®

Check for
updates

Functional Mitral Regurgitation

10

Timothy C. Tan, Xin Zeng, and Judy Hung

Abstract

Mitral valve regurgitation is one of the most common
valve lesions. Clinical decision making for mitral regur-
gitation depends on accurate assessment of the mecha-
nism and quantitation of mitral regurgitation. The
mechanism of mitral regurgitation in a significant pro-
portion of patients especially in the developed countries
is functional. The mechanism underlying functional
mitral regurgitation is due to left ventricular dilation.
Furthermore, as functional mitral regurgitation is by
nature a dynamic problem, accurate assessment of sever-
ity can be challenging. Echocardiography which enables
real time imaging of the heart is the primary imaging
modality in the diagnosis and assessment of functional
mitral regurgitation. Important information can be
obtained from a systematic echocardiographic assess-
ment of the whole mitral apparatus and the underlying
ventricular myocardium. Due to the complex spatial and
dynamic pattern of flow across the mitral valve in
patients with functional mitral regurgitation, obtaining
accurate flow quantification using standard two-dimen-
sional measures can be challenging. Three-dimensional
echocardiographic techniques have been successful in
overcoming some of the inherent geometric limitations
of two-dimensional imaging. This chapter outlines the
key aspects of functional mitral regurgitation and
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Introduction

Mitral valve regurgitation is one of the most common valve
lesions, representing nearly one-third of acquired left-sided
valve pathology [1, 2]. This constitutes a significant disease
burden considering that the prevalence of significant regurgi-
tation (moderate to severe and severe) in the general popula-
tion has been estimated at 2-3% and predicted to become
increasingly more prevalent as the population ages [2].
Mitral regurgitation can arise from abnormalities in the func-
tion of the mitral valve which can be broadly classified into
mitral regurgitation due to pathology or damage to the mitral
valve leaflets or the associated valvular structures (primary
mitral regurgitation); or mitral regurgitation due to left ven-
tricular (LV) dilation resulting in failure of coaptation of the
mitral valve leaflets without coexisting structural abnormali-
ties of the valve or its associated valvular apparatus (func-
tional mitral regurgitation, FMR). FMR, or secondary mitral
regurgitation, makes up a large proportion of the cases of
mitral regurgitation and has been independently associated
with poor long-term survival, excessive morbidity and mor-
tality. Hence, timely diagnosis and accurate grading of the
severity of FMR are critical for appropriate patient manage-
ment, particularly timing of surgical intervention [3-8].
Population studies also indicate that the incidence of FMR is
expected to increase due to predicted demographic changes,
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progressively higher and longer survival to acute and chronic
cardiac diseases affecting LV geometry and function. Factors
such as an aging population and greater life expectancy, are
expected to contribute to an increase in the incidence of isch-
aemic heart disease and dilated cardiomyopathy (the two
most common causes of FMR) [2, 3].

FMR essentially results from failure of systolic coapta-
tion of the mitral valve leaflets due to pathology affecting the
LV. Most typically, the initiating insult relates to ventricular
remodeling following myocardial infarction or ischemia, or
dilated non-ischemic cardiomyopathy. Up to 40% of patients
with heart failure caused by dilated cardiomyopathy are esti-
mated to go on to develop FMR [9, 10]. Symptoms arising
from FMR typically progresses slow and also often ends in
contributing towards irreversible LV dysfunction.

Pathophysiology of Functional Mitral
Regurgitation

FMR results from an altered force balance between tethering
forces on the mitral leaflets from ventricular dilation and
decreased closing forces (Fig. 10.1). With adverse LV remod-
eling that occurs with myocardial infarction or cardiomyopa-
thy, the myocardium underlying the papillary muscles dilates
and the mitral leaflets are pulled apically into the LV as a
consequence of the outward displacement of the papillary
muscles resulting from LV dilation. This results in increased
tethering forces on the mitral leaflets resulting in incomplete
mitral leaflet closure. Closing forces generated from LV con-
traction which act to close the leaflets are typically dimin-
ished in setting of LV cardiomyopathy and contribute to

CLOSING FORCES
TETHERING FORCES

LV Contractility

Systolic annular contraction .
Transmural posterior scar

Synchronous activation of PMs
y PMs displacement

PMs horizontalization
LV dilatation

Fig. 10.1 Mechanism of functional mitral regurgitation. In patients
with functional mitral regurgitation, the tethering forces on the mitral
leaflets from ventricular dilation and or regional dysfunction prevail on
the closing forces which are decreased. LV left ventricular, PM papil-
lary muscles

development of FMR [11]. FMR has also been proposed to
occur in LV dyssynchrony. In this instance, the mechanism is
believed to be due to a combination of reduced closing force
and discoordination of contraction of the papillary muscles,
which results in dynamic tethering of the leaflets [12].

