSTRACT

Mitral regurgitation (MR) is one of the most common valvular heart diseases worldwide. Echocardiography remains the

first line and most effective imaging modality for the diagnosis of mitral valve (MV) pathology and quantitative assessment

of MR. The advent of three-dimensional echocardiography has significantly enhanced the evaluation of MV anatomy and

function. Furthermore, recent advancements in cardiovascular imaging software have emerged as step-forward tools, providing
a powerful support for acquisition, analysis, and interpretation of cardiac ultrasound images in the context of MR. This
review aims to provide an overview of the contemporary workflow for echocardiographic assessment of MR, encompassing
standard echocardiographic techniques and the integration of semiautomated and automated ultrasound solutions. These novel
approaches include advancements in segmentation, phenotyping, morphological quantification, functional grading, and chamber

quantification.

1 | Introduction

Mitral regurgitation (MR) is one of the most common valvular
heart diseases worldwide, and its prevalence is expected to
increase in the coming decades due to an aging population [1-
4]. Patients with symptomatic MR have increased morbidity
and mortality if untreated, experiencing poor quality of life
and outcomes, even with medical therapy, primarily due to
progression to heart failure [5, 6].

1.1 | Classification, Clinical Implications, and
Imaging Evaluation of MR

According to etiology, MR can be classified as either primary
(degenerative mitral regurgitation [DMR]), a pathological con-
ditions affecting primarily mitral valve (MV) leaflets and/or
subvalvular apparatus, or secondary (functional mitral regurgi-
tation [FMR]), related to diseases of the left ventricle (ventricular
FMR) or left atrium (atrial FMR). DMR affects about 2%-3% of

Abbreviations: 2DE, 2D echocardiography; 3DE, three-dimensional echocardiography; Al artificial intelligence; CMR, cardiac magnetic resonance; DL, deep learning; DMR, degenerative mitral
regurgitation; EROA, effective regurgitant orifice area; FMR, functional mitral regurgitation; GLS, global longitudinal strain; LA, left atrium; LV, left ventricle; LVEF, left ventricle ejection fraction; MA,
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FIGURE 1 | Degenerative mitral regurgitation (DMR) phenotypes in
3D TEE surgical view applying TrueVue transillumination tool (panels A,
C, E, G) and surface rendering of MV obtained by computerized modeling
of the MV leaflets and annulus (panels B, D, F, H) using MV Navigator Al
system. The image shows the spectrum of DMR morphological pheno-
types based on the progression of structural abnormalities, described in
four main features: (A, B) FED, (C, D) FED+, (E, F) forme fruste, (G, H)
Barlow disease. 3D = three-dimensional; AI = artificial intelligence; AML
= anterior mitral leaflet; Ao = aortic valve; FED = fibroelastic deficiency;
FED+ = fibroelastic deficiency plus; MV = mitral valve; PML = posterior
mitral leaflet; TEE = transoesophageal echocardiography.

the general population and is the leading cause of MV surgery
[7]. This lesion corresponds to Carpentier’s type II functional
classification and encompasses a wide spectrum of morphological
phenotypes, based on the progression of valve tissue redundancy:
(1) fibroelastic deficiency (FED), characterized by a single scallop
prolapse or flail with a lack of connective tissue; (2) fibroelastic
deficiency plus (FED+), a single scallop prolapse with myxo-
matous degeneration; (3) forme fruste (FF), where myxomatous
degeneration affects the entire leaflet; and (4) Barlow disease
(BD), characterized by bileaflets degeneration with multiscallop
prolapse or flail, elongated and thickened chordae tendineae, and
annular dilatation [8]. (Figure 1) In contrast, FMR affects up to
24% of patients with systolic heart failure and accounts for 65% of
moderate to severe MR cases [9]. No reliable data on the global
prevalence of secondary MR are currently available, because its
prevalence tends to be underestimated [10]. Ventricular FMR

results from regional or global left ventricular (LV) remodeling,
secondary to ischemic or nonischemic cardiomyopathy, leading
to papillary muscle displacement, leaflet tethering, and impaired
coaptation. It is characterized by an imbalance between trans-
mitral closure forces and tethering forces, resulting in two distinct
patterns: asymmetric and symmetric tethering. This corresponds
to Carpentier’s type IIIb functional classification [11] (Figure 2).
Atrial FMR is related to an isolated left atrium (LA) dilatation due
to long-standing atrial fibrillation (AF) and the resulting annu-
lar dilatation. It corresponds to Carpentier’s type I functional
classification [12] (Figure 2).

The underlying mechanism of MR, primary or secondary, defines
the therapeutic approach. Accurate assessment of MR severity
is crucial for treatment decisions, as both European Society of
Cardiology (ESC) and American College of Cardiology/American
Heart Association (AHA) guidelines recommend surgery exclu-
sively for patients with severe MR [13, 14]. MR severity is also a
key predictor of outcomes in both DMR and FMR, underscoring
the clinical importance of precise evaluation and grading [15, 16].

