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General Overview

Cardiovascular magnetic resonance (CMR) has unique capa-
bilities which can greatly benefit the assessment of the
patient with cardiac valve disease [1]. In the last 20 years,
CMR has emerged as an alternative to noninvasive modality
without ionizing radiation that is applicable in patients with
valvular heart disease. Echocardiography remains the stan-
dard tool for the initial assessment of valvular pathology;
however, it may be inconclusive in some patients at which
time CMR might accurately answer the clinical question.
CMR provides images of valve anatomy and allows qualita-
tive and quantitative evaluation of stenosis and regurgitation.
CMR can also confidently discern the consequences of par-
ticular valvular lesions, including the effects of ventricular
volume or pressure overload and alternations in systolic
function [2]. Furthermore, CMR is able to evaluate great ves-
sel anatomy and the presence of the myocardial scar which
can be of prognostic significance. Therefore, CMR’s versa-
tility in assessment of valvular heart disease can significantly
guide the clinician and advance patient’s care.

Valvular Anatomy

Although 2D echocardiography remains the primary imag-
ing modality for visualization of valvular anatomy, the CMR
also has potential to visualize all parts of the valve (leaflets,
chordae tendineae, and papillary muscles) throughout the
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entire cardiac cycle [2]. An important advantage of CMR is
its ability to provide unlimited imaging planes tailored to
individual anatomy [2, 3]. The most frequently used CMR
pulse sequence to assess valve anatomy is steady-state free-
precession (SSFP) sequence which is the workhorse of the
CMR imaging. This sequence has excellent blood to myocar-
dium contrast and a high intrinsic signal to noise ratio and
has largely replaced gradient echo as the preferred pulse
sequence for cine imaging of valve anatomy, although gradi-
ent-echo sequences also can be used to assess for valvular
pathology when there is significant off resonance artifact.

The typical CMR study for evaluation of a valvular lesion
involves performing a complete set of sequential short-axis
(every 10 mm from base to apex) and long-axis (two-,
three-, four-chamber views) cine images using the SSFP
sequence depending on the valve of interest [4] (Fig. 18.1).
To produce SSFP cine image throughout the systole and
diastole, image acquisition is gated to ECG and occurs over
several cardiac cycles and is obtained in a single breath-hold
(over 6-12 s). The typical spatial resolution is 1.5-2.0 per
pixel with 6 mm slice thickness, and using the ultrafast
pulse sequence, temporal resolution of 25-35 ms (frame
rates of 30-40 cm/s) can be achieved within 5-6 second
breath-hold [4]. Spoiled gradient-echo sequences remain
useful on occasions for visualizing the extent of flow distur-
bance in selected cases [1].

In addition to valvular anatomy such as evaluation of con-
genital abnormalities (bicuspid aortic valve, parachute mitral
valve, aberrant papillary muscles, and chordal attachments),
CMR can provide visualization of a cardiac valvular masses
such as vegetations, thrombi, or tumors [2]. Non-cine pulse
sequences, T1 weighted and T2 weighted based on gradient
recalled echo or turbo spin-echo techniques with or without
fat suppression, and segment recovery gradient may aid in
tissue characterization of the masses as well as can be benefi-
cial in assessment of extra-cardiac anatomy and thoracic vas-
culature [2, 5].

323

R.Y. Kwong et al. (eds.), Cardiovascular Magnetic Resonance Imaging, Contemporary Cardiology,

https://doi.org/10.1007/978-1-4939-8841-9_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8841-9_18&domain=pdf
https://doi.org/10.1007/978-1-4939-8841-9_18
mailto:rykwong@bwh.harvard.edu

324

P.Z.Galazka and R. Y. Kwong

Flow and Velocity Quantification

The unique advantage of CMR is its direct ability to quantify
flow using through-plane phase-contrast velocity mapping.
In contrast to echocardiography or invasive catheterization
techniques, flow quantification with CMR does not rely on
geometric and mathematical assumptions [6]. For phase con-
trast, two opposing gradient pulses known as velocity encod-
ing are added to the imaging sequence of pulses. In pixels
containing static tissue, the effects of the two pulses cancel,
but if the tissue moves in the time between the pulses, they
leave a phase shift in that pixel accurately proportional to the
velocity along the gradient’s direction [7]. This net-phase
shift can be displayed as a phase map with differences in
signal intensity representing different velocities. Pixels
depicting flow in the phase-encoding direction appear bright
and opposite to phase-encoding direction appear dark.
Objects with a phase-shift zero appear gray or speckled [2]
(Fig. 18.2).