Mitral Valve Anatomy and the Underlying
Mechanism of Functional Mitral
Regurgitation

To understand the underlying pathophysiology associated with
FMR and to diagnose FMR require an understanding of the nor-
mal mitral valve anatomy. This is important as treatment
approaches are different in patients with primary versus FMR. In
the case of primary mitral regurgitation, treatment strategies will
target the mitral valve as opposed to FMR where the target strat-
egies will predominantly be focused on the left ventricle. The
anatomic structure of the mitral valve apparatus is complex and
is composed of several components working in synchrony to
open during diastole and close in systole effectively within the
high-pressure systemic environment (see also Chap. 7).
Essentially, the mitral valve is comprised of: (1) annulus, (2)
leaflets, (3) chordae tendinae, and (4) papillary muscles. These
will now be individually examined in the context of FMR.

Mitral Annulus

The mitral annulus is the anatomical poorly defined junc-
tional zone, which separates the left atrium and left ventricle,
to which the mitral leaflets are attached. It is oval in shape
with the intercommissural diameter being larger than the
anteroposterior diameter (Fig. 10.2). There is evidence that
the mitral annulus is not simply a rigid fibrous ring but is pli-
able, and has been shown to undergo dynamic changes in
shape and area throughout the cardiac cycle. Three-
dimensional echocardiography (3DE) has revealed that the
mitral annulus adopts a non-planar saddle-shape (Fig. 10.3).
The anterior portion of the mitral annulus, which continuous
with the aortic annulus, serves as the highest point (most
atrial) of the mitral annulus and is more fibrous compared to
the rest of the annulus, thus less prone to dilatation. On the
other hand, the posterior annulus, which comprises of the
remaining two-thirds of the annulus is more muscular,
includes the low points of the saddle close to the lateral and
medial commissures which are more loosely anchored to the
surrounding tissue, hence able to move more freely with
myocardial contraction and relaxation [13]. The posterior
annulus is often the part of the mitral annulus, which dilates
with significant mitral regurgitation, and is more prone to cal-
cification [14]. The dynamic pliable nature of the mitral annu-
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Fig.10.2 3DE image of the mitral valve as viewed from the left atrium
showing the D shape of the mitral annulus. The intercommissural diam-
eter (horizontal arrow) is larger than the anteroposterior diameter (verti-
cal arrow)

Fig. 10.3 3DE reconstruction of normal mitral valve annulus showing
bimodal shape with high points (superiorly directed toward left atrium)
located anterior-posterior orientation and low points located in medial-
lateral orientation. A anterior, Ao aortic annulus, L lateral, M medial, P
posterior

lus allows for systolic apical bending along a mediolateral
commissure axis, and reciprocal systolic and diastolic
changes in mitral annulus area [15—17]. Dynamic changes in
the shape and area throughout the cardiac cycle have been
shown to play an important role in maintaining the geometry
of the mitral leaflets, aiding leaflet coaptation, reduce leaflet
tissue stress and preventing unfavorable mitral leaflet remod-
eling [18-25]. Hence, morphological changes of the valve
may potentially affect mechanical integrity of the total valve
structure, resulting in abnormal leaflet closure and regurgita-
tion of blood back into the left atrium. Interestingly, various

Enface View Enface View Enface View

Side View

Side View Side View

Normal Inferior Ml Anterior Ml

Fig. 10.4 Loss of saddle shape with infarction [33]. Adapted from
Watanabe et al. Circulation 2005;112 9 Suppl:1458-1462

imaging modalities have quantified the average mitral annular
area in healthy subjects to be approximately 10 cm? [26-31].
In pathological states such as in the case of dilatation of the
LV, a significant increase in mitral annular area [26-28],
decrease and delay of mitral annular area reduction during
systole [28, 32] and flattening [28, 33] of its shape has been
demonstrated [28, 32]. While mitral annular flattening has
also been described in myxomatous valve disease, associated
with more severe mitral regurgitation and chordal rupture,
these are potentially though to be more likely related to
increased out-of-plane stresses [18, 34]. Studies have demon-
strated that the mitral annulus dilates and becomes flatter in
response to development of FMR (Fig. 10.4) [35, 36].

