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Introduction

Mitral regurgitation (MR) is the second most frequent valve 
disease in Europe after aortic valve stenosis (1,2). Although 
some patients may remain asymptomatic, severe MR 
eventually leads to left ventricular (LV) failure, pulmonary 
hypertension, atrial fibrillation and death (3). The degree of 
MR is defined by the lesion severity [measured as effective 
regurgitant orifice area (EROA)] and the resulting volume 
overload [measured as regurgitant volume (RVol)] (4). 
Patients referred to surgical centres for severe MR, based 
on echocardiography findings, are often found to have 
only mild or moderate MR on quantitative evaluation (5). 

Accurate assessment of MR severity and its complications 
are important, as it not only determines timing and 
indication for surgical correction, but also carries significant 
prognostic implications (3,6). 

Traditionally, imaging has focused on assessing mitral 
valve (MV) morphology, hemodynamic severity, ventricular 
remodelling and suitability for surgical intervention. 
Recent innovations in non-invasive imaging have provided 
insights into the quantification of MR, early detection of 
LV dysfunction, and advanced prognostic assessment; these 
are potentially additional factors for determining surgical 
timing in asymptomatic MR. This review examines the 
role and limitations of contemporary non-invasive imaging 
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modalities for the assessment of patients with MR.

Imaging modalities

The comprehensive assessment of MR requires evaluation 
of MV anatomy, MR severity, LV size and systolic function, 
and assessment of associated features such as pulmonary 
arterial hypertension. Echocardiography, which includes 
both transthoracic (TTE) and transesophageal (TOE) 
approaches, has been the cornerstone of assessing MR, 
providing anatomical and functional information. In most 
instances, the use of 2D and Doppler echocardiographic 
protocols are sufficient. However, echocardiographic 
methods have their limitations as they are based on 
many geometric assumptions, resulting in less accurate 
quantification of LV function and MR severity. Advanced 
cross-sectional imaging modalities such as cardiovascular 
magnetic resonance (CMR) imaging and multi-slice 
computed tomography (CT) are increasingly useful when 
echocardiographic imaging is suboptimal and may provide 
supplementary information in selected patients.

Echocardiography 

Echocardiographic assessment of MR can determine its 
aetiology and mechanism, assess its severity as well as the 
hemodynamic consequences on the left ventricle (4). An 
integrated and comprehensive assessment of MR requires 
the following evaluation: (I) MV anatomy; (II) qualitative 
findings for MR severity; (III) quantitative findings 
regarding RVol and EROA; (IV) LV size and function; (V) 
other supportive findings that may determine prognosis 
or feasibility of successful surgical repair, for example, 
sub-valvular apparatus or extent of calcification (4), right 
ventricular function, pulmonary arterial pressure (PAP) and 
intra-cardiac flows. 

Transthoracic echocardiography 

Assessment of MR severity
Accurate grading of MR severity is essential, as current 
guidelines only recommend surgical referral when MR 
is severe by standardised criteria (7,8). Both American 
Society of Echocardiography (ASE) and European Society 
of Cardiology (ESC) guidelines recommend integrating 
multiple qualitative, semi-quantitative and quantitative 
echocardiographic parameters when assessing MR severity; 
although each has their inherent limitations (9,10). Criteria 

for descriptive and semi-quantitative grading are shown in 
Figure 1. 

Qualitative assessment 

Color flow Doppler
Although mild MR [a small jet confined to early or late 
systole with small/absent flow convergence and a narrow 
vena contracta (VC)] can easily be diagnosed with color flow 
imaging, qualitative assessment of larger or more eccentric 
jets is challenging. Atrial size is inherently linked to atrial 
pressure and compliance, both of which may themselves 
affect jet area (11). Eccentric jets commonly project against 
the atrial wall, exhibit a thin dimension perpendicular to 
the wall (Coanda effect) and therefore cannot be reliably 
assessed (11) (Figure 2). This technique should therefore 
not be used for grading MR severity. If more than a small 
central jet is observed, measurement of the VC and the 
flow convergence method [proximal isovelocity surface area 
(PISA)] is recommended (12).