Noninvasive cardiac imaging plays a key role in assessing MR.
Echocardiography is the primary imaging tool for evaluating MR
mechanism and severity, consequent cardiac remodeling, and
prognosis. Two-dimensional (2D) and three-dimensional (3D)
transthoracic echocardiography (TTE) are the first-line imaging
techniques to assess MR. 2D and 3D transesophageal echocar-
diography (TEE) are indicated when TTE provides insufficient
or inconsistence data for an accurate and complete diagnosis.
TEE also plays a crucial role in preprocedural planning and
intraprocedural guidance [17-20]. Although echocardiography is
the main imaging technique for morphological and functional
evaluation of MR, cardiac magnetic resonance (CMR) and car-
diac computed tomography can complement echocardiography
in cases of suboptimal image quality and for preprocedural
screening [21-27]. Despite the availability of several guidelines
for the assessment of MR, the morphological and functional
quantification of MR by echocardiography remains challenging
in some cases and is susceptible to significant interobserver
variability in its interpretation.

1.2 | Integration of Emerging Advanced
Echocardiographic Tools

In recent years, the integration of artificial intelligence (AI)
solutions in cardiovascular imaging has emerged as a significant
advancement, providing a powerful support for acquisition,
analysis, and interpretation of cardiac ultrasound images. AI
encompasses computing techniques that simulate logical reason-
ing, including machine learning (ML) and deep learning (DL).
ML is a subset of AI and refers to computational algorithms
trained to learn, perform tasks, or make decisions automatically
based on available data. DL is a special type of ML that mimics
the learning process of the human brain by using artificial
neural networks. The most widely implemented model used for
cardiac imaging is the convolutional neural network (CNN).
DL models, particularly CNNs, excel at automatically encoding
features from imaging data, often uncovering insights beyond
human interpretation [28-30]. In valvular heart disease, asin MR,
Al algorithms focus on images acquisition, segmentation, and
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FIGURE 2 | Functional mitral regurgitation (FMR) phenotypes in 2D TEE mid esophageal long axis view (panels A, D, G), 3D TEE Zoom modality
in surgical view (panels B, E, H) and surface rendering of mitral valve obtained by computerized modeling of the MV leaflets and annulus (panels C,

F, I) using MV Navigator Al system. The image shows the main phenotypes of FMR: (A-C) ventricular asymmetric FMR, (D-F) ventricular symmetric

FMR, (G-I) atrial FMR. 2D = two-dimensional; 3D = three-dimensional; AI = artificial intelligence; AML = anterior mitral leaflet; Ao = aortic valve;

MV = mitral valve; PML = posterior mitral leaflet; TEE = transoesophageal echocardiography.

quantification of cardiac function and structures to assess valve
disease severity and identify high-risk populations [31]. Several
Al-enabled echocardiographic solutions—both commercial and
noncommercial—have been developed to automate measure-
ments from 2D and 3D images in MV disease. However, the term
Al is sometimes overused, considering that early AI applications
were often based on computational methods, where mathe-
matical rules are applied for automation, rather than on more
specific AI methods such as CNNs. Although some commer-
cial available software are technically semiautomated processes
that require initialization by an experienced operator, emerging
unsupervised ML and DL approaches with CNN methods are
developed or under investigation in the settings of MR. These
solutions are increasingly enabling automated screening and
stratification of MR severity [32-41]. Nevertheless, Al solutions
are not without their limitations. Indeed, their performance is
highly dependent on image quality, which can be affected by
artifacts, poor resolution, or operator-dependent factors during
image acquisition. Moreover, the “black box” nature of many
Al systems, particularly those based on DL models, limits inter-
pretability and raises concerns about reliability and confidence
among clinicians. Despite these challenges, the integration of AI
solutions with clinical expertise provides a pathway to enhance
diagnostic accuracy, improve reproducibility and standardization
of echocardiographic measurements, and streamline workflows
[42-47].

This review aims to present an overview of the contemporary
workflow for echocardiographic assessment of MR, incorporating
standard echocardiographic techniques alongside the integra-
tion of semiautomated and automated ultrasound solutions
for segmentation, phenotyping, morphological quantification,
functional grading, and chamber quantification.

2 | Segmentation, Phenotyping, and
Morphological Quantification of Mitral Valve in MR

The morphological evaluation and quantification of the MV appa-
ratus are of paramount importance for the diagnosis, treatment,
and follow-up of patients with MR. Echocardiography is the
standard imaging modality used to evaluate MV morphology. The
advent of 3D echocardiography (3DE) has significantly enhanced
the understanding of MV anatomy and function, with its unique
ability to display the MV “en face” in the beating heart, both
from atrial and ventricular perspectives. This enables a more
accurate morphological and quantitative assessment compared to
2D acquisitions [13, 14, 17, 20, 21].

