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ABSTRACT
Valvular heart diseases from any cause are divided into
two categories: stenosis and regurgitation. Acquired
knowledge of the pathological aetiology and disease
severity are the important clues for optimal treatment,
which may be medication or combination with surgery.
The non-invasive techniques have been established for
valvular heart disease evaluation for many years
especially in demonstrating valvular structure and
assessing severity. Transthoracic echocardiography still
plays the major role. However, not every case can be
clearly evaluated by transthoracic echocardiography
because of rib space window limitation. In the present-
day practice, MRI has been extensively used for the
evaluation of heart diseases in both unique and
complementary categories. However, valvular heart
disease assessment using cardiac MRI still remains an
important challenge.

INTRODUCTION
Valvular heart diseases from any cause can be
categorised into two functional categories: stenosis
and regurgitation. Being able to understand the
pathological aetiology and disease severity are
important for the optimal treatment of the under-
lying condition. Non-invasive techniques have been
established for the evaluation of valvular heart
disease for many years, especially in demonstrating
valvular structure and assessing severity. Trans-
thoracic echocardiography still plays the major
role. However, not every case can be clearly evalu-
ated by transthoracic echocardiography because of
rib space window limitation. In the present-day
practice, MRI has a well-established diagnostic role
for heart disease as it has unique and complemen-
tary capabilities. While cardiac MRI is used to
assess a wide range of heart conditions, valvular
heart disease assessment by cardiac MRI continues
to be challenging. In this articledPart Idthe focus
will be on the use of MRI in assessing valvular
regurgitation. Valvular stenosis and prosthetic heart
valve assessment will be included in Part II.

VALVULAR HEART DISEASE EVALUATION USING
MRI
In evaluating valvular heart disease, the two key
parameters that need to be assessed are valvular
structure and flow. Similar to echocardiography,
MRI must assess the type of flow across the valve
as laminar flow or turbulent flow. Laminar flow is
the normal state of blood flowing throughout most
of the circulatory system and occurs when the fluid

flows smoothly in parallel layers with no disrup-
tion between the layers. Disruption of laminar flow
leads to turbulence that increases flow energy loss
in the form of friction so turbulence requires more
energy to drive blood flow.1 Flow through a narrow
or leaky valve, at the branch point of a large artery
and through the narrowed segment of an artery
causes turbulent flow and produces murmur. The
high velocity flow and turbulent flow give rise to
a dark signal void in gradient echo CINE-MRI
image.2 In MRI, signal void is a region emitting no
radiofrequency signal because there are no activated
protons in the region (such as flowing blood) or
because of uncompensated dephasing.3 Signal void
can be simply categorised into physiological and
pathological signal void according to the type of
source. Physiological signal void is normally
observed in the heart chambers and often occurs at
the area that has some minor flow disruption
caused by normal anatomical structures, for
example, signal flow void is present at the mid
ventricular area where the papillary muscle acts as
a physiological disruptor.
In practical application, dark intensity signal void

