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Valvular regurgitation is common in developed countries with an increasing prevalence
due to the aging of the population and more accurate diagnostic imaging methods.
Echocardiography is the gold standard method for the assessment of the severity of
valvular heart regurgitation. Nonetheless, cardiovascular magnetic resonance (CMR) has
emerged as an additional tool for assessing mainly the severity of aortic and mitral valve
regurgitation in the setting of indeterminate findings by echocardiography. Moreover,
CMR is a valuable imaging modality to assess ventricular volume and flow, which are
useful in the calculation of regurgitant volume and regurgitant fraction of mitral valve
regurgitation, aortic valve regurgitation, tricuspid valve regurgitation, and pulmonary
valve regurgitation. Notwithstanding this, reference values and optimal thresholds to
determine the severity and prognosis of valvular heart regurgitation have been studied
lesser by CMR than by echocardiography. Hence, further larger studies are warranted to
validate the potential prognostic relevance of the severity of valvular heart regurgitation
determined by CMR. The present review describes, analyzes, and discusses the use of
CMR to determine the severity of valvular heart regurgitation in clinical practice.

Keywords: valvular regurgitation, cardiovascular magnetic resonance, echocardiography, regurgitant volume,
regurgitant fraction

INTRODUCTION

The prevalence of valvular regurgitation is increasing worldwide, especially in high-income
countries (1, 2). In the setting of either atrioventricular or ventricular–arterial valve regurgitation,
a large regurgitant volume is accommodated by chamber dilation of the ventricles to preserve
compliance and forward cardiac output. However, after some time, ventricular remodeling and
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afterload mismatch eventually progress to a stage in which
wall stress can no longer be maintained and preload reserve is
overwhelmed, leading to heart failure. Thus, patients undergo
progression from a compensated stage to subclinical ventricular
dysfunction prior to decompensation and irreversible myocardial
damage. These hemodynamic and pathological responses take
place insidiously so that patients often remain asymptomatic for
a long duration despite the occurrence of adverse ventricular
remodeling. This makes the optimal timing of intervention in the
setting of most valvular regurgitations difficult.

Current guidelines are mostly symptom-based and
recommend intervention for severe valvular regurgitation
in symptomatic patients or the presence of certain high-risk
events (3, 4). The two main objectives of clinicians are, therefore,
to accurately diagnose severe valvular regurgitation and identify
high-risk features of early adverse ventricular remodeling in
asymptomatic patients.

Echocardiography is the most practical diagnostic method
for the assessment of valvular pathology and the current first-
line imaging modality for this purpose due to the excellent
visualization of valve anatomy it affords, its availability, and
its ease of use. This cardiovascular imaging technique allows
the user to analyze valve morphology and motion and the
valvular annulus, quantify valvular regurgitation using different
methods, and assess ventricle size and function (5). The
EACVI/ASE guidelines propose a multiparametric approach
for the evaluation of valvular regurgitation severity with the
quantitative estimation of effective regurgitant orifice and
regurgitant volume, the preferred technique when available (6).
However, echocardiography assessment of valvular regurgitation
suffers from several pitfalls, including a poor acoustic window for
certain patients and specific issues concerning the vena contracta
and flow convergence methods, especially in the presence of
eccentric jets, non-circular regurgitant orifices, constrained PISA,
variable jet intensity during the cardiac cycle, and multiple
regurgitant jets (7, 8). The evaluation of regurgitation of the right
heart and particularly the pulmonary valve is even more difficult
by echocardiography.

Over the last 20–25 years, cardiovascular magnetic resonance
(CMR) has emerged not only as the gold standard method for
assessing left and right ventricular volume, mass, and function
but also as a robust and accurate tool for evaluating volumetric
quantification and accurate flow using a number of methods
independent of jet morphology. However, recent guidelines
still consider CMR as a “second tool” when echocardiographic
parameters are inconsistent due to the absence of large
prospective studies defining the clinical impact of valvular
regurgitation quantification by CMR and due to its availability,
time, and cost. It is therefore essential to define, in light of
the most recent available data, the crucial role of this modality,
which can provide, in an “all-in-one technique,” a unique
approach to study both valve lesions and their consequences
on the heart chambers and hemodynamics. In this review, we
discuss the emerging potential of CMR for the diagnosis and
prognosis of regurgitant lesions. We will detail for each type of
valvular regurgitation (mitral, aortic, tricuspid, and pulmonary)
its ability to assess regurgitation severity, the consequences for

the ventricles, and we will propose a CMR-specific cut-off to help
in the decision-making process for valve replacement/repair.

MITRAL REGURGITATION

Moderate or severe mitral regurgitation (MR) is frequent in
the general population and represents an important cause of
morbidity and mortality worldwide (9). In the United States, its
prevalence in patients ≥ 75 years has risen to > 4% (10) and
almost to 8% in the United Kingdom (11).

Cardiac imaging is critical for evaluating the cause of
MR (primary or secondary), assessing its severity and the
consequences for the LV, and defining the best surgical timing.

Cardiovascular Magnetic Resonance for
Assessing the Cause of Mitral
Regurgitation
2D Cine Imaging for Valve Morphology
Assessing the cause of MR requires visualization of the anterior
and posterior mitral valve (MV) leaflets, the mitral annulus,
the chordae, the anterolateral and posterolateromedial papillary
muscle, and left ventricular (LV) wall motion abnormalities.
Although echocardiography (transthoracic and especially 3D
transesophageal) is an excellent imaging of the MV which CMR
cannot match, CMR can help in identifying MV morphology
and MR mechanisms. With a high signal-to-noise ratio and
an excellent blood–myocardium contrast-to-noise ratio, cardiac
balanced steady-state free precession (bSSFP) imaging is the
method of choice for cine (motion) images. Retrospective cardiac
gating, corresponding to the continuous acquisition of both ECG
and image signals collected over several consecutive heartbeats
and used after image reconstruction, should be used to allow
optimized temporal and spatial resolution. In the setting of
atrial fibrillation, however, prospective gating may result in better
image quality. According to recent SCMR recommendations and
a consensus on the use of CMR in MR (12, 13), the morphology
and motion of the MV apparatus can be studied using

- A stack of contiguous thin (slice thickness between 5 and
7 mm) bSSFP cines in the short axis covering the MV.

- A stack of contiguous cines through-plane on the MV
and perpendicular to the mitral commissure to cover all
of the mitral scallop; from A1–P1 to A2–P2 and A3–
P3 (Figure 1).

- Standard long-axis cine images, including a 2-chamber
view (vertical), a 3-chamber view [left ventricular outflow
tract (LVOT)-1 view], and a 4-chamber view.

Leaflet motion abnormalities can be described as classically
defined by echocardiography (prolapse, flail) (Figure 1).
However, a flail leaflet in CMR can be masked by the
regurgitant flow. Maximum mitral leaflet thickness is measured
in diastole. Standard long-axis cine images are also informative
for visualizing and sizing the mitral annulus (14). With
CMR reference ranges, mitral annular dilatation, one of the
mechanisms in secondary MR, can be identified. The mitral
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annular diameter is measured from the anterior commissure to
the posterior commissure in the diastole (Figure 1). In primary
MR (mitral valve prolapse especially), CMR can detect mitral
annulus disjunction, a frequent component of myxomatous
mitral valve disease (15) using standard long-axis cine images.

The LVOT-1 view can be used for determining the MV leaflet
length, MV tenting, and tenting height, major determinants
of ischemic MR. However, there are no data comparing CMR
measurement of the mitral annulus or MV length to surgical
findings, and echocardiography remains the gold standard in the
perioperative assessment of primary MR.

Technical Considerations
With a slice thickness between 5 and 7 mm, imaging the
length and thickness of the mitral chordae is less accurate
than echocardiography. In addition, since CMR images
are reconstructed over several heartbeats, thin and very
mobile structures such as vegetation, cordal rupture, or
fibroelastoma are often poorly visualized when their motion
is variable in the cardiac cycle. Moreover, due to lower spatial
resolution than echocardiography (especially transesophageal
echocardiography), annular or leaflet calcifications seen

with a slightly darker-than-myocardium signal in bSSFP
sequences cannot be properly identified by CMR (16). Thus,
echocardiography (transthoracic and/or transesophageal) is
still the gold standard for the assessment of MV morphology
and MR mechanisms.

2D Cine Imaging for Regurgitant Jet Visualization
On cine images, regurgitant jets can be visualized as a signal loss
(dark/low signal) created by the turbulence of flow in the left
atrium. The jet can be difficult to be clearly identified on fixed 2D
images, especially if the direction of the jet is not linear. Moreover,
the size and length of the jet can be reduced or increased by
just changing parameters or sequences. Rapid spoiled gradient-
recalled echo sequences with longer repetition and echo times or
gradient echo (GRE) or hybrid GRE echo-planar sequences have
been proposed for higher sensitivity (13, 17). The identification
of such a flow void provides gross information about the location
and direction of the jet, which can help in determining the
etiology of the MR (for example, a central or eccentric jet,
suggesting secondary or MV prolapse, respectively) (Figure 1).
Compared to gradient-echo imaging, SSFP imaging results in

FIGURE 1 | Anterior and posterior mitral valves and their scallops (A1, A2 and A3 and P1, P2, P3) visualized in diastole using balanced steady-state free precession
(bSSFP) cine images in the plane of the mitral valve (A). Cine 4 chamber view in a patient with posterior and anterior mitral valve prolapse (red arrows) (B). Example
of mitral annular measurement from the anterior commissure to the posterior commissure (red line) in the 2-chamber view (C). A central mitral regurgitation (flow void
in the left atrium, red arrow) secondary to mitral annular dilatation visualized in the 4-chamber view (D).
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TABLE 1 | Various CMR methods used in clinical practice to quantify MR, with their advantages and limitations.

Indirect Direct

CMR method 1: Recommended 2 Not recommended

CMR sequences
required

SSFP short-axis images for LVSV Volumetric
SSFP short-axis images
for LVSV and RVSV

Long-axis cine SSFP images and phase-contrast
velocity mapping placed on the atrial side of the MV,
perpendicular to the direction of the jet

Phase-contrast velocity mapping at the sinotubular
junction for AFF
In aortic stenosis: Phase-contrast velocity mapping
of the main pulmonary artery for PFF

Formula MRvol (ml) = LVSV—AFF
RF (%) = MRvol/LVSV

MRvol = LVSV—RVSV Direct quantification of MRvol

In aortic stenosis:
MRvol = LVSV—PFF

In aortic regurgitation:
MRvol = LVSV- (AFF + ABF)

Advantages Reproducible
Independent of jet morphology
Valid for patients with multiple regurgitation

Fast and simple Valid for patients with multiple regurgitations or
intracardiac shunts

Limitations Careful basal slice selection at the LV base for
systolic volume in mitral prolapse
Careful perpendicular slice selection
Phase-offset errors
Ensure correct maximal velocity encoding

Inaccurate for patients with
multiple regurgitations and
intracardiac shunts
Careful basal slice selection
of LV and RV

High velocity jets can cause spin dephasing and
displacement artifacts
Difficult to select the plane position for patients with
eccentric jets with mobile valves
Inaccurate for patients with high heart rate variability

CMR, cardiac magnetic resonance; SSFP, steady-state free precession; LVSV, left ventricular stroke volume; RVSV, right ventricular stroke volume; AFF, aortic forward
flow; ABF, aortic backward flow; RF, regurgitant fraction; PFF, pulmonary forward flow; MRvol, mitral regurgitant volume.

significantly reduced signal voids in regurgitant jets in general
and can easily underestimate the degree of regurgitation. These
sequences are much less sensitive for identifying regurgitation
than echocardiography and do not represent a reliable method
for evaluating MR severity.

Cardiovascular Magnetic Resonance for
Quantifying Mitral Regurgitation
There are several CMR methods for evaluating MR severity; all
are independent of the characteristics of the mitral regurgitant
jet and do not require calculation using a complex equation.
These methods are less accurate in arrhythmic patients or poor
breath-holders. A free-breathing phase-contrast sequence with
an increased number of averages (≥3) can be applied in these
cases. The methods available in clinical practice are summarized
in Table 1.

Indirect Method n◦1: 2D Cine Imaging and 2D Cine
Phase-Contrast Velocity Mapping
The most widely used CMR method to quantitatively assess the
severity of MR is an indirect method combining 2D cine imaging
and phase-contrast velocity mapping to quantify the regurgitant
volume and fraction.

Mitral regurgitant volume (MRvol) is expressed as the
difference between the left ventricular stroke volume (LVSV) and
aortic forward flow (AFF), and the regurgitant fraction (RF) as
the MRvol divided by the LVSV, expressed as a percentage.