Continuous wave (CW) density jet
The CW Doppler envelope of the MR signal can provide 
clues to lesion severity. As the intensity of the Doppler 
signal is proportionate to the number of scatterers (i.e., red 
blood cells) in the beam, severe MR with large regurgitant 
volumes will generally produce high intensity Doppler 
envelopes (11). A dense CW-Doppler signal of the MR jet 
is consistent with severe MR. Nevertheless, there are several 
limitations to this method. Firstly, there are no specific 
criteria for the designation of moderate MR, other than the 
absence of findings consistent with either mild or severe 
MR (13). Secondly, interpretation of color flow patterns is 
subjective, thus blurring the distinction between moderate 
and severe (13). As signal density depends on spectral 
recording of the jet, a central jet well aligned with the 
ultrasound beam may appear denser than an eccentric jet of 
much greater severity (9). Thirdly, although specific signs 
have high positive predictive value, they lack sensitivity for 
the detection of severe MR (9). These limitations have led 
to the development of quantitative methods for assessment 
of MR. 

Semi-quantitative assessment 

VC width
The VC, defined as the narrowest portion of the MR 
regurgitant jet, reflects the regurgitant orifice area and 
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therefore predicts the severity of MR (11). The relation 
between VC width and EROA has previously been 
confirmed (14,15), and appears to hold true even in 
eccentric MR (16). A VC width <3 mm is considered as 
mild MR, whereas a width ≥7 mm indicates severe MR. 
Intermediate values require confirmation by another 
approach, such as the PISA method. Because of the small 

values of the width of the VC (usually <1 cm), small errors 
in its measurement may lead to a large percentage error and 
misclassification of the severity of regurgitation (9). 

Pulmonary vein flow/mitral inflow
Pulmonary venous systolic flow reversal, a peak mitral 
E-velocity >1.5 m/s (in the absence of mitral stenosis) and 

Figure 1 Qualitative and quantitative parameters useful in grading MR severity by Doppler echocardiography; adapted from ASE 2017 (9).
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a pulsed-wave (PW) Doppler mitral to aortic velocity time 
integral ratio of >1.4 are additional indicators in favor of 
severe MR (11). 

Quantitative assessment 

All international guidelines (7,9,10,17) recommend 
quantitative methods, which measure the RVol, regurgitant 
fraction (RF) and the EROA, as these appear to have greater 
accuracy. Quantitation is based on hydrodynamic principles 
which rely on the non-compressibility of blood and the 
conservation of mass principle. Flow can be calculated as: 
flow = (vessel area) × (mean velocity of blood) (13). 

Geometric assumption concepts are used to measure 
three parameters indicative of MR severity (13): 

(I) EROA: the mean area of the systolic regurgitant 
orifice, a measure of lesion severity; 

(II) Mitral RVol: the volume regurgitated in each 
systole (mL/beat), a measure of absolute volume 
overload;

(III) Mitral RF: the percentage of the total LV stroke 
volume represented by the RVol, a measure of 
relative volume overload. 

In order to derive the above quantitative parameters of 

MR severity, echocardiography uses these three validated 
methods: 

(I) PW Doppler.
RVol is calculated as the difference between mitral 
and aortic stroke volume (18); RF is noted as the 
ratio of RVol to mitral stroke volume, and EROA 
as the ratio of RVol to the regurgitant jet velocity-
time-index (13). In the calculations of stroke 
volume, both mitral annular area and LVOT are 
assumed to be circular in geometry (11). Incorrect 
diameter measurements will result in large errors 
since the value must be squared to generate the 
cross sectional area (11).

(II) Volumetric method.
RVol is calculated as the difference between LV 
stroke volume and aortic stroke volume (9). The 
potential pitfall of this method is the underestimation  
of true LV volume (i.e., due to foreshortening 
or unclear endocardial  borders)  therefore 
underestimating regurgitation severity (9). The use 
of 3D echocardiography may improve the accuracy 
of LV volume determinations (9). 

(III) PISA.
This method focuses on the flow convergence 

Figure 2 Echocardiography demonstrating mitral valve prolapse and its associated color Doppler. (A) Mitral valve posterior leaflet (P2) 
prolapse seen in transesophageal echocardiogram. (B) Eccentric, wall-impinging jet of MR with Coanda effect. Although the jet area is 
small, but the PISA radius (black arrow) is large and alert to the severity of regurgitation.

