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Abstract

Purpose of Review This article will review the current techniques in cardiac magnetic resonance imaging (CMR) for diagnosing
and assessing primary valvular heart disease.

Recent Findings The recent advancements in CMR have led to an increased role of this modality for qualifying and quantifying
various native valve diseases. Phase-contrast velocity encoded imaging is a well-established technique that can be used to
quantify aortic and pulmonic flow. This technique, combined with the improved ability for CMR to obtain accurate left and
right ventricular volumetrics, has allowed for increased accuracy and reproducibility in assessing valvular dysfunction.
Advancements in CMR technology also allows for improved spatial and temporal resolution imaging of various valves and their
regurgitant or stenotic jets. Therefore, CMR can be a powerful tool in evaluation of native valvular heart disease.

Summary The role of CMR in assessing valvular heart disease is growing and being recognized in recent guidelines. CMR has
the ability to assess valve morphology along with qualifying and quantifying valvular disease. In addition, the ability to obtain
accurate volumetric measurements may improve more precise management strategies and may lead to improvements in mortality
and morbidity.

Keywords Cardiac magnetic resonance imaging - Cardiac valve disease - Mitral regurgitation - Phase-contrast imaging - Velocity
encoded imaging - Aortic regurgitation

Introduction complications related to valvular heart disease. Up to
11.7% of people 75 years or older in the USA are afflicted
by moderate to severe valvular heart disease [1]. Cardiac
magnetic resonance imaging (CMR) provides a compre-
hensive evaluation of cardiac anatomy, function, and myo-
cardial tissue characterization and is increasingly being
used to assess valvular heart disease. The utility of CMR
for the evaluation of valvular regurgitation has recently

been recognized as part of the joint American Society of

With the aging population and greater survival of patients
with heart failure, more patients are suffering from
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Echocardiography (ASE) and the Society of Cardiovascu-
lar Magnetic Resonance (SCMR) recommendations for the
noninvasive evaluation of native valvular regurgitation
[2¢¢]. In previous guidelines, CMR was only advocated in
valvular disease in situations where echocardiographic
evaluation was insufficient or inconclusive [3]. However,
with excellent spatial and temporal resolution, CMR may
provide added benefits for valvular evaluation, including
visualization of valve structure, direct measurements of
flow, assessment of ventricular volumes, and quantifica-
tion of regurgitant volumes and fractions [4]. In this article,
we will comprehensively review the use of CMR for the
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evaluation of the structure and function of native heart
valves.

MRI Techniques for Valvular Assessment
and Flow Quantification

Assessment of Valve Structure

One of the primary advantages to CMR for valvular assess-
ment is the ability to visualize the morphology and motion of
each valve from any desired image orientation. Balanced
steady-state free-precession (SSFP) sequences are “bright
blood” cine imaging techniques (Fig. 1) which offer high
signal-to-noise ratio and excellent contrast between the blood
pool and myocardium and have become widely used for the
evaluation of valvular structures in motion [4-8].

Cine imaging requires either prospective or retrospective
electrocardiographic (ECG) gated data acquisition over mul-
tiple cardiac cycles during a respiratory breath-hold [9, 10].
These images can be obtained in a series of short-axis or long-
axis slices with a spatial resolution of 1.2—1.5 mm per pixel
and a temporal resolution of 20-40 ms per cardiac phase [2¢,
11]. However, cine imaging is limited by relatively thick slices
of 5 to 8 mm, which can lead to partial volume effects and
hinders the visualization of thin structures or small vegetations
[7, 12]. Therefore, precise placement of the imaging slice per-
pendicular to the valve plane with a slice thickness of 4 to
6 mm is of critical importance to minimize partial volume
effects. Another limitation of cine SSFP imaging is sensitivity
to arrhythmias, as ECG-gating is used to combine data over
multiple successive heartbeats. There are also older sequences
that can be used to assess valve anatomy, such as “black
blood” turbo-spin-echo (TSE) techniques [5, 13]. T1-
weighted and T2-weighted TSE imaging techniques have
been used for the assessment of valvular masses or vegetations
[14-16].

