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Abstract

Cardiac imaging is the cornerstone of defining the etiology, quantification and management of mitral regurgitation (MR). This

continues to be even more so the case with emerging trans-catheter techniques to manage MR. Transthoracic echocardiography

remains the first line imaging modality to assess MR but has limitations. Cardiac MRI(CMR) provides the advantages of

quantitative non-visual estimation, 3D volumetric data, late gadolinium, T1 and extracellular volume measurements to com-

prehensively assess mitral valvular pathology, cardiac remodeling and the prognostic impact of therapies. This review describes

the superiority, technical aspects and growing evidence behind CMR, and lays the roadmap for the future of CMR in MR.
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Pivotal role of cardiac MRI in mitral valve regurgitationKushani Gajjar, Kartikeya Kashyap, Jayshiv
Badlani, Ronald Williams, Robert W. W. Biederman

Abstract Cardiac imaging is the cornerstone of defining the etiology, quantification and management of
mitral regurgitation (MR). This continues to be even more so the case with emerging trans-catheter tech-
niques to manage MR. Transthoracic echocardiography remains the first line imaging modality to assess
MR but has limitations. Cardiac MRI(CMR) provides the advantages of quantitative non-visual estimation,
3D volumetric data, late gadolinium, T1 and extracellular volume measurements to comprehensively assess
mitral valvular pathology, cardiac remodeling and the prognostic impact of therapies. This review describes
the superiority, technical aspects and growing evidence behind CMR, and lays the roadmap for the future
of CMR in MR.

Key Words: Cardiac MRI, Mitral valve, Mitral regurgitation, CMR, MR

Introduction: Is CMR ready for Primetime?

Mitral regurgitation (MR) is the most common valvular heart disorder. (1) About 9% of the general popula-
tion aged more than 75 years in the USA have MR. As the incidence of MR increases with age, the number
of patients with MR who require intervention and inpatient care will only increase in the coming decades.
(2) MR is generally divided into two categories: primary organic MR, which occurs as a result of an intrin-
sically abnormal mitral valve, and secondary or functional MR, which develops secondary to left ventricular
(LV) dysfunction or annular dilatation prohibiting normal valve closure.(3,4) Differentiating between these
phenotypes of severe MR by imaging modalities is critical to allow accurate diagnosis as well as guidance in
choosing timing and type of intervention.(5)

Untreated severe MR is associated with poor outcomes due to the adverse consequences of long-standing
volume overload on the left ventricle. It can cause LV volume overload, which may lead to progressive dilata-
tion of the left ventricle and left atrium, heart failure, and pulmonary hypertension.(5) Echocardiography
and CMR play a complementary role in the diagnosis and understanding the mechanism of MR. They also
help define prognosis along with the optimal treatment strategies for MR. (6,7)

Decisions regarding surgical interventions, being mitral valve repair or replacement, rely on symptoma-
tology as well as the regurgitation severity, LV ejection fraction (LVEF), and LV end-systolic diameter
(LVESD).(8,9) The role of imaging is as follows: to identify the etiology of the MR; to quantify the severity
of the regurgitation; to assess the response of the left ventricle to the volume overload; and to determine the
feasibility of durable repair.(4-7)

Transthoracic echocardiography (TTE) remains the first line modality per ASE/ACC/AHA guidelines. The
quantitative methods for assessment of MR severity via TTE involves the assessment of several independent
data points as indicated in the ASE guidelines which includes, but is not limited to, flow convergence-based
effective regurgitant orifice area (EROA) and regurgitant volume, pulse Doppler-based regurgitant volume,
and the vena contracta.(4,10-13) Many assumptions underlie the assessment of MR by echocardiography and
hence this assessment has several important limitations which arise from mitral regurgitation characteristics
such as temporal change in orifice geometry, the possibility of multiple jets, the direction of the jet itself,
and the ultrasound settings including angle dependence. (4, 10) In addition, significant inter-observer and
intra-observer variability in the echocardiographic parameters of MR severity is a well-known limitation of
this modality. (10-14) What may be the most important limitation of the echocardiographic assessment of
MR is that there is no single reproducible parameter for severity of regurgitation, and in fact the assessment
is reached by integrating multiple parameters which may be discordant from each other. It is as a result of
these limitations that echocardiography often lacks accuracy as well as reproducibility in the assessment of
MR. (4)

What can CMR provide?