A B
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proximal to the regurgitant orifice as observed 
with color-flow imaging; where PISA radius of the 
convergence zone can be derived. Flow through the 
convergence zone is presumed to be equivalent to 
the flow through the regurgitant orifice. The use 
of CW-Doppler of the MR jet allows calculation 
of the EROA and the RVol (13,19). Despite its 
objectiveness, there are again some limitations 
associated with this method. Since the PISA 
calculation provides an instantaneous peak flow 
rate, the EROA calculated by this approach may 
not be equivalent to the average regurgitant orifice 
throughout the regurgitant phase (9). Additionally, 
there are assumptions that the valvular plane from 
which the regurgitant orifice arises is planar and that 
the flow convergence is homogeneous, although this 
is not always the case. In cases where the regurgitant 
orifice is noncircular, as frequently is seen in 
functional MR (crescent shape), the PISA shape 
is no longer hemispheric (9). Application of the 

standard PISA formula to such an elliptical orifice 
will lead predictably to flow underestimation (9)  
(Figure 3). 3D color-flow would provide a better 
assessment of the PISA surface, although with 
additional limitations of lower spatial and temporal 
resolution (9).

The advantages and limitations of each echocardiographic 
parameter used to quantify MR severity are summarised 
in Table 1. A detailed description of the methodology and 
equations for how these values are derived are beyond the 
scope of this review article, but can be found in the relevant 
literature (6,9,18,22-25). 

Challenges for the quantitative assessment of  
secondary MR
MR can be classified as primary (organic) or secondary 
(functional) MR. Primary MR is caused by intrinsic valve 
lesions (i.e., degenerative/prolapse/flail), rheumatic disease 
or endocarditis (26,27); whereas secondary MR results from 
LV remodelling, commonly seen in dilated cardiomyopathy 

A

C

B

D

Figure 3 Two cases showing evaluation and quantitation of VC area with 3D echocardiography and multi-planar reconstruction. (A,B) 
A case of functional (secondary) MR with non-hemispheric PISA and elliptical VC area. (C,D) A case of organic (primary) MR with 
hemispheric PISA and circular VC area. VC, vena contracta; 3D, 3-dimensional; MR, mitral regurgitation; PISA, proximal isovelocity 
surface area.
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or in ischaemic heart disease (19). Secondary MR can be 
much more challenging to grade than primary MR. The 
total LV forward stroke volume may be reduced and thus 
RVol is usually lower than in primary MR (<60 mL for 
severe MR if total stroke volume is reduced). Although RF 
would account for comparative lower flows, its derivation 
has higher errors due to the small numbers involved (28,29). 
The regurgitant orifice is also frequently semilunar or 
elliptical, affecting measurements of VC width and possibly 
leading to underestimation of EROA by the 2D-PISA 
method. Additionally, EROA may vary with LV size and 
LV ejection fraction (LVEF) (30). Thus, in the setting of 
secondary MR, whilst EROA ≥0.4 cm2 still denotes severe 
MR, a lower cut-off of EROA ≥0.2 cm2 may still be likely 
severe MR due to the above considerations (30). Adding 
to the challenges, adjunctive findings are also less helpful 
because they are often rendered abnormal by the underlying 

cardiac pathology. For example, most patients with 
cardiomyopathy have systolic blunting of the pulmonary 
venous flow pattern due to elevated left atrial (LA) pressure. 
Another confounding problem is that secondary MR 
is frequently very dynamic. It is therefore important to 
consider volume status, blood pressure, and other clinical 
variables in this context (9).

LVEF and LV dimensions 

LVEF remains one of the strongest prognostic factors for 
patients with MR, where mortality is inversely proportional 
to LVEF (7,17). Estimated LVEF is determined via the 
Simpsons bi-plane method, whereas LV dimensions are 
measured using the M-mode method in the parasternal 
long axis view. An increased LV end-systolic dimension 
(>40 mm) and an LVEF <60% are indicators of LV systolic 

Table 1 The roles and limitations of echocardiographic parameters used in the assessment of MR (9,11,20,21)

Echocardiographic parameters Pros Pitfalls

Qualitative

Color flow doppler Rapid visual assessment Influenced by the cause of MR and jet eccentricity

Jet area affected by atrial pressure and compliance 

CW Doppler density of MR 
regurgitant jet

Simple visual assessment Perfectly central jets may appear denser than eccentric jets 
of higher severity

Density is gain dependent

Quantitative

2D-PISA Rapid qualitative assessment High inter-observer variability Less accurate for multiple 
jets and eccentric jets

Absence of proximal flow convergence 
usually a sign of mild MR

Non-hemispheric shape (i.e., functional MR)

Non-holosystolic MR (overestimation of RVol)

Dynamic nature of the orifice 

2D-VC width Good at separating mild from severe MR Multiple jets; eccentric jets

Less dependent on technical factors Elliptical orifice shape in functional MR (underestimates MR)

Non-holosystolic MR (overestimation of RVol)

