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Introduction

Mitral regurgitation (MR) is a leading cause of valvular 
heart disease in the U.S. and globally. Nearly 20% of the 
U.S. population has some degree of MR, including over 
4 million Americans with advanced (moderate or severe) 
MR (1-3). Whereas causality of MR can vary [e.g., primary 
valvular degeneration, secondary valvular dysfunction due 
to left ventricular (LV) remodeling], adverse prognosis 
conferred by MR is well known: population-based outcomes 

studies have shown MR to independently confer increased 
risk for heart failure, arrhythmia, and death (4-7). Poor 
clinical prognosis conferred by MR is proportionate 
to severity of valvular dysfunction (8), highlighting the 
importance of prompt identification and effective therapy to 
treat MR and reduce its serious clinical sequelae.

Interventional therapies such as mitral valve repair and 
valve replacement have the potential to reduce or eliminate 
MR. A key clinical conundrum concerns appropriate timing 
of MR-directed therapies. Delayed intervention increases 
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pre-operative morbidity and decreases procedural efficacy 
(9,10), possibly due to impact of LV or left atrial (LA) 
dilation on mitral apparatus geometry or wall stress (11-13). 
Accordingly, consensus guidelines recommend surgery for 
patients with severe primary MR if symptoms are present or, 
in the case of asymptomatic individuals, if LV dysfunction 
(ejection fraction <60%) or chamber dilation (end-systolic 
diameter ≥40 mm) is present (14). Echocardiography (echo) 
is widely used to guide decision-making concerning timing 
of interventional therapies for MR (14). However, echo 
can be suboptimal for this purpose, as image quality can 
vary (15), chamber quantification is typically predicated on 
2-dimensional (2D) geometric assumptions [rather than 
3-dimensional (3D) imaging] (16), and MR quantification 
can be challenging in the context of regurgitant jet 
eccentricity (17). These limitations may explain recent 
data suggesting lack of correlation between pre-operative 
echo-quantified MR severity and LV reverse remodeling 
after mitral valve surgery (18). Knowledge gaps regarding 
predictors of procedural success limit the ability to optimize 
decision-making for patients with MR.

Cardiac magnetic resonance (CMR) can assess MR 
as well as its predisposing risk factors. A variety of CMR 
pulse sequences can be used for MR assessment (Table 1). 
Phase velocity encoded CMR can quantify MR severity 
based on both direct measures of regurgitant flow through 
the mitral valve as well as indirect measures of differential 
stroke volumes (19). Cine-CMR can identify mitral valve 
alterations (e.g., prolapse, rheumatic disease) as well as 
secondary changes in the mitral apparatus (e.g., papillary 
muscle displacement) that pre-dispose to MR (20). More 
broadly, cine-CMR can quantify changes in LV function 
and size with high precision so as to guide decision-making 
for mitral valve interventions. Delayed enhancement 

CMR (DE-CMR) enables highly accurate assessment 
of myocardial infarction (MI) within LV myocardium 
underlying the mitral valve—a known causal substrate for 
MR (21,22). This article will review established literature 
concerning utility of CMR for evaluation of MR severity 
and causality, as well as emerging data concerning utility 
of CMR for predicting MR response to therapeutic 
interventions.

Quantification of MR

CMR provides a variety of approaches to measure MR 
severity. These include quantification via 2D or time 
resolved multidimensional (4D) flow quantification, as well 
as semi-quantitative assessment via cine-CMR. 

2D phase contrast (PC) velocity encoded CMR can 
measure MR via several approaches. A common method 
calculates MR based on differential forward stroke volume 
between the mitral valve and aortic valve, which can each 
be calculated via PC-CMR sampling at the respective 
valve orifices (23). One pitfall of this approach stems 
from translational valve motion, which can produce 
under-sampling of flow and produce errors in MR  
quantification (19). A variant of this approach employs PC-
CMR to sample flow through the aortic valve (a region 
with lesser translational motion than the mitral valve), and 
cine-CMR to measure LV stroke volume (∆ end-diastole −  
end-systole); differential stroke volume corresponds to 
the amount of MR (Figure 1) (24). This method has been 
shown to correlate well with invasive measurements of 
MR via cardiac catheterization, as well as non-invasive 
measurement via echo (25-27). MR as quantified based on 
differential aortic and mitral valve forward stroke volume 
can be affected by concomitant aortic regurgitation. 