2
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Until the last decade, the majority of textbooks mostly decried the use of CMR for valvular pathology.
Early adopters in this field however recognized the substantial attributes attendant to CMR based on its
spatial resolution, inherent physics and mathematical capabilities and, chiefly, on its non-reliance on a pure
visual assessment to formally quantify mitral regurgitation. CMR innately provides highly accurate and
reproducible assessment of left and right atrial and ventricular size and function with superior endocardial
definition and has become the ‘gold standard’ for evaluating cardiac chamber size. (10,15-17). It is then
a natural extension to apply all of the considerations of an ideal chamber volumetric capability towards a
valvular volumetric challenge. (Table I)

A comprehensive CMR study is able to quantitate both atrial and ventricular remodeling, which plays a
crucial role in understanding both the severity as well as the mechanism of regurgitation. Quantitative pa-
rameters include regurgitant volume, regurgitant fraction, and regurgitant orifice area. CMR offers several
important advantages in the assessment of MR. (4,7,10) This includes identifying the mechanism of MR,
quantifying MR severity, and determining its consequences on cardiac remodeling. CMR can provide infor-
mation about the mechanism of MR by identifying morphologic abnormalities of the MV apparatus (Figure
1, Figure 2). (18) Dedicated cine imaging on a CMR study can offer insights into pathology of mitral valve
leaflets including the presence of prolapse or flail leaflets. (Figure 2, Figure 3a, Figure 3b). (19,20)

Two multicenter observational studies have clearly defined the role of CMR quantification of primary MR
and its use to be a better predictor for mortality than echocardiography.(21,22) In one study, there was
high disagreement between echocardiography and MRI derived regurgitation volumes, especially in patients
with multiple or late systolic jets of MR.(22) These studies point to a multi-modality approach in predicting
mortality, follow up and interventions in MR.

In secondary MR, CMR offers accurate assessment of LV dilation and function in addition to identification of
myocardial and papillary muscle scar. (23,24) Additionally, late gadolinium enhancement in CMR in patients
with MR can provide additional consolidating information about features such as myocardial infarct size as
well as the significance of scarring of papillary muscles and mitral valve fibrosis. (25-27)

Imaging protocols and methodology for assessment of MR via CMR

The ASE/ACC/AHA guidelines for the assessment of native valvular regurgitation highlight the importance
of evaluating not only the severity of the regurgitant but also the hemodynamic effects the valvular lesion
has on the LV as well as the left atrium.(4,9,28) Evaluating LV function and structure via cine images and
flow imaging via phase contrast imaging is the cornerstone of the CMR evaluation of MR.

Initial imaging protocols for evaluating MR should follow the Society of Cardiac Magnetic Resonance (SCMR)
recommendations and start with standard cine images. Steady state free-precession (SSFP) images should
be taken in standard views: in the four-chamber, two-chamber and three-chamber views.

To optimize visualization of the mitral valve apparatus, a contiguous stack of cines should be taken perpen-
dicular to the mitral valve and transect the principal line of cooptation. These should be contiguous with
zero gap, and a slice thickness of 5-8 mm should be used to maximize special resolution with a goal temporal
resolution of under 50 milliseconds.

Using this protocol, CMR can view the entire mitral valve interface and cooptation of the anterior and
posterior leaflets along all three scallop-interfaces- from the lateral interface near the appendage, to the
medial interface.

Additionally, standard cine short-axis LV imaging should be performed to evaluate LV function, but should
be extended to cover the mitral valve.

In addition to cine imaging of the LV, the CMR protocol in patients with MR should include flow imag-
ing through the aortic valve using the standard phase-contrast, velocity encoded methods. The SCMR
recommendations include standard parameters for flow imaging. (4,7,10,29)

Quantitative assessment and imaging protocols:

3
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Standard volumetric assessment of LV function is done using SSFP imaging, which gives accurate measure-
ments LV systolic and diastolic dimensions and volumes, stroke volume, and ejection fraction; these can be
interpreted both as absolute and indexed and standardized based on body surface area (4,10,30,31). Having
accurate, gold-standard measurements for these values is crucial; ACC/AHA guidelines ejection fraction and
LV systolic dimension into the decision-making process for determining appropriateness and timing of mitral
valve surgery. Left atrial and ventricular volumes are included in ASE recommendations in assessing MR.
(4,28) The intra and inter-reader variability for calculating LV size and function is low for CMR, thus making
it an excellent tool for long term patient follow-up(16,17).