The LVSV can be obtained from multiple LV short-axis cine
bSSFP images, and the AFF from phase-contrast velocity flow in
a trough-plane acquired at the level of the sinotubular junction

or the aortic valve but not at the mid-ascending aorta due to
the risk of overestimation (18). This sequence generates two
types of images: a magnitude image showing the anatomy of
the aortic valve and a phase map encoding the velocities within
each voxel. A dedicated post-processing analyzes the blood flow
through the aortic plane generating a flow curve, which allows
the calculation of the aortic forward flow (AFF) (Figures 2, 3).
An average of two to three flow measurement acquisitions
is optimal.

Advantages
This method is highly reproducible (19, 20), independent of the
number, shape, or morphology of regurgitant jets (particularly
useful for patients with eccentric or multiple jets), and is not
affected by tricuspid or pulmonary regurgitation. In cases with
concomitant aortic regurgitation, aortic diastolic flow (aortic
backward flow: ABF), obtained directly from the diastolic flow
of the aortic phase-contrast image, must be added to the AFF in
the equation (Table 1) (17).

In cases with aortic stenosis, the through-plane flow imaging
slice is placed beyond the turbulent jet. In exceptional cases,
the pulmonary forward flow (PFF), instead of the AFF due
to non-laminar and high aortic velocity in the ascending
aorta, can be used.

Technical Considerations
Technical considerations are detailed in Table 1. Although CMR
is the gold standard for volumetric assessment, variability may
arise due to basal slice selection for LVSV measurement which
can be challenging in patients with MR due to prolapse with
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FIGURE 2 | Example of mitral regurgitation (MR) assessment using indirect method n◦1. LVOT bSSFP images show the perpendicular line above the aortic valve (red
line) indicating the slice position for phase-contrast velocity mapping (A). Assessment of left ventricular stroke volume (LVSV) from short-axis cine SSFP images (B).
Phase and magnitude images with delineation of the aorta (C) generating flow curves (D). This patient has a severe MR with a mitral regurgitant volume (MRvol) of
50 ml and a regurgitant fraction (RF) of 52%.

Barlow disease, with increased annular excursion due to mitral
annular disjunction (21). Accordingly, we suggest measuring the
LV end systolic volume at the base of the LV rather than at
the leaflets in these patients, resulting in a better assessment of
LV function and MR severity, with higher LV ejection fraction
(EF), MRvol, and RF.

The accuracy of the AFF may be compromised by potential
errors:

- Mismatch of encoding velocity: the velocity encoding value
(Venc) should be set within 25% of the true maximal
velocity in the aorta to avoid aliasing.

- Misalignment of imaging plane: to avoid inaccurate aortic
peak velocity, the imaging plane should be orthogonal to
the direction of flow.

- Phase offset errors, due to local magnetic field
inhomogeneities, can be corrected by using a background
correction.

- During analysis, noise pixels should not be included in the
contouring of the aorta.

Validation of AFF by CMR has been established
by comparison to left ventricular stroke volume with
echocardiography with good correlation (Table 2) (22, 23).
Inter- and intra-observer variability of AFF, indirectly assessed

in patients with AR by measuring RF (= ARvol/AFF, Figure 3),
is very good with an excellent correlation coefficient (0.956 and
0.998 respectively) and small standard errors of the estimate
(1.19% and 0.34% respectively) (24).

Indirect Method n◦2: Volumetric Method: 2D Cine
Imaging
An alternative and simple approach using only bSSFP sequences
in the short axis is the “volumetric method,” expressed as the
difference between LVSV and right ventricular stroke volume
(RVSV), which represents the quantity of MR in the absence of
other types of valvular regurgitation or intracardiac shunts.

Advantages
Using a single method is less prone to measurement error than
using two different techniques.

Technical Considerations
Due to the shape of the right ventricle (RV) and extensive
trabeculations, RV contouring is more prone to errors in
RVSV measurements.

Direct Method
Direct quantification of MR flow is theoretically feasible with
phase-contrast velocity mapping by directly measuring the
regurgitant flow across the MV.
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FIGURE 3 | (A) (left) Slice position for the phase-contrast velocity mapping
sequence. (B) Flow curve (mL/s) through the aorta at the level of the line on
panel (A). Aortic forward volume is calculated as the area under the curve
(AUC) of the forward flow on the flow curve (green area); aortic backward
volume is calculated as the AUC of the backward flow on the flow curve
(orange area). (C) Formula to obtain mitral and aortic regurgitant volume
(MRvol and ARvol) and regurgitant fraction (RF) are shown at the left bottom.

However, given the significant dynamic motion of the MV
during systole, high velocity, a non-circular orifice, and jet
angulation, positioning a fixed slice across the MV (without
annular valvular tracking) can be challenging and inappropriate,
especially for patients with eccentric MR, multiple jets with
different directions, and high heart-rate variability. Therefore, we
do not recommend this approach for clinical practice.

4D Flow
4D flow velocity-encoded CMR imaging is an emerging
technique that involves phase-contrast acquisition with flow
encoding in all three spatial directions and to the dimension
of time (3D + time = 4D). It allows the visualization of flow
in multiple orientations to follow the spatial motion of the
heart valves and the variable direction of the jets over time.
The use of such a retrospective tracking method in a single
volume acquisition covering the entire heart may enable direct
MR jet volume quantification, overcoming certain limitations
of 2D sequences (25). Recent reports have demonstrated its
feasibility in mild to severe MR (26). However, its accuracy
has usually been poor in comparison to 2D flow, especially
in primary MR (25). This promising technique, which is
constantly improving, is not yet commercially available for all
scanners. Its principal disadvantage is the long scanning time
(up to 10 min). Furthermore, it requires a post-processing
software. Another limitation for direct measurement of MR

severity is also the high velocity of the MR jet (> 5 m/s),
which may result in aliasing and which can be more difficult
to correct in 4D flow imaging and may require multiple
velocity encodings.

Late Gadolinium Enhancement Imaging and T1
Mapping for Additional Information
Late gadolinium enhancement (LGE) imaging, acquired after
gadolinium administration, has the unique ability to provide
tissue characterization of the myocardium by assessing and
quantifying regions of fibrosis and scars across the left atrium
(27), the LV (28), and the papillary muscle (29).

Late gadolinium enhancement sequences [pulse sequences
according to published guidelines (12)] should be performed
at least 10 min after gadolinium injection in the short axis
and the three long-axis planes (13). High-resolution dark
blood LGE CMR is required to identify small papillary muscle
enhancement (30).

In ischemic MR, the quantification of MR and myocardial
infarct size with CMR can help for risk stratification in patients
with advanced ischemic cardiomyopathy (31). In primary MR,
especially MV prolapse, a high prevalence of focal replacement
fibrosis, particularly in the segments adjacent to the posterior
papillary muscle, can be observed (29). However, the LGE
technique is not able to characterize diffuse fibrosis due
to the absence of a normal myocardium as the reference.
A recent parametric mapping technique (T1 mapping) allows for
better characterization of global myocardial tissue composition
by direct measurement of T1 relaxation times before and
after contrast administration (32) and by calculation of the
extracellular volume (ECV) (33).

In MR, little is known about diffuse interstitial fibrosis. One
recent study suggested that in primary MR, ECV increases with
MR severity, regardless of MV prolapse or the presence of
replacement fibrosis (34). Diffuse interstitial fibrosis in primary
MR may be more closely related to chronic LV volume overload
than the etiology of MR.

Assessment of MRVol by
Echocardiography and Cardiovascular
Magnetic Resonance
Quantification of MR by echocardiography is based on
2D echocardiography, color flow, and Doppler parameters.
Current echocardiographic guidelines consider severe MR as
MRvol ≥ 60 ml (or effective regurgitant orifice ≥ 40 mm2)
by the PISA method and RF ≥ 50% (35). Strikingly, the
echocardiographic cut-off of MRvol ≥ 60 ml and or RF ≥ 50%
were also considered for severe MR in the vast majority of CMR
studies and the current guidelines (35, 36) (Table 3).

TABLE 2 | Validation of forward flow in the aorta by comparison to echocardiography.

First author, year (Ref #) Number of patients Reference method Correlation coefficient

Bogren et al. (22) 24 normal patients Left stroke volume in echocardiograhpy 0.93

Van Rossum et al. (23) 17 healthy volunteers Left stroke volume in echocardiograhpy 0.76
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TABLE 3 | Cutoff of CMR parameters to define severe MR and AR according to
current American (36) and European recommendations (35).

Severe MR Severe AR

ASE recommendations (36) RF ≥ 50%
MRvol ≥ 60 ml

RF ≥ 50%
ARvol ≥ 60 ml

ESC recommendations (35) RF ≥ 50% RF ≥ 50%

CMR, cardiac magnetic resonance; MR, mitral regurgitation; AR, aortic
regurgitation; ASE, American Society of Echocardiography; ESC, European Society
of Cardiology; RF, regurgitant fraction; MRvol, mitral regurgitant volume; ARvol,
aortic regurgitant volume.

Comparison Between Echocardiographic MRvol and
Cardiovascular Magnetic Resonance MRvol
Most studies have shown only limited agreement in the
assessment of MR between CMR and echocardiography (20,
37–39). MRvol values truly differ among volumetric methods
and the PISA method. There is a consistent tendency to
obtain higher MRvol values by PISA relative to CMR (40–
42), resulting in higher MR severity assessment with a risk
of undergoing surgery without severe MR by CMR (20). The
discrepancy between these two modalities is more pronounced
in patients with late systolic or multiple jets than central
and holosystolic jet (38). Therefore, using the same thresholds
to define MR severity and the need for surgery may be
inappropriate. The present available literature indicates that
PISA MRvol thresholds and MRvol values by CMR are different
and not interchangeable. Interestingly, the MRvol was similar
using the volumetric method by 3D echocardiography and
CMR (43). Recent reports have suggested that 3D-transthoracic
echocardiography is less dependent on geometric assumptions
and allows better visualization of the vena contracta regurgitant
orifice. However, characterization of the Doppler jet is still
challenging, with additional limitations of lower spatial and
temporal resolution (36).

Cardiovascular Magnetic Resonance to Identify
Significant MR and for the Timing of Intervention
There is a paucity of data on specific CMR thresholds to define
MR severity due to the lack of large trials with a validation

cohort. Gelfand et al. (44) proposed that RF CMR cutoff value
of 42% (indirect method) for severe MR correlates well with
Doppler echocardiography. Interestingly, one study used the
multiparametric approach by Doppler echocardiography as the
reference standard and compared it to CMR RF. MR severity
graded by two experts, showed excellent agreement. The authors
observed that significant MR (moderate to severe or severe) could
be very accurately identified by CMR using a RF cutoff value of
35% (45).

Myerson et al. (46), on initially asymptomatic patients with
moderate or severe MR followed up for up to 8 years, showed that
MRvol and RF by CMR were the most discriminatory parameters
to determine the need for surgery (symptoms or other indications
for surgery), with cut-off thresholds of 55 ml for MRvol and
40% for RF, and an increasing risk with increasing values of the
parameters. The RF cutoff for severe MR in this study was very
similar to a recent study by Polte et al. (47) (RF > 41%) and
lower than echocardiographic criteria (RF≥ 50%). As the MRvol
is proportional to LV size in primary MR, for two patients with
similar CMR MRvols, the patient with a smaller LV will have
more severe MR; calculation of the RF may overcome this issue
as it normalizes the MRvol to the size of the LV.

Interestingly, integrating ECV may also provide an additional
benefit for the selection of asymptomatic patients for mitral
correction. Recently, Kikungvan et al. (48), in a prospective
observational registry of patients with at least moderate primary
MR, showed that RF and elevated ECV were independently
associated with events, with a cutoff of 40% for RF and 30% for
ECV for mitral surgery.

Another approach to evaluate the accuracy of an imaging
modality to quantify MR is to assess LV remodeling after surgery.
Some authors have found a good correlation between MRvol by
CMR and a decrease in LV volume post-MR correction (20, 40).

Main Message for the Clinician
Based on the most recent guidelines (4), echocardiography
remains the first-choice tool to grade MR based on qualitative,
semiqualitative, quantitative, and structural criteria. Current
class I surgical recommendations for severe MR are based on
symptoms or, for asymptomatic patients, on LV dilatation or

TABLE 4 | Indications, preferred methods and evidence level of CMR to determine severity of mitral, aortic, tricuspid and pulmonary regurgitation according to current
American and European guidelines (3, 4, 35, 36).

