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Introduction

Abstract

Phase-Contrast Magnetic Resonance (PCMR) is a technique used to quantitatively measure
blood velocity and determine blood flow. In the first section, the technical aspects of the tech-
nique are described including the basic physics covering the generation of the phase-based
velocity measurements, the specific implementation of the technique in pulse sequences, and
MR parameters specific to PCMR. Advanced acquisition methods such as real-time imaging,
tissue phase mapping, and 4D PCMR are described, as well as effects of parameter choices on
temporal and spatial resolution. The analysis of the PCMR velocity images is explained, spe-
cifically highlighting physiologically relevant velocity and flow metrics that can be calculated
from the PCMR measurements. In the second section, the clinical applications of PCMR are
surveyed, concentrating on the information PCMR can provide as a complementary hemody-
namic assessment of systolic and diastolic function to aide both diagnosis and prognosis in
patients with cardiovascular disease. Disease conditions highlighted include myocardial dis-
ease, valve disease, and vascular disease. Special emphasis is given to congenital heart dis-
ease, where a significant number of PCMR applications have been developed.
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Phase-Contrast Magnetic Resonance (PCMR), although
other names for this technique exist including; phase

Magnetic Resonance Imaging (MRI) can be used to quan-
titatively measure blood velocity and determine flow [1].
The most widely used technique to quantify blood flow is
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velocity mapping, phase velocity encoding, quantitative
flow imaging, etc. Other MRI-based techniques to quantify
velocity flow include methods to label blood (similar to
what is done in tagging), but these techniques are infre-
quently used [2].

This chapter is divided into two major sections, one sec-
tion on the technical aspects of PCMR including physics and
implementation of PCMR, and a second section on clinical
applications of PCMR. The technical methodology section
covers: (1) the basic physics of the generation of the phase-
based velocity measurements, (2) the implementation of the
technique in MR pulse sequences and advanced acquisition
methods, (3) the analysis of velocity images and some of the
important metrics that can be calculated from the velocity
and flow measurements. The clinical application section
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covers PCMR in the setting of: (1) myocardial disease, (2)
valve disease, and (3) vascular disease, and (4) congenital
heart disease.

The Physics of Phase Velocity Measurements

The MR signal results from a rotating magnetization vector
that creates a time-varying signal in the radiofrequency (RF)
receiver coils that can be measured. The vast majority of MR
images are displayed as a measure of the magnitude of the
vector from each spatially localized voxel. However, since
the signal is time-varying, it has both a magnitude and a
phase. The phase difference between two signals can be
thought of as a time shift in the signals (Fig. 16.1a). PCMR
works by imparting a different phase value to flowing tissue
versus static tissue, thereby generating a phase shift between
the two signals.

PCMR imparts this phase shift by using a bipolar mag-
netic field gradient during the signal acquisition. A magnetic
field gradient is a linear variation of the main magnetic field
in a single direction. The gradient is controlled by a set of
electromagnets separate from the main magnetic field.
Gradients are characterized by the time they are on (t), the
direction of the variation (X, y, or z) and the value represent-
ing the slope of the field versus distance (G). The gradient
G (1) is a gradient with a positive slope value of G in the
z-direction for a time 7. A bipolar gradient is a gradient that
is on for the same amount of time (t) in the positive (G) and
negative (—G) directions (i.e., first moment=0), Fig. 16.1b.
When a bipolar gradient is applied in the direction blood is
flowing, the blood will have a phase shift proportional to its
motion over the time the gradient is applied. This bipolar
gradient has no effect on static tissue, but imparts a phase
shift to moving blood that is proportional to its velocity.

If one ignores higher order motion terms such as accelera-
tion, the imparted phase shift is proportional to the blood
velocity to within a constant. By acquiring a phase image
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Fig. 16.1 A phase shift of the MR signal relative to static tissue is
imparted to moving tissue (a, leff) when a bipolar gradient is applied
during signal acquisition (b, right). The phase shift can be thought of as
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with a bipolar gradient (velocity-encoded image) and refer-
ence phase image (velocity-compensated image) and sub-
tracting them, the majority of the background phase shift can
be removed from the images. The value which relates the
measured phase shift after subtraction to the velocity is
called the velocity encoding (VENC) value, and is related to
the strength and duration of the applied gradients. The for-
mula for the relationship is shown in Eq. 16.1.

f.=g[G.(t)r. (t)dt (16.1)

This is the generalized equation for phase shift. If G, is a
known bipolar gradient waveform (area under curve =0), and
we assume position of spins is: r,(t) =1+ V,t, the velocity can
be determined within a constant. Velocity encoded and non-
encoded images are acquired and subtracted to remove much
of the residual background phase constant. The velocity
encoding value (VENC) is the proportionality constant
between velocity and phase that takes into account gradient
strength and durations.