Many studies have demonstrated the superiority of 3DE over
2D echocardiography (2DE) for visualizing MV morphology,
making 3DE the most useful imaging modality for diagnosing MV
diseases [48]. 3DE has become the standard imaging modality
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FIGURE 3 | 3D TEE TrueVue zoom modality of MV prolapse shown
from multiple perspectives: overhead perspective or surgical view (A),
ventricular perspective (B), lateral (C), and medial (D) perspectives.
The angled perspectives provide further details of the MV prolapse.
3D = three-dimensional; MV = mitral valve; TEE = transoesophageal
echocardiography.

for preoperative assessment and for guiding MV surgery and
catheter-based interventions [20, 49]. Different 3DE data acqui-
sition modalities are available, including real-time 3DE (RT 3DE)
and ECG-triggered 3DE (zoom and full volume mode, both single
and multibeats). The multibeat 3D zoom modality, which pro-
vides the highest temporal and spatial resolution, is the preferred
mode of acquisition for studying MV anatomy and function.

3D volumetric datasets offer the opportunity to visualize the
MV from any angle and perspective [50]. The so-called “surgical
view,” which presents an “en face” view of the valve from the
atrial perspective, is almost identical to the view observed in
the operating room. “Non-surgical views”, and particularly the
so-called “angled or tangential views”, provide further details
of the MV morphology [51] (Figure 3). Accurate segmentation
of the MV and identification of its components, such as the
mitral annulus (MA) and leaflets, can support MR diagnosis
by providing accurate and quantitative measurements of the
anatomy of the regurgitant MV through 3D-guided 2D slices,
using multiplanar reconstruction (MPR).

Currently, several commercially available 3DE software solutions
provide a detailed, high-resolution reconstruction of the MV.
Within these applications, however, Al plays a different role,
with earlier versions being semiautomatic, and newer tools
incorporating more automated and dynamic features where Al
plays a key role. Among the semiautomated tools, for instance,
the Mitral Valve Navigator (MVN) (Philips Ultrasound) provides
a workflow-driven tool for performing shape analysis on the MV
by manually tracking the annulus and leaflets in a single frame
on 2D slices derived from a 3D dataset of MV. The 3D parametric
map, generated from MV quantification, shows a color-coded
topographic display. The newest 3D Auto MV (Philips Ultra-
sound) offers automated alignment and initialization proposals,

facilitating the workflow and enabling both static and dynamic
analyses. Advanced edit options allow for better definition of MV
structures, such as leaflet contours, and quantification of the open
coaptation area. At the end of the analysis, the MV anatomy and
surface are visualized as static and dynamic models. Compared to
MVN, 3D Auto MV enables faster and more reproducible analysis
thanks to the application of automated algorithms. Both software
tools provide several geometric measurements of the MV, such as
annular dimensions, leaflet morphology, coaptation description,
and relationship between MV and papillary muscles.

3D MV quantification, applying these tools, overcomes the lim-
itations of qualitative interpretation, and improve accuracy, reli-
ability, and interobserver variability, especially among less expe-
rienced readers. Even though MR severity assessment is mainly
based on the quantitative analysis of regurgitation, quantitative
morphological analysis of the MV plays a central role in interven-
tional planning. It facilitates the communication of findings to
the interventional team and allows for an individualized interven-
tional approach thereby improving procedural success [52, 53].

In DMR, the use of 3D color-coded parametric models enables
direct quantitative analysis on the 3D images proving several
measurements such as diameters, circumference and area of
the annulus, the annular nonplanarity angle, the aortic-to-MV
annulus angle, surface areas and heights of the leaflets, as well
as the total and per scallop prolapsing volumes and heights
(Figure 4A). By offering these detailed information, accuracy
in identifying the site and extent of MV lesions is significantly
increased. Quantitative 3D echo analysis enables differentiation
of degenerative disease from normal valves based on a billowing
height of >1.0 mm. Moreover, a cutoff value of a prolapsing
volume of 1.15 mL distinguishes between FED and BD [54].
Quantification analysis in Barlow disease reveals multiscallop
prolapse associated with tissue redundancy, larger leaflet areas,
greater MA dimensions with increased ellipticity, and flatten-
ing, making MA less capable of maintaining leaflet coaptation
[55, 56]. The severity of regurgitation in a prolapsing valve
correlates with 3DE quantification parameters such as annulus
area, leaflet-to-annulus area ratio, leaflet prolapsing volume
and height, papillary muscle-to-coaptation length, and annulus
saddle-shape flattening (reduced annulus height-to-commissural
diameter ratio). An annular height-to-width ratio (AHCWR) of
<15% is strongly associated with moderate or severe MR among
patients with MV prolapse [57].

In addition to these parameters, 3D TEE and MV quantification
in DMR allow for better distinction between clefts (defined
as extending >50% of leaflet height up to the hinge line,
dividing a scallop into two parts and causing regurgitation)
and indentations. It is important to note that while surgical
inspection remains the gold standard, some lesions near the
prolapsing leaflet seen on 3DE may not be properly recognized
during surgical inspection of a nonbeating heart. Therefore, a
topographic map of these lesions may also help in planning the
most appropriate interventional approach [58-60].

In FMR, the severity of regurgitation and the indication for
revascularization are the main interventional determinants. Nev-
ertheless, quantitative morphological analysis is used to describe
the MV in secondary MR (Figure 4B). In ventricular FMR,
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FIGURE 4 | 3D quantitative analysis in degenerative MR (Barlow disease) (panel A) and functional MR (panel B) by 3D Auto MV segmentation.