Severe MR Severe AR Severe TR Severe PR

When CMR is
indicated

Discrepancy between MR
severity on echo and
clinical findings
Inconclusive echo on MR
severity or indeterminate
MR (3, 4, 35, 36)

Discrepancy between AR severity
on echo and clinical findings
Inconclusive echo on AR severity or
indeterminate AR (3, 4, 35, 36)
Patients with bicuspid aortic valve
with unsatisfactory assessment of
aorta morphology (36)

Discrepancy between TR
severity on echo and
clinical findings
Inconclusive echo on TR
severity or indeterminate
TR (3, 4, 35, 36)
RV assessment (35)

Discrepancy between PR
severity on echo and
clinical findings
Inconclusive echo on PR
severity or indeterminate
PR (3, 35, 36)
RV assessment (35)

Preferred CMR
methods

Indirect methods (35, 36) Direct method (35, 36) Indirect methods (35, 36) Direct method (35, 36)

Class of
recommendation/
Level of evidence

I/B-NR (3) I/B-NR (3) I/B-NR (3) –

CMR, cardiac magnetic resonance; MR, mitral regurgitation; AR, aortic regurgitation; TR, tricuspid regurgitation; PR, pulmonary regurgitation; NR, not randomized.
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TABLE 5 | Relevant studies on validation of CMR parameters in MR and AR.

First author, year (Ref #) Number of
patients

Reference method Optimal CMR parameters cutoff for concordance with
echo or for severe regurgitation (sensibility/specificity)

Mitral regurgitation

Polte et al. (47) 40 Indication for surgery based on echo
recommendation

RF > 41% (96%/80%)
MRvol > 64 ml (96%/87%)

Le Goffic et al. (45) 34 TTE based on integrative approach RF > 35% (86%/100%)

Gelfand et al. (44) 83 TTE (qualitative) RF > 42% (NA)

Aortic regurgitation

Polte et al. (47) 38 Indication for surgery based on echo
recommendation

RF > 30% (87%/67%)
ARvol > 40 ml (87%/73%)

Gabriel et al. (62) 107 TTE based on ASE guidelines RF ≥ 30% (NA)

CMR, cardiac magnetic resonance; MR, mitral regurgitation; AR, aortic regurgitation; RF, regurgitant fraction; MRvol, mitral regurgitant volume; ARvol, aortic regurgitant
volume; TTE, transthoracic Echocardiography; ASE, American Society of Echocardiography; NA, not available.

dysfunction (LVESD ≥ 40 mm and/or LVEF ≤ 60%). CMR
is a “second tool,” indicated when various echocardiographic
parameters are inconsistent (Table 4). Based on the relevant
publications discussed in this review illustrating the accuracy of
CMR to assess LV volume, MR severity, and predict LV reverse
remodeling after correction (Tables 5, 6), this imaging modality
should be considered not only for patients with severe MR by
echocardiography to confirm the severity and help guide surgical
decision-making but also for patients for whom the severity of
MR is unclear by echocardiography. In light of studies discussed
above, MR is very likely to be severe if the mitral RF is ≥ 40%
of CMR, even if large trials with a validation cohort to define the
best CMR cutoff are needed.

AORTIC REGURGITATION

Aortic regurgitation (AR) is the second most frequently
occurring type of regurgitation after MR (49). As for
MR, echocardiography is the first-line modality for AR
assessment, and CMR is recommended as a complementary
technique when image quality is suboptimal or in situations
of discordance results (3, 4). However, dynamic or multiple
jets, bicuspid valve or aortic valve calcifications, a non-
hemispheric shape, or multivalvular disease are among the
echocardiographic limitations that can affect the accuracy of
AR assessment. Below, we describe how CMR can help in
defining the etiology, assessing the consequences of AR on
LV remodeling, grading AR severity, and defining the timing
for AR correction.

Cardiovascular Magnetic Resonance for
Assessing the Cause of Aortic
Regurgitation
2D Cine Imaging for LV Volume and Aortic Valve and
Root Morphology
With a high contrast between the valve leaflets and blood pool,
together with a high signal-to-noise ratio, SSFP imaging can be
used to visualize aortic valve anatomy in any plane, irrespective
of cardiac anatomy (50). A perpendicular plane through the
coronal oblique LVOT view allows the visualization of each cusp

(left, right, and non-coronary). Contiguous cine images 3 mm
above and below this slice are required (51). During diastole,
three normal leaflets form a three-pointed star “Mercedes-Benz
emblem,” but a bicuspid aortic valve can be identified (Figure 4).

Assessing the aortic diameter is crucial for determining
AR etiology and follow-up. The diameter of the ascending
aorta can be measured using non-contrast-enhanced MR
angiography (NCE-MRA) with a respiratory navigator or breath-
hold contrast-enhanced MRA (CE-MRA). Measurements are
performed at end-diastole using the internal diameter of the
aorta at the level of the sinus, the sinotubular junction, and
the level of the pulmonary trunk on the ascending aorta (52)
or at the level of maximum dilatation. Ideally, measurement
should be performed in 3D using a double oblique angulation
perpendicular to the vessel axis. Measurement in standard 2D
axial view should be avoided.

2D Cine Imaging for Regurgitant Jet Visualization
Aortic regurgitant jets can be visualized on cine images using
long-axis LVOT views (3-chamber and coronal oblique LVOT) as
a dark jet due to a signal void from turbulence back flowing into
the LVOT during diastole (Figure 4). The location and direction
of the jet can provide additional information about the AR
etiology. For example, a central jet can be more highly related to
aortic dilatation and an eccentric jet more to a cusp abnormality
(prolapse) (Figure 4). However, the appearance of the signal void
is dependent on the hemodynamics, echo time, and flip angle
(53), and does not directly reflect the aortic regurgitant volume
(ARvol); therefore, a more reliable assessment is required.

Cardiovascular Magnetic Resonance for
Quantifying Aortic Regurgitation
Various CMR methods used in clinical practice to assess AR
severity are summarized in Table 7.

Direct Method: 2D Cine Phase-Contrast Velocity
Mapping
Cardiovascular magnetic resonance has the ability to measure
flow velocity and direction over time. Unlike MR (with multiple,
turbulent, irregularly shaped jets), direct flow quantification of
AR is feasible. The most commonly used CMR method to
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TABLE 6 | Relevant studies assessing prediction of outcome of severe MR and AR assessed by CMR.

First author, year (Ref #) Number of
patients

Follow up Primary outcome Optimal CMR parameters cutoff for
primary endpoint (sensibility/specificity)

Mitral regurgitation

Cavalcante et al. (31) 578 (ischemic MR) Median at
4.9 years

All-cause mortality or heart
transplantation at 1 year

RF ≥ 35% (NA/84%)

Myerson et al. (46) 109 (organic MR) Mean
2.5 ± 1.9 years

Development of indications for
surgery

RF > 40% (76%/74%)
MR vol > 55 ml (72%/87%)

Aortic regurgitation

Faber et al. (69) 66 Median 5.1 years Prediction of valve surgery RF > 32% (NA)

Harris et al. (64) 29 Mean
4.4 ± 1.5 years

Need for valve surgery and heart
failure

RF ≥ 37% (100%/75%)
ARvol ≥ 50 ml (100%/NA)

Myerson et al. (68) 113 Mean
2.6 ± 2.1 years

Development of indications for
surgery

RF > 33% (85%/92%)

CMR, cardiac magnetic resonance; MR, mitral regurgitation; AR, aortic regurgitation; RF, regurgitant fraction; MRvol, mitral regurgitant volume; ARvol, aortic regurgitant
volume; NA, not available.

quantitatively assess the severity of AR is a direct measurement
using through-plane velocity mapping performed just above the
aortic valve (2D phase-contrast imaging: 2D-PC) in a plane
perpendicular to the direction of blood flow (21). A dedicated
post-processing analyzes the blood flow through the aortic plane
generating a flow curve, which allows calculation of the AFF,
aortic regurgitant volume (ARvol = area under the backward
flow curve during the diastolic phase of the cardiac cycle), and
RF (ARvol/AFF) (54) (Figures 3, 5).

Advantages
This method is highly reproducible and accurate, especially for
laminar regurgitant flow, with an imaging plane perpendicular
to the aorta (55). It requires only a single breath-hold, is

FIGURE 4 | Coronal oblique bSSFP sequence through the LVOT (A); red line
indicates image plane for direct visualization of the aortic cusps (B) showing a
true bicuspid aortic valve (without raphe). Eccentric aortic jet (flow void in the
left ventricle, red arrow) visualized in the coronal LVOT view (C).

valid in cases of coexisting valvular lesions, and post-processing
is rapid.

Technical Considerations
An incorrect velocity encoding setting (below the peak velocity in
the vessel) results in aliasing and an underestimated peak velocity
(56). We recommend starting with an encoding velocity slightly
below the peak velocity of AR found in echocardiography and
repeating the flow measurement with a higher encoding velocity
until it corrects the aliased data set. In the presence of associated,
aortic stenosis, the peak systolic velocity can be underestimated
due to lower temporal resolution relative to echocardiography,
leading to an underestimation of the AFF.

Additional Parameter
According to recent CMR guidelines (12), velocity-encoded
imaging in a through-plane perpendicular to the descending
aorta is recommended to explore for diastolic flow reversal,
similar to echocardiography (35). In, Bolen et al. (57) found
that HFR (≥ 10 ml/s) is highly sensitive (100%) and specific
(93%) in predicting severe AR. More recently, a study by
Kammerlander et al. showed an association between HFR and
increased cardiovascular events (58).

Indirect Method n◦1: 2D Cine Phase-Contrast
Velocity Mapping
ARvol can be measured indirectly as the difference between
the AFF and PFF in the absence of other regurgitation or
intracardiac shunts.

Advantages
This method requires only 2 single breath-holds and allows for
rapid post-processing. If there are concerns about the direct
method, this method can serve for internal validation.

Technical Considerations
This method is not valid in situations of pulmonary regurgitation
or intracardiac shunts.
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TABLE 7 | Various CMR methods used in clinical practice to quantify AR, with their advantages and limitations.

CMR method Direct recommended Indirect

1 2

Phase contrast mapping Volumetric

CMR sequences required Phase-contrast velocity mapping above the aortic
valve
Phase-contrast velocity mapping in the descending
aorta for HFR

Phase-contrast velocity mapping of
the proximal aorta and the main
pulmonary artery for AFF and PFF

SSFP short-axis images for
LVSV and RVSV

Formula Direct quantification ARvol (ml) = area under the
diastolic flow curve
RF (%) = ARvol/AFF

ARvol = AFF—PFF ARvol = LVSV—RVSV

Advantages Reproducible, particularly for laminar jets
Valid for multiple regurgitation
Fast post-processing

Rapid Rapid and simple

Limitations Less accurate for no laminar jets and in cases of
associated aortic stenosis
Careful placement 5 mm above the aortic valve
perpendicular to the jet is necessary
Phase-offset errors
Ensure correct maximal velocity encoding

Inaccurate for multiple
regurgitations
Careful perpendicular slice selection
Phase-offset errors
Ensure correct maximal velocity
encoding

Inaccurate for multiple
regurgitations
Careful basal slice selection for
LV and RV

CMR, cardiac magnetic resonance; SSFP, steady state free precession; LVSV, left ventricular stroke volume; RVSV, right ventricular stroke volume; AFF, aortic forward
flow; RF, regurgitant fraction; PFF, pulmonary forward flow; ARvol, aortic regurgitant volume; HFR, holodiastolic flow reversal.

FIGURE 5 | Example of the direct quantification of aortic regurgitation by phase-contrast imaging. Perpendicular line (red) above the aortic valve on LVOT view
indicating the slice position for phase-contrast velocity mapping (A) generating phase images (B) and flow curves images (C). The aortic regurgitant volume (ARvol)
is represented by the area under the diastolic flow curve (blue hatch lines).

Indirect Method n◦2: Volumetric Method: 2D Cine
Imaging
Similar to MR, the volumetric method can be used to quantify
ARvol using only bSSFP sequences in the short axis. ARvol is
expressed as the difference between LVSV and RVSV in the
absence of other types of valvular regurgitation (54).

Advantages
This method is simple and does not require specific acquisitions
because bSSFP cine sequences are performed during every
CMR examination.

Technical considerations are described in the MR
chapter.

4D Flow, Late Gadolinium Enhancement Imaging, and
T1 Mapping
4D flow with its ability for measuring eccentric, non-laminar flow
in any orientation in space could be in the near future appropriate
for AR quantification (59).