Fig. 18.1 SSFP cine image
of two-chamber image allows
for excellent visualization of
anterior mitral valve prolapse
(arrow) (left) and an axial
SSFP short-axis image of the
mitral valve in diastole (right)

Fig. 18.2 Example of
ECG-gated cine phase-
contrast mangintude (right)
and phase (left) images during
systole at the normal
functioning pulmonic valve
level

These images can be further enhanced with color-coding
of the anterograde (red) and retrograde (blue) dynamic flow
(Fig. 18.3).

Velocity mapping requires that the appropriate maximum
encoding velocity (VENC) is programmed into the pulse
sequence [2]. The VENC refers to the velocity that is encoded
as the phase shift of 180 degrees and thus represents the
maximum velocity that is displayed unambiguously on the
velocity maps [5]. If the velocity phase shift exceeds 180
degrees range, it cannot be distinguished from one within +
180 degree range, which is displayed instead known as
velocity aliasing (wrap-around) [7]. The closer the pro-
grammed maximum velocity is to the maximum velocity
present, the greater the sensitivity and accuracy of this tech-
nique to detect lower velocities within the region of interest
[2]. As a compromise between high sensitivity and avoiding
aliasing artifacts, it is recommended that the predicted peak
velocity should cover approximately two-thirds of the inter-
val set by the VENC [8]. Typical VENC'’s for normal aortic
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Fig. 18.3 Example of phase-contrast image at the level of pulmonary artery (left) and color-coded image (right) showing forward flow in the

pulmonary artery and antegrade flow in the descending thoracic aorta

flow are in the region of 150 cm/sec increasing to 400 cm/sec
or more for aortic stenosis [9]. The velocity mapping pro-
duces two sets of images: magnitude image and phase-veloc-
ity maps. The magnitude image is used for anatomic
orientation of the imaging slice and to identify the boundar-
ies of the vessel imaged [2]. The phase map encodes the
velocities within each pixel. The uncontrolled phase errors
must be removed to detect only the velocity-phase shift, so
two scans typically “reference” and “velocity encoded” usu-
ally are acquired together. Subtracting the reference phase
image from the velocity-encoded phase image makes the
phase-contrast velocity map [7] (Fig. 18.4).

For “through-plane” velocity mapping, used for flow
quantification, the operator should prescribe the image plane
perpendicular to the direction of blood flow. Velocities can
also be measured “in-plane” phase-contrast sequences,
which measure velocities within the plane of the slice [6].
Ideally the in-plane sequences allow a long-axis visualiza-
tion of the transvalvular jet and should be acquired before
through-plane velocity mapping as they can demonstrate the
origin and direction of the jet. This can be useful when plan-
ning subsequent perpendicular or through-plane slice [6].
The in-plane velocities are generally less accurate for mea-
suring peak velocities especially in a stenotic valve due to
partial volume effects, relatively low temporal resolution as
compared to echocardiography, signal loss due to turbulence,
and phase-shift errors [6]. The through-plane velocity map-
ping is a method of choice for assessing high-velocity jets.
We in general obtain a stack of 3—5 parallel slices to ensure
the data acquisition closest to the stenotic orifice, where
maximum jet can be accurately assessed (Fig. 18.5).

Assessment of Ventricular Volumes, Function
and Mass

Precise measurement of both left and right ventricular vol-
umes, function and mass is very important for determining
the impact of valve lesion on the ventricle [1]. It has been
shown that both ventricular dilatation and reduced systolic
function are poor prognostic indicators [10]. CMR is the
most accurate and reproducible technique for assessing both
right and left ventricular volumes and mass and is consid-
ered the gold standard [11-13]. The accuracy of CMR cal-
culated volumes has been validated through both in vitro
and in vivo methods [14]. Right ventricular volumes are
especially difficult to assess with other modalities due to
crescentic shape of the RV; therefore, CMR can be espe-
cially useful [1]. The technique that has won widespread
acceptance is the short-axis multi-slice (multiple 2D or 3D)
cine acquisition, where both ventricles are sampled from the
atrioventricular ring to the apex, with subsequent planime-
try of the endocardial and epicardial borders of the ventri-
cles to derive the required volume and mass parameters
[15]. During a breath-hold, a stack of 6-8 mm slices in
SSFP sequence is obtained that covers the length of both
ventricles. The ventricular volume is obtained from careful
tracing endocardial borders in end-systolic and end-dia-
stolic views which provide end-systolic and end-diastolic
volumes from which stroke volume, cardiac output, and
ejection fraction can be calculated [5]. Myocardial volume
is the area occupied between the endocardial and epicardial
border multiplied by the interslice distance. Similar to echo-
cardiography, left ventricular mass is the product of this vol-
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Fig. 18.4 Example of
ECG-gated cine phase-contrast
mangintude (right) and phase
(left) images during systole at
the normal functioning
pulmonic valve level
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Fig. 18.5 SSFP cine left ventricular outflow oblique view image (a) in
systole. This view allows to obtain a short-axis view at the aortic valve
level which shows a bicuspid aortic valve in systole with right and left
cusp fusion (b). From the short-axis view, through-plane velocity map-