Mitral Leaflets

The mitral valve comprises of two leaflets with variable
commissural scallops to occlude medial and lateral gap,
which lie within the ventricular inlet portion and have
inherent differences in structure. The leaflets attach to the
mitral annulus circumferentially with a minimum tissue
length of 0.5—1 cm [37]. The anterior leaflet is trapezoid- or
dome-shaped and much broader, longer and thicker but is
attached to only one third of the annular circumference as
compared to the narrower crescentic posterior leaflet with a
long circumferential base [13] and relatively short radial
length, which extends the remaining two-thirds of the
annular diameter. Even though the posterior mitral leaflet
appears smaller compared to the anterior leaflet, it has a
larger area i.e. approximately 5 vs. 3 cm? respectively.
The predominant feature of the anterior leaflet is the
fibrous continuity with the left and non-coronary cusps of
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the aortic valve and with the interleaflet triangle between
the aortic cusps that abuts onto the membranous septum
[14]. It is also thicker and thus allows the leaflet to with-
stand a significantly higher tensile load without tissue dis-
ruption compared to the posterior leaflet which is thinner
and more flexible [38, 39]. The anterior leaflet is divided
into three arbitrary segments (scallops), Al, A2 and A3,
which correspond to adjacent regions on the posterior leaf-
let, P1, P2 and P3 delineated by 2 clefts (partial indenta-
tions in the leaflet which do not typically extend all the way
through the leaflet). A1 and P1 being the most lateral seg-
ments, lie adjacent to the anterolateral commissure while
A3 and P3 being the most medial, is adjacent to the pos-
teromedial commissure. One other key point to note is that
the nomenclature of the leaflets can be different based on
whether the Carpentier numbering system (A1, A2, A3, P1,
P2, P3; defined by where P1, P2, and P3, co-apt with the
anterior leaflet) or the ASE/SCA anatomic nomenclature
system (where there is a random division of the anterior
leaflet into thirds; A1, the lateral third of the anterior leaf-
let; A2, the middle third of the anterior leaflet; A3, the
medial third of anterior leaflet; P1, lateral scallop of poste-
rior leaflet; P2, middle scallop of posterior leaflet; P3
medial scallop of posterior leaflet) is used [40, 41]. The
commissural portions remain as the anterolateral commis-
sure and posteromedial commissure in both nomenclature
systems. Each of the leaflets can be characterized into three
zones (basal, clear and rough zones), from their attachment
point at the annulus to the free edge of the leaflet. The basal
zone arises where the leaflet connects to the atrioventricu-
lar junction, followed by the thin, translucent central por-
tion (body of the leaflet) known as the clear zone which
then transitions into the rough zone, a hydrophilic protein
rich zone measuring approximately 1 cm which incorpo-
rates the thicker free edge of the leaflets, and where chordal
attachment, coaptation (i.e. where the leaflets meet) and
apposition (overlap of the leaflet free edge) of the leaflets
occur. Some redundant leaflet tissue is critically important
for adequate leaflet apposition and tight leaflet coaptation
while the irregular surface of the rough zone helps to main-
tain and ensure a seal during leaflet coaptation. A minimum
leaflet to mitral annular area ratio of 1.5-2 has been shown
to be necessary to prevent significant mitral regurgitation
[27, 37]. In the case of FMR, dilatation of the left ventricle
and thus the annulus significantly reduces the minimum
leaflet to mitral annular ratio. Interestingly, physiologic or
pathologic-induced leaflet stress can induce mitral leaflet
adaptation as evidenced by the wide range of total leaflet
area seen in various cardiac pathologies. Recently, 3DE
have been used to provide valuable insight into the poten-
tial of the mitral leaflets to adapt i.e. mitral valve leaflets
may be elongated in response to the stress imposed by

increased tethering caused by dilated cardiomyopathy or
inferior myocardial infarction [27, 42, 43]. However, the
underlying cellular mechanisms underpinning the adaptive
changes seen in the mitral leaflets are still not well under-
stood. One study demonstrated that in patients with FMR
and symmetrical tethering, mitral leaflet coaptation
decreases proportionally to the bilateral papillary muscle
displacement, despite the presence of increased total leaflet
area. This study also found that the coaptation area was a
strong determinant of mitral regurgitation severity [27].