is always used as a marker for the presence of an
abnormally high velocity forward flow, running
across the stenotic valve into the receiving chamber
downstream and of the high velocity regurgitant
flow that leaks into the receiving chamber upstream
due to incompetent cardiac valve closure. Two key
MRI techniques are used in valvular heart disease
assessment: gradient echo CINE-MRI and phase
contrast quantification (Q) flow mapping MRI.
Gradient echo CINE-MRI is used to demonstrate
the character and the extension of the abnormal
flow including the valve structure while phase
contrast Q flow mapping MRI is used to measure
the velocity, volume and fraction of flow across the
valve in any direction and location.4 To quantify the
flow by phase contrast Q flow MRI, the acquisition
plane of the locator must be perpendicular to the
valve or vessel of interest (through-plane). To
qualitatively visualise the flow direction, the slice
plane must be parallel to the flow axis (in-plane).
For flow assessment by phase contrast Q flow
mapping MRI technique, positioning of the locator
slice including the flow direction specification are
very important factors that affect the accuracy of
the result. The optimal position of the locator slice
placement is determined by the pathophysiology of
the diseased valve, depending on whether it is
stenosis or regurgitation. Only the flow volume
that is included into the locator slice thickness or
slice box at the specified position is captured and
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measured in all cardiac phases. By the theory of phase contrast
imaging, flow volume and velocity are mapped because the
change of flowing spins phase (phase shift of moving tissue)
which is relative to the stationary spins (stationary tissue) is
directly proportional to the flow velocity.5 Phase contrast Q flow
imaging produces two types of images: without and with flow
encoding that provide the qualitative magnitude image for
anatomical data and the quantitative phase image for flow
volume and velocity data, respectively.5 Similar to Doppler
echocardiography, by using colour coding on the phase contrast
imaging we can see the ‘flow away from the viewer ’ (antegrade
flow) in red and the ‘flow towards the viewer ’ (retrograde flow)
in blue as compared with the ‘normally seen’ with no colour
coding in bright and dark signal respectively on the through-
plane images. In addition, using phase contrast Q flow mapping
technique requires a suitable velocity encoding (VENC) speed
which must be adjusted beforehand to avoid an aliasing effect
when measuring high velocity. VENC should be above the
expected maximum velocity of flow.6 7 The importance of VENC
adjustment is usually observed in valvular stenosis evaluation. To
obtain an accurate result, retrospective cardiac gating is also
applied to both gradient echo CINE- MRI and phase contrast
flow mapping MRI. This results in imaging throughout all
phases of the cardiac cycle.8

VALVULAR REGURGITATION ASSESSMENT USING MRI
Valvular regurgitation is a consequence of incomplete valve
closure. The incomplete valve closure results in the production
of high velocity jet of regurgitant flow and leaks back to the
upstream chamber. Factors that determine the amount and the
direction of regurgitant jet include size and shape of orifice,

regurgitant volume, driving force, receiving chamber constraint,
wall impingement, timing relative to cardiac cycle and influence
of coexisting jets or flow stream.9 The regurgitant volume and
regurgitant fraction (RF) are the most important key factors for
assessing regurgitation severity. In addition, other parameters are
used to assess the severity of valvular regurgitation indirectly
when using MRI, such as the length of signal void, the vena
contracta width and the regurgitant orifice area (ROA). These
parameters have been proposed for evaluating valvular regurgi-
tation in the American College of Cardiology/American Heart
Association (ACC/AHA) practice guidelines for valvular heart
disease management.10 In the absence of well-established MRI
criteria for assessing valvular heart disease, the echocardio-
graphic criteria for valvular regurgitation severity interpretation
has been adopted as reference for the MRI application (table 1).

PRACTICAL APPROACH TO MRI ASSESSMENT OF VALVULAR
HEART DISEASE
Direct measurement of regurgitant flow and fraction
Direct measurement of the regurgitant flow and RF are obtained
by using phase contrast Q flow mapping imaging by relying on
the principle of difference between forward and backward flow
volume across the assessed valve within the locator slice thick-
ness box at that specific position. This technique can be applied
in both single regurgitation and multiple regurgitation cases. For
this technique, selection of the reference image and plane for
flow study of the assessed valve is very important and must be
performed as the first step by using the gradient echo CINE-
MRI. The horizontal four- chamber view image is used as the
reference image for the atrioventricular valves. The coronal view
image is used for the aortic valve and sagittal view image is used

Table 1 Classification of the severity of regurgitation valve in adults (Source: ACC/AHA practice
guidelines 2006)