There are many methods to assess the severity of mitral regurgitation via CMR. Most commonly, indi-
rect methods are used to quantify mitral regurgitant volume utilizing 3D ventricular stroke volumes or
phase-contrast velocity encoded mapping. (10) Other less semi-quantitative assessment include the use of
signal void, regurgitant jet size and regurgitant orifice area measures using phase velocity encoded mapping.
(7,10,32,33) Here we will discuss the most common method utilizing LVSV and forward flow to determine
regurgitant volume. (Table II)

Left ventricular stroke volume (LVSV) can be quantified using volumetric data obtained from SSFP imaging.
This “volumetric” stroke volume includes both forward stroke volume as well as regurgitant volume; in short,
any volume of blood leaving the left ventricle during systole via any route.

The forward stroke volume can be obtained using flow data using phase velocity mapping the proximal aorta
(or main pulmonary artery, assuming no shunt is present).

By subtracting out the forward stroke volume (from flow data), from the volumetric stroke volume, one can
accurately derive the regurgitant volume. This calculation assumes no aortic regurgitation (AR) or cardiac
shunt.

If there is significant AR, the equation can be modified to incorporate the AR volume: MR volume=LVSV
by volumetric data- (AR by phase velocity mapping + Net Stroke volume through aorta by phase velocity
mapping).

For reference, when no valve disease or shunts are present, the LVSV by volumetric data, right ventricu-
lar stroke volume (RVSV) by volumetric data, aortic flow, and pulmonary artery flow should all measure
approximately the same.

In patients with mitral regurgitation, the LVSV includes not only forward flow but also mitral regurgitant
volume, making it larger. The regurgitant volume can thus be obtained by taking the difference between
that volumetric stroke volume and any of the other measures of forward stroke volume: RVSV (assuming no
tricuspid or pulmonic regurgitation), aortic flow or pulmonary artery flow. (4,7,10,21) (Figure 4)

Garg et al suggest a comprehensive MR protocol should assess the mitral valve anatomy and function to
define the cause of the MR, LV and right ventricular (RV) volumes and function, in addition to quantifying
the MR. They observe that in those patients for whom high quality TTE images are able to be obtained
which are adequate for the assessment of LV and RV function, an abbreviated quantification-based protocol
can be used as opposed to the comprehensive protocol. Figure 5 demonstrates the protocol they suggest for
imaging of MR via CMR.

The following values of regurgitant fraction and regurgitant volume to categorize MR have been proposed
based on data from prognostic studies (Table III).(14,21,22)

CMR can also assess the impact of systolic variation on mitral regurgitation estimation. Uretsky et al
determined a method to assess this systolic variation by dividing systole into 3 parts: early, mid, and
late. The MR jets were categorized as holosystolic, early, or late based on the portions of systole the jet
was visible. The aortic flow and left ventricular stroke volume (LVSV) acquired by CMR are then plotted
against time. The instantaneous regurgitant rate is calculated for each third of systole as the difference
between the LVSV and the aortic flow. They concluded that there is significant variation of the mitral

4
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regurgitant rate even among patients with holosystolic MR jets and concluded that quantitative ways of
assessing MR as suggested above via CMR effectively take into consideration this important confounding
factor. A subsequent multicenter study determined that systolic variation is one of the factors that accounts
for the discordance between echocardiographic and CMR assessment of MR, as the use of the color Doppler
jet at a single point in time is the basis of many echocardiographic methods, and hence cannot factor
in systolic variation.(34,35)Qualitative assessment of mitral valve anatomy and MR: When assessing mitral
valve anatomy, the anterior and posterior leaflets, the annulus, the subvalvular apparatus (papillary muscles),
and LV contractility including any regional wall motion abnormalities, are carefully visually assessed and
their pathophysiology is commented upon. Abnormal leaflet morphology includes thickening, calcification,
redundancy, perforation, vegetations, other masses and clefts. These abnormalities should be described in
detail (diffuse versus focal, the size and the leaflet location). Such observations have far reaching clinical
implications in areas such as mitral regurgitation. CMR with its superior spatial resolution as compared to
echocardiography has developed an in-vivo contemporary model of human anatomy and defines the cypress
tree like pattern of the papillary muscle adding a new dimension to our understanding of mitral valve
apparatus. This understanding can help guide therapy decisions, with restoration of local heart geometry
and reconstruction of appropriate tethering length potentially helping surgeons cure MR. (36)

Abnormal subvalvular morphology can involve chordal rupture, thickening, fusion, very large vegetations and
masses, which should similarly be described in detail by size and location. Abnormal annular morphology
comprises dilatation and/or calcification (seen as signal loss).