Chordae Tendineae

The chordae tendinae are fan-shaped fibrous chords running
from the papillary muscles and attaching into the anterior
and posterior leaflets in an organized manner which serve to
dampen the papillary muscle-leaflet force transmission [44].
Chordae arising from the anterolateral papillary muscle
attach to A1, anterolateral commissure, P1, and the lateral
half of P2 and A2. Chordae arising from the posteromedial
papillary muscle attach to, A3, posteromedial commissure,
P3, and medial half of P2, and A2. The chordae can also be
categorized into three types based on their area of attach-
ments on the leaflets: primary chordae attach to the free edge
of both leaflets within the rough zone; secondary chordae
attach to the ventricular surface in the region of the rough
zone in the case of the anterior leaflet and throughout the
posterior leaflet body [45], and tertiary chordae found asso-
ciated with in the basal zone posterior leaflet only. Primary
chordae are thinner and shorter (average length approxi-
mately 1-2 mm) compared to secondary chordae (average
length approximately 20 mm), have limited extensibility
[46] and serve predominantly to prevent leaflet edge eversion
[45, 47—-49]. Secondary chordae being thicker than primary
chordae, are also more extensible than the primary chordae
[46]. Of particular note are a pair of prominent thick second-
ary chordae thought to be the strongest chordae, termed strut
chordae, arising from the tip of each papillary muscle and
inserting into the ventricular aspect of the anterior leaflet
[14]. Typically one arises from the anterior papillary muscle
and attaches to A1/A?2 area of the anterior leaflet; one arises
from the posterior papillary muscle and attaches to the A2/
A3 portion of the anterior leaflet although additional strut
chords, including to the posterior leaflet have been described.
Similar to mitral leaflets, the chordae tendinae also have the
ability to adapt to altered loading conditions [47].
Interestingly, pathologic apical leaflet tethering can be
relieved and mitral leaflet coaptation restored in patients
with functional/ischemic mitral regurgitation, by cutting
selected secondary chordae without deleterious effects on
LV function [50-52].
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Papillary Muscles

In a normal mitral valve, there are usually two associated
papillary muscles named, based on their position, i.e. antero-
lateral and posteromedial papillary muscles. These are essen-
tially large trabeculae originating along the mid to apical
segments of the left ventricular wall in a plane posterior to
the inter-commissural plane in diastole and usually only
have one head (although double, triple or multiple heads are
also possible variants) [53]. More specifically, the anterolat-
eral papillary muscle is usually seen to attach at the border of
the anterolateral (lateral) free wall of the LV and the postero-
medial over the inferior wall of the LV at the junction of the
inferior left ventricular free wall and the muscular ventricu-
lar septum with both papillary muscles extending into the
upper third of the ventricular cavity below the commissural
tissue. In terms of blood supply, there is common dual sup-
ply to the anterolateral papillary muscle, i.e. the first obtuse
marginal arising from the left circumflex and the first diago-
nal arising from the anterior descending artery as opposed to
the posteromedial which is only supplied by a single artery
(usually from the right coronary artery or the third obtuse
marginal of the left circumflex). The papillary muscle con-
traction maintains the systolic spatial relationship between
the mitral annulus and the papillary muscle heads as the
myocardium contracts, thereby preventing leaflet prolapse
[54-56]. The papillary muscle head positions and relative
distance to each other keep both leaflets under outwardly-
directed tension and therefore posteriorly restrained to pre-
vent anterior motion. Any damage sustained by the papillary
muscles such as a localized area of infarction may result in
remodeling and subsequent tethering of the leaflets by out-
ward displacement of the myocardium underlying the papil-
lary muscle (Fig. 10.5). On the other hand, global left
ventricular dilatation and increased LV sphericity potentially
restricts leaflet closure by displacing the papillary muscles
potentially increasing the distance from the papillary muscle

Mitral leaflets

Left atrium

Fig. 10.5 Tethered leaflets (white arrow) with apically displaced coap-
tation line and increased tenting volume in a patient with functional
mitral regurgitation

to the leaflet and thus causing tethering [57]. However, isch-
emic and/or systolic papillary muscle dysfunction itself does
not seem to contribute to FMR on top of the contribution of
papillary muscle displacement. This is evidenced by results
from a sheep model of chronic ischemic mitral regurgitation
which demonstrated that papillary ischemia as measured by
decreased strain rate correlated with diminished tethering
distances and reduced mitral regurgitation [58]. Similarly, in
humans, there is also some evidence that papillary muscle
dysfunction, as measured by longitudinal systolic strain,
actually reduces mitral regurgitation observed after inferior
myocardial infarction highlighting that impairment of papil-
lary muscle contraction presumably reduces tension on the
chordae and paradoxically compensates for the tethering
forces exerted by papillary muscle misalignment and/or left
ventricular dilatation. These observations support the
hypothesis that geometric papillary muscle displacement,
and not necessarily systolic function, is the key factor in
determining functional mitral regurgitation.