ping can be planned out. Same views obtained in diastole showing aor-
tic regurgitation (arrow) as a signal void in LVOT (c¢) and short-axis
view at the aortic valve level which shows a bicuspid aortic valve in
diastole (d)
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ume and the density of the myocardium [16]. Papillary
muscles and endocardial trabeculae should be excluded
from the LV volume and included in the LV mass. LV mass
is usually taken from the end-diastolic images [15].

Assessment of Aortic Stenosis

Aortic stenosis can be characterized by congenital or
acquired impedance of blood flow from the left ventricle into
the aorta and may be of subvalvular, supra-valvular, or most
commonly of valvular etiology. Current guidelines by the
American Heart Association/American  College of
Cardiology (AHA/ACC) recommend aortic valve surgery in
virtually all symptomatic patients with severe aortic stenosis
(Class I) and support surgical intervention for asymptomatic
patients who demonstrated left ventricular systolic dysfunc-
tion or exertional hypotension (Class IIa) [10]. A CMR
assessment of aortic stenosis can be enhanced with CMR
through accurate assessment of the anatomy of the valve and
the aortic root, precise quantification of the LV mass and
function, and measurements of the velocity of the stenotic jet
in instances when it is difficult to do with echo [1]. Similar to
echocardiography, cardiac MRI allows for the assessment of
aortic stenosis severity by use of two different approaches.
One of them is direct planimetry by obtaining of the maxi-
mal anatomical orifice area using cine CMR imaging of the
valve tips in systole [17, 18]. The excellent visualization of
anatomy provided by SSFP cine short-axis image plane
allows superb evaluation of severity of aortic stenosis with
direct planimetry of the aortic valve orifice [19]. Second
technique calculates functional orifice area by the continuity
equation and the velocity time integrals obtained at the valve
tips and through left ventricular outflow tract with phase-
contrast imaging [20]. In contrast to echocardiography, the
cross-sectional area of the left ventricular outflow tract
(LVOT) can be directly measured without making geometric
assumption. The continuity equation states that the flow at
the LVOT level must equal the flow at the level of the aortic
valve. Such measurement in CMR has been shown to have a
high rate of intra- and inter-observer reproducibility [18, 21].

LVOT velocity
Aortic Valve velocity

Aortic Valve Area = * LVOT area

After localization of the heart using three plane and
oblique images, a three-chamber view and an oblique coro-
nal breath-hold SSFP view cine should be prescribed where
left ventricular outflow can be visualized well [22]. These
are also optimal planes for identifying the signal void corre-
sponding to the abnormal flow jet [23]. From these images,
short-axis SSFP image is prescribed by placing the imaging
plane through the aortic valve tips in systole. Free-breathing,

SSFP image slices should be thin (4-5 mm), and multiple
slices parallel to the aortic valve opening should be acquired
as they may aid in identifying the true valve orifice [1]. There
is an excellent agreement between the planimetry of the aor-
tic valve area using SSFP cine images and transesophageal
echocardiography [17, 18, 20].

For the continuity equation, LVOT area, LVOT VTI, and
AV VTI need to be assessed. One of the advantages of the
CMR over echocardiography in continuity equation is ability
to directly measure LVOT. Free-breathing, cine-gradient
echo-segmented pulse sequences for through-plane phase-
contrast imaging and velocity encoding should be acquired
in the short-axis plane positioned just beyond the aortic leaf-
let tips and in the LVOT approximately 2 cm below the aortic
annulus. The optimal short-axis slice position for measure-
ment of peak transvalvular velocities is at the vena contracta
just at or beyond the anatomic valve orifice in systole. In
straight pipes with planar circular orifice plates, the vena
contracta occurs about one orifice diameter downstream
from the orifice [24]. The velocity encoding should be set in
the through-plane direction at the maximal encoding veloc-
ity depending on severity of aortic stenosis (at least 4 m/sec
in cases of severe aortic stenosis) for the transvalvular phase-
contrast image and at least at 2.0 m/sec in the LVOT to avoid
aliasing [22]. Due to small width of very high-velocity jets
and partial volume effects, lower temporal resolution as
compared to echocardiography, and artifacts from turbulent
jets, the peak aortic velocity obtained by velocity mapping
may be underestimated as compared to continuous wave
Doppler obtained by echo [1]. Pressure gradient and valvular
area measurements obtained with these imaging techniques
have been shown to correlate accurately with data from car-
diac catheterization and Doppler echocardiography [21].