Table 1 Relative utility of different CMR pulse sequences for assessment of MR and its sequelae

CMR pulse sequence MR severity
Mitral valve 
morphology

MI
Myocardial 
ischemia 

Myocardial 
contractile 
function

Cardiac chamber 
geometry

Phase contrast (2D or 4D flow) + + − − − −

Cine (SSFP) +/− + − − + +

Delayed enhancement 
(inversion recovery)

− − + − − −

Stress perfusion (gradient echo) − − − + − −

CMR, cardiac magnetic resonance; MR, mitral regurgitation; MI, myocardial infarction; SSFP, steady-state free precession.
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Another potential limitation stems from cine-CMR derived 
LV stroke volume, which can be challenging in the context 
of arrhythmias and yield slight variability in the setting 
of prominent LV trabeculations (28,29). PC data can also 
be used to calculate MR as differential stroke volume 
between the left and right ventricle (RV); in the absence 
of regurgitant valve disease or intracardiac shunts, LV 
and RV stroke volumes should be near identical (24). Key 
limitations of this approach include the fact that it is only 
valid in the setting of isolated MR, and can suffer from 
pitfalls due to above noted sources of variability with respect 
to cardiac chamber contouring. An alternative to stroke 
volume based methods entails use of phase velocity encoded 
imaging to directly measure MR based on sampling of the 
regurgitant jet: while this measure would be expected to 

work well in the context of central jets, it can be challenging 
in the context of multiple or eccentric MR jets (30). 

Time resolved multidimensional (4D) velocity encoded 
flow CMR is an emerging method that holds the potential 
to quantitatively assess MR irrespective of jet directionality. 
Using this approach, velocity field vectors are measured 
in x-, y-, and z-directions, rather than in a single plane as 
can be offered via 2D PC imaging (31). 4D flow imaging 
is typically acquired free breathing (via navigator gating or 
other sampling methods), allowing flow data to be acquired 
with high spatial resolution (32,33). To date, 4D flow has 
been primarily used to assess vascular flow, such as aortic 
anomalies and congenital heart disease. However, emerging 
data has suggested that 4D flow may provide utility for MR 
assessment. Among a cohort of 64 patients with functional 

A B
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Figure 1 Mitral regurgitation (MR) quantification via differential stroke volumes. Representative examples of data input used for MR 
quantification as derived from differential aortic and LV stroke volumes (MR = ∆ between aortic and LV stroke volumes). (A) 2D flow 
CMR as obtained en-face through the aortic valve (top: phase velocity encoded image, bottom: corresponding magnitude image); (B) aortic 
stroke volume as calculated by post processing of 2D flow CMR. Data yielded in flow curve obtained by placing a region of interest (ROI) 
over aortic valve flow, and then propagating analysis throughout cardiac cycle (mid-systolic ROI shown in purple; see inset); (C) LV stroke 
volume quantified by cine-CMR, based on differential chamber volumes at end-diastole and end-systole (representative mid short axis slice 
shown). 
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MR undergoing multidimensional PC-CMR and 3D 
echo, Marsan et al. reported excellent correlations (r=0.94, 
P<0.001) between mitral regurgitant volumes measured by 
the two modalities (34). Similarly, among 32 patients with 
atrioventricular septal defects, Calkoen et al. reported 4D 
flow to yield strong correlation with conventional 2D CMR 
quantification based on differential stroke volume (r=0.97, 
P<0.001) (35). These data build upon earlier pilot studies 
supporting use of 4D flow for MR assessment (36,37). 
Challenges of 4D flow application in current clinical 
practice include prolonged acquisition times (typically 
5–10 minutes) as well as requisite pre-determination of 
peak sample velocities (for which inaccuracies can produce 
aliasing and limit data utility) (31). More broadly, further 
clinical studies are needed to demonstrate incremental 
utility of 4D flow vs. conventional methods, paralleled 
by technical advances to reduce acquisition time in order 
to facilitate widespread use of this powerful technique in 
clinical practice. 