T1 mapping, with its potential to assess cellular and
extracellular compartments, could be of interest in AR as a
prognostic marker for clinical outcomes (60).
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FIGURE 6 | Cardiovascular magnetic resonance planes used for evaluation of
the right ventricle. Short axis view (A), 3-chamber view (B) and RVOT (C).
Example of tricuspid annular measurement in the 4-chamber view
(red line) (D).

Comparison of Cardiovascular Magnetic
Resonance and Echocardiography on
ARvol and Aortic Regurgitation Severity
Modest Correlation With Echocardiography,
Particularly for Eccentric Jets
Unlike MR, there is a paucity of large and prospective studies
comparing these two modalities. In all studies, the direct CMR
method was used and thresholds to define severe AR were the
same as those used for echocardiography: Rvol ≥ 60 ml and
RF ≥ 50% according to recommendations (35, 36, 61) (Table 3).
In most studies, the correlation between these two modalities was
modest (62–65), particularly in eccentric jets (66).

2D PISA is limited to the alignment of the flow and by
the need for computation and geometric assumptions. 3D
echocardiography, not restricted by any imaging plane, could
overcome these limitations and provide a better correlation with
CMR, especially in eccentric (67).

Cardiovascular Magnetic Resonance for Grading
Severe Aortic Regurgitation and for the Timing of
Surgery
As previously noted, ARvol and/or RF measured by CMR are
categorized based on established echocardiographic guidelines
(35), defined as:

- Mild to moderate AR: 30 mL ≤ ARvol < 45 ml,
- Moderate to severe AR: 45 mL ≤ ARvol < 60 ml,
- Severe AR: ARvol ≥ 60 ml; RF ≥ 50%

As for MR, there is a paucity of data on specific CMR
thresholds for ARvol and RF, with a lack of large trials
with a validation cohort. ARvol > 40 ml and RF ≥ 30%
have been proposed to define severe AR with CMR that
correlates best with echocardiography (47, 62) or for identifying
patients who developed symptoms or needed aortic correction

surgery (68). These CMR thresholds are much lower than
established echocardiographic guideline criteria (Rvol ≥ 60 ml
and RF≥ 50%) (35, 36) and could explain the frequent mismatch
between moderate to severe AR by 2D echocardiography and
mild to moderate AR by CMR (65).

In the absence of a reference method, it is difficult to determine
which imaging modality can better predict the need for aortic
correction, particularly for asymptomatic patients. However,
several studies have reported a better prediction with CMR (64,
65, 69).

Main Message for the Clinician
Echocardiography is the first-choice tool to grade AR based
on qualitative, semiqualitative, and quantitative criteria (4).
Current class I surgical recommendations for severe AR are
based on symptoms or for asymptomatic patients with LV
dilatation or dysfunction (LVESD ≥ 50 mm or > 25 ml/m2

or LVEF ≤ 50%). CMR is a “second tool,” indicated when
various echocardiographic parameters are inconsistent (Table 4).
Although there is a lack of large, prospective, comparative studies,
the publications discussed above show that CMR could improve
the diagnosis and surgical timing of patients with AR relative
to echocardiography (Tables 5, 6). CMR should be considered
for patients with severe AR by echocardiography to confirm the
severity and guide surgical decision-making. From a practical
point of view and in light of studies discussed above, AR is very
likely to be significant if aortic RF ≥ 30%, even if large trials to
define specific CMR thresholds are needed.

TRICUSPID REGURGITATION

Unlike MR and AR, less data are available about the prevalence
of moderate to severe tricuspid regurgitation (TR), which
is probably underestimated. In a recent study performed
in the United States (Olmsted County, Minnesota), the age
and sex-related prevalence of TR (diagnosed by Doppler
echocardiography) was 0.55%, higher among women, and
increased with age (4.4% among women aged ≥ 75 years and
3.1% among men) (70). Moderate to severe TR is associated
with adverse outcomes, independent of LVEF or pulmonary
artery pressure (71), probably due to the development of right-
heart failure.

Causes of TR can classically be divided into two types:

- Primary TR due to a primary lesion of the tricuspid valve
caused by congenital or acquired disease.

- Secondary (or functional) TR, with a structurally normal
valve, more commonly associated with left-sided heart
disease, pulmonary hypertension, RV dysfunction,
dilatation, or without a detectable cause and thus called
isolated (or idiopathic) TR, but often associated with
atrial fibrillation.

Whether isolated TR or not, understanding TR, its
consequences, and accurately assessing its severity is crucial,
particularly since the emergence of transcatheter interventions,
which have moved the tricuspid valve from the shadows into
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FIGURE 7 | Example of TR assessment using indirect method n◦1. RVOT bSSFP images showing slice position in the pulmonary artery (red line) for phase-contrast
velocity mapping to obtain pulmonary forward volume (A). Assessment of right ventricular stroke volume (RVSV) from short-axis cine SSFP images (B). Phase and
magnitude images with delineation of the pulmonary artery (C) allowing flow curves (D). This patient has a severe TR with a tricuspid regurgitant volume (TRvol) of
74 ml and a regurgitant fraction (RF) of 70%.

light. Echocardiography is the preferred and recommended
initial imaging technique to assess TR based on an integrative
approach, including qualitative and quantitative criteria. The
use of conventional quantitative parameters (vena contracta
and PISA) is based on geometrical assumptions (circular jet
and flat orifice) extrapolated from the MV (72). However, due
to the complex non-planar geometry of the tricuspid annulus,
these assumptions may not be valid for the tricuspid valve
(73). Although there are few studies that have assessed TR by
CMR, this modality has the unique advantage of non-invasively
measuring the flow through vessels and to be the reference
standard modality for RV volume and function assessment,
important parameters to take into account in TR. In particular,
CMR allows a more precise evaluation of RV volumes and
EF than the echo.

Cardiovascular Magnetic Resonance for
Assessing Tricuspid Regurgitation
2D Cine Imaging for RV Volume and Tricuspid Valve
Morphology
Due to the complex interplay between TR and the RV (TR can
cause RV dilatation and vice versa), assessing TR requires the
accurate assessment of RV structure and function. CMR is the
method of reference to assess RV volume, function, and mass,
without geometric assumptions (74).

RV structure can be studied using

- a stack of contiguous bSSFP short-axis images, the same as
those used for LV, with careful placement of the basal slice
on the myocardial side of the RV (75). In cases of complex
congenital disease, dedicated axial orientation on the RV
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(slice thickness between 5 and 6 mm without interval gaps)
is recommended (36).

- Long-axis cine images, including three specialized views for
the RV: RV out-flow tract (RVOT) and RV vertical long axis
(3-chamber) (Figure 6).

The RV regional wall-motion abnormalities can be
determined visually. Recently, feature tracking, similar to
speckle tracking in echocardiography, has emerged to more
accurately detect changes in wall motion and earlier ventricular
dysfunction, which may be an independent predictor of mortality
in severe TR (76).

Tricuspid anatomy can be assessed by short- and long-axis
views, as already described, allowing simultaneous visualization
of the three leaflets (septal, anterior, and posterior) in the short-
axis view. Leaflets can be described as prolapsed, restricted,
thickened, or with tenting (77). Tenting height and area may
be measured and considered abnormal if they are > 7 mm
(3 mm/m2) and 1.1 cm2 (> 0.5 cm2/m2), respectively (14).
However, tricuspid leaflets are thin, as well as the chordae
and papillary muscles, and can be difficult to visualize.
Therefore, echocardiography remains the cornerstone for TR
anatomy assessment.

The tricuspid annular diameter, a relevant parameter included
in the guidelines for tricuspid intervention, can be measured in
the 4-chamber view in early diastole, with the upper limits of
the normal value recently reported to be 43 mm (22 mm/m2)
(78) (Figure 6). It is important to note that for patients with
pacemakers or defibrillator leads, generated metallic artifacts
decrease the accuracy of CMR for the assessment of RV
volume structure and tricuspid anatomy, as well as for patients
with arrhythmias.

2D Cine Imaging for Regurgitant Jet Visualization
The qualitative assessment of TR can be performed using bSSPF
imaging (2 specialized long-axis and 4-chamber views). TR is
visualized as a dark jet created by flow turbulence generating
spin dephasing back flowing into the right atrium. As for
MR and AR, this is a gross assessment and is not reliable
on its own. In the presence of a turbulent jet, regurgitant
flow appears as a low signal that can mask the visualization
of the leaflets.

Cardiovascular Magnetic Resonance for
Quantifying Tricuspid Regurgitation
Quantitative assessment of TR by CMR can be performed using
two indirect and one direct method.

Indirect Method n◦1: 2D Cine Imaging and 2D Cine
Phase-Contrast Velocity Mapping
Similar to MR, the regurgitant volume of TR (TRvol) can
be measured indirectly as the difference between RVSV
and PFF (or AFF in the absence of AR) using 2D cine
(for RVSV) and retrospective acquisition with velocity-
encoded phase-contrast sequence in a through–plane on the
pulmonary valve (or the aortic valve), 5 mm above the valve
(12) (Figure 7).

This is the most widely used CMR method and is valid in
the absence of intra-ventricular shunts (79). The advantages and
technical considerations are similar to those for MR and have
already been discussed in the MR chapter.

Indirect Method n◦2: Volumetric Method: 2D Cine
Imaging
As for MR and AR, the volumetric method can be used to
quantify the TRvol, expressed as the difference between RVSV
and LVSV in the absence of other forms of valvular regurgitation.
The advantages and technical considerations are similar to
those for left-sided valvular regurgitation and have already been
discussed in the MR and AR chapter.

These two indirect methods can be performed in addition
to echocardiography to increase the confidence in the
assessment of TR severity.

Direct Method: 2D Cine Phase-Contrast Velocity
Mapping
2D PC imaging also allows the direct measurement of TR
regurgitant flow through the tricuspid valve. As for MR, this
technique is limited by significant motion and the saddle-
shape of the tricuspid annulus and is not commonly used in
clinical practice.

4D Flow
Data concerning 4D flow in TR are very scarce. One recent study
have suggested high concordance of 4D flow with standard 2D
PC (indirect method) (80).

Late Gadolinium Enhancement Imaging and T1
Mapping
Unlike LV, tissue characterization (LGE and T1 mapping)
of the RV is more complex due to the thin RV wall
(thickness 1–3 mm), which creates partial volume effects.
Transmural RV enhancement can be visualized, but non-
transmural lesions are very challenging to visualize. LGE
patterns may help to understand the underlying mechanism
of TR, as it allows to detect ischemic patterns associated
with pulmonary hypertension, or fibrosis associated with
cardiomyopathies such as arrhythmogenic right ventricular
cardiomyopathy. T1 assessment in TR has not yet been
reported.

Comparison of Cardiovascular Magnetic
Resonance and Echocardiography on
TRvol and Tricuspid Regurgitation
Severity
Calculation of TRvol by echocardiography is more challenging
than for MR and AR, and the current guidelines place CMR-
derived TRvol as an alternative (4) (Table 4). Unlike left-sided
regurgitant valvular lesions, quantitative assessment of TR by
CMR is largely unexplored, and studies comparing these two
imaging modalities are scarce (80, 81).

The largest and more recent study to compare
echocardiography (integrative approach) and CMR (2D PC
indirect method) has used the same thresholds defined in
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the ASE guidelines (36): TRvol mild: < 30 ml, moderate:
30–44 ml, and severe: ≥ 45 ml. Modest but significant
correlations were found between quantitative echocardiographic
measurements (vena contracta, effective regurgitant orifice
area, and PISA-derived TRvol) and CMR (from 0.3 to
0.49) (81).

Cardiovascular Magnetic Resonance for Grading
Severe Tricuspid Regurgitation and for the Timing of
Surgery
As for MR and AR, using echocardiographic thresholds is
inaccurate and extrapolating data from MR is too simplistic
given the differences in anatomy, regurgitant orifice and shape,
and hemodynamics between the two valves. A recent study by
Zhan et al. proposed a different approach by defining optimal
CMR thresholds for TRvol and RF for a low, intermediate,
and high risk of mortality (81). The study by Zhan et al.
has the merit of providing CMR thresholds for mortality risk,
independent of the strong confounding effect of RV dilatation
and dysfunction. Due to the lack of randomized studies using
these CMR thresholds, the benefit of TR correction (surgery
or percutaneous device) is still unknown. Current guidelines,
mostly based on expert opinion, recommend intervention
for patients with severe TR and concomitant left-sided valve
surgery (class I) (4). In the setting of severe isolated TR,
surgery is recommended for symptomatic patients without
RV dysfunction (class I) or asymptomatic patients with RV
dilatation or RV dysfunction (class IIa), without defined
thresholds. However, CMR could contribute to defining these
thresholds. Indeed, in a cohort of 76 patients undergoing
tricuspid surgery, Park et al. found that CMR-based RVEF was
an independent predictor for cardiac mortality and major post-
operative cardiac events, with a cutoff of 46% (82). A recent
observational prospective study by Rodriguez et al., on 43
patients with severe echocardiography-based TR undergoing
tricuspid annuloplasty suggested that RVEDV indexed by CMR is
the best independent predictor of overall mortality at follow-up,
with a cut-off of 104 ml/m2, associated with higher cardiovascular
mortality (83).