3DE has been applied to measure quantitative mitral valve
geometric parameters such as mitral annular area and shape,
leaflet area, tenting volume (volume underneath leaflets to
mitral annular plane in systole) (Fig. 10.6, left panel), and teth-
ering distances (distance from papillary muscle tips to mitral
valve trigone) (Fig. 10.6, right panel). These quantitative mea-
sures of mitral valve geometry can be valuable tools to demon-
strate mechanism and clinical outcome associations [59].

Assessment of Severity of Functional
Mitral Regurgitation

There have been a number of methods used to assess the
severity of FMR. Direct surgical measurements have been
proposed as the gold standard for the assessment of the
severity of FMR. However, direct surgical measurements
are impractical in the clinical setting as they can only be
performed on the arrested heart and do not accurate reflect
physiological conditions. There are also a number of non-
invasive methods such as echocardiography, cardiac com-
puted tomography [60, 61] and cardiac magnetic resonance
[62, 63] that have been used successfully to assess and
characterize FMR but none have been identified as the
gold standard. Hence a true gold standard technique for
assessment of FMR is presently still lacking [64, 65]. Of
all these imaging modalities, echocardiography is recom-
mended as the first line investigation. Echocardiography is
more readily available and relatively cheaper compared to
the other imaging modalities. It has the ability to provide
live images of the beating heart, allowing for dynamic
quantification from moving images, quantitative analy-
sis on frozen frames throughout the cardiac cycle and,
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Fig. 10.6 Mitral valve geometry in functional mitral regurgitation.
Left panel, the tenting volume is the space between the atrial surface of
mitral valve leaflets and the mitral annulus. Right panel, quantitative
measures including tenting volume, mitral annulus and leaflet area can
be obtained from 3DE dataset of mitral valve using commercially avail-

measurements which are performed under more physio-
logic loading condition. Furthermore echocardiography,
which does not utilise ionising radiation and is more read-
ily available, can also be used to perform serial assess-
ments allowing for characterization of progressive
morphological changes induced by disease particularly
those to the ventricle and allows for better understanding
of the temporal trends of the underlying disease process
[13, 66, 67]. Current guidelines recommend that asymp-
tomatic patients with significant mitral regurgitation
undergo serial echocardiography every 6—12 months to
assess LV size and systolic function as this information is
important for informing optimal timing for surgery inter-
vention (Class I) [68]. One key point to note is that FMR
occurs due to a complex interplay of geometric and con-
tractile abnormalities, its severity can vary during the car-
diac cycle and with ventricular loading conditions hence
assessment of FMR can be very challenging [69]. FMR
must always be interpreted in the context of loading condi-
tions. Ambient preload and afterload conditions such as
patient’s volume status, systemic blood pressure, and med-
ications may affect the observed degree of mitral regurgi-
tation. Hence the blood pressure and medications at the
time of assessment should always be considered and fac-
tored in the assessment of the severity of regurgitation.

Tenting volume

Leaflet
area

Papillary muscles

able software package (Mitral Valve Navigator in QLab 10, Philips
Medical Systems, Andover, USA). A anterior, AML anterior mitral leaf-
let, AL anterolateral, Ao aortic root, LA left atrium, LV left ventricle, P
posterior, PM posteromedial, 7Vol tenting volume