EROA, RVol, and RF Rapid quantitative assessment Multiple jets; eccentric jets

Shown to predict outcomes in degenerative 
and functional MR

Markedly crescent-shaped orifices

Small errors in radius measurement can lead to substantial 
errors in EROA due to squaring of error

MR, mitral regurgitation; CW, continuous-wave; 2D, 2-dimensional; PISA, proximal isovelocity surface area; RVol, regurgitant volume; VC, 
vena contracta; EROA, effective regurgitant orifice area; RF regurgitant fraction
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dysfunction, poor prognosis, and suggest surgical correction 
even in the absence of symptoms (7,8). The volume to 
which the LV contracts at the end of systole is independent 
on pre-load and is determined by contractility, afterload, 
and eccentric remodelling. Thus, LV end-systolic dimension 
and volume are independent factors confounding the use of 
LVEF in assessing ventricular function (13). 

Identifying subclinical LV dysfunction

In the context of emptying into a low impedance LA, the 
LVEF can remain normal for a long period of time whereas 
LV contractility (i.e., the innate ability of the myocardium to 
generate force) might already be significantly reduced (31).  
Some studies, including a large multicentre study, found 
that post-operative outcome is improved if patients are 
operated before LV dysfunction is established (32,33). 
It is therefore important to identify the early decline of 
LV contractility, a stage when correction of MR can be 
undertaken to prevent irreversible myocardial damage.

Exercise/stress echocardiography 

MR is load dependent and its severity can have a dynamic 
nature which may increase with exercise (34). Exercise/
stress echocardiography such as supine-bike exercise, can 
be used to examine the changes in MR severity and PAP 
with activity, especially in asymptomatic patients (35-37). 
The 2016 European Association of Cardiovascular Imaging 
(EACVI) and ASE guidelines recommend consideration 
of exercise stress echocardiography when symptoms are 
disproportionate to the severity of MR at rest (34). The 
increase in MR severity (≥1 grade), dynamic pulmonary 
hypertension (systolic PAP ≥60 mmHg) and limited RV 
contractile recruitment (TAPSE <19 mm) are all markers of 
poor prognosis (34,36). On the other hand, the ACC/AHA 
guidelines (17) recommend exercise/stress echocardiography 
in those with asymptomatic severe MR in order to identify 
high-risk individuals who may benefit from early elective 
surgery (class IIa level C). An increase in in EROA  
(≥13 mm2) or systolic PAP (≥60 mmHg) during exercise 
have been shown to be associated with decreased symptom-
free survival (9,38). 

In the setting of secondary MR, stress echocardiography 
may provide helpful information in the following patients: 
(I) dyspnea on exertion disproportionate to LV systolic 
dysfunction or MR severity at rest; (II) recurrent and 
unexplained acute pulmonary edema; (III) intermediate 

severity MR patients scheduled for coronary artery bypass 
grafting (to identify those who may benefit from combined 
revascularisation and MV repair); (IV) for individual 
risk stratification (34). Unless suspicious of ischaemic 
MR, there is currently no role for pharmacologic stress 
echocardiography (i.e., dobutamine) to evaluate severity 
of MR as its effects on MR severity are not considered 
physiological (34). 

Transesophageal echocardiography 

In severe asymptomatic MR, optimal outcomes are achieved 
in centres where MV repair rates are high (>95%) and 
mortality is low (<1%) (8). Assessing the feasibility of 
successful surgical repair is therefore crucial (3). TOE 
is able to provide useful information concerning the 
likelihood of MV repair (i.e., localisation of prolapse and 
chordal rupture) when TTE is of poor quality or when 
complex, calcified, or endocarditic lesions are suspected 
(3,4,39). TOE is recommended in the intra-operative 
setting for further diagnostic refinement (12) and is also an 
indispensable imaging tool for guiding percutaneous MV 
procedures (3). Apart from delineating anatomy of lesions 
and guiding deployment of the device, it also provides 
information on its hemodynamic dysfunction pre- and 
post-repair (3,13). 3D-TOE offers considerable value in 
localising valve prolapse/flail leaflet and in simulating a 
‘surgeon’s view’ of the valve, by orientating the image to 
exhibit the aortic valve at the 11-o’clock position (40). It is 
however important to note that TOE is semi-invasive and 
therefore not suited for serial studies (41).