Cine-CMR [steady-state free precession (SSFP)] 
imaging provides an additional means by which MR can be 
assessed. Central to this approach is the observation that 
flow turbulence (e.g., due to MR jets) produces spin-spin 
dephasing, which can be visualized on routine SSFP images 
(Figure 2). MR can thus be semi-quantitatively assessed 
based on jet size or depth (i.e., extent of dephasing) in 
relation to the left atrium (38). It is important to note 

that cine-CMR provides a semi-quantitative means of 
assessing MR, as opposed to quantitative approaches as 
provided by PC-CMR (39). However, a key advantage 
concerns the fact that necessary cine-CMR data to 
assess MR is encompassed in nearly all routine CMR 
exams and thus requires no tailored imaging (i.e., no 
additional patient breath holds or prolonged scanner 
time). MR assessment based on cine-CMR spin-spin 
dephasing has been validated in several cohorts. Among 
a cohort of 68 patients who underwent CMR and echo 
(median interval 2 days), Heitner et al. reported moderate 
agreement between MR as graded by cine-CMR and echo 
[kappa=0.47 (0.29–0.65)] (38). In a study of 33 patients 
with a prosthetic mitral valve undergoing both CMR and 
transesophageal echo (median interval 2 days), Simprini 
et al. similarly reported moderate agreement in MR grade 
(kappa=0.44) when calculated by the two modalities, with 
the majority of discordances differing by ≤1 MR grade (40). 
Another study of 44 patients with MR likewise found cine-
CMR graded MR severity to moderately correlate (r=0.66, 
P<0.001) with quantitative MR assessment as measured 
by differential stroke volumes (39). Given that cine-CMR 
data for visual assessment of MR is intrinsic to near all 
exams, this approach is often used as an adjunct to phase-
velocity encoded quantification, for which it can provide 
important additive data regarding jet directionality and 
origin.

Figure 2 Mitral regurgitation (MR) via dephasing on cine-cardiac magnetic resonance (CMR). Representative examples of cine-CMR for 
qualitative assessment of MR. MR severity can be assessed based on size of regurgitant jet, which manifests on cine-CMR due to spin-spin 
dephasing in association with regurgitation induced flow turbulence. (A) Example of mild MR (green arrow) in a patient with a prosthetic 
mitral valve (yellow arrow); (B) patient examples with moderate (center) and severe (right) MR. 
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Elucidation of MR etiology

Primary MR

Primary MR stems from abnormalities in the mitral 
valve or its immediate supporting structures (i.e., mitral 
annulus, chordae tendineae, or papillary muscles). CMR 
provides high spatial resolution imaging and excellent 
endocardial definition, allowing for localization of 
structural abnormalities responsible for mitral valve 
incompetence (41). Like echo, cine-CMR can assess valve 
morphology—including rheumatic deformation as well 
as mitral valve prolapse (MVP) (Figure 3). Localization 
of valve dysfunction is important for surgical planning, 
as some mitral valve abnormalities are less amenable to 
successful mitral valve repair (e.g., repair is less durable 
for extensive anterior leaflet disease) (42). Among a 
cohort of 25 patients with MVP, Han et al. reported cine-
CMR assessment of leaflet displacement to provide high 
sensitivity (100%) and specificity (100%) compared to the 
reference standard of transthoracic echo (43). Among a 
cohort of 27 patients with MVP, Gabriel et al. reported that 
cine-CMR accurately determined presence or absence of 
involvement of each leaflet in 98% of cases compared to the 
reference of transthoracic echo; in a subset of patients (n=10) 
who underwent transesophageal echo or surgery, accuracy 
of cine-CMR was 82% (44). Cine-CMR can also identify 
geometric alterations in the mitral apparatus that correlate 
with MR severity. Among 71 patients with MVP, cine-CMR 
evidenced anterior mitral valve leaflet length, posterior 
leaflet displacement, and posterior leaflet thickness each 

increased in relation to severity of MR (45). Other studies 
have used PC-CMR to localize MVP-associated valve 
deformities. Among a mixed cohort of patients with MVP 
and normative controls, Han et al. reported MVP to be 
associated with increased peak papillary muscle systolic 
velocity and maximum papillary muscle excursion (46). 
Taken together, these data indicate that both cine-CMR 
and PC-CMR provide utility for physiologic localization of 
mitral apparatus abnormalities among patients with MVP. 