Echocardiographic Assessment of Severity
Functional Mitral Regurgitation

The echocardiographic assessment of FMR can be catego-
rised into the assessment of the morphology of the mitral
valve leaflets and the associated structures (in order to help
delineate the aetiology of the mitral regurgitation) and sever-
ity of valve disease, which is essential for management plan-
ning [66, 67, 70, 71]. Assessment of mitral valve morphology
is important as it also allows for determination of clinical or
haemodynamic consequences. The presence of the “seagull”
sign due to chordal tethering and kinking of the anterior leaf-
let in its mid-belly can be helpful in identifying FMR. The
tethering of the leaflets can potentially also be quantified by
the measures of tenting height (also named coaptation height
or coaptation depth). The tenting height represents the dis-
tance from the annulus plane of the mitral valve to the leaflet
coaptation point whereas the tenting area and volume repre-
sent more global measures of tethering of the leaflets [72—
75] (Fig. 10.7, Video 10.1). The tethering angles can also be
used to quantify individual leaflet tethering [74]. In terms of
the tethering angles, the anterior leaflet can be characterised
by two angles, a proximal tethering angle and a distal tether-
ing angle, as being more prone to tethering forces can bend a
wider range of compared to the posterior leaflet.
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Fig. 10.7 Biplane image of
dilated left ventricle showing
tethering (white arrows) of
the mitral leaflets resulting in
incomplete coaptation.
Tethering is the fundamental
mechanism of functional
mitral regurgitation (Video
10.1). The gray area is the
tenting area and the
coaptation depth is shown by
the double head red arrow. Ao
aortic root, LA left atrium, LV
left ventricle

Current American College of Cardiology/American Heart
Association guidelines recommend that two-dimensional
and Doppler echocardiography be used to assess all patients
with suspected mitral regurgitation to confirm its presence
and determine its severity (according to the Functional
Class), i.e. assessment of severity should based on a combi-
nation of echocardiographic and symptomatic parameters,
with stages of “at risk” to “progressive” to “asymptomatic
severe” to “symptomatic severe” [68]. Quantitative analysis
is also an integral part of the assessment and provides objec-
tive evidence for the classification of the degree of severity
of the mitral regurgitation. Current guidelines also recom-
mend the integration of a number of specific, supportive, and
quantitative features including cardiac chamber size and vol-
ume, regurgitant jet size by color Doppler, regurgitant jet
density by continuous-wave Doppler, and pulmonary vein
and mitral valve inflow by pulse-wave Doppler in classifying
the severity of the mitral regurgitation [1, 65]. Additionally,
Doppler echocardiography allow for quantitative measure-
ment of mitral regurgitation, including the regurgitant vol-
ume and the regurgitant orifice area. In addition to
semi-quantitative and quantitative Doppler techniques, it is
important to integrate supportive and complementary data
into the overall severity grading. Pulmonary venous flow
reversal is specific for severe mitral regurgitation although of
lower sensitivity. Chamber enlargement (left atrium and LV),
dense continuous wave mitral regurgitation Doppler profile,
and elevated E wave peak velocity >1.2 m/s are all sugges-
tive of severe mitral regurgitation [76].

However, defining FMR and quantification of the severity
of FMR can be very challenging using standard two-
dimensional echocardiographic techniques due to the con-
siderable clinical heterogeneity seen. Furthermore, the
geometric distortions underlying FMR result in failure of the
coaptation along the closure line of the valve in a variable
manner such that the regurgitant orifice is non-circular but
elliptical or slit-like. Additionally, mitral regurgitation may
be complex with several separate regurgitant orifices along
the closure line. This potentially impacts on the accuracy of
standard recommended two-dimensional measures used in
the quantification of the severity of mitral regurgitation, par-
ticularly measures dependent on flow or flow quantification,
due to the complex spatial and dynamic patterns of flow
across the mitral valve. While these quantitative techniques
can be accurate and reproducible in single centers [77, 78],
there can be significant interobserver variability among cen-
ters [79]. The application of 3DE has allowed some of the
geometric limitations seen with two-dimensional echocar-
diography to potentially be overcome.

Assessment of Effective Regurgitant Orifice
Area and Regurgitant Volume

The effective regurgitant orifice area and regurgitant volume
can be assessed using a number of approaches. Evaluation of
both the effective regurgitant orifice area and regurgitant vol-
ume are currently also recommended in current guidelines in
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the assessment of mitral regurgitation [1, 65]. However, all
methods outlined below, if performed with two-dimensional
echocardiography imaging have limitations and are often
inaccurate due to the multiple indirect measurements
required, imprecise hemodynamic assumptions frequently
lead to inaccurate assessments [64, 78, 80, 81].