Assessment of Ventricular Volumes and Function

The decision to intervene in valvular disease is determined by
both the severity of valvular heart disease, and assessment of
ventricular dimensions, ventricular volumes, and ejection
fraction. As such, quantification of LV size and volumes
should be an integral part of a comprehensive valvular assess-
ment by CMR [3]. SSFP techniques have been well validated
for the quantification of ventricular volumes, function, and
assessment of myocardial masses [17, 18]. Ventricular vol-
umes are determined from a short-axis stack of 6-8 mm thick
slices with an interslice gap of <4 mm [11]. The short-axis
stacks are analyzed using post-processing software which al-
lows the user to draw endocardial and epicardial borders of the
left ventricle and endocardial border of the right ventricle as
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seen in Fig. 1c. The software then uses the Simpson method to
calculate ventricular volumes, ejection fractions, and myocar-
dial mass. Axial stacks with a slice thickness of 4-8 mm and
interslice gap of 0 to 20% may be more accurate and repro-
ducible for the assessment of right ventricle (RV) volumes
[19,20].

Flow Visualization

Another advantage of CMR cine sequences is the ability to
visualize post stenotic and regurgitant blood flow. Qualitative
analysis is based on the visualization of flow voids, which
result from intravoxel spin dephasing due to turbulent flow
[21]. Magnetic spins, moving along the direction of a magnet-
ic gradient, acquire phase shifts depending on the velocity of
the spin. In the case of turbulent flow, there are spins with
different phase shifts leading to dephasing of the net magne-
tization and signal loss that is more easily seen in gradient
echo imaging (GRE) [5, 21]. Cine GRE is an older CMR
“bright blood” cine imaging technique which has reduced
myocardial-blood contrast, lower signal-to-noise ratio, and
longer acquisition times compared to SSFP (Fig. 1d, e) [22].
The major advantage of GRE imaging compared to SSFP for
qualitative valvular assessment is the increased spin dephasing
effect which can improve sensitivity for detecting flow abnor-
malities [23, 24]. In valvular stenosis, a vena contracta can be
measured as a high-signal central jet of laminar flow
surrounded by low signal flow voids of turbulent flow; how-
ever, this technique is not commonly used or recommended
[25]. Regurgitant jets can be visualized as dark flow voids
originating from the malfunctioning valve [26]. Semi-
quantitative assessment of regurgitation by visual assessment
of flow voids on CMR imaging has excellent correlation with
Doppler echocardiography and cardiac catheterization with >
90% sensitivity and specificity for the evaluation of aortic
valve and mitral valve regurgitation [15, 23, 27, 28]. It is
critical to examine flow voids in multiple planes as to evaluate
the extent of regurgitant or stenotic flow, as sometimes, the
eccentric jets can lead to incomplete characterization and in-
accurate semi-quantitative assessments [26, 29].

Flow Quantification

Flow quantification can be performed using specific CMR
sequences and post-processing software. Phase-contrast ve-
locity encoding is a technique that utilizes velocity-encoding
(VENC) gradients to generate a phase shift in the magnetic
resonance imaging signal, which is proportional to the veloc-
ity of the moving protons. Phase velocity images display the
velocity of spins (positive and negative) in the direction of the
applied velocity encoding gradients for each voxel. The
VENC is an operator-controlled parameter which defines the
maximum velocity that can be encoded without aliasing
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Fig. 1 a Three-chamber steady-
state free precession (SSFP) cine
imaging of a bicuspid aortic
valve. Note the bright signal
(green arrow) indicating a
turbulent jet through the stenotic
valve. b LVOT SSFP imaging for
the same stenotic bicuspid aortic
valve. Low-signal void and
dephasing is indicated by the
yellow arrow. ¢ Short-axis SSFP
cine stacks with regions of
interest drawn in the LV
endocardium, LV epicardium, and
RV endocardium. Post-processing
analysis software can allow for
calculation of ejection fraction
and volumes. d Gradient echo
(GRE) of an incompetent
quadricuspid aortic valve (blue
arrow) in the diastolic phase with
a regurgitant jet. e GRE of the
same quadricuspid valve in the
systolic phase