Beyond mitral valve structure and function, CMR can 
be used to assess altered myocardial tissue properties 
associated with MVP. For example, Han et al. used DE-
CMR to assess papillary muscle fibrosis among a pilot 
cohort of 16 patients with MVP (43). The authors 
reported papillary fibrosis to be present in over half (10/16) 
patients with MVP in whom it was associated with increased 
ventricular ectopy, suggesting that this finding may be of 
prognostic significance (43). Further studies are warranted 
to test prevalence of MVP-associated papillary fibrosis 
among larger (e.g., multicenter) cohorts, as well as to test 
the predictive value of this finding for stratifying actual 
clinical outcomes among patients with MVP.

Primary MR can also stem from acquired conditions, 
inc luding rheumat ic  heart  d i sease  and infect ive 
endocarditis (IE). Cine-CMR can be used to identify 
vegetations in patients with known or suspected IE. 
However, one limitation of this approach concerns the 
fact that temporal resolution of most CMR techniques 
is lower than that of echo, meaning that highly mobile 
vegetations can potentially be missed. As evidence of this, 

Figure 3 Mitral valve prolapse (MVP). Typical appearance of MVP on cine-CMR at (A) end-diastole and (B) end-systole. Note anterior and 
posterior leaflet prolapse (green arrows) with associated MR (yellow arrow).
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Zatorska et al. used CMR and echo to study 20 consecutive 
patients with IE; only 77% of echo-evidenced vegetations 
were detected by CMR (47). Other groups have focused use 
of CMR on secondary complications of IE, including mitral 
valve annular abscess (48) and mitral valve aneurysm (49). 
Some studies have suggested that hyperenhancement 
in associat ion with valvular  les ions may indicate 
inflammation and thus aid in the diagnosis of IE (47,50); 
however, limited direct correlations with histopathology 
and/or systemic markers of inflammation limit validation 
of this approach, highlighting the fact that further studies 
are needed in this area. 

Functional MR

Secondary (functional) MR is a common cause of MR and 
occurs as a consequence of LV chamber remodeling. Often 
occurring in patients who have sustained inferior wall MI, 
the primary mechanism is thought to be papillary muscle 
displacement secondary to ventricular dilation, resulting in 
increased tethering force on the mitral valve leaflets, which 
prevents adequate leaflet coaptation during systole (51). 
CMR provides high spatial resolution that can detail mitral 
valve geometry among patients with secondary MR, for 
whom image analyses hold the potential to guide surgical 
planning. This concept was illustrated in a study by Kaji 
et al., for which CMR was performed in 38 patients with 
prior inferior or posterior MI (52). Results demonstrated 

increased septal-lateral and inter-commissural diameters, 
as well as differences in annular geometry, among patients 
who subsequently developed MR. Similarly, in a pig model 
with induced chronic ischemic MR, CMR measurements 
of annular area, septal-lateral distance, and commissure-
commissure distance were all increased (P<0.05) in the 
context of MR (53). These findings support the notion 
that CMR can be used to localize geometric causality 
of secondary MR, allowing for focused surgical or 
percutaneous reparative approaches to address underlying 
MR mechanism. 