Vena Contracta

Given that the vena contracta area is also the effective orifice
area, vena contracta width is an accepted direct assessment
of the effective regurgitant orifice area. It is defined as the
narrowest cross section of the regurgitant jet [65, 77, 82] and
assumes that the regurgitant orifice is virtually circular.
Measurements made from transesophageal echo images are
more accurate than those made from transthoracic echo
images [65]. Vena contracta width measurements appear to
be less influenced by instrument settings compared to other
quantitative techniques [65] and appear to be reasonably
accurate indicators severity of mitral regurgition, regardless
of the mitral regurgitation etiology and jet direction [76].
However, limitations of this method include the fact that
small measurement errors can also result in the misclassifi-
cation of MR severity. Furthermore, the exact shape and size
of the regurgitant orifice is not accurately assessed nor fac-
tored into this measurement due to the limited scan plane
orientation of two-dimensional echocardiography. Tradi-
tionally, the vena contracta is assessed in the parasternal

long-axis view or apical three-chamber view and is measured
as the diameter of the narrowest part of the regurgitant jet as
it passes through the regurgitant orifice and is a reasonable
estimate of severity [1]. However in the instance of an ellipti-
cal orifice, the extent of regurgitation may be underestimated
or overestimated dependent on the view where the measure-
ment is made [83].

3DE allows for direct visualization of the effective regur-
gitant orifice thus allowing direct planimetry of the vena con-
tracta area. (Fig. 10.8, Video 10.2a Left and 10.2b Right)
This is particularly relevant for patients with FMR, where
the effective regurgitant orifice geometry is usually complex
and asymmetric [84, 85] therefore measurements done using
3DE greatly improves the accuracy of the assessment of the
effective regurgitant orifice area in this patient group. Using
color Doppler 3DE image plane orientation can be adjusted
to the true plane of the regurgitant orifice for direct quantifi-
cation of the regurgitant area [83, 84, 86] (Fig. 10.9).
Correlative studies with cardiac magnetic resonance have
demonstrated a good correlation between regurgitant volume
derived from effective regurgitant orifice measured by 3DE
planimetry and that measured using velocity-encoded car-
diac magnetic resonance imaging compared to two-
dimensional echocardiography measures which consistently
underestimated both effective regurgitant orifice area and
regurgitant volume [69]. Additionally, the vena contracta
area has also been shown to frequently not to be circular as
assumed but asymmetric in the majority of patients and
etiologies. (Fig. 10.10, Video 10.3) Nonetheless, a true

Fig. 10.8 Incomplete closure due to leaflet tethering. Left panel: trans-
esophageal 3DE image of the mitral valve viewed from left atrium in a
patient with functional mitral regurgitation. There is a visible gap along
the coaptation line due to tethered mitral leaflets (white arrow, Video
10.2a Left). Right panel: Corresponding 3DE color Doppler image of

the mitral valve seen from the left ventricular perspective showing ori-
gin of functional mitral regurgitation jet is through this gap (Video
10.2b Right). Ao aortic valve, LVOT left ventricular outflow tract, TV
tricuspid valve
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Fig. 10.9 Complexity of the geometry of the regurgitant orifice in func-
tional mitral regurgitation. In most of the patients with functional mitral
regurgitation, the valve leaks along part or the entire coaptation line as
shown in the transesophageal 3DE color Doppler data set of the mitral
valve seen en face from the ventricular perspective (upper left panel).
This means that the shape of the regurgitant orifice is more oval or slit
like than rounded, and measurement of a single diameter of the vena

validation study of 3DE measurements of effective regurgi-
tant orifice area is lacking [83, 84, 87].

Proximal Isovelocity Surface Area

Calculation of effective regurgitant orifice area and regurgi-
tant volumes can also be obtained by using Doppler tech-
niques such as the proximal flow convergence method using
color Doppler. The proximal isovelocity surface area (PISA)
method provides a quantitative method for grading of mitral
regurgitation. In this approach the following formula are
used to calculate the effective regurgitant orifice area and
regurgitant volume respectively.

EROA = 2pR* x Aliasing Velocity
+Peak Velocity of mitral
regurgitation

contracta may be misleading. Erroneously small if measured perpen-
dicular to the coaptation line (lower left panel), or very large if measured
along the coaptation line (upper right panel). A cut plane (green dotted
line) positioned at the level of the narrowest part of the regurgitant ori-
fice, and perpendicular to the direction of the jet, allows to visualize the
actual vena contracta shape and size (lower right panel). Ao aortic valve,
LA left atrium, LV left ventricle, LVOT left ventricular outflow area

where R is the radius of the hemispheric PISA zone

Regurgitant Volume = EROA x TVI of the continuous
wave Doppler profile of the
mitral regurgitation