The leaflets and the annulus are automatically tracked in cut planes in a first step within a set frame generating a static model of MV; in a second step of

the analysis the tracking is extended over all systolic frames thus providing a dynamic model of MV; in both steps the user has the possibility to edit the

automated model proposal. The resulting mitral valve model provides a color-coded surface rendering model of MV together with 3D volume rendering

and several automatic quantitative measurements for annulus, leaflets, and coaptation. 3D = three-dimensional; MR, mitral regurgitation; MV = mitral

valve.

leaflet tethering occurs due to LV remodeling and papillary
muscle displacement, leading to symmetric (predominantly api-
cal tethering of both leaflets) or asymmetric (predominantly
posterior tethering) patterns [11]. In atrial FMR, left atrial (LA)
enlargement displaces the hinge line of the posterior leaflet over
the crest of the LV myocardium, increasing the annulus-papillary
distance, thus resulting in a lack of leaflet coaptation [12].

3D quantitative analysis in FMR describes tethering by tenting
volume, area, and height (or coaptation depth). The analysis also
reveals the enlargement of leaflet surface area as a mechanism of
adaptation to chronic LV or LA remodeling. Indeed histological
examination of the tethered leaflets provided evidence of
active MV leaflet growth through endothelial-mesenchymal
differentiation, associated with increased leaflet collagen and
thickness, which is independently associated with significant
MR [61-63]. In addition, RT 3DE with quantitative analysis of
mitral annular dynamics shows that the annulus in ischemic
MR is “stiffer” during systole compared to normal MV and
degenerative MV disease [64].

3 | Quantification and Grading of Mitral
Regurgitation

Accurate quantification of MR severity is crucial for predicting
outcomes and guiding treatment decisions, regardless of
whether the MR is of primary or secondary etiology. 2D Doppler
echocardiography, either transthoracic or transesophageal,
is the first-line tool for MR grading. Several qualitative,
semiquantitative, and  quantitative  echocardiographic
methods have been proposed [21-65], with current guidelines
recommending an integrated approach for the echocardiographic
grading of MR severity [13, 14].

Qualitative methods include the visual assessment of continu-
ous wave Doppler intensity and MR jet density, which, when
increased, correlate with more severe MR.

Semiquantitative methods rely on: (1) color flow Doppler imaging
evaluation of the jet extension into the LA (with a ratio of MR
jet area to LA area >40% indicating severe MR) [66]; (2) the

50f16

35U8017 SUOWILWOD dAIRRID 3|qedijdde ay) Aq pautenob ale sajonte YO ‘asn Jo s3nl 1o} Akeiqi auljuQ AS|IAA UO (SUORIPUOD-pUe-SLLIBIWO0D B 1M Afelq Ul |UO//SdNY) SUOIIPUOD pue SWB | 3yl 39S *[G202/T0/2] Uo Arliqiauluo A|IM ‘S3d VD Ad 2500/ 049 TTTT OT/I0p/wod A8 1m AReiqipuljuo//sdny wolj papeoumod ‘T ‘S202 ‘S.TSOVST



FIGURE 5 | 3D Echocardiographic Technique for the assessment of vena contracta area (EROA-3D). The method uses 2D multiplanar
reconstruction derived from a 3D volumetric data set (D) by first positioning two orthogonal image planes along the major axis of the regurgitating

jet and then by cropping the 3D data set by a third plane perpendicularly oriented to the jet direction up to the narrowest cross-sectional area of the jet,

visualizing 3D VCA (A-C). The EROA-3D is measured by manual planimetry of the color Doppler signal. The image shows an example of EROA-3D

assessment in an asymmetric severe functional mitral regurgitation (MR). 2D = two-dimensional; 3D = three-dimensional; 3D VCA = vena contracta

area with 3D TEE; TEE = transoesophageal echocardiography.

anterograde velocity of mitral inflow and the pulsed Doppler
mitral-to-aortic VTI ratio (peak E velocity >1.2 m/s and VTI ratio
>1.4 suggest severe MR) [67]; (3) the pulsed Doppler evaluation
of pulmonary venous flow patterns (systolic pulmonary flow
reversal is specific for severe MR); and (4) the measurement of
the vena contracta (VC) width [68]. A VC width >7 mm defines
severe MR.

The most important echocardiographic MR quantitative method
is the flow convergence method, with the calculation of effective
regurgitant orifice area (EROA) and regurgitant volume (RVol)
derived from the proximal isovelocity surface area (PISA) method
[21, 65, 69]. An RVol >60 mL and an EROA >40 mm? define
severe MR, although in FMR a lower thresholds with a significant
impact on outcomes may be applied (EROA >30 mm? and/or
RVol >45 mL), especially in elliptical regurgitant orifice or in
low-flow conditions [21].