Other advantages of CMR include ability to assess and dif-
ferentiate between supra-valvular and subvalvular stenosis
with accurate assessment of site of velocity acceleration with
in-plane velocity mapping [1]. CMR can also accurately
assess the diameter of the ascending aorta which is especially
important in case of bicuspid aortic valves. Additionally, very
accurate left ventricular mass assessment provides informa-
tion regarding effect of aortic stenosis on the left ventricle [1].
Lastly, the presence of LGE which usually occurs patchy and
mid-wall in the basal lateral wall indicating focal fibrosis or
unrecognized infarct is an independent predictor of mortality
in patients with AS undergoing AVR [25].

Assessment of Aortic Regurgitation

Per AHA/ACC 2014 Valvular guidelines, CMR is indicated
in patients with moderate or severe aortic regurgitation
(stages B, C, and D) and suboptimal echocardiographic
images for the assessment of LV systolic function, systolic
and diastolic volumes, and measurement of AR severity [10].
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The severity of the aortic insufficiency can be semiquantita-
tively assessed by manually tracing the area and measuring
the greatest length of the depicted signal void in left ventricle
on cine imaging [26]. The signal void of the aortic regurgi-
tant flow in diastole is best demonstrated by multi-planar
imaging in the coronal plane centered on the LVOT and in
the long axis of the left ventricle [27] (Fig. 18.6).

While this assessment of jet area (r = 0.91) and jet length
(r = 0.85) is comparable to that of transesophageal echocar-
diography and provides a crude assessment of the severity of
the regurgitant lesion, it cannot be overemphasized that the
appearance of the signal void varies depending on the valvu-
lar abnormality, volume and pressure in the receiving cavity,
and imaging parameters particularly the degree of dephasing
allowed by the predefined TE [7, 28, 29]. The advantage of
CMR in evaluation of aortic regurgitation is direct quantita-
tive assessment of the degree of regurgitation and its conse-
quences on LV volume and function which is especially
important when serial measurements are required as per
AHA/ACC guidelines; aortic valve replacement is supported
in asymptomatic patients with severe left ventricular dilata-
tion (>75 mm end-diastolic and >55 mm end-systolic echo-
cardiographic diameters or LVEF < 50%) [3, 30]. Myerson
et al. showed that patients with aortic regurgitant fraction
>33% quantified by CMR was associated with symptoms
and progression to surgery [30].

CMR can accurately quantify the amount of regurgita-
tion using through-plane phase-contrast velocity mapping
from which derived values such as regurgitant fraction or
regurgitant volume can be obtained. Flow can be measured
by prescribing the imaging slice just above and below the
aortic valve, quantifying both forward and regurgitant flow
per cardiac cycle [31]. For forward flow, it is important to
position the imaging plane just above the aortic valve as oth-
erwise the velocity can be underestimated if it is placed in
the ascending aorta [1]. Free-breathing, SSFP image slices
should be thin (4-5 mm), and multiple slices above and
below the aortic valve opening should be obtained. A mag-
nitude image with the manually traced cross-sectional area
of the valvular annulus is transferred to the corresponding
phase image for each time frame. This enables measurement
of the average velocity and provides the flow volume per
heartbeat [32, 33].

Regurgitant Volume

Regurgitant Fraction =
Forward Volume
It is also possible to calculate aortic regurgitation with
ventricular volumes when a single-valve lesion such as aortic
valve regurgitation is present. The regurgitant volume can be
calculated from the difference of right ventricular and left
ventricular stroke volumes using the modified Simpson
method, in which the volumes of the ventricles are measured
on a stack of parallel short-axis views [34].

SV(LV) SV(RV)=Aortic Valve Regurgitant Volume

The measurement of regurgitant flow with phase contrast
correlates well with the semiquantative angiographic or
echocardiographic grades of severity [31, 35]. The accuracy
of aortic regurgitation quantification using CMR through-
plane velocity mapping is also excellent when compared to
in vitro studies [1].

Additionally, CMR also enables visualization of the aortic
arch and may help determine the etiology of aortic regurgita-
tion. For example, uniform dilatation of the aortic annulus and
proximal ascending aorta is a finding that is compatible with
aortoannular ectasia. Therefore, CMR allows for comprehen-
sive assessment of the valve and its function as well as the
aorta. Lastly, a new emerging technique of 4D flow CMR
which refers to phase-contrast CMR with flow encoding in all
three spatial directions that is resolved relative to all three
dimensions of space and to the dimension of time along the
cardiac cycle (3D + time = 4D) has been promising in estimat-
ing aortic regurgitation volume and fraction [27] (Fig. 18.7).