The dynamic nature of FMR is also a major challenge to
quantification using standard flow convergence methods uti-
lizing the proximal isovelocity area (Video 10.4).
Traditionally, the mid-systolic PISA coincident with the
peak regurgitant velocity is used to estimate peak regurgi-
tant flow rate and from that the maximal effective regurgi-
tant orifice area and the regurgitant stroke volume. However,
this approach is based on the assumption that the mid-sys-
tolic PISA is truly maximal (i.e. that the effective regurgi-
tant orifice area is largest and mitral regurgitation the worst)
[1]. In functional mitral regurgitation, the mid-systolic PISA
is generally the smallest as there is improved coaptation due
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Fig. 10.10 Methodology to identify the vena contracta of the regurgi-
tant mitral jet using transesophageal 3DE color Doppler. The 3DE color
Doppler is displayed in multislice mode. The upper (yellow dotted line
showed by the red arrow) and the lower (yellow dotted line showed by
the yellow arrow) cut plane are positioned in order to include the proxi-

to maximal closing forces hence the effective regurgitant
orifice is smaller. Hence the haemodynamic workload is
underestimated if only a single mid-systolic point is used.
Similarly, the effective regurgitant orifice area is likely to
be overestimated if a maximal PISA in early or late systole
is selected which does not coincide with the mid-systolic
peak regurgitant velocity [69, 84]. Characterization of the
PISAs in a population of patients with mitral regurgitation
also revealed a heterogeneous spread of PISAs with the
location and nature of the PISA dependent on the underly-
ing geometry of the valve (Fig. 10.11). This study revealed
that approximately 50% have a PISA away from the mid-
point of the closure line, 35% have PISAs that are dominant
in both the medial and lateral aspects of the closure line and
relatively small in the centre, and approximately 25% have

mal isovelocity area and the proximal part of the jet, perpendicular to
the direction of the jet, in order to have multiple slice in the proximal
part of the jet (Video 10.3). The smallest among the color Doppler area
displayed in the multislice will be the true vena contracta and its area
can be planimetered (yellow asterisk)

multiple separate PISAs suggesting that the standard two-
dimensional echocardiography techniques do not provide
an accurate estimate of the severity of regurgitation [88].
Another study which compared four different PISA meth-
ods against volumetric cardiac magnetic resonance as the
gold standard highlighted that mid-systolic single time
point estimates of PISA substantially underestimate the
severity of FMR compared with cardiac magnetic reso-
nance [88]. 3DE assessment of PISA shape has demon-
strated that the hemispherical assumption is often not
present-especially in functional mitral regurgitation where
it is often hemielliptical (Fig. 10.12). Adoption of a hemi-
sphere likely accounts for the underestimation of effective
regurgitant orifice area in two-dimensional PISA methods
of measuring effective regurgitant orifice area [76].
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Fig. 10.11 3DE computerized reconstruction of the actual geometry
of the proximal isovelocity surface are in three patients with various
degrees and causes of functional mitral regurgitation. Actually, proxi-

mal isovelocity surface is almost never a hemisphere and calculations
of its area based on a single diameter may be misleading

Fig.10.12 3DE geometry of the actual proximal isovelocity surface area/volume in a patient with functional mitral regurgitation seen an face (left

panel) and from a side (right panel)

Alternative Methods for Quantification
of Mitral Regurgitant Volume

Another method to calculate the mitral regurgitant volume is
the pulsed Doppler volumetric method, which determines
the mitral regurgitant volume by subtracting the aortic for-
ward stroke volume from the total stroke volume through the
mitral annulus [1, 65]. This method requires two non-stenotic
valves without significant aortic regurgitation.

Stress Echocardiography

Exercise stress echocardiography may also be useful in the
assessment of FMR particularly in the context of determin-
ing clinical significance i.e. objective measure of exercise
tolerance in a patient, worsening in the severity of mitral
regurgitation, pulmonary pressure, and contractile reserve to
exercise (Class Ila) [68]. Exercise may provoke hemody-
namically significant mitral regurgitation in patients who
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have a degree of exertional dyspnea is out of keeping with
the extent of LV dysfunction or degree of regurgitation at rest
and pulmonary edema without an obvious cause [89].
Furthermore, an exercise-induced increase in effective regur-
gitant orifice area of >13 mm? is associated with increased
morbidity and mortality [90]. Dobutamine stress echo may
also be useful to determine the extent of viable myocardium
that might recover with revascularization, effectiveness of
medical treatment, or possibly resynchronization but is not
so useful in assessing the severity of FMR as it has direct
effects on loading conditions [91].
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