Despite its widespread use, 2D quantification of MR, based on
2D VC and EROA, faces several limitations due to underlying
geometrical assumptions. Indeed, the concept of VC assumes
that the regurgitant orifice is circular. Whereas the 2D PISA
method assumes a hemispheric and symmetric flow convergence
area or a single-orifice status. In contrast, the PISA geometry
may vary depending on the geometry of the regurgitant orifice
and MV leaflets surrounding the orifice. For instance, in FMR

the regurgitant orifice is more elliptical than spherical, thus
the 2D PISA method can subsequently underestimate EROA
[70]. Moreover, an additional limitation is related to the min-
imal integration of frame-by-frame or beat-to-beat variability
of MR, resulting in challenging quantification in the presence
of temporal flow changes of MR, such as in mid- and late-
systolic jets, which occur frequently in the presence of MV
prolapse [65]. Finally, there is currently no validated approach
for the quantification of MR in the presence of multiple jets [65].
Therefore, 2D standard quantification of MR has some important
intrinsic limitations, particularly affecting the quantification of
multiple, eccentric, and nonholosystolic jets, with suboptimal
interobserver agreement.

Recent advancements in automated and semiautomated tools
have aimed to address these limitations. Automatic integrated
PISA measurements based on the DL algorithm have been
proposed for segmentation of the flow convergence region and
quantification of MR jet area from 2D color Doppler [71-74].
Recently a novel DL framework, EasyPISA, has been developed
for automatic segmentation of the flow convergence region in
2D color Doppler images, without relying on hemispherical
assumptions. This method estimates flow rate curves and RVol
calculations for all heart cycles, showing a good agreement with
manual echocardiographic and CMR imaging assessment of MR
severity [39].
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FIGURE 6 | 3D MR flow quantification analysis provided by automatic regurgitant volume analysis Al empowered tool (3D Auto CFQ, Philips) in

a case of mitral valve prolapse (panel A) and a case of asymmetric FMR (panel B). 3D analysis runs by detecting the valve morphology from a 3D color

Doppler TEE data set on regurgitant MV and then assessing orifice shape, number, and position by using the intersection of color flow Doppler signal
and MV surface. By a vector flow fields calculation, the system generates a model of the convergence zone (s), displayed as a purple mesh, and provides
measurements of mitral valve regurgitant volume (MV RVol), peak flow rate, and MR dynamic flow curves throughout systole. 3D = three-dimensional;

Al = artificial intelligence; FMR = functional mitral regurgitation; MV = mitral valve; PML = posterior mitral leaflet; RVol = regurgitant volume; TEE

= transoesophageal echocardiography.

3D color Doppler imaging provides significant advantages over
2D methods by overcoming geometric assumptions. 3D TEE is
recommended over 3D TTE because it provides color Doppler
images of better quality [17-19].

Measurement of the VC area with 3D TEE (3D VCA) has proven to
be more accurate than the 2D VC method for MR quantification,
allowing for direct visualization of the orifice morphology [75, 76].
The method uses 2D MPR derived from a 3D volumetric data
set by first positioning two orthogonal image planes along the
major axis of the regurgitating jet to visualize the jet origin; then,
a third perpendicular plane is moved along the length of the jet
until its narrowest cross-sectional area is encountered, visualizing
3D VCA. 3D VCA is measured manually by direct planimetry
and corresponds to the value of 3D EROA [77] (Figure 5). 3D
VCA-derived RVol is obtained by multiplying 3D VCA and the
velocity-time integral (VTI) of the regurgitant flow by continuous

wave Doppler. Fully automated ML and DL workflow offers the
opportunity for automeasurements of the mitral Doppler signal,
making the analysis faster and more reproducible, also among
operators with different expertise [74, 79]. The 3D VCA area
method is applicable in cases of eccentric or multiple MR jets. Its
accuracy has been validated against 2D color Doppler and CMR
[77-80]. When using the 2D method as the reference standard for
MR grading, a cutoff value of 0.41 cm? for 3D VCA showed 82%
sensitivity and 97% specificity in distinguishing moderate from
severe MR [81]. Recently it has been demonstrated that a 3D VCA
of 0.45 cm? showed 90% sensitivity and 87% specificity to define
severe MR in MV prolapse [82].

The PISA method’s quantification similarly benefits from 3D
color Doppler acquisition. 3D color Doppler echocardiography
allows more accurate measurements of MR severity by correcting
for the intrinsic geometric limitations of the 2D PISA method,
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particularly in eccentric jets with asymmetric orifice and multiple
jets [54, 83]. Over the last few years, the feasibility of automated
or semiautomated 3D PISA detection has been demonstrated,
with good accuracy and reproducibility, even if not always clear
the role of AI in modeling [84, 85]. 3D PISA quantification
requires the acquisition of a 3DE color Doppler image of the
MYV, optimizing the sector to obtain the highest possible time
resolution. By selecting the aliasing velocity and identifying the
PISA in the systolic frame with the largest systolic 3D flow
convergence area, a segmentation algorithm allows calculation
of true 3D-PISA volume without geometric assumptions, and the
volume of more than one PISA simultaneously if multiple jets
are present. 3DE-derived PISA volume has been shown to be
more accurate and reproducible compared to standard 2D TTE,
although with an overestimation of the derived 3D RVol over the
2D RVol in cases of asymmetric or eccentric flow convergence
regions, using CMR as a reference [86, 87].