Assessment of Mitral Stenosis

Echocardiography, especially transesophageal echocardiog-
raphy, remains the first-line technique for assessment of
mitral stenosis, but cardiac MRI can be useful in selected
cases of mitral stenosis as in patients with poor acoustic win-
dows [1, 6]. Restriction in mitral valve opening during dias-
tole results in mitral stenosis and produces a diastolic pressure
gradient between the left atrium and left ventricle. As an alter-
native to echocardiography, CMR provides good visualiza-
tion of the restricted leaflets and in particular an excellent
visualization of the left ventricular outflow track [6]. Direct
planimetry of the stenotic orifice can be performed in similar
way as in the aortic stenosis. The imaging plane should be
placed at the mitral valve tips in diastole [6]. Djavidani et al.
showed that planimetry of the mitral valve by magnetic reso-
nance imaging has good correlation with echocardiography
although slightly overestimates MVA when compared to the
PHT method by echocardiography and to invasive hemody-
namics [36]. Diastolic flow and velocity also can also be mea-
sured in this image plane with velocity-encoding cine
magnetic resonance imaging which also shows good correla-
tion with Doppler transthoracic echocardiography [37].
Velocity-encoded CMR can quantify MVA using the PHT
method in a similar manner to that used in transthoracic echo-
cardiography which is also comparable to a transthoracic
echocardiography [38]. Atrial fibrillation in severe mitral ste-
nosis can reduce the accuracy of flow measurements [6].
CMR also can be helpful in identifying LAA or LA thrombus
especially in patients being considered for percutaneous
mitral balloon commissurotomy [39].



18 Valvular Heart Disease Assessment by CMR 329

Fig. 18.6 A 50-year-old male a
with history of bicuspid aortic
valve. (a) SSFP cine
three-chamber view showing
eccentrically directed aortic
regurgitation jet (arrow) (left)
SSFP short axis at aortic
valve level shows right and
left coronary cusp fusion in a
bicuspid valve (right). (b)
Phase and magnitude images
below the aortic valve shows
forward aortic flow in black.
(c¢) Phase and magnitude
images obtained below the
aortic valve shows regurgitant
aortic flow in black. (d)
Corresponding plots of
velocity vs time-volume curve
showing antegrade and
retrograde flow with resultant
regurgitation fraction of 42%

Flow Volume
20 30 40 50 (s]0]

Forward flow volume: 103.08 ml  6.96 I/min

Backward flow volume: 42.94 ml  2.90 I/min

Regurgitant fraction: 42 %
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Fig. 18.7 MRA of dilated ascending thoracic aorta in a patient with
bicuspid aortic valve

Mitral Regurgitation

Mitral regurgitation is caused by insufficiency of an abnor-
mal mitral valvular apparatus that results in backward flow
of blood from the left ventricle into the left atrium and
produces an increase in total stroke volume. The AHA/
ACC 2014 valvular guidelines recommend valve replace-
ment in patients with severe mitral regurgitation with
symptoms of congestive heart failure or left ventricular
systolic dysfunction (LVEF 60%) and recommend the use
of CMR to assess LV and RV size and function, as well as
severity of MR, in situations where TTE is technically lim-
ited [10]. The main advantages of CMR over echocardiog-
raphy are in quantitative assessment of both the
regurgitation fraction as well as ventricular function and
volume [1, 40]. In ischemic mitral regurgitation, CMR can
also assess regional myocardial function and viability.
Therefore, accurate assessment of severity of regurgita-
tion, knowing the dysfunction responsible for it, the etiol-
ogy of the condition, and LV size and function is very
important.

An understanding anatomy of the mitral valve is very
important for accurate imaging. CMR can assess mitral leaf-
lets morphology and determine the etiology of the mitral
regurgitation which has a very good agreement with trans-
esophageal echocardiography. Multi-slice contiguous cines
(5 mm slices) can be used for full evaluation of the mitral
valve morphology and identification of prolapse and regurgi-
tation of scallops which has correlated well with transesoph-
ageal echocardiography in patients prior to mitral repair [40]

P.Z.Galazka and R. Y. Kwong

Following standard two-, three-, and four-chamber long-
axis views, a balanced SSFP end expiratory breath-hold
cines, with ECG gating, and a short-axis stack (starting at
the mitral annulus and continuing through the LV apex
using 8 mm slice thickness) allow for accurate assessment
of mitral anatomy [40]. From a basal short-axis image where
mitral valve is well seen, a contiguous stack of oblique
slices can be aligned orthogonal to the central line of the
coaptation, oriented approximately parallel to the three-
chamber LVOT long-axis plane. The stack of cines starts the
superior (anterolateral) commissure adjacent to A1-P1 and
progress toward the inferior (posteromedial) commissure
adjacent to A3-P3 using a slice thickness of 5mm and inter-
slice gap [40]. Additional orthogonal imaging slices are
acquired through the commissures at each end of the mitral
valve (A1-P1 and A3-P3) to better visualize theses scallops.
From the mitral stack and commissural images, each scallop
of the mitral leaflet is well visualized, and the pathology can
be delineated (Fig. 18.8).