Mild Moderate Severe

Aortic regurgitation

Qualitative

Angiographic grade 1+ 2+ 3+

Colour Doppler jet width (cm) Central jet width
<25% of LVOT

Greater than mild but
no signs of severe AR

Central jet,
width >0.6

Vena contracta width (cm) <0.3 0.3e0.6 >0.6

Quantitative

Regurgitation volume (ml per beat) <30 30e59 $60

Regurgitant fraction (%) <30 30e49 $50

Regurgitant orifice area (cm2) <0.10 0.10e0.29 $0.30

Additional essential criteria

Left ventricular size Increased

Qualitative mitral regurgitation

Angiographic grade 1+ 2+ 3e4+

Colour Doppler jet area Small central jet (<4 cm2

or <20% of the left atrium)
Signs of MR greater than
mild present but no criteria
for severe MR

Vena contracta width (cm) <0.3 0.3e0.69 $0.70

Quantitative

Regurgitation volume (ml per beat) <30 30e59 $60

Regurgitant fraction (%) <30 30e49 $50

Regurgitant orifice area (cm2) <0.20 0.10e0.39 $0.40

Additional essential criteria

Left atrial size Increased

Left ventricular size Increased

Right sided valve

Severe tricuspid regurgitation Vena contracta width >0.7 cm2

Severe pulmonic regurgitation Colour jet fill outflow tract

AR, aortic regurgitation; LVOT, left ventricular outflow tract; MR, mitral regurgitation.
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for the pulmonary valve. Because the regurgitant flow direction
is not always in the central line and the entire direction and the
entire length or the entire amount of the regurgitant flow void
cannot be demonstrated in only one image slice, multiple slices
of the CINE image in optimal views should be obtained and the
largest anatomical area of the receiving chamber must be shown.
The second step is to measure the regurgitant volume and RF.
Regurgitant flow is produced when the valve closes; therefore to
measure the RF of any valve by using phase contrast Q flow
mapping technique, the locator slice must be placed perpendic-
ular to the regurgitant flow direction or the assessed valve and
importantly, for atrioventricular valves, the locator slice thick-
ness box must include the valve tip in the first phase of valve
closure (the phase that valvular cusps have first touched each
other) because of the fact that the largest amount of regurgitant
volume per phase and the largest ROA are obtained at the
earliest or first phase of valve closure. With this method, the true
maximum ratio of the forward to the backward flow is provided

(figure 1A). By the principle of RF measurement by phase
contrast Q flow mapping MRI as previously mentioned, only
the flow volume within the locator slice thickness box at the
specified position is measured and assessed. The RF will be
overestimated if the locator slice is placed at the very proximal
position of the valve leaflet (ie, at the line of the ante-
rioreposterior mitral leaflets insertion) and the locator slice box
does not include the first phase of valve closure (the image of the
closing valve tip at the first phase is not within the slice thick-
ness box). This makes the duration time of regurgitation seem
longer (the blue colour coding regurgitant flow is still seen in the
diastolic phase) and the ROA seems larger than usual (figure 1B).
Thus, the total amount of the included regurgitant volume
within the locator slice box is technically increased. If the
locator slice is placed at the very distal or tip of the valve during
the widest opening, the first valve touching phase may move out
of the locator slice box during the period of valve closing. There
will be underestimation of the regurgitation fraction because the

Figure 1 Demonstration of the mitral regurgitant volume measurement by using phase contrast Q flow mapping imaging and using the gradient echo
CINE image in four-chamber view for the reference images. (A) The locator slice is placing at the closing tip position and the slice thickness is adjusted
to cover the first phase of the valve closing (the phase that valvular cusps have first touched each other). (B) The locator slice is placing too proximal
against to the valve closing position which causes the overestimation of the mitral regurgitant volume because of the ROA is technically made larger
than expectation. (C) The earliest systolic phase of valve closing moves away from the locator slice because the locator is placed too distal to cover
the earliest phase of valve closing that causes the underestimation of the mitral regurgitant volume. By this method the regurgitant volume at the
earliest systolic phase of valve closing is lost. Color Doppler in blue represents the regurgitant flow (arrow indicates ROA).
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maximum regurgitant volume phase is lost (figure 1C). To
measure the pulmonary regurgitation and the aortic regurgita-
tion fraction, it is recommended that the locator slice box be
placed perpendicular to the flow at the right ventricular outflow
tract and the left ventricular outflow tract (LVOT), respectively.
In addition, the upper rim of the locator slice box must close to
the base of the closing valve in diastolic phase. By this method,
the effective regurgitant volume (and fraction) which provides
the real effect to the amount of receiving ventricular chamber
stoke volume is obtained (figure 2).