Recently, a novel automated 3D MR flow quantification software
(3D Auto Color Flow Quantification CFQ; Philips Ultrasoud) has
been introduced into clinical practice providing further advance-
ments (Figure 6). 3D Auto CFQ uses 3D color rather than 2D to
address the spatial complexities of MR. This new algorithm uses a
complex fluid dynamics model, rather than a simple hemispheric
PISA model. It is therefore suitable for MR quantification of all
orifice geometries and of multiple and eccentric jets [88]. Com-
pared with other models for MR evaluation, which are relatively
static using a single frame of the flow convergence, this new
algorithm addresses the dynamic variability of the regurgitant
orifice and the temporal variation of the regurgitation. Indeed
the 3D Auto CFQ application has been developed to evaluate the
regurgitant flow at every frame in systole to consider the temporal
dynamics of MR. The 3D application Auto CFQ takes advantage
of the 3D Auto MV autosegmentation technology (Philips 3D
Auto MV) to create an accurate and reproducible model of the
MV which is then used as input for the 3D Auto CFQ analysis
to quantify MR. The 3D analysis runs by detecting the valve
position and morphology from a 3D color Doppler TEE images
on MV, creating anatomical Static and Dynamic Model to look
for the location of the likely orifice. A vector flow field through
single or multiple mitral orifices is calculated, representing the
sum of all flow vector forces. The analysis takes into account all
the velocities within the Doppler volume, so an aliasing velocity
analysis is not needed. The vector field is then converted to
3D color data, enabling the definition of the MV orifice(s) and
the instantaneous volume flow for each frame. The integral of
flow over all frames provides the total 3D RVol as well as MR
dynamic flow curves throughout systole (Figure 6). These flow
curves demonstrate the phasic dynamic changes of MR related
to the underlying etiology of the regurgitation. In degenerative
MR cases the maximal peak is in mid-to-late systole, reflecting
the exacerbation of the prolapse or flail throughout systole. In
contrast, in functional MR the peak is usually bimodal related to
the imbalance between tethering forces and closing forces [89-
92]. The current 3D MR flow quantification software has been
shown to slightly underestimate RVol, particularly when com-
pared to 2D PISA [88]. This apparent limitation could be related
to the fact that RVol quantification is performed over the entire
cardiac cycle, rather than being based on a single frame as in the
2D PISA method. Therefore, the optimal cutoff value for severe
MR when using this tool must be precisely defined and may differ

from those established with other methods. Overall, 3D MR flow
quantification has demonstrated reduced inter- and intraobserver
variability compared to standard 2D quantification, highlighting
how these Al-driven solutions can enhance reproducibility, even
among less experienced operators. Furthermore, the method’s
short postprocessing time, limited to a few minutes, makes it
relatively practical for routine clinical use. However, while 3D
Auto Color Flow Quantification of the MV could allow more
accurate quantification of MR in more challenging cases, such as
functional MR, multiple jets, and constrained or incomplete jets,
future larger studies are still needed for better validation.

Another alternative quantitative tool for MR quantification,
especially when the PISA and VC methods are not accurate
or applicable, is the Doppler volumetric method [21]. In this
approach, mitral RVol can be calculated as the difference between
total LV stroke volume (the product of MA area and mitral inflow
TVI) and systemic stroke volume (obtained by multiplying the left
ventricular outflow tract diameter [LVOT] by LVOT TVI). LV total
stroke volume can also be measured as the difference between
2D left ventricular end-diastolic volume (LVEDV) and end-
systolic volume (LVESV). Al-powered software solutions enable
automated Doppler measurements and 2D LV volume quantifi-
cations. However, the 2D LV quantification method has not been
widely adopted in clinical practice due to its high variability
and susceptibility to foreshortening and geometric assumptions.
Quantitative assessment of MR regurgitation using 3D TTE
volumetric LV quantification has shown more reproducible
results compared to CMR, by using 3D analysis from dedicated
automated quantification software (e.g., HeartModel, Philips
Ultrasound) [85, 93-95]. This software automatically identifies the
heart chambers and defines the end-diastolic and end-systolic
frames using motion analysis, building up the end-diastolic and
end-systolic 3D volumes to calculate the stroke volume. As
with Doppler quantification, mitral RVol using HeartModel is
measured offline by calculating the difference between LV total
stroke volume (obtained from 3D HeartModel acquisition) and
aortic forward stroke volume. Despite their advantages, these
quantitative methods have limitations and should be used only
in cases of isolated MR. They are not suitable, for instance, in the
presence of significant aortic regurgitation [21].

4 | Chamber Quantification in MR

Characterization of cardiac chamber remodeling is an integral
part of a comprehensive MR assessment [13, 14, 21, 93]. In
primary MR, LV and LA remodeling result from chronic volume
overload due to the regurgitation. Conversely, secondary MR
arises from regional or global LV remodeling related to ischemic
or nonischemic cardiomyopathy or from LA remodeling and
dilation due to chronic AF in atrial functional MR.