The long-axis stack is best for making the visual assessment of the mitral valve leaflets. Mitral annular
disjunction is defined by the displacement of atrial junction and the mitral valve leaflet at end systole in
long-axis cines and is considered significant if the distance is [?]1.0mm. Leaflet motion can be described using
Carpentier’s classification: type I (normal leaflet motion); type II (excessive leaflet motion); and type III
(restricted leaflet motion), subcategorized as type IIIa (restricted during both systole and diastole) and
type IIIb (restricted only during systole). (Figure 6) The etiology should be consistent with the overarching
diagnosis. (4,7) Our lab has described how tenting area, annulus and posterior leaflet length are possible
determinants of MR severity. Additionally, there is single center data from our lab demonstrating that even
visual assessment of cardiac regurgitant lesions is reliable, accurate and reproducible when compared to
formal quantitative analysis via CMR.(37,38)

Role of 4D CMR:

With the development of 4D-flow CMR, it’s implication on the assessment of MR must also be considered.
4D-flow CMR techniques offer further improvements in the assessment of MR and are entering clinical
practice. (7,39) Advantages of MR quantification with 4D-flow CMR includes a multiplanar and multi-
directional retrospective analysis that allows valve tracking and reliable intra and interobserver agreement of
MR.(7,40) Direct quantification of the regurgitant jet is particularly useful in pathologies involving multiple
valves. A systematic review of seven studies with 4D flow-derived methods for MR quantification showed
accuracy and reliability in direct measurement when compared to standard CMR techniques and establishes
a complementary role with echocardiography. (41) In one retrospective study, as compared to multiplanar
standard techniques for CMR, 4D flow methods had excellent correlation with high inter and intra-observer
reliability. (42)

Impact of late gadolinium enhancement in assessment of MR:

Late gadolinium enhancement (LGE) can detect myocardial scar and/or fibrosis, which has a significant
impact in understanding the pathophysiology of mitral regurgitation.

LGE has been reported on CMR images in patients with primary MR, especially in those with mitral valve
prolapse.(20,43) Left ventricular remodeling seems to be associated with the presence of delayed enhancement
on CMR in primary MR.(43) In addition, in patients with primary MR, LGE of papillary muscles is associated
with complex ventricular arrhythmias.(44) Persistent volume overload from MR results in impaired LV
function and the presence of diffuse myocardial fibrosis.(45) Mitral annulus disjunction is an abnormal atrial
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displacement of the hinge point of the mitral valve away from the ventricular myocardium as noted above; it
has been associated with mitral valve prolapse and sudden cardiac death owing to ventricular arrhythmias.
(46,47)

In severe secondary MR in the setting of ischemic cardiomyopathy, the presence of severe scarring in the
region of the posterior papillary muscle, as detected by preoperative CMR, can render these patients un-
suitable for mitral annuloplasty.(48) Moreover, the extent of myocardial scarring is also informative about
the progression of ischemic MR.(27) In one large prospective trial, presence of both significant ischemic MR
(mitral regurgitation fraction [?]35%) and large myocardial infarct size as determined by LGE ([?]30% of
LV mass) carries a very high risk for all-cause mortality and/or heart transplant, despite surgical mitral
valve intervention. On the other hand, patients with significant ischemic MR (mitral regurgitant fraction
[?]35%) and low myocardial infarct size (<15% of LV mass) had survival benefit after surgical intervention.
Taken together, these results show that CMR is an important noninvasive imaging modality, not only for
risk stratification but also for the individualization of treatment decisions for these complex patients.(26)
Mitral valve enhancement is present in a large number of post myocardial infarction (MI) patients but rarely
in non-post-MI patients in one observational study. Post-MI patients with mitral valve enhancement are far
more likely to have MR. (25)