(similar to the aliasing velocity in pulse-wave color Doppler
echocardiography). The phase-velocity images are typically
displayed such that zero velocity is gray, and the maximum
velocities in either direction and encoded as black or white
respectively (Fig. 2) [30, 31]. These two-dimensional phase-
velocity images can have velocity encoded in the “in-plane” or
“through-plane direction.” The in-plane sequence allows for

Ventricles LV RV

Ejection Fraction 58 % 56 %

Stroke Volume 126 ml 994 ml
Ml End-Diastolic Volume Index 104 ml/m? 85.3 ml/m?
End-Systolic Volume Index 43.8 mi/m? 374 mlim?
End-Diastolic Volume 217 ml 177 ml
End-Systolic Volume 90.8 ml 776ml
Heart Rate 66 bpm 66 bpm
End-Diastolic Mass 165¢
End-Diastolic Mass Index 79 g/m?
Peak Filling Rate 463 ml/s 448 ml/s
Peak Ejection Rate 1073 mi/s 804 ml/s
8 Cardiac Output 8.3 I/min 6.6 l/min
Cardiac Output Index 4,00 l/min/m? 3.16 l/min/m?
Stroke Volume Index 60.6 mi/m? 479 miim?

Mass Phase
I Mass Index Phase

visualization of the stenotic or regurgitant jet and allow for
planning of the “through-plane” phase-contrast image to
quantify blood velocity and flow [7]. These images can be
processed using specialized software to calculate the velocity,
volume, and direction of flow, thus allowing for quantification
of stenosis or regurgitation [32]. There are some limitations to
phase-contrast velocity imaging such as a limited temporal

@ Springer



119 Page 4 of 12

Curr Cardiol Rep (2018) 20: 119

Fig. 2 a Steady-state free precession (SSFP) left ventricular outflow tract
(LVOT) cine imaging of a quadricuspid aortic valve with severe aortic
regurgitation (vellow arrow). b, ¢ “In-plane” phase-contrast velocity
encoded imaging. The in-plane image allows for perpendicular planning
(red line) to obtain through-plane images above the aortic valve leaflets. d

resolution of 20-25 ms, which is much lower than continuous
wave Doppler echocardiography (2 m). However, the tempo-
ral resolution is usually sufficient for most velocity and flow
measurements [33]. Another limitation is that the dephasing
due to turbulent motion described above results in a loss of
signal resulting from high-velocity turbulent flows. This limits
the accuracy for velocities greater than 3.5 m/s. This may be
problematic when assessing severity of aortic stenosis, or peak
mitral regurgitation velocity [34, 35, 36]. For quantification of
peak velocities, it is important to insure that the VENC direc-
tion is collinear with the direction of flow, or peak velocities
may be underestimated. An advantage of quantifying flow
with VENC imaging over Doppler-based flow measurements
is that it does not require any geometric assumptions, as the
velocity is known at each pixel location, and the number of
pixels within a region of interest (ROI) is known. As such,
CMR flow measurements have less angular dependence than
Doppler techniques for quantifying flow. One other caveat for
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Phase-contrast velocity encoded through plane images with a region of
interest drawn in the aorta. e Plotted graph of forward flow and
regurgitant flow with calculated regurgitant fraction of 52.8% and
regurgitant volume of 63.9 mL indicating severe aortic regurgitation

quantifying flow is that the slice location is fixed in space, and
the valve moves relative to the slice, meaning that the veloc-
ities are not measured at the same anatomic location through-
out the cardiac cycle. This may lead to some challenges when
directly quantifying tricuspid or mitral flow but is usually not
much of an issue for quantifying flow in the proximal aorta
and pulmonary artery. Despite these potential issues and ca-
veats, CMR flow quantification compares favorably with in-
vasive hemodynamic measurements [37, 38].