Both LV and LA remodeling are strongly associated with patient
outcomes and are key determinants of the timing of interventions.
In severe DMR, parameters such as a left ventricular ejection
fraction (LVEF) <60%, LV end-systolic diameter >40 mm, LA
volume index (LAVi) >60 mL/m? or diameter >55 mm, systolic
pulmonary arterial pressure >50 mmHg, and AF are linked to
worse outcomes and are considered triggers for intervention,
regardless of symptoms [13].
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FIGURE 7 | Fully automated left ventricular (LV) and left atrium (LA) analysis by Dynamic HeartModel (DHM, Philips, Amsterdam, the
Netherlands). Top panel (A) shows an example of DHM analysis in functional mitral regurgitation (FMR) with reduced ejection fraction (EF) and
dilated LA. In the bottom panel (B) a DHM analysis in a DMR with preserved EF and dilated LA.

TTE is the first-line imaging technique for assessing chamber
dimensions and function [93]. LV systolic function is tradition-
ally assessed using left ventricle ejection fraction (LVEF), an
echocardiographic surrogate for LV contractility, widely accepted
for risk stratification and guiding decision-making in clinical
practice. For LV volumes and LVEF quantification, both 2D
(Simpson’s method) and 3D echocardiography are recommended.
Although Simpson’s method is commonly used, it has notable
limitations, including reliance on geometric assumptions, fore-

shortening of the apex, inaccurate border detection, and poor
acoustic windows. Three-dimensional echocardiography (3DE),
by overcoming these limitations, provides a more accurate eval-
uation of LV volumes and ejection fraction. Compared to CMR
as gold standard, 3DE offers better agreement in LV volume
quantification than 2DE [96].

In the last years, AI has emerged as a game-changer in chamber
quantification. Several AT automated or semiautomated software
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FIGURE 8 | Assessment of left ventricular (LV) global longitudinal strain (GLS) respectively in a patient with mitral valve prolapse and severe

mitral regurgitation (panel A) and in a patient with an ischemic severe functional mitral regurgitation (FMR) (panel B). In both cases, a bull’s eye plot

displays the regional longitudinal strain for each left ventricular segment with a color code. In panel A, GLS is preserved (—24%), whereas in panel B

GLS is severely impaired (—8.8%).

tools commercially available offer the opportunity to improve
3D quantitative LV and LA measurements, increasing accuracy
and minimizing variability of quantification. Among these tools,
the fully automated Dynamic HeartModel A.I. (Philips, Eind-
hoven, Netherlands) is a model-based segmentation algorithm
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that measures the 3D volume of the LV and LA simultaneously
from a single 3D acquisition (Figure 7). After acquiring a high-
quality TTE 3D volume from the standard apical four-chamber
view, including the entire LV and LA, the software tracks the
LV and LA borders throughout the cardiac cycle using 3D

Echocardiography, 2025
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FIGURE 9 | Measurement of atrial longitudinal strain using the speckle tracking echocardiography from an apical 4-chamber view in (A) an atrial

FMR and (B) a Barlow disease. FMR = functional mitral regurgitation; LASbp = LA strain at contractive phase; LAScd = LA strain at conduit; LASr

= LA strain at reservoir.

speckle technology. The algorithm automatically identifies the
end-diastolic (ED) and end-systolic (ES) phases of the cardiac
cycle, generating casts of the LV and LA cavities, from which
LV and LA volumes are derived directly without geometrical
assumptions. Manual editing of the LV and LA endocardial
contours is possible when needed. This validated 3D tool has
shown an excellent agreement with CMR. It provides robust,
accurate, and fast 3D LV and LA analysis, improving efficiency
and workflow in echocardiography laboratories thus enabling
the routine integration of 3DE for LV and LA quantification [93,
96-98]. However, identifying endocardial boundaries remains
challenging in cases of suboptimal image quality or artifacts.
An ML algorithm has been trained to automatically estimate
LVEF using multiple apical two- and four-chamber views without
segmentation or volume quantification, effectively mimicking
experienced human visual assessment. This ML algorithm has
shown feasibility and accuracy comparable to conventional
volume-based measurements [99].

Recent evidences suggest that traditional echocardiography
parameters may not detect subclinical ventricular dysfunction.
Due to hemodynamic alterations, LVEF may fail to reflect true
LV systolic function in patients with MV disease and reduced
afterload. Speckle tracking echocardiography (STE), particularly
global longitudinal strain (GLS), has been proposed as a more
sensitive alternative to LVEF for detecting subclinical LV systolic
dysfunction. Advanced deformation imaging facilitates early
detection of left heart impairment in chronic MR and has demon-
strated incremental prognostic value [100-102]. Several studies
have shown that a worse baseline GLS value correlates with
poorer clinical outcomes in both primary and secondary MR. LV

GLS has also been identified as an independent predictor of all-
cause mortality and adverse cardiac events in patients undergoing
MR surgery [102-104]. Measuring LV GLS preoperatively can help
identify patients at risk of postoperative LV function decline and
optimize surgical timing [104]. Conversely, improvements in LV
GLS induced by exercise or medication are associated with better
clinical outcomes in primary MR [102].