CMR is the future of imaging in MR: comparison of CMR with TTE and its role in prognos-
tication and procedural planning

A factor that significantly impacts the decision of intervening upon mitral valve in the setting of MR is its
impact on left ventricular deterioration and the lack of reliable and reproducible markers to assess the same.
Many clinicians opt for the strategy of watchful waiting especially in those patients who have no symptoms,
or in whom other pathophysiology may be contributing to symptoms in addition to mitral regurgitation. (49)
However, as noted in the ACC/AHA guidelines, there is concern that “mitral regurgitation begets mitral
regurgitation”. The notion is that the initial level of MR causes LV dilatation, which perpetuates a cycle of
ever-increasing LV volumes and MR by causing stress on the mitral apparatus, which in turn leads to more
severe MR and further LV dilation. This perpetual volume overload leads to irreversible LV dysfunction
and thereby poor long term prognosis.(9) Patients with severe MR who develop an EF [?]60% or LVESD
[?]40 have already developed LV systolic dysfunction.(50-53) There is data to show that for LV function
and size to normalize after mitral valve repair, the left ventricular ejection fraction (LVEF) should be >64%
and LVESD <37mm.(50) LVEF and LVESD have been used as surrogates for determining left ventricular
decline- however there is concern that in using them alone the window of opportunity for LV recovery may
have been crossed by the time the mitral valve is intervened upon.(54) Myocardial fibrosis may prove to
be a helpful guide here.(55) CMR has two techniques to detect left ventricular fibrosis which include late
gadolinium enhancement (LGE) and parametric T1 mapping. LGE can detect myocardial fibrosis as noted
above (Figure 7a, Figure 7b, Figure 7c). T1 mapping is better at detecting diffuse fibrosis than LGE. When
T1 is acquired pre- and post-contrast, the myocardial extra cellular volume can be calculated, which is a
surrogate for extracellular matrix and diffuse fibrosis. (56)

Interestingly, in a subgroup of patients undergoing mitral valve surgery, MRI-based severity grading had
superior prognostic value over echocardiography in predicting the degree of postsurgical LV remodeling.
Also, recent large-scale studies found MRI-derived regurgitant volume to be a better predictor of referral for
surgery and all-cause mortality than echocardiographic parameters. (21,22) Myerson et al, demonstrated
that quantifying MR with CMR showed a strong association with the future need for surgery over the
subsequent 5 years. They studied the impact of regurgitant volumes and left ventricular size on surgery free
survival. The study shows high discriminative power with cut off limits of 55ml of regurgitant volume and
40% of regurgitation fraction in predicting survival. While the study was limited by small sample size, it
provided important data on the impact of regurgitant volume of MR as measured by CMR as a variable
that can be used to determine need for surgery. (21) (Figure 8)

Uretsky et al, in a prospective multicenter trial demonstrated that agreement between MRI and echocar-
diographic estimates of MR severity was modest in the overall cohort, and there was a poorer correlation in
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the subset of patients sent for mitral valve surgery. There was a strong correlation between post-surgical LV
remodeling and MR severity as assessed by MRI, and no correlation between post-surgical LV remodeling
and MR severity as assessed by echocardiography. (14)

In the seminal paper on the role of CMR in MR, Urestky et al describe significant discordance in quantification
between CMR and echocardiography using the ASE integrated method for assessment of MR. There was low
to moderate concordance between the two modalities, with a r value of 36%-70%. Quantification of severe
MR by either modalities had a r value of 20-66% with TTE more frequently diagnosing severe MR.(10)
These limits of agreement, when placed in a fuller socio-economic context, suggest a sobering commentary
on the state-of-the-art contemporary echocardiographic MR assessment.

Penicka et al in a prospective observational study demonstrated that CMR derived assessment of primary MR
can better identify patients with severe MR and adverse outcomes than echo derived integrative approach.
The CMR derived regurgitant volume showed the largest area under the curve to predict mortality or its
combination with the development of indication for mitral valve surgery.