Aortic Valve
Aortic Regurgitation
CMR offers a comprehensive evaluation of the aorta, aortic

valve, and left ventricle (LV) to compliment echocardiogra-
phy in aortic regurgitation (AR) evaluation. This includes
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quantification of LV volume and function, assessment for ev-
idence of LV remodeling, assessment of aortic valve (AV)
morphology to help determine mechanism of AR, quantifica-
tion of AR by determining the aortic regurgitant volume
(RVol), and assessment of the aorta for potential aortopathy.
Recent guidelines have suggested that CMR is indicated for
AR assessment when (1) echo images are suboptimal, (2)
discordance exists between echo parameters, (3) discordance
exists between clinical assessment and severity of AR by
echocardiography, (4) patients with moderate/severe AR and
suboptimal echocardiographic assessment of LV volumes and
systolic function, and (5) patients with bicuspid aortic valves
and inadequate aorta assessment by echocardiography [2¢].

Cine Imaging for Valve Morphology and LV Volumes

SSFP and GRE cine images can be used for visual assessment
of the AV, aortic root anatomy, and quantification of AR.
CMR is the gold standard for LV chamber quantification.
Two-dimensional (2D) and three-dimensional (3D) echocar-
diography tends to underestimate LV volumes as compared to
CMR [2¢e, 39]. An LV end diastolic volume >246 mL by
CMR was shown in a multicenter observational study to pre-
dict patients that would need future AV replacement during a
mean follow-up of 2.6 years [40].

CMR Quantification of AR Severity

The preferred method to quantify AR severity by CMR is to
quantify the RVol which can be assessed even in the presence
of coexisting valvular lesions. Flow through the aortic valve
can be measured with phase-contrast velocity mapping in a
plane perpendicular to the aorta. The imaging slice should be
halfway between aortic annulus and sinotubular junction, near
the leaflet tips in the sinuses orthogonal to aortic flow in two
imaging planes [41, 42, 43]. Chatzimavroudis et al. previously
demonstrated that the ascending aorta slice location with the
most accurate measurement of AR Rvol is between the AV
annulus and coronary ostia [41]. Above this location, coronary
flow and aortic compliance negatively affects accuracy of
measurements [44]. In the absence of obvious stenosis, a max-
imum VENC of 150 or 200 cm/s is typically sufficient. If
aliasing occurs, then the VENC can be increased by 50 cm/s
until aliasing does not occur. This allows for a more accurate
assessment of peak velocity in the aorta. Some software pack-
ages determine peak velocity in one pixel in the ROI and
others take the peak velocity of the average of a few adjacent
pixels in the ROI; thus, this must be taken into consideration
when quantifying peak velocities [45]. Aortic Rvol is calcu-
lated from the area under the retrograde diastolic flow curve as
shown in Fig. 2. In the absence of pulmonic regurgitation,
aortic RVol can also be calculated by subtracting the pulmonic
forward flow, as assessed by phase-contrast velocity imaging

ofthe pulmonary artery, from the aortic forward flow [2e¢, 46].
Regurgitant fraction (RF) is calculated with the following
equation: RF = (regurgitant volume/forward volume) x
100%. Repeating the phase-contrast sequences of the aorta
multiple times allows for assessment of consistent results
and identification of artifacts or erroneous measurements,
which can occur in the presence of cardiac arrhythmias.

Gelfand et al. previously found that CMR-RF thresholds
for AR that had maximal agreement with echo were mild <
15%, moderate 16-27%, and severe >27% [47]. Myerson
et al. found that an RF threshold of > 33% and an RVol thresh-
old > 42 ml were strong predictors of patients with asymptom-
atic chronic AR who would develop indications for surgical
replacement during a mean follow-up of 2.6 years [40]. These
studies suggest that clinical trials are needed to better define
CMR-specific thresholds of RF and RVol used to define se-
vere AR by CMR, as these may be different than the values
that are measured with echocardiography [2¢¢]. As per the
2014 ACC/AHA guidelines, current values for echoc
ardiographic-defined severe AR are RF >50% and RVol >
60, which are the values commonly used today for CMR
quantification [3].