2D versus 3D echocardiography

Although 2D-echocardiography is the imaging modality of 
choice for the evaluation of MR severity, it can be affected 
by limited cut-planes and it is operator-dependent (3). Due 
to its foreshortened views and geometrical assumptions, 
2D-echo consistently underestimates LV volumes (19).  
In contrast,  simultaneous multi-plane imaging by 
3D-echocardiography permits accurate localisation of valve 
lesions (3,4,12). Despite its lower spatial resolution, it is 
far superior in the assessment of complex MV pathology 
especially in the intra-operative setting (42,43). When 
compared with independent reference imaging modalities 
(i.e., radionuclide ventriculography or CMR), 3D-echo 
has been shown to be more accurate and reproducible than 
2D-echo in the measurements of LV volumes and LVEF 
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(19,44). PISA can also be viewed in its entirety, obviating 
the need to make hemispherical shape assumptions for 
surface area computations.

2D versus 3D parameters for MR severity
Several studies have compared the parameters used in the 
grading of MR severity. The largest study (n=221), using 
CMR as a reference standard, demonstrated that 2D-PISA 
method significantly under estimated RVol compared with 
the 3D-PISA method (55.3±19.6 versus 67.4±29.1 mL) (45).  
These differences were more pronounced in patients with 
severe MR, eccentric regurgitant jet, and asymmetrical 
regurgitant orifice. Matsumura et al. (n=54) (46) found 
that 3D-PISA more accurately quantifies EROA in MV 
prolapse but interestingly underestimates EROA by 24% 
in functional MR compared with 2D-quantitative Doppler. 
This underestimation can be explained by the “elongated” 
geometry of PISA in functional MR instead of the 
‘hemispheric’ assumptions used in its calculation (47). This 
implies that in patients with functional MR, the calculation 
of EROA should be based on the 2D-quantitative Doppler 
instead of 3D-PISA method. In eccentric jets however, 
3D-EROA planimetry was demonstrated to be superior 
over the 2D-PISA EROA method (48,49). Although 
TTE has been a mainstay of MR assessment, it has 
limited reproducibility (20,50) and relies on mathematical 
assumptions of LV geometry and cavity size, which may 
not apply in a remodelled ventricle. A more objective, 
quantification of MR severity can be obtained with CMR 
imaging. 

CMR

CMR imaging is the reference standard non-invasive 
imaging modality for the assessment of ventricular volumes 
and ejection fractions, and has the additional capabilities of 
quantifying flow (allowing accurate assessment of valvular 
regurgitation) (51,52). Over the last decade, CMR has been 
shown to be a robust method of determining the severity 
of MR, especially in the absence of other valvular lesions 
(53-55). It is also able to reliably determine MR RVol 
irrespective of MR jet geometry and has generally a high 
inter-observer and inter-study reproducibility, making it 
ideal for serial assessment (9,56,57). In the case of ischaemic 
MR, CMR can assess for ischaemia, regional wall motion 
abnormalities and myocardial viability (58-61). Some 
studies also suggest that focal fibrosis may be used as an 
early marker of LV systolic dysfunction (62). Recent work 

by Myerson et al. suggests that quantitative CMR measures 
of RVol/RF may better predict the need for future surgery 
than echocardiography (63).

CMR has a number of unique advantages: it provides a 
view of the entire heart without limitations of body habitus 
or imaging windows, allows free choice of imaging planes, 
is free of ionizing radiation and does not require contrast 
administration (9). CMR should therefore be considered 
in patients with suboptimal echocardiographic imaging 
or when there is a degree of uncertainty in the severity 
of MR, usually in the case of eccentric jets that can be 
underestimated by echocardiography (41,64). 

The limitations of CMR include its inability to be 
performed in patients with certain implanted devices (65). 
Since most CMR acquisitions are acquired over multiple 
cardiac cycles, arrhythmias such as atrial fibrillation or 
premature ventricular contractions may pose a challenge 
for standard breath-held phase-contrast velocity encoded 
CMR sequences (9). CMR is also not as readily available 
as echocardiography, cannot be performed at the bedside 
or in some patients with claustrophobia, and is generally 
a more expensive modality. One other limitation includes 
the inability to assess pressures inside a vessel or cardiac 
chamber. Although CMR can be a good alternative to 
CT prior to MV surgery (or transcatheter MV repair/
replacement), it does not show the degree of calcification 
well and its spatial resolution does not permit robust 
assessment of coronary artery anatomy (41). 