Aside from further pending CMR studies on specific
thresholds, those defined by Zhan et al. (81) could be used in
clinical practice and added to the established relevant value of
CMR for RV volume and function.

PULMONARY REGURGITATION

Trace to mild pulmonary regurgitation (PR) is common in the
general population, with little clinical significance. By contrast,
significant PR is uncommon and usually related to either
congenital heart disease (primary PR with abnormal leaflets)
or pulmonary hypertension [secondary PR, normal pulmonary
valve (PV) leaflets]. Echocardiography is the initial imaging
modality to assess PR. However, the position of the valve behind
the sternum, which makes visualizing the PV and RVOT difficult
and thus the derived measurement for PR quantification, does
not position echocardiography as the preferred method for PR

assessment. Since CMR can provide unrestricted image planes
for PV anatomy and RV function, it plays a crucial role in
PR assessment, especially for patients with repaired tetralogy
of Fallot (rTOF).

Cardiovascular Magnetic Resonance for
Assessing the Cause of Pulmonary
Regurgitation
2D Cine Imaging for Right Ventricle Volume and
Pulmonary Valve Morphology
The assessment of RV structure and function is essential for
determining the prognosis and planning surgical/percutaneous
intervention for patients with rTOF (84).

Contrary to echocardiography, CMR provides good
visualization of RVOT anatomy using a stack of SSFP cine
images in the short and long axes (RVOT and 3-chamber). The
anatomy of the pulmonary valve, with three semi lunar leaflets
(anterior, left and right), can be visualized in through-plane
images on the valve (Figure 8).

2D Cine Imaging for Regurgitant Jet Visualization
PR can be seen as a dark jet in cases of flow turbulence in diastole,
extending into the RVOT. However, in cases of laminar flow with
a wide jet, there is almost no turbulence, making the jet nearly
invisible. As for other forms of valvular regurgitation, it is a gross
assessment and is not alone reliable.

Cardiovascular Magnetic Resonance for
Quantifying Pulmonary Regurgitation
Direct Method: Phase-Contrast Velocity Mapping
Similar to AR, direct measurement of pulmonary backward
flow is feasible using 2D-PC with retrospective acquisition in a
through-plane acquisition on the pulmonary valve, 5 mm to 1 cm
above the level of the valve (12) (Figure 9).

This is the most widely used method and the current
reference standard technique (85). In patients with rTOF
or dilated pulmonary artery, pulmonary flow can be non-
laminar and turbulent, leading to a possible underestimation
of pulmonary regurgitant volume (PRvol). In this case, the
volumetric method or 2D-PC acquisition perpendicular to the
right and left pulmonary arteries can be performed to confirm
the findings.

Indirect Method n◦1: Volumetric Method: 2D Cine
Imaging
As for other forms of valvular regurgitation, the volumetric
method can be used to quantify PRvol by comparing
RVSV and LVSV on bSSFP short-axis cine images
(Figure 9), in the absence of other regurgitant disease or
intra-cardiac shunt.

Indirect Method n◦2: 2D Phase-Contrast Velocity
Mapping
PRvol can be measured indirectly as the difference between PFF
and AFF in the absence of tricuspid regurgitation (Figure 9).
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FIGURE 8 | The 3-chamber view (A) and the RVOT (B) allowing the visualization of the three pulmonary leaflets (anterior, left and right) (C).

Indirect Method n◦3: 2D Cine Imaging and 2D
Phase-Contrast Velocity Mapping
PRvol can be measured indirectly as the difference between RVSV
and AFF in the absence of tricuspid regurgitation.

Late Gadolinium Enhancement Imaging and T1
Mapping
The presence of focal RV and LV enhancement in patients with
rTOF is a common finding, mostly located at surgical sites of
the RVOT, the patching of the ventricular defect, and in the
inferior RV insertion (86). Such focal fibrosis can be a substrate
for arrhythmias. The RV ECV could be associated with major
adverse cardiovascular events (87). However, due to the thin walls
of the RV, the proximity to the blood pool, and epicardial fat, RV
ECV measurement is subject to potential errors.

Comparison of Cardiovascular Magnetic
Resonance and Echocardiography on
PRvol and Pulmonary Regurgitation
Severity
Most of the studies comparing echocardiography and CMR in
PR assessment have been performed on patients with rTOF, with
CMR as the gold standard (88–90).

Cardiovascular Magnetic Resonance for Grading
Severe Pulmonary Regurgitation and for the Timing
of Surgery
The CMR thresholds to define significant PR are the subject of
debate. Several published studies have classified PR as significant
if the RF ≥ 20% (91, 92) and others have used three grades
of RF: mild < 20%, moderate: 20–40%, and severe > 40%
(88, 89). Surprisingly, specific CMR PRvol thresholds have not
been yet defined, despite a study showing better identification
of severe RV dilatation using the PRvol than RF (92). Severe
PR results in significant RV dilatation and eventually RV
dysfunction, which can be irreversible, particularly for patients
with rTOF. In this population, many centers recommend early
PV intervention before symptoms or marked RV dilatation.
CMR plays a crucial role in defining the optimal timing for PR
intervention due to its ability to measure EF and RV dilatation
with high accuracy. Geva et al. proposed a surgical approach
for patients with a RF ≥ 25% and at least two of the following
parameters: indexed RV end diastolic volume ≥ 160 ml/m2,
indexed RV end systolic volume ≥ 70 ml/m2, indexed LV end
diastolic volume ≤ 65 ml/m2 and RVEF ≤ 45% (84). Since the
development of percutaneous valve procedures as an alternative
to surgery, lower thresholds may be applied, although studies are
lacking to provide guidance.
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FIGURE 9 | Cardiac magnetic resonance examination of a patient with severe pulmonary regurgitation (PR) using 3 different methods. RVOT view, showing flow void
of PR (red arrow) (A). PR quantification with the indirect method n◦1 (B): Assessment of left (LV) and right ventricular (RV) size and function by cine bSSFP; RV is
severely enlarged, with a D shape (diastolic RV overload); PR Volume is the difference between RV and LV stroke volumes (SV). PR quantification with the direct
method (C): phase contrast flow mapping showing pulmonary forward volume at 138 mL and pulmonary backward volume of 88 mL [area under the diastolic flow
curve (orange hatch lines)] corresponding to PRVol. Phase contrast flow mapping above the aortic valve, allowing aortic forward flow calculation at 46 mL. The
difference between pulmonary and aortic forward flow gives PRvol (92 mL) (D).

As for the other regurgitation, CMR is indicated in the case of
inconclusive echocardiography (Table 4); however, CMR is the
preferred method of non-invasive imaging to quantify PR, follow
patients with rTOF, and guide the surgical intervention.

CONCLUSION

Cardiovascular magnetic resonance has become a robust and
reliable imaging modality, not only for the assessment of
ventricle structure and function but also for the quantification
of valvular heart regurgitation. Using comprehensive techniques,
CMR allows an accurate measurement of valvular regurgitant

volume (Rvol) and regurgitant fraction (RF) independent of
jet morphology and direction. However, large studies are
needed to validate the severity and prognosis of valvular heart
regurgitation using CMR. Notwithstanding this, there is growing
evidence showing that CMR could be an accurate complementary
method to echocardiography for the measurement of Rvol and
RF for grading regurgitation severity, particularly for mitral
valve regurgitation (MR) and aortic valve regurgitation (AR).
Emerging techniques, such as 4D flow are promising to enhance
the accuracy of CMR for the quantification of valvular heart
regurgitation. Furthermore, due to its unique ability to assess
focal and diffuse LV fibrosis, CMR provides potential information
in the clinical evaluation of MR and AR for planning and deciding
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the timing and indication of a specific therapy or intervention.
Accordingly, taking into consideration the potential accurate
uses of CMR in the evaluation of valvular regurgitation,
this imaging modality could be useful in the assessment of
valvular heart regurgitation in the setting of unclear severity
of valvular regurgitation (potentially severe) measured by
echocardiography.

AUTHOR CONTRIBUTIONS

EV provided conception and design of the research and wrote
the manucript. EV, LI, FL, and CR provided iconography. BG,
SM, YB, and CT provided critical revision of the manuscript. All
authors contributed to manuscript revision, read and approved
the submitted version.

REFERENCES
1. Prihadi EA, van der Bijl P, Gursoy E, Abou R, Mara Vollema E, Hahn RT, et al.

Development of significant tricuspid regurgitation over time and prognostic
implications: new insights into natural history. Eur Heart J. (2018) 39:3574–81.
doi: 10.1093/eurheartj/ehy352

2. Malahfji M, Senapati A, Tayal B, Nguyen DT, Graviss EA, Nagueh SF, et al.
Myocardial scar and mortality in chronic aortic regurgitation. J Am Heart
Assoc. (2020) 9:e018731. doi: 10.1161/JAHA.120.018731

3. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, Gentile
F, et al. 2020 ACC/AHA guideline for the management of patients with
valvular heart disease: executive summary: a report of the American
college of cardiology/American heart association joint committee on
clinical practice guidelines. Circulation. (2021) 143:e35–71. doi: 10.1161/CIR.
0000000000000932

4. Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, et al.
2021 ESC/EACTS guidelines for the management of valvular heart disease. Eur
Heart J. (2021) 60:727–800. doi: 10.1093/eurheartj/ehab395

5. Grayburn PA, Thomas JD. Basic principles of the echocardiographic
evaluation of mitral regurgitation. JACC Cardiovasc Imaging. (2021) 14:843–
53. doi: 10.1016/j.jcmg.2020.06.049

6. Lancellotti P, Tribouilloy C, Hagendorff A, Popescu BA, Edvardsen T, Pierard
LA, et al. Recommendations for the echocardiographic assessment of native
valvular regurgitation: an executive summary from the European association
of cardiovascular imaging. Eur Heart J Cardiovasc Imaging. (2013) 14:611–44.
doi: 10.1093/ehjci/jet105

7. Topilsky Y, Michelena H, Bichara V, Maalouf J, Mahoney DW,
Enriquez-Sarano M. Mitral valve prolapse with mid-late systolic mitral
regurgitation: pitfalls of evaluation and clinical outcome compared
with holosystolic regurgitation. Circulation. (2012) 125:1643–51.
doi: 10.1161/CIRCULATIONAHA.111.055111

8. Liu B, Edwards NC, Pennell D, Steeds RP. The evolving role of cardiac
magnetic resonance in primary mitral regurgitation: ready for prime time?
Eur Heart J Cardiovasc Imaging. (2019) 20:123–30. doi: 10.1093/ehjci/
jey147

9. Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Bärwolf C, Levang OW,
et al. A prospective survey of patients with valvular heart disease in Europe: the
Euro heart survey on valvular heart disease. Eur Heart J. (2003) 24:1231–43.
doi: 10.1016/s0195-668x(03)00201-x

10. Dziadzko V, Clavel M-A, Dziadzko M, Medina-Inojosa JR, Michelena H,
Maalouf J, et al. Outcome and undertreatment of mitral regurgitation: a
community cohort study. Lancet. (2018) 391:960–9. doi: 10.1016/S0140-
6736(18)30473-2

11. Cahill TJ, Prothero A, Wilson J, Kennedy A, Brubert J, Masters M, et al.
Community prevalence, mechanisms and outcome of mitral or tricuspid
regurgitation. Heart. (2021) 107:1003–9. doi: 10.1136/heartjnl-2020-318482

12. Kramer CM, Barkhausen J, Bucciarelli-Ducci C, Flamm SD, Kim RJ, Nagel E.
Standardized cardiovascular magnetic resonance imaging (CMR) protocols:
2020 update. J CardiovascMagn Reson. (2020) 22:17. doi: 10.1186/s12968-020-
00607-1

13. Garg P, Swift AJ, Zhong L, Carlhäll C-J, Ebbers T, Westenberg J,
et al. Assessment of mitral valve regurgitation by cardiovascular magnetic
resonance imaging. Nat Rev Cardiol. (2020) 17:298–312. doi: 10.1038/s41569-
019-0305-z