Quantification of mitral regurgitation is usually performed
with phase-contrast velocity mapping. First, aortic velocity
mapping is performed in the ascending aorta above the sino-
tubular junction which is then subtracted from the left ven-
tricular stroke volume in order to calculate mitral regurgitation
volume which when divided by left ventricular stroke vol-
ume gives the regurgitant fraction [40].

Mitral Regurgitant Volume (ml / beat) = LVSV — AoSV

(MRV)x100%

Regurgitant Fraction =
LVSV

For quality control, the aortic forward volume should be
within 5% of the pulmonary artery forward flow in the
absence of intracardiac shunt [40]. And just as in the case of
aortic regurgitation and the absence of other regurgitant
lesions, MRV can also be calculated by subtracting RV
stroke volume from LV stroke volume if there are no other
regurgitant lesions.

MRV =LVSV -RVSV

The quantification of the mitral regurgitation correlates
well with echocardiographic and angiographic assessment
and has good reproducibility [41, 42]. The AHA/ACC 2014
valvular guidelines grade severe MR by echocardiography as
regurgitant volume >60 ml and regurgitant fraction >50%.
Myerson et al. followed 109 patients with CMR who had
echocardiographic moderate to severe mitral regurgitation
and showed that regurgitant volume >55 ml and regurgitant
fraction >40% were associated with development of symp-
toms and need for surgery and showed better discriminatory
ability than reference standard CMR-derived ventricular vol-
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umes [43]. CMR should be considered in those patients
when mitral regurgitation severity as assessed by echocar-
diography is influencing an important clinical decision, such
as the decision to undergo surgery [44].

Pulmonary Stenosis

CMR is particularly valuable in assessment of pulmonary
valve especially in congenital heart disease such as tetralogy
of Fallot as it might be difficult to visualize the RVOT and
the pulmonic valve with echocardiography due to its location
immediately behind the sternum. Therefore, CMR should be
considered as a gold standard for evaluation of the pulmonic

valve and RV outflow track [1]. Balanced SSFP imaging of
an oblique sagittal plane of RV outflow tract should be
obtained which comprehensively includes the proximal pul-
monary trunk and foreshortened view of right ventricle [1].

In order to visualize all three pulmonary leaflets, a double-
oblique coronal plane is obtained along the pulmonary artery
perpendicular to the valve. Then the plane through the now vis-
ible pulmonary cusps results in true short valvular axis [45].

A qualitative assessment of severity of pulmonary stenosis
can be made from cine imaging by visualizing the valve motion
and the stenotic jet [1]. As in the case of evaluation of mitral
valve stenosis, direct planimetry of the valve orifice obtained in
systole from the cine images at the valve tips is the preferred
method for evaluating the severity [1]. Quantitative assessment

Fig. 18.8 A 50-year-old female with history of mitral regurgitation.
(a) SSFP cine four-chamber view of anteriorly directed mitral regurgi-
tation jet (arrow) seen in systole. (b) A1/P1 scallop assessment planned
from the short-axis view at the mitral valve level. (¢) A2/P2 scallop
assessment planned from the short-axis view at the mitral valve level

showing anteriorly directed mitral regurgitation jet (arrow) originating
from prolapsed P2 scallop. (d)A3/P3 scallop assessment from the short-
axis view at the mitral valve level. (e) Magnitude (right) and phase (left)
images at the mitral valve level in diastole. (f) Magnitude (right) and
phase (left) images at the mitral valve level in systole showing mitral
regurgitation in dark
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Fig. 18.8 (continued)

of pulmonic velocity can be made by measuring peak velocity
with through-plane phase-velocity mapping imaging in similar
way to aortic stenosis [1]. Long-axis cine view through the
RVOT also enables to assess for supra-valvular or subvalvular
pulmonic stenosis. CMR also allows for accurate right ven-
tricular mass and function assessment and determination of
hemodynamic effect of pulmonic stenosis [6].

Pulmonary Regurgitation

Evaluation of pulmonary regurgitation is especially impor-
tant in patients with Tetralogy of Fallot whose statuses are
post-repair and where accurate estimation of regurgitation

severity and right ventricular volume/function are extremely
important [1].