Mechanism of MR
Like echocardiography, CMR can identify morphologic 
abnormalities of the MV apparatus. The presence of 
billowing, prolapse or flail segments can be identified by 
dedicated cine imaging performed through the different 
scallops of the MV leaflets (66). In secondary MR, CMR 
offers accurate assessment of LV dilation and function in 
addition to identification of myocardial and papillary muscle 
scar (67). Due to lower spatial and temporal resolution, 
imaging of the mitral sub-valvular apparatus (i.e., flail leaflet) 
with CMR is suboptimal (68). It is also not ideal for detecting 
vegetations which can be small and highly mobile. CMR 
however has been shown to have good agreement with TOE 
with regard to valve leaflet characterization and has the ability 
to cross-cut the valve in any plane in order to characterize the 
aetiology of the MR (66,68). Although visualisation of MV 
structure and motion is more reliable by echocardiography, 
CMR is more accurate than echocardiography in quantifying 
the severity of MR (53,69), as recently demonstrated in a 
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prospective multicentre trial (70). 

Assessing severity of MR with CMR
MR can be assessed with CMR by qualitative, semi-
quantitative or quantitative methods. As a crude guide to 
severity, the extent of signal loss due to spin dephasing can 
be visually observed in the LA on cine CMR acquisitions 
(71-74) (Figure 4). Alternatively, planimetry of the 
anatomical regurgitant orifice area (AROA) from the cine 
CMR acquisitions of the valve can be performed (71,75). 
AROA planimetry is however time consuming and remains 
challenging because of appropriate plane alignment and 
angulation. Quantitation of MR severity (i.e., RVol) is the 
most robust method of CMR assessment of regurgitation 
and can be derived using the three different CMR 
techniques (direct/indirect) described below (55,76,77). 
Direct assessment of flow in the MV (Method 1—phase 
contrast technique) is often less accurate due to the 
significant motion of the MV plane during systole (78). 
For this reason, quantification of RVol is more commonly 
performed using the indirect approach, either by comparing 
ventricular stroke volume to aortic forward flow (Method 2) 
or comparing LV and RV stroke volumes (Method 3) (9). 

Quantitative assessment of MR severity

(I) Phase contrast imaging of the MV.
Phase-contrast  velocity-encoded mapping is 
traditionally used to measure blood flow (79). A 
velocity image, also known as phase map, is generated 

in which pixel intensity depends upon the velocity of 
blood flow (different phase value) (79). Although this 
method of quantifying flow is considered the reference 
standard technique, it is however reliant on the 
ability to transect the jet at 90° in a single direction, 
and therefore can underestimate flow if this is not 
achieved (69,80). Direct measurement of the MR jet 
can be performed with this method by aligning the 
plane to the MR jet, but this can be challenging due to 
jet eccentricity, multiple jets and jet turbulence (81). 

(II) Difference between LV stroke volume and aortic 
forward flow volume.

[ ] [ ]SV forward 

V

flow

S

AorticLV

100%
LV

EDV ESV aorticRVol LV LV Flow SV
RVolRF

= − = − −

= ×

RVol is derived by calculating LV stroke volume (SV) 
from the short axis cine stack [end diastolic volume 
(EDV) − end systolic volume (ESV)] and deducting 
the aortic forward flow derived from the aortic 
phase contrast velocity-encoded cine images (55,77) 
(Figure 5). This method is highly reproducible and 
considered robust as it is not affected by the direction 
or eccentricity of the regurgitant jet, is not affected 
by the presence of aortic regurgitation and makes no 
hemodynamic or LV geometry assumptions, as is often 
the case in echocardiography (57,70,82). This CMR 
(volumetric) method was also recently found to have 
the highest diagnostic value to detect significant MR 
with an area under the curve (AUC) of 0.98, followed 

A B

Figure 4 Cardiovascular magnetic resonance in mitral regurgitation. (A) Four-chamber cine image showing MV prolapse and a central jet of 
MR (black arrow). (B) The white arrow (eccentric jet of MR) points to a central bright jet core, with a dark streak of signal loss beyond. 
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by 3D-echo (AUC =0.96), 2D-echo (AUC =0.90), and 
CMR (phase contrast; AUC =0.83) (83).

(III) Difference between LV stroke volume and RV stroke 
volume.

[ ] [ ]SV SV

SV

LV RV

100%
LV

EDV ESV EDV ESVRVol LV LV RV RV
RVolRF

= − = − − −

= ×

This technique is more prone to error and fails in 
the context of multiple valvular lesions (55). The 
calculation of the right ventricle stroke volume is also 
less reproducible due to the extensive trabeculation of 
the right ventricle.