CMR can also play a valuable role in the assessment of cardiac reverse remodeling and the impact of that
on MR post procedures such as pulmonary vein isolation for atrial fibrillation and transcatheter aortic valve
replacement for aortic stenosis. For example, in those with durable maintenance of normal sinus rhythm,
cardiac reverse remodeling demonstrated by 3D CMR occurs and is matched by marked improvements in
MR and mitral apparatus, likely contributing to continued maintenance of sinus rhythm.(57) Meta-analysis
of post TAVR patients has found that there is strong association between moderate to severe MR and 1
year mortality after TAVR.(58) A study from our lab also showed that post aortic valve replacement in 24
severe AS patients who were followed by CMR for 4 years, there was stabilization or reduction of MR in
80% of the patients which correlated to changes in LV mass and LV EDVI and LVEF post AVR which was
in conjunction with improvement in clinical sequelae. (59)

Additionally, there have been recent advances in mitral percutaneous repair techniques for high surgical risk
patients with use of transcatheter mitral valve systems including Mitra Clip (Abbott) and Pascal (Edwards
Lifesciences) currently used mostly for primary MR. The quantification of MR post MitraClip can be chal-
lenging due to limited visualization, acoustic shadowing and multiple complex eccentric jets secondary to
a double orifice mitral valve. In two small studies post-MitraClip, CMR had excellent reproducibility and
lower interobserver variability in comparison with TTE. Cine-CMR is useful for the assessment of prosthetic
mitral valve-associated MR, which manifests concordant quantitative and qualitative changes in size and
density of inter-voxel dephasing. It provides an accurate non-invasive means of screening for TEE-evidenced
severe MR (60) In one of the these studies, clinical benefit and LV remodeling had good correlation with
CMR in post-procedural follow up.(61,62) This signifies an emerging role of CMR in clinical follow up of
this subgroup of patients.

The use of MitraClip for functional MR is bound to expand with the recent CO-APT and MITRA-FR
trials. There were key differences in outcomes of these trials related to the presence of LV remodeling
and the presence of disproportionate versus proportionate MR. CMR is positioned to play a unique role
for identifying the right patient at the right time for mitral valve interventions given its strengths as we
described above. In a recent study by Cavalcante et al quantification of functional mitral regurgitation along
with myocardial infarction size using CMR, CMR was a powerful predictor of adverse outcomes.(26) This
further underscores the importance of the interplay between LV remodeling, myocardial infarct size (MIS),
and volume overload in functional MR where CMR has a distinct advantage over TTE and will play an
important role in determining candidacy in the growing field of transcatheter MV therapies in the future.

In summary, CMR has proven to be the more reliable imaging modality in the qualitative assessment of
MR as compared to echocardiography. It also has important advantages in terms being able to better
define the etiology as well as more accurately prognosticate the impact of procedural interventions on MR.
With tools such as LGE enhancement as well as T1 mapping, it accurately detects scar and the impact
of it not only on MR but also on underlying cardiomyopathy. As noted extensively in our review, it has
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repeatedly proven to accurate predict the appropriate time as well as impact of surgical intervention of MR
on the left ventricle and long-term outcomes. The role of CMR in MR has important implications as the
cardiovascular community embarks on more sophisticated surgical and non-surgical approaches for which
accurate determination of MR is naturally, critical. CMR overcomes most of the current limitations of TTE
including inter-observer variability, over-estimation of MR and inability to predict the impact of intervention
of post-surgical outcomes. Hence, we conclude that CMR is the future of the imaging assessment of mitral
regurgitation.
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Figure Legends:

Figure 1: Steady state free precession sequence (SSFP) demonstrating 3 chamber view with central dephasing
jet of MR between the A2-P2 scallops of the mitral valve in one of our patients. MR: mitral regurgitation,
LA: left atrium, RV: right ventricle, LV: left ventricle, LVOT: left ventricle outflow tract, AO: aorta

Figure 2: Steady state free precession sequence (SSFP) from our lab demonstrating 3 chamber view with
anteriorly directed dephasing jet of MR with prolapse of the posterior mitral leaflet. MR: mitral regurgitation,
LA: left atrium, RV: right ventricle, LV: left ventricle, LVOT: left ventricle outflow tract, AO: aorta

Figure 3a: Steady state free precession sequence (SSFP) from our lab demonstrating 3 chamber view with
flail posterior mitral valve leaflet with eccentric jet of mitral regurgitation (white arrow). MR: mitral re-
gurgitation, LA: left atrium, RV: right ventricle, LV: left ventricle, LVOT: left ventricle outflow tract, AO:
aorta