Mitral Valve
Mitral Regurgitation

Current guidelines recommend the use of CMR for assess-
ment of mitral regurgitation (MR) severity when echocardio-
graphic assessment is felt to be unsatisfactory or there is dis-
crepancy between MR severity and clinical findings. In addi-
tion, CMR can provide further information about the mecha-
nism of MR and assess cardiac remodeling and viability,
which may influence decisions regarding the appropriateness
of surgery [2¢]. Cine imaging can be performed through the
different scallops of the mitral valve (MV) leaflets to help
assess the mechanism of MR. Assessment of late gadolinium
enhancement of the inferior wall and papillary muscles can
also provide clues to the presence of ischemic MR. Secondary
MR can be identified by assessing LV functional impairment
and LV enlargement.

The jet of MR can be visualized by either SSFP or GRE
cine images; however, qualitative assessment is problematic
as the appearance of signal void on cine images may be de-
pendent on pulse sequence parameters [29]. Thus, evaluation
of regurgitant severity based on jet area or length by CMR is
not recommended. The measurement of ventricular volumes,
rather than measuring cavity diameter, is recommended as the
diameter-volume relationship is nonlinear [2¢¢]. Furthermore,
using indexed volumes allows for better assessment of ven-
tricular dilation for different body sizes. Dilation of cardiac
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chambers is a supportive sign of chronic severe valvular
regurgitation.

Primary mitral regurgitation from mitral valve prolapse
(MVP) is an excellent example where CMR can help confirm
severity of mitral regurgitation. Typically in MVP, the MR
occurs in mid-late systole when leaflet malcoaptation is
greatest, and the regurgitant jet may be eccentric.
Measurement of the estimated regurgitant orifice area
(EROA) by flow convergence methods, or assessment of the
vena contracta on color-flow images, which are measured at
the peak of MR, can overestimate the severity of mitral regur-
gitation [2¢, 48]. Thus, volumetric methods such as quantifi-
cation of Rvol by echocardiography or CMR are more accu-
rate for assessment of MR severity [48].

CMR Quantification of MR Severity

In addition to visual assessment of MR based on spin
dephasing in the left atrium, measurement of vena
contracta area or EROA from short-axis cine of phase-
contrast images or quantification of RVol and RF has been
studied. Current guidelines recommend RVol and RF as
the best method for quantification of MR severity [2ee].
Measuring mitral regurgitation with phase-contrast imag-
ing of the mitral valve is difficult due to the movement of
the mitral valve annulus during ventricular systole, and
due to the high velocity and turbulence of the regurgitant
jet [29]. Quantification of MR should be performed using
SSFP imaging to quantify LV stroke volume (SV) and
phase-contrast imaging to quantify forward flow volume
across the aortic (or pulmonic) valves to quantify MR
RVol and RF. The currently preferred method is to calcu-
late the total LV SV and subtract this from the aortic
forward flow volume as shown in Fig. 3 [49e]. Phase
velocity imaging has been shown to precisely quantify
blood flow in the absence of significant aortic regurgita-
tion or cardiac shunts [44]. This technique is reproducible,
correlates well with invasive angiography, and can quan-
tify MR in patients irrespective of regurgitant jet morphol-
ogy (i.e., multiple and eccentric jets) [49ee, 50].
Alternative techniques include using pulmonic artery flow
in place of aortic flow, or calculating the difference in LV
and RV SV quantified by SSFP imaging, or by measuring
the difference between mitral inflow SV and aortic SV by
phase-contrast images. RF can be calculated by dividing
RVol by LV SV in the volume in the first two methods
and by mitral inflow SV for the third method [2e°].
Similar to echocardiography, quantification of RF by CMR
can be influenced by technical factors (artifacts) and physio-
logic factors such as blood pressure and heart rate.[2¢¢]. Peak
velocities can also be underestimated by limited temporal res-
olution or if imaging slice is not oriented perpendicular to flow
of blood [29]. CMR studies ordered for a primary indication
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of MR quantification should include quantification of RV and
LV volumes as well as aortic and pulmonary flow to provide
an internal quality check and detect possible errors in acquisi-
tion or analysis. Internal quality validation should be
employed such as calculating the difference between LV SV
and aortic total forward flow and the difference between LV
SV (or RV SV) and pulmonary artery total forward flow as
these values should be similar in isolated MR. Also, similar to
AR quantification as above, multiple phase-contrast velocity
sequences of the aorta and pulmonary artery should be obtain-
ed for internal quality validation [49e¢].