Grading of severity
Reference ranges for MR quantification are yet to be as 
firmly established as those for echocardiography, however, 

reference ranges for values acquired via quantitative 
techniques are outlined in Table 2 (53). Myerson et al. found 
that progression to symptoms and need for MV surgery 
were seen with a RF of >40% (63). Whilst echocardiography 
remains the first-line modality for assessment of valvular 
regurgitation, CMR is increasingly used due to its ability to 
provide absolute quantitation of both mitral RVol and RF.

Concordance between Echo and CMR
There are a paucity of comparative studies between 
echocardiography and CMR, and the majority have 
shown a modest concordance in the qualitative or 
quantitative evaluation of MR (29,53,56,57,70,84). The 
latest study demonstrating a modest correlation for RVol/
RF parameters has utilised the volumetric PW-Doppler 
flow quantitation (29). Contrary to above, a prospective 
multicentre study by Uretsky et al. found that compared 

Figure 5 Calculation of regurgitation volume by subtracting aortic forward flow from left ventricular stroke volume (LV SV). LV endocardial 
contours are traced in systole and diastole from a short-axis stack from base to apex. Aortic forward flow is measured using through-plane 
phase-contrast MRI. The red circles delineate the end-diastolic and end-systolic endocardial borders (upper panels); and outline the aortic root 
(left lower panel). RVol, mitral regurgitation volume; RF, regurgitation fraction; EDV, end-diastolic volume; ESV, end-systolic volume.

Stroke volume method

LV SV: 110 mL/beat

Aortic forward flow: 85 mL/beat

RVol = LVSV – aortic forward flow

RVol =25 mL/beat

RF = RVol/LVSV

RF =23%
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to CMR, echocardiographic grading of MR severity was 
higher and 2D-PISA-derived RVols were larger (70). 
This discordance was particularly marked in patients who 
were referred for MV surgery based on the current ACC/
AHA recommendations. Amongst the patients referred, 
approximately two-thirds did not have severe MR by CMR. 
A tight correlation was found between the RVol calculated 
using CMR and the degree of LV negative remodelling 
post-MV surgery, suggesting that RVol by CMR is more 
accurate than PISA-based RVol by echocardiography. 
Furthermore, there was no relationship between the 
PISA-derived RVol (echo) and the degree of LV negative 
remodelling post-surgery. 

In 2016, a retrospective analysis of asymptomatic patients 
with moderate-severe MR by echocardiography followed 
patients for a mean duration of 2.5±1.9 years for progression 
to an indication for MV surgery (63). Patients who did not 
progress to an indication for surgery and those who did both 
had mean RVol by echocardiography in the severe range 
(74±74 vs. 89±36 mL). By CMR, those who did not progress 
to an indication for MV surgery had lower mean RVol than 
those who did progress (39±20 vs. 66±24 mL). In this study, 
RVol by CMR had an AUC of 0.80 for determining which 
patients would develop an indication for MV surgery. A 
cut-off of CMR-derived RVol of 55 mL differentiated those 
who progressed to an indication for surgery from those who 
did not. However, a cut-off of an EROA of 0.4 cm2 by echo 
could not differentiate these two groups. These findings 
have emphasised the predictive value of CMR quantitative 
parameters in patients with MR. It is also important to note 
that although the methods for determining severity of MR 
by echocardiography differ amongst the studies, the method 
for CMR has been consistent, highlighting the consensus of 
a single reproducible method for quantifying MR by CMR. 
The advantages and limitations of each imaging modality in 
the assessment of MR are summarised in Table 3. 

Cardiac CT

Multi-slice Cardiac CT can be particularly useful in 
the pre-operative setting as it provides complementary 
information on the feasibility and safety of MV repair or 
replacement. In addition to evaluating the extent of MV 
annulus calcification (85), cardiac CT can provide detailed 
measurements of the MV geometry and assess the angle in 
between the anterior MV and LV outflow track to aid pre-
procedural planning; thus reducing the risk of LV outflow 
tract obstruction during newer transcatheter techniques 
of MV replacements (85,86,88). The use of cardiac CT 
also allows the simultaneous visualization of the cardiac 
arterial and venous systems, and cardiac anatomy which can 
further aid the planning of percutaneous MV repair (13).  
Although cardiac CT with cine imaging can reliably detect 
and localise segmental leaflet prolapse, this is not routinely 
performed due to the high radiation dose required (89).  
Similarly, whilst cardiac CT is particularly useful in 
excluding coronary artery disease (high negative predictive 
value in patients who are at low risk of atherosclerosis), its 
routine use for this in the setting of valvular heart disease is 
not yet recommended. 