14. Ricci F, Aung N, Gallina S, Zemrak F, Fung K, Bisaccia G, et al.
Cardiovascular magnetic resonance reference values of mitral and tricuspid
annular dimensions: the UK Biobank cohort. J Cardiovasc Magn Reson. (2020)
23:5. doi: 10.1186/s12968-020-00688-y

15. Miller MA, Dukkipati SR, Turagam M, Liao SL, Adams DH, Reddy VY.
Arrhythmic mitral valve prolapse: JACC review topic of the week. J Am Coll
Cardiol. (2018) 72:2904–14. doi: 10.1016/j.jacc.2018.09.048

16. Søgaard SB, Gustavsen P, Dalsgaard M, Vejlstrup NG, Madsen PL.
Cardiac magnetic resonance imaging with standard imaging planes for
mitral valve scallop pathology: interrater agreement and comparison with
echocardiography. Int J Cardiovasc Imaging. (2021) 37:605–11. doi: 10.1007/
s10554-020-02022-0

17. Uretsky S, Argulian E, Narula J, Wolff SD. Use of cardiac magnetic resonance
imaging in assessing mitral regurgitation: current evidence. J Am Coll Cardiol.
(2018) 71:547–63. doi: 10.1016/j.jacc.2017.12.009

18. Bertelsen L, Vejlstrup N, Andreasen L, Olesen MS, Svendsen JH. Cardiac
magnetic resonance systematically overestimates mitral regurgitations by the
indirect method. Open Heart. (2020) 7:e001323. doi: 10.1136/openhrt-2020-
001323

19. Krieger EV, Lee J, Branch KR, Hamilton-Craig C. Quantitation of mitral
regurgitation with cardiac magnetic resonance imaging: a systematic review.
Heart. (2016) 102:1864–70. doi: 10.1136/heartjnl-2015-309054

20. Uretsky S, Gillam L, Lang R, Chaudhry FA, Argulian E, Supariwala A, et al.
Discordance between echocardiography and MRI in the assessment of mitral
regurgitation severity: a prospective multicenter trial. J AmColl Cardiol. (2015)
65:1078–88. doi: 10.1016/j.jacc.2014.12.047

21. Myerson SG. CMR in evaluating valvular heart disease. JACC Cardiovasc
Imaging. (2021) 14:2020–32. doi: 10.1016/j.jcmg.2020.09.029

22. Bogren HG, Klipstein RH, Firmin DN, Mohiaddin RH, Underwood SR,
Rees RS, et al. Quantitation of antegrade and retrograde blood flow in the
human aorta by magnetic resonance velocity mapping. Am Heart J. (1989)
117:1214–22. doi: 10.1016/0002-8703(89)90399-2

23. Van Rossum AC, Sprenger M, Visser FC, Peels KH, Valk J, Roos JP. An
in vivo validation of quantitative blood flow imaging in arteries and veins using
magnetic resonance phase-shift techniques. Eur Heart J. (1991) 12:117–26.
doi: 10.1093/oxfordjournals.eurheartj.a059857

24. Honda N, Machida K, Hashimoto M, Mamiya T, Takahashi T, Kamano T,
et al. Aortic regurgitation: quantitation with MR imaging velocity mapping.
Radiology. (1993) 186:189–94. doi: 10.1148/radiology.186.1.8416562

25. Fidock B, Archer G, Barker N, Elhawaz A, Al-Mohammad A, Rothman A, et al.
Standard and emerging CMR methods for mitral regurgitation quantification.
Int J Cardiol. (2021) 331:316–21. doi: 10.1016/j.ijcard.2021.01.066

26. Blanken CPS, Westenberg JJM, Aben J-P, Bijvoet GP, Chamuleau SAJ,
Boekholdt SM, et al. Quantification of mitral valve regurgitation from 4D Flow
MRI using semiautomated flow tracking. Radiol Cardiothorac Imaging. (2020)
2:e200004. doi: 10.1148/ryct.2020200004

27. Peters DC, Wylie JV, Hauser TH, Kissinger KV, Botnar RM, Essebag V, et al.
Detection of pulmonary vein and left atrial scar after catheter ablation with
three-dimensional navigator-gated delayed enhancement MR imaging: initial
experience 1. Radiology. (2007) 243:690–5. doi: 10.1148/radiol.2433060417

28. Kim RJ, Wu E, Rafael A, Chen E-L, Parker MA, Simonetti O, et al. The
use of contrast-enhanced magnetic resonance imaging to identify reversible
myocardial dysfunction. N Engl J Med. (2000) 343:1445–53. doi: 10.1056/
NEJM200011163432003

29. Kitkungvan D, Nabi F, Kim RJ, Bonow RO, Khan MA, Xu J, et al. Myocardial
fibrosis in patients with primary mitral regurgitation with and without
prolapse. J Am Coll Cardiol. (2018) 72:823–34. doi: 10.1016/j.jacc.2018.06.048

30. Han Y, Peters DC, Salton CJ, Bzymek D, Nezafat R, Goddu B, et al.
Cardiovascular magnetic resonance characterization of mitral valve prolapse.
JACC Cardiovasc Imaging. (2008) 1:294–303. doi: 10.1016/j.jcmg.2008.01.013

31. Cavalcante JL, Kusunose K, Obuchowski NA, Jellis C, Griffin BP, Flamm
SD, et al. Prognostic impact of ischemic mitral regurgitation severity and

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 July 2022 | Volume 9 | Article 881141

https://doi.org/10.1093/eurheartj/ehy352
https://doi.org/10.1161/JAHA.120.018731
https://doi.org/10.1161/CIR.0000000000000932
https://doi.org/10.1161/CIR.0000000000000932
https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1016/j.jcmg.2020.06.049
https://doi.org/10.1093/ehjci/jet105
https://doi.org/10.1161/CIRCULATIONAHA.111.055111
https://doi.org/10.1093/ehjci/jey147
https://doi.org/10.1093/ehjci/jey147
https://doi.org/10.1016/s0195-668x(03)00201-x
https://doi.org/10.1016/S0140-6736(18)30473-2
https://doi.org/10.1016/S0140-6736(18)30473-2
https://doi.org/10.1136/heartjnl-2020-318482
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1038/s41569-019-0305-z
https://doi.org/10.1038/s41569-019-0305-z
https://doi.org/10.1186/s12968-020-00688-y
https://doi.org/10.1016/j.jacc.2018.09.048
https://doi.org/10.1007/s10554-020-02022-0
https://doi.org/10.1007/s10554-020-02022-0
https://doi.org/10.1016/j.jacc.2017.12.009
https://doi.org/10.1136/openhrt-2020-001323
https://doi.org/10.1136/openhrt-2020-001323
https://doi.org/10.1136/heartjnl-2015-309054
https://doi.org/10.1016/j.jacc.2014.12.047
https://doi.org/10.1016/j.jcmg.2020.09.029
https://doi.org/10.1016/0002-8703(89)90399-2
https://doi.org/10.1093/oxfordjournals.eurheartj.a059857
https://doi.org/10.1148/radiology.186.1.8416562
https://doi.org/10.1016/j.ijcard.2021.01.066
https://doi.org/10.1148/ryct.2020200004
https://doi.org/10.1148/radiol.2433060417
https://doi.org/10.1056/NEJM200011163432003
https://doi.org/10.1056/NEJM200011163432003
https://doi.org/10.1016/j.jacc.2018.06.048
https://doi.org/10.1016/j.jcmg.2008.01.013
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-881141 July 2, 2022 Time: 14:47 # 18

Vermes et al. Cardiovascular Magnetic Resonance in Valvular Regurgitation

myocardial infarct quantification by cardiovascular magnetic resonance. JACC
Cardiovasc Imaging. (2020) 13:1489–501. doi: 10.1016/j.jcmg.2019.11.008

32. Friedrich MG, Sechtem U, Schulz-Menger J, Holmvang G, Alakija P, Cooper
LT, et al. Cardiovascular magnetic resonance in myocarditis: a JACC white
paper. J Am Coll Cardiol. (2009) 53:1475–87. doi: 10.1016/j.jacc.2009.02.007

33. Vermes E, Pantaléon C, Auvet A, Cazeneuve N, Machet MC, Delhommais
A, et al. Cardiovascular magnetic resonance in heart transplant patients:
diagnostic value of quantitative tissue markers: T2 mapping and extracellular
volume fraction, for acute rejection diagnosis. J CardiovascMagn Reson. (2018)
20:59. doi: 10.1186/s12968-018-0480-9

34. Kitkungvan D, Yang EY, El Tallawi KC, Nagueh SF, Nabi F, Khan MA,
et al. Extracellular volume in primary mitral regurgitation. JACC Cardiovasc
Imaging. (2021) 14:1146–60. doi: 10.1016/j.jcmg.2020.10.010

35. Lancellotti P, Pibarot P, Chambers J, La Canna G, Pepi M, Dulgheru R,
et al. Multi-modality imaging assessment of native valvular regurgitation: an
EACVI and ESC council of valvular heart disease position paper. Eur Heart J
Cardiovasc Imaging. (2022) 23:e171–232. doi: 10.1093/ehjci/jeab253

36. Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Foster E, Grayburn
PA, 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. J Am Soc Echocardiogr. (2017) 30:303–71. doi: 10.1016/j.echo.2017.
01.007

37. Lopez-Mattei JC, Ibrahim H, Shaikh KA, Little SH, Shah DJ, Maragiannis D,
et al. Comparative assessment of mitral regurgitation severity by transthoracic
echocardiography and cardiac magnetic resonance using an integrative and
quantitative approach. Am J Cardiol. (2016) 117:264–70. doi: 10.1016/j.
amjcard.2015.10.045

38. Penicka M, Vecera J, Mirica DC, Kotrc M, Kockova R, Van Camp G.
Prognostic implications of magnetic resonance-derived quantification in
asymptomatic patients with organic mitral regurgitation: comparison with
doppler echocardiography-derived integrative approach. Circulation. (2018)
137:1349–60. doi: 10.1161/CIRCULATIONAHA.117.029332

39. Shanks M, Siebelink H-MJ, Delgado V, van de Veire NRL, Ng ACT,
Sieders A, et al. Quantitative assessment of mitral regurgitation: comparison
between three-dimensional transesophageal echocardiography and magnetic
resonance imaging. Circ Cardiovasc Imaging. (2010) 3:694–700. doi: 10.1161/
CIRCIMAGING.110.947176

40. Uretsky S, Shah DJ, Lasam G, Horgan S, Debs D, Wolff SD. Usefulness of mitral
regurgitant volume quantified using magnetic resonance imaging to predict
left ventricular remodeling after mitral valve “correction”. Am J Cardiol.
(2020) 125:1666–72. doi: 10.1016/j.amjcard.2020.02.045

41. Sköldborg V, Madsen PL, Dalsgaard M, Abdulla J. Quantification of mitral
valve regurgitation by 2D and 3D echocardiography compared with cardiac
magnetic resonance a systematic review and meta-analysis. Int J Cardiovasc
Imaging. (2020) 36:279–89. doi: 10.1007/s10554-019-01713-7

42. Uretsky S, Morales DCV, Aldaia L, Mediratta A, Koulogiannis K, Marcoff L,
et al. Characterization of primary mitral regurgitation with flail leaflet and/or
wall-impinging flow. J Am Coll Cardiol. (2021) 78:2537–46. doi: 10.1016/j.jacc.
2021.09.1382

43. Levy F, Marechaux S, Iacuzio L, Schouver ED, Castel AL, Toledano M, et al.
Quantitative assessment of primary mitral regurgitation using left ventricular
volumes obtained with new automated three-dimensional transthoracic
echocardiographic software: a comparison with 3-Tesla cardiac magnetic
resonance. Arch Cardiovasc Dis. (2018) 111:507–17. doi: 10.1016/j.acvd.2017.
10.008

44. Gelfand EV, Hughes S, Hauser TH, Yeon SB, Goepfert L, Kissinger KV,
et al. Severity of mitral and aortic regurgitation as assessed by cardiovascular
magnetic resonance: optimizing correlation with doppler echocardiography. J
Cardiovasc Magn Reson. (2006) 8:503–7. doi: 10.1080/10976640600604856

45. Le Goffic C, Toledano M, Ennezat P-V, Binda C, Castel A-L, Delelis F, et al.
Quantitative evaluation of mitral regurgitation secondary to mitral valve
prolapse by magnetic resonance imaging and echocardiography. Am J Cardiol.
(2015) 116:1405–10. doi: 10.1016/j.amjcard.2015.07.064

46. Myerson SG, d’Arcy J, Christiansen JP, Dobson LE, Mohiaddin R, Francis
JM, et al. Determination of clinical outcome in mitral regurgitation
with cardiovascular magnetic resonance quantification. Circulation. (2016)
133:2287–96. doi: 10.1161/CIRCULATIONAHA.115.017888