Pulmonary regurgitation can be visualized in the steady-
state free-precession cine imaging as a signal void in the
RVOT. It should be noted, though, that the degree of turbu-
lence might be lower due to lower pressures and the wide jet
of PR with mostly laminar flow on the right side which can
make visualization of regurgitation might more difficult [6]
(Fig. 18.9).

Hence, the in-plane phase-contrast velocity mapping is
usually preferred for visualization of the regurgitant jet [6].
Quantification of regurgitant flow with through-plane veloc-
ity mapping is performed on an image slice placed just above
the pulmonary valve [1]. On the in-plane velocity mapping,
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Fig. 18.9 A 52-year-old male
with history of pulmonic
stenosis status post-
valvulotomy in childhood and
now presenting with dyspnea
on exertion. (a) Sagittal SSFP
cine image through the right
ventricular outflow tract and
pulmonary artery (left) and
short-axis SSFP slice below
the pulmonic valve (right) for
the phase-contrast
positioning. (b) Magnitude
and phase-contrast images
below the pulmonic valve in
systole. (¢) Magnitude and
phase-contrast images below
the pulmonic valve in diastole
showing pulmonic
regurgitation in black which
calculated to be moderate to
severe. (d) Corresponding
plots of velocity vs time-
volume curve showing
antegrade and retrograde flow
with resultant regurgitation
fraction of 42%=severe
pulmonary regurgitation

Flow Volume
50 60

Forward flow volume: 74.64 ml 4.35 |/min

Backward flow volume: 31.23 ml  1.82 I/min

Regurgitant fraction: 42 %
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the wide regurgitant jet is clearly seen in as black. Robenberg
et al. showed that CMR velocity mapping is an accurate
method for the noninvasive, volumetric quantification of pul-
monary regurgitation after surgical correction of tetralogy of
Fallot [46]. Mercer-Rosa et al. showed that when comparing
echocardiography with CMR in patients with repaired TOF,
where regurgitant fraction >40% is considered severe, echo-
cardiography continues to have a limited ability to quantify
PR and RV function as compared with CMR [47].
Furthermore, Li et al. showed that when evaluated in adults
with repaired tetralogy of Fallot, direct quantification of the
pulmonary regurgitation with CMR agrees well with echo-
cardiographic parameters [48]. CMR also can be helpful in
determining timing for pulmonary valve replacement as it
accurately assesses RV volume and function [49].

Tricuspid Stenosis

Tricuspid stenosis is very rare and is not commonly assessed
by CMR. If needed, cine SSFP images can be obtained which
easily can visualize the anatomy and function of the leaflets.
The tricuspid valve area can be assessed by placing image
slice through the valve tips in diastole, in similar way in
assessment of mitral stenosis. The forward velocity can also
be measured through the valve with phase-velocity imaging
as well although it might be less useful [1].

Tricuspid Regurgitation

CMR s particularly useful in assessment of leaflet morphol-
ogy such as in Ebstein’s anomaly [50]. For example, four-
chamber SSFP cine image can identify the displacement of the
valve or abnormal movement of the leaflets. Due to thin nature
of the tricuspid leaflets and limited spatial resolution of CMR,
it might be difficult to assess for adherence of the tricuspid
leaflets to the myocardium [1]. Qualitatively, the tricuspid
regurgitation can be evaluated by in-plane phase imaging in
the four-chamber view or in the two-chamber view focusing
on the right atrium and the right ventricle. The velocity encod-
ing setting should be around ~150 cm/sec. (Fig. 18.10).

Special Considerations
Prosthetic Valves

Cardiac magnetic resonance (CMR) could be an alternative
noninvasive imaging modality that can be utilized to assess
prosthetic valve function by direct planimetry of the ana-
tomic orifice area (AOA) and for assessment of peak through-
plane velocity by use of phase- contrast (PC) techniques.

Fig. 18.10 SSFP cine four-chamber image showing severe tricuspid
regurgitation with apical displacement of tricuspid septal leaflet in a
patient with Ebstein’s anomaly. The RA and RV are moderately dilated

Maragiannis et al. showed that estimation of effective orifice
area with phase contrast is a feasible, accurate, and reproduc-
ible parameter that may be calculated to assess both normal
and abnormal bioprosthetic aortic valve functions [51].
Mechanical heart valves often produce complex flow pat-
terns that make precise assessment via Doppler echocardiog-
raphy challenging. In this respect, CMR can be quite helpful
in addition to defining structure, position, and flow across the
orifice and associated changes in the valvular apparatus and
chambers. However, these valves can induce susceptibility
artifacts and often necessitate phase-contrast imaging in par-
ticular, to be acquired outside the magnetic field distortion
[52]. The SSFP cine sequence is very sensitive to artifacts
from ferromagnetic objects which can both arise from both
mechanical and bioprosthetic valves. Currently all
mechanical valves are considered safe for imaging in a 1.5
Tesla environment because heating and torque due to the
magnetic field is considerably small [52, 53], unless if clini-
cal valvular dehiscence is suspected, then CMR imaging
may pose additional risk to the patient with an already
impaired heart artificial valve.