Beyond functional imaging and direct MR assessment, 
CMR enables identification of tissue properties that can 
contribute to ischemic MR. CMR can identify infarction 
within the papillary muscles as well as underlying LV 
myocardium (Figure 4), and has been used to study 
differential impact of MI in each region on MR: in some 
studies, papillary muscle infarction (PMI) has been 
associated with MR (22), whereas other studies have 
largely found no such association (21,54,55). Our group 
investigated the relative impact of PMI on MR, finding 
that PMI was closely linked to MI in the underlying LV 
chamber wall, which was the primary determinant of MR 
severity (21). Three separate studies—encompassing a total 
of 1,009 patients—have demonstrated PMI on CMR to 
not be associated with MR (21,54,55). These data are of 
central importance with respect to mechanistic causality of 
functional MR, supporting the notion that dysfunction of 

A B

Figure 4 Papillary muscle infarction (PMI) assessment via delayed enhancement CMR (DE-CMR). Representative examples of PMI as 
identified by DE-CMR: (A) identification of a small, punctate infarction (green arrow) involving the posteromedial papillary muscle; (B) 
identification of complete infarction of the posteromedial papillary muscle (green arrow) with associated transmural inferior myocardial wall 
infarction (yellow arrows).
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the myocardium underlying the papillary muscles (rather 
than the papillary muscles themselves) produces mitral 
valvular incompetence and determines therapeutic response. 
As support of this, in a study of patients undergoing 
concomitant surgical revascularization and mitral 
annuloplasty for ischemic MR, those with a high burden of 
CMR-detected scar in the region of the posterior papillary 
muscle were more likely to exhibit recurrence of advanced 
MR post-operatively (56). 

Prediction and monitoring of MR therapeutic 
response

Limited data exists with respect to utility of CMR tissue 
characterization for direct prediction of MR response to 
interventional therapies. However, a wide array of data 
has shown MR improvement to be linked to LV reverse 
remodeling (57-59). In this regard, the predictive utility 
of viability assessment via CMR is well established: 
transmural extent of viable myocardium on CMR is 
well known to predict LV reverse remodeling following 
surgical or percutaneous (PCI) revascularization (60). For 
example, among a cohort of 50 CAD patients undergoing 
elective coronary revascularization, Kim et al. showed that 
dysfunctional but viable myocardium on pre-procedural 
DE-CMR predicted post-revascularization recovery of LV 
function (61). Other studies have shown viability assessment 
via DE-CMR to predict reduction in LV chamber size 
among patients undergoing elective coronary bypass 
graft surgery, as well as among patients undergoing PCI 
(60,62,63). Of interest, absence of viable myocardium within 
the mitral apparatus has been shown to stratify likelihood 
of MR following acute MI, suggesting this approach may 
predict longitudinal risk for MR in post-MI patients being 
considered for coronary revascularization (21). As CMR 
is a highly reproducible and well-validated method for 
the evaluation of MI and ischemia (64,65), it holds the 
potential to serve as a predictive tool for identification of 
patients in whom MR will improve or resolve in response 
to revascularization of LV myocardium underlying the 
mitral valve. 

CMR has also been shown to provide utility for 
monitoring of therapeutic response to percutaneous or 
surgical mitral valve interventions. Among patients who 
have undergone surgical mitral valve replacement, Simprini 
et al. showed cine-CMR assessment of MR severity to be 
highly sensitive for identification of residual MR relative to 
transesophageal echo (40). Similarly, CMR has been shown 

to identify reverse LV remodeling among patients who have 
undergone percutaneous mitral repair: Among a cohort of 
27 patients with advanced (≥ moderate) MR, Krumm et al. 
reported cine-CMR to be feasible for the visual assessment 
of MR following the procedure (i.e., associated with minimal 
image artifact) (66). Moreover, the authors demonstrated 
cine-CMR to be capable of identifying post-procedural LV 
reverse remodeling, as evidenced by serial reductions in LV 
and LA chamber size (P<0.01) and improvements in LV 
ejection fraction (P=0.004) following device implantation. 
Given the fact that CMR entails no radiation and (unlike 
transesophageal echo) is non-invasive, these data support 
its utility as a preferred approach for assessment of post-
procedural response in patients for whom transthoracic 
echo results are limited or non-diagnostic. 