47. Polte CL, Gao SA, Johnsson ÅA, Lagerstrand KM, Bech-Hanssen O.
Characterization of chronic aortic and mitral regurgitation undergoing valve
surgery using cardiovascular magnetic resonance. Am J Cardiol. (2017)
119:2061–8. doi: 10.1016/j.amjcard.2017.03.041

48. Kitkungvan D, Yang EY, El Tallawi KC, Nagueh SF, Nabi F, Khan MA,
et al. Prognostic implications of diffuse interstitial fibrosis in asymptomatic
primary mitral regurgitation. Circulation. (2019) 140:2122–4. doi: 10.1161/
CIRCULATIONAHA.119.043250

49. Iung B, Delgado V, Rosenhek R, Price S, Prendergast B, Wendler O,
et al. Contemporary presentation and management of valvular heart
disease: the EURObservational research programme valvular heart disease II
survey. Circulation. (2019) 140:1156–69. doi: 10.1161/CIRCULATIONAHA.
119.041080

50. Gulsin GS, Singh A, McCann GP. Cardiovascular magnetic resonance in the
evaluation of heart valve disease. BMC Med Imaging. (2017) 17:67. doi: 10.
1186/s12880-017-0238-0

51. Looi J-L, Kerr AJ, Gabriel R. Morphology of congenital and acquired aortic
valve disease by cardiovascular magnetic resonance imaging. Eur J Radiol.
(2015) 84:2144–54. doi: 10.1016/j.ejrad.2015.07.022

52. Rodríguez-Palomares JF, Teixidó-Tura G, Galuppo V, Cuéllar H, Laynez A,
Gutiérrez L, et al. Multimodality assessment of ascending aortic diameters:
comparison of different measurement methods. J Am Soc Echocardiogr. (2016)
29:819–826.e4. doi: 10.1016/j.echo.2016.04.006

53. Søndergaard L, Ståhlberg F, Thomsen C. Magnetic resonance imaging of
valvular heart disease. J Magn Reson Imaging. (1999) 10:627–38. doi: 10.1002/
(sici)1522-2586(199911)10:53.0.co;2-t

54. Lee JC, Branch KR, Hamilton-Craig C, Krieger EV. Evaluation of aortic
regurgitation with cardiac magnetic resonance imaging: a systematic review.
Heart. (2018) 104:103–10. doi: 10.1136/heartjnl-2016-310819

55. Chatzimavroudis GP, Oshinski JN, Franch RH, Walker PG, Yoganathan AP,
Pettigrew RI. Evaluation of the precision of magnetic resonance phase velocity
mapping for blood flow measurements. J Cardiovasc Magn Reson. (2001)
3:11–9. doi: 10.1081/jcmr-100000142

56. De Rubeis G, Galea N, Ceravolo I, Dacquino GM, Carbone I, Catalano C,
et al. Aortic valvular imaging with cardiovascular magnetic resonance: seeking
for comprehensiveness. Br J Radiol. (2019) 92:20170868. doi: 10.1259/bjr.
20170868

57. Bolen MA, Popovic ZB, Rajiah P, Gabriel RS, Zurick AO, Lieber ML, et al.
Cardiac MR assessment of aortic regurgitation: holodiastolic flow reversal
in the descending aorta helps stratify severity. Radiology. (2011) 260:98–104.
doi: 10.1148/radiol.11102064

58. Kammerlander AA, Wiesinger M, Duca F, Aschauer S, Binder C, Zotter Tufaro
C, et al. Diagnostic and prognostic utility of cardiac magnetic resonance
imaging in aortic regurgitation. JACC Cardiovasc Imaging. (2019) 12:1474–83.
doi: 10.1016/j.jcmg.2018.08.036

59. Alvarez A, Martinez V, Pizarro G, Recio M, Cabrera JÁ. Clinical use of 4D flow
MRI for quantification of aortic regurgitation. Open Heart. (2020) 7:e001158.
doi: 10.1136/openhrt-2019-001158

60. Senapati A, Malahfji M, Debs D, Yang EY, Nguyen DT, Graviss EA,
et al. Regional replacement and diffuse interstitial fibrosis in aortic
regurgitation: prognostic implications from cardiac magnetic resonance.
JACC Cardiovasc Imaging. (2021) 14:2170–82. doi: 10.1016/j.jcmg.2021.
04.028

61. Galusko V, Thornton G, Jozsa C, Sekar B, Aktuerk D, Treibel TA, et al. Aortic
regurgitation management: a systematic review of clinical practice guidelines
and recommendations. Eur Heart J Qual Care Clin Outcomes. (2022) 8:113–26.
doi: 10.1093/ehjqcco/qcac001

62. Gabriel RS, Renapurkar R, Bolen MA, Verhaert D, Leiber M, Flamm SD, et al.
Comparison of severity of aortic regurgitation by cardiovascular magnetic
resonance versus transthoracic echocardiography. Am J Cardiol. (2011)
108:1014–20. doi: 10.1016/j.amjcard.2011.05.034

63. Kutty S, Whitehead KK, Natarajan S, Harris MA, Wernovsky G, Fogel MA.
Qualitative echocardiographic assessment of aortic valve regurgitation with
quantitative cardiac magnetic resonance: a comparative study. Pediatr Cardiol.
(2009) 30:971–7. doi: 10.1007/s00246-009-9490-6

64. Harris AW, Krieger EV, Kim M, Cawley PJ, Owens DS, Hamilton-
Craig C, et al. Cardiac magnetic resonance imaging versus transthoracic
echocardiography for prediction of outcomes in chronic aortic or mitral

Frontiers in Cardiovascular Medicine | www.frontiersin.org 18 July 2022 | Volume 9 | Article 881141

https://doi.org/10.1016/j.jcmg.2019.11.008
https://doi.org/10.1016/j.jacc.2009.02.007
https://doi.org/10.1186/s12968-018-0480-9
https://doi.org/10.1016/j.jcmg.2020.10.010
https://doi.org/10.1093/ehjci/jeab253
https://doi.org/10.1016/j.echo.2017.01.007
https://doi.org/10.1016/j.echo.2017.01.007
https://doi.org/10.1016/j.amjcard.2015.10.045
https://doi.org/10.1016/j.amjcard.2015.10.045
https://doi.org/10.1161/CIRCULATIONAHA.117.029332
https://doi.org/10.1161/CIRCIMAGING.110.947176
https://doi.org/10.1161/CIRCIMAGING.110.947176
https://doi.org/10.1016/j.amjcard.2020.02.045
https://doi.org/10.1007/s10554-019-01713-7
https://doi.org/10.1016/j.jacc.2021.09.1382
https://doi.org/10.1016/j.jacc.2021.09.1382
https://doi.org/10.1016/j.acvd.2017.10.008
https://doi.org/10.1016/j.acvd.2017.10.008
https://doi.org/10.1080/10976640600604856
https://doi.org/10.1016/j.amjcard.2015.07.064
https://doi.org/10.1161/CIRCULATIONAHA.115.017888
https://doi.org/10.1016/j.amjcard.2017.03.041
https://doi.org/10.1161/CIRCULATIONAHA.119.043250
https://doi.org/10.1161/CIRCULATIONAHA.119.043250
https://doi.org/10.1161/CIRCULATIONAHA.119.041080
https://doi.org/10.1161/CIRCULATIONAHA.119.041080
https://doi.org/10.1186/s12880-017-0238-0
https://doi.org/10.1186/s12880-017-0238-0
https://doi.org/10.1016/j.ejrad.2015.07.022
https://doi.org/10.1016/j.echo.2016.04.006
https://doi.org/10.1002/(sici)1522-2586(199911)10:53.0.co;2-t
https://doi.org/10.1002/(sici)1522-2586(199911)10:53.0.co;2-t
https://doi.org/10.1136/heartjnl-2016-310819
https://doi.org/10.1081/jcmr-100000142
https://doi.org/10.1259/bjr.20170868
https://doi.org/10.1259/bjr.20170868
https://doi.org/10.1148/radiol.11102064
https://doi.org/10.1016/j.jcmg.2018.08.036
https://doi.org/10.1136/openhrt-2019-001158
https://doi.org/10.1016/j.jcmg.2021.04.028
https://doi.org/10.1016/j.jcmg.2021.04.028
https://doi.org/10.1093/ehjqcco/qcac001
https://doi.org/10.1016/j.amjcard.2011.05.034
https://doi.org/10.1007/s00246-009-9490-6
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-881141 July 2, 2022 Time: 14:47 # 19

Vermes et al. Cardiovascular Magnetic Resonance in Valvular Regurgitation

regurgitation. Am J Cardiol. (2017) 119:1074–81. doi: 10.1016/j.amjcard.2016.
12.017

65. Neisius U, Tsao CW, Hauser TH, Patel AD, Pierce P, Ben-Assa E, et al. Aortic
regurgitation assessment by cardiovascular magnetic resonance imaging and
transthoracic echocardiography: intermodality disagreement impacting on
prediction of post-surgical left ventricular remodeling. Int J Cardiovasc
Imaging. (2020) 36:91–100. doi: 10.1007/s10554-019-01682-x

66. Pouleur A-C, le Polain de Waroux J-B, Goffinet C, Vancraeynest D, Pasquet A,
Gerber BL, et al. Accuracy of the flow convergence method for quantification
of aortic regurgitation in patients with central versus eccentric jets. Am J
Cardiol. (2008) 102:475–80. doi: 10.1016/j.amjcard.2008.04.011

67. Ewe SH, Delgado V, van der Geest R, Westenberg JJM, Haeck MLA,
Witkowski TG, et al. Accuracy of three-dimensional versus two-dimensional
echocardiography for quantification of aortic regurgitation and validation
by three-dimensional three-directional velocity-encoded magnetic resonance
imaging. Am J Cardiol. (2013) 112:560–6. doi: 10.1016/j.amjcard.2013.
04.025

68. Myerson SG, d’Arcy J, Mohiaddin R, Greenwood JP, Karamitsos TD, Francis
JM, et al. Aortic regurgitation quantification using cardiovascular magnetic
resonance: association with clinical outcome. Circulation. (2012) 126:1452–60.
doi: 10.1161/CIRCULATIONAHA.111.083600

69. Faber M, Sonne C, Rosner S, Persch H, Reinhard W, Hendrich E, et al.
Predicting the need of aortic valve surgery in patients with chronic aortic
regurgitation: a comparison between cardiovascular magnetic resonance
imaging and transthoracic echocardiography. Int J Cardiovasc Imaging. (2021)
37:2993–3001. doi: 10.1007/s10554-021-02255-7

70. Topilsky Y, Maltais S, Medina Inojosa J, Oguz D, Michelena H, Maalouf J,
et al. Burden of tricuspid regurgitation in patients diagnosed in the community
setting. JACC Cardiovasc Imaging. (2019) 12:433–42. doi: 10.1016/j.jcmg.2018.
06.014

71. Nath J, Foster E, Heidenreich PA. Impact of tricuspid regurgitation on long-
term survival. J Am Coll Cardiol. (2004) 43:405–9. doi: 10.1016/j.jacc.2003.
09.036

72. Tribouilloy CM, Enriquez-Sarano M, Bailey KR, Tajik AJ, Seward JB.
Quantification of tricuspid regurgitation by measuring the width of the vena
contracta with doppler color flow imaging: a clinical study. J Am Coll Cardiol.
(2000) 36:472–8. doi: 10.1016/s0735-1097(00)00762-2

73. Badano LP, Hahn R, Rodríguez-Zanella H, Araiza Garaygordobil D, Ochoa-
Jimenez RC, Muraru D. Morphological assessment of the tricuspid apparatus
and grading regurgitation severity in patients with functional tricuspid
regurgitation: thinking outside the box. JACC Cardiovasc Imaging. (2019)
12:652–64. doi: 10.1016/j.jcmg.2018.09.029

74. Grothues F, Moon JC, Bellenger NG, Smith GS, Klein HU, Pennell DJ.
Interstudy reproducibility of right ventricular volumes, function, and mass
with cardiovascular magnetic resonance. Am Heart J. (2004) 147:218–23. doi:
10.1016/j.ahj.2003.10.005

75. Hahn RT, Thomas JD, Khalique OK, Cavalcante JL, Praz F, Zoghbi WA.
Imaging assessment of tricuspid regurgitation severity. JACC Cardiovasc
Imaging. (2019) 12:469–90. doi: 10.1016/j.jcmg.2018.07.033