Currently, there are no CMR-specific RVol/RF thresholds
for MR severity but guidelines suggest using the same as those
established for echocardiography: mild <30 mL, moderate
30-59 mL, and severe > 60 mL [2¢¢]. Gelfand et al. previously
found that CMR-RF thresholds for MR with maximal agree-
ment with echo were mild <15%, moderate 16-24%,
moderate-severe 25-42%, severe >42% [47]. More recently,
Myerson et al. showed that a Rvol threshold of > 55 mL and
RF >40% accurately identified patients who progressed to
symptomatic MR or other indications for mitral valve surgery
[51]. These studies suggest that CMR-specific thresholds need
to be better defined. Furthermore, randomized controlled trials
using echo and CMR parameters to grade severity of MR and
predict benefit of mitral valve surgery are warranted. The util-
ity of fibrosis measurement by late gadolinium enhancement
and T1 mapping in determining surgical intervention also
need to be better studied.

Comparison of CMR and TTE Assessment of MR

Echocardiography uses several semi-quantitative and quanti-
tative parameters to assess MR, and standard cutoffs for de-
gree of severity were based primarily on comparison to left
ventriculography and retrospective studies [49ee, 52].

Comparing severity of MR by CMR and echocardiogram
has had modest concordance for qualitative and quantitate
evaluation of MR severity; however, CMR has consistently
showed higher reproducibility [42, 53, 54]. The low agree-
ment (26 to 66%) [49+¢] in patients diagnosed with severe
MR is concerning, since these patients are often referred for
surgery. Cawley et al. demonstrated that in patients with either
chronic AR or MR with no more than mild regurgitation of a
second valve, quantification of RVol by CMR has lower intra-
observer and inter-observer variability as compared to TTE.
This was true for a variety of TEE measurements including
transvalvular antegrade stroke volumes at the LV outflow tract
and mitral annulus, and the proximal isovelocity hemispheric
surface area (PISA) method [42].

In a small prospective multicenter trial, severe MR deter-
mined by CMR had a better correlation with improved post-
surgical LV remodeling (= 0.85) as compared to echocar-
diography (= 0.32). Rvol quantified by echocardiography
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Fig. 3 Four-chamber steady-state free precession (SSFP) cine image
showing mitral regurgitation (red arrow) (a). Quantification was
performed using volumetric analysis by obtaining short axis cine stacks
(b) to obtain a stroke volume (c¢). Velocity encoded imaging of the aorta
(d) above the level of the valve is obtained for forward-flow volume

using the 2D PISA method were consistently higher than
those quantified using CMR [54]. Of patients determined
to have severe MR by TTE, only 22% had severe MR by
CMR. Another study used volumetric pulsed Doppler flow
quantification and found a modest correlation between RVol
and RF determined using echo and CMR without consistent
overestimation by either method [53]. Higher prevalence of
discrepancy was seen in functional MR. A recent paper
assessed chronic moderate and severe organic MR defined
by echo and found discordant severity in 24% of the pa-
tients; however, the majority occurred in cases of late sys-
tolic or multiple jets. There was good agreement in cases
with holosystolic, central, and single jet characteristics
present (K statistic =0.90; 95% CI, 0.92-0.9) [55¢]. This
study also found that a lower Rvol cut-off (=50 mL) by
CMR was more sensitive than the traditional 60 mL used
in guidelines and had a higher predictive accuracy for severe
MR than echo-derived RV [2e¢, 55¢]. The majority of pa-
tients that had a poor clinical outcome with a Rvol between
45 and 60 mL had a dilated LV (end-systolic volume index
> 35 mL/m?) suggesting that combining Rvol and LV vol-
umes can enhance specificity when using a lower cut off for
Rvol.

3D echocardiography (3DE) MR assessment could have
potential advantages for quantifying MR due to fewer geomet-
ric assumptions; however, 3DE PISA-derived Rvol has shown
mixed results in terms of correlations with CMR [56, 57].