CMR can also be an alternative method for assessment of
new percutaneous valves. Hamilton Craig et al. showed that
CMR performs very well in the quantitation of MR after
MitraClip insertion, with excellent reproducibility compared
to echocardiographic methods [54]. Secchi et al. evaluated
patient status post-tetralogy of Fallot repair and showed that
CMR demonstrated restored pulmonary conduit function,
reduced RV volumes, and increased RV and LV function but
did not predict valve fracture/restenosis [50]. Hartlage et al.
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showed that CMR more accurately classifies severity of
paravalvular aortic regurgitation, providing superior prog-
nostic value compared with echocardiography, as patients
with greater than mild paravalvular regurgitation by CMR,
defined as regurgitant fraction >20%, had a higher incidence
of adverse events [55].

Pre- and Postsurgical Assessment

In pre- and postsurgical assessment, CMR not only provides
comprehensive information on valvular and ventricular func-
tion, but it may also assist in prognosis of the patient. CMR
can also aid in determining the type of surgical procedure
and the impact that the procedure holds on cardiac hemody-
namics during recovery. Barone-Rochette et al. showed that
the presence of LGE indicating focal fibrosis or unrecog-
nized infarct by CMR is an independent predictor of mortal-
ity in patients with AS undergoing AVR and could provide
additional information in the preoperative evaluation of risk
in these patients [25]. CMR is also very useful in presurgical
planning and for postsurgical evaluation in congenital
patients. Fogel et al. demonstrated that single-ventricle
patients not requiring an intervention can undergo successful
Fontan completion with CMR and echo alone with similar
short-term outcomes to patient who underwent catheteriza-
tion, which was used as a control, preventing an invasive test
and exposure to radiation [56]. Geva et al. evaluated patients
with post-tetralogy of Fallot repair and showed that severe
RV dilatation and either LV or RV dysfunction assessed by
CMR predicted major adverse clinical events in this
population [57].

In patients who had received a mechanical valve com-
pared to those with nonmechanical ones, CMR was able to
demonstrate a greater decrease in the absolute value of sys-
tolic strain [58]. Effects on left ventricular mass among
patients with severe aortic stenosis who had undergone stent-
less versus stented porcine valve replacement can also be
compared with some precision with CMR [59]. The extent of
left atrial and left ventricular reverse remodeling and impact
on absolute left ventricular strain can also been demonstrated
by CMR [60]. Tissue-tagging is another useful tool in CMR
for comparing the type of prosthetic valve used in aortic
valve replacement and its impact on incompletely recovered
systolic strain in chronic aortic regurgitation [43, 46]
Moreover, CMR is able to assess surgical approaches to
valve sparing with regard to preservation of the native sinuses
of Valsalva where it has demonstrated that such aortic vorti-
cal blood flow is absent in postoperative patients with Marfan
syndrome [61]. The determination of regurgitant fraction,
ventricular dimensions and functions, and graft diameters
allows standardized imaging protocols with a high reproduc-
ibility, which may lead to this technique being favored for

the follow-up of patients after surgery involving the heart
valves or the great vessels.

Limitations

Arrhythmias can greatly affect the image quality and can
also disrupt accurate ventricular volume acquisition as well
as valvular flow assessment [62]. Difficulty with breath-
holding may also negatively impact the image. Visual assess-
ment from cine images alone should not be done as turbulent
flow can produce signal void which can mimic regurgitation.
In some instances, slice orientation may not be placed
directly perpendicular to the flow in which case VENC may
underestimate velocities. Velocities may be also underesti-
mated due to partial volume averaging. Therefore, careful
planning needs to be done for each valvular assessment.

Summary

Cardiovascular magnetic resonance allows for a comprehen-
sive evaluation of simple and complex valvular heart disease.
The main advantage of CMR for assessment of valvular
heart disease is its true and reproducible measurements of
ventricular volumes and function which can guide a clinician
regarding appropriate timing of surgery. CMR can also pro-
vide quantitative measure of valvular stenosis and regurgita-
tion which is comparable to echocardiography. Currently,
studies evaluating clinical outcomes by CMR are being
investigated, some of which already have shown that aortic
regurgitation fraction of >33%, pulmonary regurgitation
fraction of >40%, and mitral regurgitation fraction >50%
predict symptom development and the need for valve replace-
ment [1, 30, 62]. Therefore, CMR is an attractive alternative
or complimentary modality for through assessment of valvu-
lar pathology.
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