Regurgitant flow volume and fraction calculation
The calculation of regurgitant volume is by the principle of the
volume difference between ventricular stroke volume that
receives the blood flow across the assessed valve and the forward
stroke volume through the great vessel that is on the same side
as the assessed valve. For example, the calculated mitral regur-
gitant volume (MRV) is obtained by the difference between the
left ventricular stroke volume (LVSV) and the aortic forward
stroke volume (AoSV), that is, MRV (ml/beat) ¼ LVSV�AoSV.
The RF is the ratio of the MRV divided by the LVSV that is, RF
(%)¼ (MRV/LVSV)3100.11 12 By this method, ventricular stroke
volume is the volume difference between the ventricular end
diastolic volume and the ventricular end systolic volume which
are accurately obtained in diastole and systole respectively with

slice summation method or volumetry method of the ventricle
by using the gradient echo CINE-MRI.13e15 Effective forward
stroke volume through the great vessel is obtained by gradient
echo Q flow mapping MRI technique at the mid ascending aorta
or mid main pulmonary artery. The mid ascending aorta and the
mid main pulmonary artery are the proper and ideal positions for
effective forward stroke volume measurement because they are
at the proximal part of the circulation system where the total
effective forward stroke volume passes before going through the
circulation. The differences of the values of the forward stroke
volume are observed in the different mapping locations when
using phase contrast Q flow sequence (figure 2). To calculate
regurgitant volume by the principle of the difference of stroke
volume between both ventricles or between the forward flow
stroke volume of the great vessels may be used but they are valid
in only cases of single regurgitation valve. In cases of combined
aortic and mitral regurgitation, the difference represents the sum
of regurgitant volume.16 17 However, in the case of multiple
valves regurgitation (especially they are in the same side, such as
combination between aortic regurgitation and mitral regurgita-
tion), MRI Q flow mapping technique can be applied by
mapping at the LVOT level (or RVOT level in case of combined
pulmonic and tricuspid regurgitation) as mentioned in the topic
of direct flow measurement by phase contrast Q flow technique.
At this mapping location, the stroke volume that is ready to go

Figure 2 Demonstration of the
different value of the right ventyricular
stroke volume and pulmonic regurgitant
volume in different measurement
location. (A) The locator slice is placed
at the RVOT (right ventricular outflow
tract) position. (B) The locator slice is
placed at the mid main pulmonary
artery. The total stoke volume at the
RVOT is the summation of forward and
backward volume but the stroke volume
at the mid main pulmonary artery is
equal to the forward stroke volume.
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through the aortic valve by ventricular contraction will include
the effective forward stroke volume and the aortic regurgitant
volume (figure 2A). With this method, the MRV is obtained by
the difference between the LVSV and the absolute AoSV. By the
principle of volume difference, AoSV at the level of mid
ascending aorta ¼ effective forward stroke volume (does not
include the aortic regurgitant volume), LVOT stroke volume ¼
effective forward stroke volume + aortic regurgitant volume,
LVSV ¼ forward stroke volume + MR volume, MR volume ¼
LVSV�LVOT volume. For assessment of the regurgitant volume
and fraction for the atrioventricular valves by using MRI, the
calculation method is also recommended. For the semilunar
valves, direct method by phase contrast imaging is a more
convenient method.