Measurement

Mitral Regurgitation Volume = Stroke Volume - Forward Flow Volume

Mitral Regurgitant Fraction=100x Mitral RegurgitationVolume
Stroke Volume

measurement (e). The regurgitant fraction can be obtained with a simple
mathematical formula using the stroke volume and the forward flow
volume (f). In this case, the regurgitant fraction of 62% indicates severe
mitral regurgitation

Right-Sided Valve Assessment
Pulmonary Valve

CMR has distinct advantages over echocardiography for the
evaluation of the right-sided valves. In particular, the pulmon-
ic valve, which is not visualized well on either transthoracic or
transesophageal echocardiography, can clearly be visualized
in both en-face and right ventricular outflow tract (RVOT)
views on CMR. It is also advantageous to use CMR for
right-sided valve evaluation in congenital disease where dis-
tortion of the anatomy or other associated cardiac defects can
be missed with echocardiography [58]. Furthermore, RV vol-
umetric assessment using either SSFP short axis or axial
stacked imaging can provide more accurate assessment as
compared to 2D or 3D echo [19, 59]. Therefore, CMR is
largely considered the “gold standard” for evaluation of the
pulmonary valve and RVOT and for the assessment of RV
volumes and function [7].

Multiple views beyond the standard views may be needed
to visualize the pulmonary valve leaflets. Flow jets can be
visualized on SSFP or GRE RVOT cine views allowing for
qualitative assessment of regurgitation or stenosis as demon-
strated in Fig. 4. Using the RVOT cine view, a perpendicular
slice through the pulmonic valve tips can be defined and used
for pulmonic valve orifice planimetry, which is the preferred
method for pulmonic valve area calculation. In addition, along
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Fig. 4 a Steady-state free precession (SSFP) right ventricular outflow
tract (RVOT) cine image showing severe pulmonic regurgitation. The
regurgitation is so severe that there is no turbulent flow to cause
dephasing and a low signal flow void. A through-plane phase-contrast
velocity-encoded image (VENC) can be obtained at the cross-sectional

with standard 2-chamber, 3-chamber, and 4-chamber cine im-
aging, RV inflow view should be performed to assess for sec-
ondary tricuspid regurgitation and for qualitative assessment
of RV size. RV volumes and RVEF should also be routinely
assessed in pulmonic valve disease. Other techniques such as
non-contrast “dark blood” TSE imaging may be useful for
improved anatomic visualization of the outflow tract. ECG-
gated contrast-enhanced magnetic resonance angiography can
delineate the valve leaflets and the pulmonary arteries [60].
Qualitative assessment of pulmonic stenosis (PS) can be
performed with “through-plane” phase-contrast imaging at
the level of maximal stenosis at valvular, supravalvular, or
subvalvular positions. Using post-processing software, a peak
velocity can be obtained through the stenotic region.
Pulmonic regurgitation (PR) can be quantified by assessing
the regurgitant fraction using a through-plane phase-contrast
image acquired at the level of the pulmonary artery just above
the pulmonic valve. This method has been validated against
echocardiographic measurements and stroke volume compar-
isons between the right and left ventricle in patients with
Tetralogy of Fallot (TOF) [61, 62]. Currently, a regurgitant
fraction of >40% is considered severe [7, 62]. CMR is now
being widely used in patients with pulmonic regurgitation
after TOF repair to determine optimal timing of surgery [63,
64]. Specifically for TOF repair, CMR-derived RV end
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Time (ms)

plane (red line) of the pulmonary artery (green arrow). b Through-plane
VENC image with a region of interest drawn in the pulmonary artery. ¢
Graphic plot of forward and regurgitant flow through the pulmonary
artery showing a regurgitant fraction of 42.5% indicating severe
pulmonic regurgitation

systolic and diastolic volume index prior to pulmonic valve
replacement (PVR) best predict improvement in post-PVR
RV volumes regardless of the severity of PR [65, 66]. There
are certain limitations in the assessment of PS and PR. In the
case of pulmonic stenosis, high peak velocities can be difficult
to measure due to the limitations of phase-contrast imaging of
high-velocity turbulent jets. PR jets may be difficult to identify
on SSFP images, as they tend to have less turbulence and may
not produce a significant flow voids [7].