76. Romano S, Dell’atti D, Judd RM, Kim RJ, Weinsaft JW, Kim J, et al. Prognostic
value of feature-tracking right ventricular longitudinal strain in severe
functional tricuspid regurgitation: a multicenter study. JACC Cardiovasc
Imaging. (2021) 14:1561–8. doi: 10.1016/j.jcmg.2021.02.009

77. Khalique OK, Cavalcante JL, Shah D, Guta AC, Zhan Y, Piazza N, et al.
Multimodality imaging of the tricuspid valve and right heart anatomy. JACC
Cardiovasc Imaging. (2019) 12:516–31. doi: 10.1016/j.jcmg.2019.01.006

78. Zhan Y, Debs D, Khan MA, Nguyen DT, Graviss EA, Shah DJ. Normal
reference values and reproducibility of tricuspid annulus dimensions using
cardiovascular magnetic resonance. Am J Cardiol. (2019) 124:594–8. doi: 10.
1016/j.amjcard.2019.05.019

79. Zhan Y, Shah D. Assessment of the tricuspid valve using cardiovascular
magnetic resonance. Curr Opin Cardiol. (2021) 36:505–12. doi: 10.1097/HCO.
0000000000000887

80. Driessen MMP, Schings MA, Sieswerda GT, Doevendans PA, Hulzebos EH,
Post MC, et al. Tricuspid flow and regurgitation in congenital heart disease
and pulmonary hypertension: comparison of 4D flow cardiovascular magnetic
resonance and echocardiography. J Cardiovasc Magn Reson. (2018) 20:5. doi:
10.1186/s12968-017-0426-7

81. Zhan Y, Senapati A, Vejpongsa P, Xu J, Shah DJ, Nagueh SF. Comparison
of echocardiographic assessment of tricuspid regurgitation against
cardiovascular magnetic resonance. JACC Cardiovasc Imaging. (2020)
13:1461–71. doi: 10.1016/j.jcmg.2020.01.008

82. Park J-B, Kim H-K, Jung J-H, Klem I, Yoon YE, Lee S-P, et al. Prognostic
value of cardiac MR imaging for preoperative assessment of patients with
severe functional tricuspid regurgitation. Radiology. (2016) 280:723–34. doi:
10.1148/radiol.2016151556

83. Rodríguez-Palomares JF, Lozano-Torres J, Dentamaro I, Valente FX, Avilés
AS, García-Moreno LG, et al. Predictors of cardiovascular outcomes after
surgery in severe tricuspid regurgitation: clinical, imaging and hemodynamic
prospective study. Rev Esp Cardiol (Engl Ed). (2021) 74:655–63. doi: 10.1016/j.
rec.2020.09.008

84. Geva T. Indications and timing of pulmonary valve replacement after tetralogy
of fallot repair. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu. (2006)
9:11–22. doi: 10.1053/j.pcsu.2006.02.009

85. Oosterhof T, Mulder BJM, Vliegen HW, de Roos A. Cardiovascular magnetic
resonance in the follow-up of patients with corrected tetralogy of fallot: a
review. Am Heart J. (2006) 151:265–72. doi: 10.1016/j.ahj.2005.03.058

86. Babu-Narayan SV, Kilner PJ, Li W, Moon JC, Goktekin O, Davlouros PA,
et al. Ventricular fibrosis suggested by cardiovascular magnetic resonance
in adults with repaired tetralogy of fallot and its relationship to adverse
markers of clinical outcome. Circulation. (2006) 113:405–13. doi: 10.1161/
CIRCULATIONAHA.105.548727

87. Chen C-A, Dusenbery SM, Valente AM, Powell AJ, Geva T. Myocardial ECV
fraction assessed by CMR is associated with type of hemodynamic load and
arrhythmia in repaired tetralogy of fallot. JACC Cardiovasc Imaging. (2016)
9:1–10. doi: 10.1016/j.jcmg.2015.09.011

88. Puchalski MD, Askovich B, Sower CT, Williams RV, Minich LL, Tani LY.
Pulmonary regurgitation: determining severity by echocardiography and
magnetic resonance imaging. Congenit Heart Dis. (2008) 3:168–75. doi: 10.
1111/j.1747-0803.2008.00184.x

89. Mercer-Rosa L, Yang W, Kutty S, Rychik J, Fogel M, Goldmuntz E. Quantifying
pulmonary regurgitation and right ventricular function in surgically repaired
tetralogy of fallot: a comparative analysis of echocardiography and magnetic
resonance imaging. Circ Cardiovasc Imaging. (2012) 5:637–43. doi: 10.1161/
CIRCIMAGING.112.972588

90. Beurskens NEG, Gorter TM, Pieper PG, Hoendermis ES, Bartelds B, Ebels
T, et al. Diagnostic value of doppler echocardiography for identifying
hemodynamic significant pulmonary valve regurgitation in tetralogy of fallot:
comparison with cardiac MRI. Int J Cardiovasc Imaging. (2017) 33:1723–30.
doi: 10.1007/s10554-017-1165-4

91. Silversides CK, Veldtman GR, Crossin J, Merchant N, Webb GD, McCrindle
BW, et al. Pressure half-time predicts hemodynamically significant pulmonary
regurgitation in adult patients with repaired tetralogy of fallot. J Am Soc
Echocardiogr. (2003) 16:1057–62. doi: 10.1016/S0894-7317(03)00553-4

92. Wald RM, Redington AN, Pereira A, Provost YL, Paul NS, Oechslin EN, et al.
Refining the assessment of pulmonary regurgitation in adults after tetralogy
of fallot repair: should we be measuring regurgitant fraction or regurgitant
volume? Eur Heart J. (2009) 30:356–61. doi: 10.1093/eurheartj/ehn595

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Vermes, Iacuzio, Levy, Bohbot, Renard, Gerber, Maréchaux and
Tribouilloy. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 19 July 2022 | Volume 9 | Article 881141

https://doi.org/10.1016/j.amjcard.2016.12.017
https://doi.org/10.1016/j.amjcard.2016.12.017
https://doi.org/10.1007/s10554-019-01682-x
https://doi.org/10.1016/j.amjcard.2008.04.011
https://doi.org/10.1016/j.amjcard.2013.04.025
https://doi.org/10.1016/j.amjcard.2013.04.025
https://doi.org/10.1161/CIRCULATIONAHA.111.083600
https://doi.org/10.1007/s10554-021-02255-7
https://doi.org/10.1016/j.jcmg.2018.06.014
https://doi.org/10.1016/j.jcmg.2018.06.014
https://doi.org/10.1016/j.jacc.2003.09.036
https://doi.org/10.1016/j.jacc.2003.09.036
https://doi.org/10.1016/s0735-1097(00)00762-2
https://doi.org/10.1016/j.jcmg.2018.09.029
https://doi.org/10.1016/j.ahj.2003.10.005
https://doi.org/10.1016/j.ahj.2003.10.005
https://doi.org/10.1016/j.jcmg.2018.07.033
https://doi.org/10.1016/j.jcmg.2021.02.009
https://doi.org/10.1016/j.jcmg.2019.01.006
https://doi.org/10.1016/j.amjcard.2019.05.019
https://doi.org/10.1016/j.amjcard.2019.05.019
https://doi.org/10.1097/HCO.0000000000000887
https://doi.org/10.1097/HCO.0000000000000887
https://doi.org/10.1186/s12968-017-0426-7
https://doi.org/10.1186/s12968-017-0426-7
https://doi.org/10.1016/j.jcmg.2020.01.008
https://doi.org/10.1148/radiol.2016151556
https://doi.org/10.1148/radiol.2016151556
https://doi.org/10.1016/j.rec.2020.09.008
https://doi.org/10.1016/j.rec.2020.09.008
https://doi.org/10.1053/j.pcsu.2006.02.009
https://doi.org/10.1016/j.ahj.2005.03.058
https://doi.org/10.1161/CIRCULATIONAHA.105.548727
https://doi.org/10.1161/CIRCULATIONAHA.105.548727
https://doi.org/10.1016/j.jcmg.2015.09.011
https://doi.org/10.1111/j.1747-0803.2008.00184.x
https://doi.org/10.1111/j.1747-0803.2008.00184.x
https://doi.org/10.1161/CIRCIMAGING.112.972588
https://doi.org/10.1161/CIRCIMAGING.112.972588
https://doi.org/10.1007/s10554-017-1165-4
https://doi.org/10.1016/S0894-7317(03)00553-4
https://doi.org/10.1093/eurheartj/ehn595
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Role of Cardiovascular Magnetic Resonance in Native Valvular Regurgitation: A Comprehensive Review of Protocols, Grading of Severity, and Prediction of Valve Surgery
	Introduction
	Mitral Regurgitation
	Cardiovascular Magnetic Resonance for Assessing the Cause of Mitral Regurgitation
	2D Cine Imaging for Valve Morphology
	Technical Considerations

	2D Cine Imaging for Regurgitant Jet Visualization

	Cardiovascular Magnetic Resonance for Quantifying Mitral Regurgitation
	Indirect Method n1: 2D Cine Imaging and 2D Cine Phase-Contrast Velocity Mapping
	Advantages
	Technical Considerations

	Indirect Method n2: Volumetric Method: 2D Cine Imaging
	Advantages
	Technical Considerations

	Direct Method
	4D Flow
	Late Gadolinium Enhancement Imaging and T1 Mapping for Additional Information

	Assessment of MRVol by Echocardiography and Cardiovascular Magnetic Resonance
	Comparison Between Echocardiographic MRvol and Cardiovascular Magnetic Resonance MRvol
	Cardiovascular Magnetic Resonance to Identify Significant MR and for the Timing of Intervention
	Main Message for the Clinician



	Aortic Regurgitation
	Cardiovascular Magnetic Resonance for Assessing the Cause of Aortic Regurgitation
	2D Cine Imaging for LV Volume and Aortic Valve and Root Morphology
	2D Cine Imaging for Regurgitant Jet Visualization

	Cardiovascular Magnetic Resonance for Quantifying Aortic Regurgitation
	Direct Method: 2D Cine Phase-Contrast Velocity Mapping
	Advantages
	Technical Considerations
	Additional Parameter

	Indirect Method n1: 2D Cine Phase-Contrast Velocity Mapping
	Advantages
	Technical Considerations

	Indirect Method n2: Volumetric Method: 2D Cine Imaging
	Advantages

	4D Flow, Late Gadolinium Enhancement Imaging, and T1 Mapping

	Comparison of Cardiovascular Magnetic Resonance and Echocardiography on ARvol and Aortic Regurgitation Severity
	Modest Correlation With Echocardiography, Particularly for Eccentric Jets
	Cardiovascular Magnetic Resonance for Grading Severe Aortic Regurgitation and for the Timing of Surgery
	Main Message for the Clinician


	Tricuspid Regurgitation
	Cardiovascular Magnetic Resonance for Assessing Tricuspid Regurgitation
	2D Cine Imaging for RV Volume and Tricuspid Valve Morphology
	2D Cine Imaging for Regurgitant Jet Visualization

	Cardiovascular Magnetic Resonance for Quantifying Tricuspid Regurgitation
	Indirect Method n1: 2D Cine Imaging and 2D Cine Phase-Contrast Velocity Mapping
	Indirect Method n2: Volumetric Method: 2D Cine Imaging
	Direct Method: 2D Cine Phase-Contrast Velocity Mapping
	4D Flow
	Late Gadolinium Enhancement Imaging and T1 Mapping

	Comparison of Cardiovascular Magnetic Resonance and Echocardiography on TRvol and Tricuspid Regurgitation Severity
	Cardiovascular Magnetic Resonance for Grading Severe Tricuspid Regurgitation and for the Timing of Surgery


	Pulmonary Regurgitation
	Cardiovascular Magnetic Resonance for Assessing the Cause of Pulmonary Regurgitation
	2D Cine Imaging for Right Ventricle Volume and Pulmonary Valve Morphology
	2D Cine Imaging for Regurgitant Jet Visualization

	Cardiovascular Magnetic Resonance for Quantifying Pulmonary Regurgitation
	Direct Method: Phase-Contrast Velocity Mapping
	Indirect Method n1: Volumetric Method: 2D Cine Imaging
	Indirect Method n2: 2D Phase-Contrast Velocity Mapping
	Indirect Method n3: 2D Cine Imaging and 2D Phase-Contrast Velocity Mapping
	Late Gadolinium Enhancement Imaging and T1 Mapping

	Comparison of Cardiovascular Magnetic Resonance and Echocardiography on PRvol and Pulmonary Regurgitation Severity
	Cardiovascular Magnetic Resonance for Grading Severe Pulmonary Regurgitation and for the Timing of Surgery


	Conclusion
	Author Contributions
	References