Recent technological advancements have enabled AI-driven tools
to improve strain measurement accuracy. Fully automated or
semiautomatic GLS measurements using ML-based technology
are currently feasible and allow for real-time (few seconds
of analysis) GLS calculations, increasing efficiency and repro-
ducibility [105] (Figure 8). For example, the fully automated
2D Auto LV software (Philips, Eindhoven, Netherlands) is a
tracking system to quantify LVEF and longitudinal strain, able
to automatically select optimal images for 2D LV assessment,
providing automated 2D strain and LVEF analysis within the
same application. This approach improves workflow and ensures
reproducible results, although image quality, operator variability,
and differences between software platforms can affect strain
measurement accuracy [106-109]. Despite these limitations, STE
represents a significant advancement over traditional echocar-
diographic parameters, providing a more accurate and sensitive
assessment of cardiac function, which can help identify in an
early stage patients at risk of cardiac adverse events.

Strain analysis is valuable for detecting LA dysfunction in
MR. Initially, LA dilation compensates the volume overload,
but progressive dilation leads to interstitial fibrosis, reduced
compliance, and dysfunction [101]. LA function is traditionally
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FIGURE 10 | Assessment of right ventricle (RV) dimension and function. (A) 3D Auto RV quantification tool allows 3D RV volumes and ejection

fraction quantification alongside 2D parameters. (B, C) Echocardiography-derived right ventricular global longitudinal strain in a patient with DMR with

preserved RV function (B) and in a patient with severe functional mitral regurgitation and impaired LV and RV functions (C). 2D = two-dimensional;

3D = three-dimensional; DMR = degenerative mitral regurgitation; RV4CSL = right ventricular global longitudinal strain in 4-chamber view; RVFWS

= right ventricular free wall strain.

described by three phases: the reservoir phase (LA filling during
LV systole), the conduit phase (passive LV filling during early
diastole), and the booster-pump phase (active LA contraction
during late diastole). Each of these phases can be analyzed using
2D speckle-tracking echocardiography to assess LA deformation
(Figure 9). Peak atrial longitudinal strain (PALS), measured
during the reservoir phase, has been reported as a sensitive
marker of LA function, capable of identifying atrial dysfunction
in the early stages, even before LA dilation occurs [110]. Several
studies have shown a strong correlation between atrial strain,
measured by PALS, and the degree of LA fibrosis. A reduced PALS
correlates with increased LA fibrosis, a sign of unfavorable atrial
remodeling, and a risk factor for adverse events and AF [111].
Moreover in patients undergoing MV repair for severe primary

MR, LA reservoir strain has been shown to be an independent
predictor of all-cause mortality [112].

Finally, right ventricular (RV) dimensions and function assess-
ment is also important in the clinical setting of MR particularly
before interventional procedures [113]. Preoperative RV structural
and functional impairment is associated with a higher risk of
worse postoperative outcomes [114]. In addition to validated 2D
parameters recommended for quantifying RV dimension and
function (basal and mid-cavity diameters, RV fractional area
change, tricuspid annular plane systolic excursion, tricuspid
annular systolic tissue Doppler velocity), 3D RV evaluation is
currently available overcoming 2D limitations due to the com-
plexity of RV shape and anatomy. The 3D assessment of RV is
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based on an ML artificial algorithm, similar to Heart Model,
which provides an autosegmentation of RV volume enabling
faster and reproducible assessments of RV function and stroke
volume (Figure 10A) [115]. Moreover, as with LV evaluation,
RV strain has proven to be superior in assessing global RV
function, demonstrating strong correlations with RV pressures
and outcomes in patients with MR and heart failure [116, 117].
Recently, Al solutions have enabled automated quantification of
RV strain, including both RV free wall strain (RVFWS) and right
ventricular global longitudinal strain (RVGLS) (Figure 10B, C).

5 | Conclusion

Echocardiography remains the first-line and most useful imaging
technique for the diagnosis of MV pathology and for quantitative
assessment of MR. The advent of 3D echocardiography, particu-
larly real time 3D TEE, has significantly improved the evaluation
of MV anatomy and function, offering distinct advantages over
2DE. In recent years, the integration of automated and semiauto-
mated Al algorithms into routine echocardiographic assessments
has further improved MR evaluation. These tools facilitate seg-
mentation, phenotyping, morphological, functional, and cham-
ber quantification. Based on our experiences, the application of
these tools provides a valuable support to imagers, bridging the
gaps in human expertise and offering deeper insights into MR
assessments. This led to more standardized imaging assessments
and data collection improving consistency, reproducibility, and
workflow efficiency by reducing repetitive tasks. Despite these
advancements, Al solutions have limitations, and the operator’s
expertise remains essential for interpreting complex datasets and
integrating AI findings into clinical practice. Looking ahead,
the application of DL methods is expected to further refine
the classification of MR patients according to etiology, severity,
and treatment suitability. These advancements will have signif-
icant potential to enhance clinical support in decision-making,
optimize treatment strategies, and improve patient outcome.
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