Tricuspid Valve

CMR poses similar advantages and disadvantages for evalua-
tion of the tricuspid valve as described above for evaluation of
mitral regurgitation. When evaluating the tricuspid valve, RV
volumes and function should be assessed as described above
for evaluation of the pulmonic valve. The tricuspid valve can
be seen on cine imaging of the RV inflow, short axis at the
aortic valve level, and 4-chamber views. Qualitative assess-
ment is similar to echocardiography. Dephasing allows for
visualization of a vena contracta and >7 mm infers severe
regurgitation [2e¢¢, 67]. The vena-contracta can also be mea-
sured by planimetry at the level of the tricuspid valve tips [2¢e,
67]. Quantification of flow across the tricuspid valve by phase
velocity imaging is difficult due to the transannular motion of
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the valve [67]. Indirect quantification of Rvol can be obtained
by subtracting forward pulmonary artery flow from RV stroke
volume [68]. However, this method is limited in the setting of
concomitant pulmonic disease and therefore only qualitative
assessment can usually be performed in those situations.
Tricuspid stenosis is a rare disease, and CMR use in that set-
ting has not been well studied.

Future Directions

CMR research in valvular heart disease is focused on a num-
ber of areas such as free breathing sequences [69], fibrosis
evaluation [70, 71], CMR-derived right ventricular strain eval-
uation [72], and microvascular disease assessment [73]. These
advances in CMR technology will provide new information
for assessing the heart in patients with valvular heart disease,
which may yield new diagnostic and prognostic information.
In addition, there has been a significant focus on improving
flow visualization and quantification. Current, phase-contrast
techniques typically use 2D slices with assessment of flow in a
single direction. In the 1990s, 3D phase-contrast techniques
were developed which could provide time-resolved velocity
data in three dimensions with volumetric coverage of the en-
tire heart but were limited by long acquisition times [74, 75].
With improvements in image reconstruction techniques, tem-
porally resolved 3D phase velocity imaging with encoding in
multiple directions, which is known as 4D flow imaging, is
becoming clinically feasible. Blood motion can be tracked in
the 3D images to derive volumetric streamline images which
can provide new insights into the visualization of stenotic or
regurgitant jets [ 76, 77]. This is particularly useful in the iden-
tification and qualitative assessment in the case of eccentric
regurgitant jets or difficult-to-visualize flows. With the use of
post-processing software, quantification of flow from 4D flow
data can be performed in regurgitant valves and major vessels
[78-80]. Therefore, 4D flow may be of significant use in the
setting of stenosis or complex flow patterns as compared to
2D-derived phase-contrast imaging [80].

Conclusion

While in the past the role of CMR was isolated to situations
where echocardiographic assessment was inadequate, CMR is
playing an increasingly important role in the assessment of
valvular heart disease. The high spatial resolution and ability
to image the valves from multiple slice orientations enables a
comprehensive visual analysis of valvular morphology and
function. CMR cine imaging remains the gold standard for
measuring left and right ventricular volumes and function
providing essential information regarding ventricular remod-
eling in response to valvular heart disease. Phase-contrast

velocity imaging provides the ability to quantify peak veloc-
ities and flow across the aortic and pulmonic valves. The
combination of volumetrics from cine imaging and flow quan-
tified from phase-contrast velocity imaging provides an accu-
rate and reproducible assessment of aortic and mitral regurgi-
tation providing important diagnostic and prognostic informa-
tion. This has been highlighted in the comprehensive guide-
lines published by the American Society of
Echocardiography. New techniques such as 4D-Flow promise
to provide new insights into valvular heart disease, and tech-
niques such as T1 mapping and LGE imaging can provide
unique information regarding ventricular remodeling. CMR
provides complementary information to echocardiography
and is increasingly becoming an essential modality that can
reproducibly quantify the severity of valvular heart disease.
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