Recent data has examined whether CMR-based MR 
assessment provides incremental utility for predicting LV 
reverse remodeling following mitral valve interventions. 
Among a cohort of patients undergoing CMR and echo 
prior to primary mitral valve surgery, Uretsky et al. reported 
a strong correlation between post-surgical LV remodeling 
and MR severity as assessed by CMR (r=0.85, P<0.0001) but 
no correlation between post-surgical LV remodeling and 
MR severity as assessed by echo (r=0.32, P=0.1) (18). While 
it is tempting to use this data as a basis for employing CMR 
as the primary test to assess MR and predict therapeutic 
response to mitral valve surgery, it should be noted that 
sample size of patients with post-surgical follow-up was 
small [n=26; 25% (26/103) of total study population], 
etiology of MR varied, and duration between pre-procedural 
CMR and echo was non-standardized [median 15 days 
(IQR 7, 35)]—suggesting that differences between tests may 
stem from population variance or intrinsic variability in 
MR, and that better agreement would have been found via 
imaging tests performed for primary research purposes near 
simultaneously. Given that echo is widely available, well-
validated, and far less expensive than CMR, further studies 
are warranted to better identify specific MR populations 
in whom procedural decision-making regarding mitral 
valve interventions should primarily be guided by CMR 
findings. 

Computational modeling

Beyond primary image interpretation, CMR can be 
analyzed via computational approaches so as to maximize 
its utility as a diagnostic and prognostic tool. Different 
computational approaches have been used for this purpose, 



S253Journal of Thoracic Disease, Vol 9, Suppl 4 April 2017

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2017;9(Suppl 4):S246-S256jtd.amegroups.com

including machine learning as well as finite element (FE) 
modeling. In FE modeling, the structure of interest is 
divided into discrete, interconnected elements, enabling the 
determination of stress-strain relationships. Several studies 
have used FE modeling to provide insight into functional 
and geometric alterations that occur following surgical 
intervention (67,68). Using CMR images obtained in a 
sheep with moderate MR following posterobasal MI, Wenk 
et al. created an FE model of the LV, mitral apparatus, and 
chordae tendineae (69). The model was able to identify the 
existence of MR. Further, reduction of infarct stiffness in 
the model was associated with papillary muscle displacement 
and a 33% increase in the gap between the mitral leaflets, 
consistent with increased MR (69). Computational modeling 
has been applied to patients undergoing mitral valve repair 
as well. In a single patient with posterior leaflet prolapse, Ge 
et al. created an FE model of the LV and mitral apparatus 
pre-operatively using CMR and 3D transesophageal echo; 
mitral valve repair was then simulated (70). FE modeling 
was able to accurately predict changes in mitral annulus 
dimensions and leaflet coaptation, supporting a role for 
this approach for prediction of post-operative changes in 
the mitral apparatus (70). FE modeling has also been used 
to investigate stress distribution over the mitral leaflets 
following different types of repair. In the aforementioned 
patient with posterior leaflet prolapse, FE modeling was 
used to simulate both neochord placement and triangular 
leaflet resection (71). Modeling demonstrated decreased 
leaflet stress with neochord placement when compared 
to leaflet resection, suggesting improved durability with 
neochord placement (71). Studies are ongoing to further 
elucidate the ability of CMR-based FE models to predict 
outcomes in patients with MR undergoing intervention. In 
particular, models using CMR data on infarct and ischemia 
distribution are being developed to identify patients that 
will have a decrease in MR following revascularization 
alone, which will optimize selection of surgical procedure.

Conclusions

CMR has been well validated as an accurate diagnostic 
tool for assessment of MR severity and etiology. Flow 
quantification via CMR enables assessment of subtle 
changes in MR, whereas functional imaging can quantify 
associated cardiac chamber remodeling with excellent 
precision. Tissue characterization via CMR (i.e., infarct 
assessment) enables insights into tissue based substrate 
for MR, and has been shown to predict LV remodeling 

response to coronary revascularization as well as risk for 
MR in selected (post-MI) cohorts. Further studies are 
ongoing to test incremental utility of CMR in comparison 
to conventional echo assessment, as well as to guide 
decision-making for patients being considered for directed 
therapies to regress or resolve MR.
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