Figure 3b: Steady state free precession sequence (SSFP) from our lab demonstrating 4 chamber view with
subtle flail posterior mitral valve leaflet with eccentric jet of mitral regurgitation (white arrow). MR: mitral
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regurgitation, LA: left atrium, RV: right ventricle, LV: left ventricle, LVOT: left ventricle outflow tract, AO:
aorta

Figure 4: Example CMR method for quantification of MR. The volume of the LV is calculated during end-
diastole (LVEDV) and during end-systole (LVESV). The total volume of blood ejected from the left ventricle
(LV), LV SV, is computed as the difference between LV end-diastolic volume and LV end-systolic volume.
In this example LV SV is 150 mL. The volume of blood crossing the aortic (AO) valve is measured by
performance of a phase-contrast acquisition in the aorta; in this example, 80 mL. The mitral RVol (M RVol)
is computed as the difference between the LV SV and aortic forward SV; in this example, 70 mL. Reused with
permission from Zoghbi, William A., et al. ”Recommendations for noninvasive evaluation of native valvular
regurgitation: a report from the American Society of Echocardiography developed in collaboration with the
Society for Cardiovascular Magnetic Resonance.” Journal of the American Society of Echocardiography 30.4
(2017): 303-371.

Figure 5: Recommended cardiovascular magnetic resonance imaging protocols for the assessment of mitral
regurgitation. a Comprehensive cardiovascular magnetic resonance imaging protocol for the assessment of
mitral regurgitation. b Focused, quantitative protocol. LGE, late gadolinium enhancement; LV, left ventric-
ular; LVOT, left ventricular outflow tract; RVOT, right ventricular outflow tract. Reused under Creative
Commons Attribution 4.0 International Licence from Fig 1 in Garg, Pankaj, et al. ”Assessment of mitral
valve regurgitation by cardiovascular magnetic resonance imaging.” Nature Reviews Cardiology (2019): 1-15.

Figure 6: Depiction of mechanisms of MR as per the Carpentier classification

Reused with permission from Zoghbi, William A., et al. ”Recommendations for noninvasive evaluation
of native valvular regurgitation: a report from the American Society of Echocardiography developed in
collaboration with the Society for Cardiovascular Magnetic Resonance.” Journal of the American Society of
Echocardiography 30.4 (2017): 303-371.

Figure 7a: Steady state free precession sequence (SSFP) from our lab demonstrating 3 chamber view in a
patient with hypertrophic cardiomyopathy with asymmetric septal hypertrophy and LVOT and SAM with
dense dephasing jet of MR

RV: Right ventricle, LV: Left ventricle, LA: Left atrium, Ao: Ascending aorta, PM: Papillary muscle, LVOT:
Left ventricular outflow tract turbulence, SAM: Systolic anterior motion, MR: Mitral regurgitation

Figure 7b: Steady state free precession sequence (SSFP) demonstrating of the same patient with hypertrophic
cardiomyopathy showing two separate jets of MR in a coronal view. LV: Left ventricle, RV: Right Ventricle,
AO: Ascending aorta, PA: Pulmonary artery, MR: Mitral Regurgitation

Figure 7c: Magnitude inversion recovery late gadolinium enhanced (LGE) sequence demonstrating diffuse
patchy hyperenhancement most prominent in the inferolateral wall in the same patient with hypertrophic
obstructive cardiomyopathy and mitral regurgitation. RV: Right ventricule, IVS: Interventricular septum,
LV: Left Ventricle

Figure 8: Surgery-free survival stratified by both cardiovascular magnetic resonance (CMR) regurgitant
volume (RVol) and left ventricular end-diastolic volume index (LVEDVi; Note that there were too few
subjects [n=2] with CMR regurgitant volume [?]55 mL and LVEDVi [?]100 mL/m2, so this group was
excluded). B , CMR regurgitant volume and echocardiographic mitral regurgitation (MR) grade. Note that
the group with CMR regurgitant volume >55 mL and moderate MR on echocardiography contains only 5
subjects. Reused with permission from Myerson, Saul G., et al. ”Determination of clinical outcome in mitral
regurgitation with cardiovascular magnetic resonance quantification.” Circulation 133.23 (2016): 2287-2296.
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