In terms of assessing MR severity by cardiac CT, 
two studies have demonstrated that CT-derived AROA 
correlates well with EROA measured by echocardiography 
(89,90). Quantitative RVol can be generated as the 
difference between the calculated stroke volume of the 
left and the right ventricle and has been shown to have a 
good correlation with the RVol obtained by CMR (91). An 
important caveat is that this technique is not be feasible 
in the presence of other valve dysfunction. Cardiac CT 
could however be an alternative for patients with poor echo 
imaging when CMR is contra-indicated. Whilst routine 
assessment with cardiac CT is not yet recommended, its 
role might increase as radiation and contrast doses decrease 
in the future.

Conclusions 

As each imaging modality has its intrinsic advantages and 
limitations, an integrated multimodality imaging approach is 
essential for a comprehensive assessment of MR. Although 
echocardiography is widely accessible and offers excellent 
morphological and functional information, it is limited by 
its suboptimal reproducibility in severity assessment and in 
its evaluation of secondary MR. CMR is highly accurate in 
the quantitation of MR severity, and should be considered 

Table 2 Grading of MR severity by CMR thresholds (53) 

MR severity MR grade
Regurgitation 

fraction by CMR

0 Trivial <5%

1+ Mild 5–15%

2+ Moderate 16–25%

3+ Moderate-severe 26–48%

4+ Severe >48%

MR, mitral regurgitation; CMR, cardiovascular magnetic resonance.
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Table 3 Pros and Cons of each imaging modality in the assessment of MR (9,41,85-87)

Imaging 
modalities

Pros Cons

TTE Greater portability and availability Limited cut planes and is operator-dependent

Multiple methods to assess MR severity Acoustic window limitations

Assess calcium distribution Reliant on geometric assumptions

Caveats in assessing eccentric MR jets

Reproducibility

TOE Portability and availability Semi-invasive, not suited for serial studies

Assess suitability for repair Reliant on geometric assumptions

Visualise intraoperative surgical view

Mathematical model provides specific measurements 
essential for surgeons 

3D echo Comprehensive and dynamic view of MV anatomy Stitching artefact

Ability to reformat data as desired Low temporal resolution with single heartbeat data

Good for volumes Time-consuming reconstructions

Exercise echo Assess changes in MR, LV function and PAP with exercise Deconditioned patients with limited exercise capacity

Challenging image acquisition 

CMR No body habitus/acoustic window limitations Not widely available

Free choice of imaging planes Contraindications (i.e., some pacemakers, defibrillators)

Accurate/reproducible Longer scan 

Excellent CNR and SNR Compromised quality in the setting of arrhythmias 

LV volume measurements without geometric assumptions Lower temporal resolution; hence not ideal for detecting 
small vegetations and possible underestimation of flow

Severity based on quantitation of RVol/RF Limited data on RVol and RF cut-offs for severity grading 
and limited outcome data available based on the grading

Not affected by jet direction or presence of multiple jets

Ability to assess myocardial viability and scarring 

Cardiac CT No body habitus/ acoustic window limitations Radiation exposure

Highest spatial resolution, CNR & SNR Nephrotoxic contrast

Accurate measurement of MV geometry and leaflet lengths 
and angles

Not suitable for arrhythmia due to ECG-gated acquisition

Assess extent of calcification of the mitral annulus Poor temporal resolution

Inability to assess flow

PAP, pulmonary arterial pressure; CNR, contrast noise ratio; SNR, signal-noise-ratio; RVol, regurgitant volume; RF regurgitant fraction; 
CMR, cardiovascular magnetic resonance.



354

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2018;8(3):342-359qims.amegroups.com

Chew et al. Imaging for the quantitation of MR

in those with eccentric MR or poor echocardiographic 
images. Cardiac CT currently serves to provide structural 
information of MV for novel transcatheter techniques. The 
choice of imaging modality should be individualised on a 
case-by-case basis such that each technique is used to its 
best advantage.

Future directions

Recent developments in the assessment of MR with 
potential future value include (I) the ‘average pixel intensity’ 
(API) method (92), a novel digital quantification of the 
CW pixel intensity in grading MR severity; (II) 4D-flow 
CMR (93), which allows correction for MV motion; (III) 
real-time 3D TOE-based 4-dimensional MV models (94), 
which allow excellent morphological visualization and a 
comprehensive quantitative analysis of MV annulus and 
leaflets during the entire cardiac cycle; and (IV) 3D printing 
of MV (95,96), where the anatomy of a patient-specific 
MV can be accurately modeled to improve pre-operative 
planning of complex surgical interventions.
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