Estimation of severity of valvular regurgitation by vena contracta
width, regurgitant orifice area and extension of the signal void
Vena contracta (figure 3A,B) is defined as the narrowest central
flow region of a jet that occurs at, or just downstream to the
orifice of a regurgitant valve.9 It is characterised by high velocity
laminar flow. Vena contracta reflects the diameter of the regur-
gitant orifice but it is slightly smaller than the anatomic regur-
gitant orifice due to boundary effects.9 The size is independent of
flow rate and driving pressure for a fixed orifice. If the regurgitant

orifice is dynamic, the vena contracta may change with haemo-
dynamics, or during the cardiac cycle. Because of the small values
of the width of the vena contracta (usually <1 cm), small errors
in its measurement may lead to a large per cent error and
misclassification of the severity of regurgitation.9 However, vena
contracta width measurement can be very easily performed on
the reference gradient echo MR images in the optimal view.
Obtaining multi-image slices on the selected plane is strongly
recommended for vena contracta width measurement. The image
that provides the largest vena contracta width is selected. Usually,
the optimal image for vena contracta width measurement is
a gradient echo MR image that is selected as a reference image for
flow measurement by phase contrast Q flow mapping MRI.
ROA (figure 3C,D), by definition, is the area through which

the valve leaks. ROA measurement is another method for
quantifying the degree of valvular regurgitation by determining
the area of the regurgitant flow at the level of the valve when
the valve is closing. The ROA correlates with the size of the
defective valve. ROA can be obtained by using gradient CINE-
MRI or phase contrast Q flow mapping MRI by placing the
locator slice in the same way as done in direct regurgitant flow
measurement by using phase contrast MRI. This method is used
for all cardiac valves. The earliest cardiac phase of the valve
closing will produce the phase of widest vena contracta width

Figure 3 (A,B) Demonstration of the
vena contracta width (arrow) of aortic
regurgitation. (C,D) Demonstration of
the ROA measurement (arrow) of the
aortic valve. (E,F) Demonstration of the
difference of the extension of the
regurgitant signal void and the vena
contracta width in different image slice
of gradient echo MR images.
Measurement must be done on the
image slice which demonstrates the
longest extension of the signal void and
the widest vena contracta (E).
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and the widest ROA. Good correlation between the vena
contracta width and ROA is shown in figure 3AeD. Vena
contracta and ROA can be used conveniently for determination
of valvular regurgitation severity in all cardiac valves.

Another method for quantification of valvular regurgitation is
to measure the extension of the regurgitation signal void that
can be done on the CINE-MRI images.12 18 Regurgitant signal
void extension (figure 3E,F) is a parameter that correlates very
well with the amount of regurgitation volume. The diastolic
retrograde flow void equals regurgitant volume and correlates
closely with volumetric CINE-MRI in the case of aortic regur-
gitation.16 The site of the jet affects the measured grade of
regurgitation. For example, the mitral regurgitant jets which are
peripheral eccentric move or slide on a wall that causes under-
estimation up to 40% of regurgitation severity as compared with
jets that are central to the surface adherence.19 20 To measure the
regurgitant signal void extension required image selection to
demonstrate the longest extension of the signal void .The best
method is to obtain multiple slices to cover the entire receiving
chamber in the optimal views of the assessed valve.

CONCLUSION
MRI has great potential use in the evaluation of valvular
regurgitation because it is capable of both demonstrating the
valvular structure and recording the flow parameters of the
assessed valve. MRI has an advantage over echocardiography by
providing direct evaluation methods for assessing valvular
regurgitation anatomy and flow without angle limitation. Phase
contrast Q flow mapping MRI technique can be used to directly
measure the RF effectively in both single and multiple regurgi-
tations. To prevent erroneous measurements in MRI use, care is
needed in reference image selection and locator slice positioning.
Vena contracta width, ROA and signal void extension are used as
indirect indicators for regurgitation severity and they can be
used as intra-modality confirmation tools for checking the
consistency of the results obtained by direct measurement
method. The main drawback of MRI in valvular regurgitation
assessment is that it is time-consuming and hence, good
protocol planning is needed.
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