An example PCMR image after subtraction along with a
corresponding magnitude image from a transverse slice
through the ascending aorta at peak systole is shown in
Fig. 16.2. The intensity values in the phase images are
directly proportional to the velocity of spins within the voxel
in the direction of the velocity encoding on a pixel-by-pixel
basis. In a PCMR image, mid-grey level represents static tis-
sue, bright signal represents flow toward the head, and the
dark signal represents flow toward the feet.

Implementation of PCMR

In the previous section, we presented an overview of how
PCMR works to measure velocity. In the following sec-
tion, we will present few details on the implementation of
PCMR and how its implementation may affect clinical
measurements.
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a time shift between the signal from the static and moving spins. A bi-
polar gradient is a gradient that has positive and negative components
with the same area
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Fig.16.2 Magnitude (leff) and phase (right) images from a transverse
slice through the chest just superior to the aortic valve at peak systole.
Velocity is encoded in the foot-to-head direction. In the phase image the
ascending aorta (Ao) has bright signal, indicating flow toward the head.
The descending aorta (DescAo) is dark, indicating flow toward the feet.

PCMR Pulse Sequences

The majority of implementations of PCMR require the use a
rapid, low flip angle, gradient echo sequence. The sequence
employs a short repetition time (TR) and a short echo time
(TE), which minimizes de-phasing due to the presence of
complex flow and increases temporal resolution when car-
diac gating is used [3]. The lower flip angle reduces radiofre-
quency energy deposition and keeps TE as short as possible.
In many applications where flow measurements are made in
or near the heart, respiratory compensation is required to
reduce blurring and ghosting in the images. In order to
reduce acquisition time and complete the acquisition in a
breath hold, segmented acquisitions strategies are often
employed in which several lines of k-space are acquired for
each cardiac phase. The larger the number of k-space lines
that are acquired per cardiac phase, the shorter the overall
acquisition time (Fig. 16.3). The penalty for the shorter over-
all acquisition time is a longer temporal acquisition window
(reducing the true temporal resolution). Variations on this
pulse sequence include the use of echo-planar techniques
[4], spiral readouts strategies [5], and steady state free pro-
cession (SSFP) [6].

Cardiac Gating and Temporal Resolution

In most clinical applications of PCMR, cardiac gating is
required so that multiple images at equally spaced time
points over the cardiac cycle can be generated and displayed.
The gating will allow generation of time versus velocity or
time versus flow curves over the cardiac cycle. Prospective
cardiac gating means that when the R-wave is detected, a
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The signal intensity directly represents velocity on a pixel-by-pixel
basis. The Pulmonary Artery (PA) velocity is lower as the area is higher
in the slice location. A region of interest (ROI) is shown around the
aorta to indicate the area over which to sum velocity measurements in
order to get flow values
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Fig.16.3 Example of k-space segmentation in PCMR. In the diagram,
3 k-space lines (k;, k,, k;) are acquired per cardiac phase (P;...Py).
Because reference (non-encoded) and velocity encoded (Vz) images
are acquired, the temporal window is increased and effective temporal
resolution in decreased. If more lines are acquired per cardiac phase
temporal resolution will decrease (lower number of true cardiac
phases), but the scan duration will decrease

sequence is run over a specific time, usually ~90 % of the
estimated cardiac cycle. When the next R-wave is detected,
the sequence is run again with a new set of phase encoding
values, and so on until the entire imaging sequence is com-
plete. Retrospective cardiac gating acquires data continu-
ously and keeps track of the position of the R-wave in relation
to the k-space data [7]. When the acquisition is completed,
data is binned into temporal phases in relation to the R-wave
for reconstruction. The advantage of retrospective gating is
that the entire cardiac cycle is reconstructed, prospective gat-
ing will miss ~10 % of end-diastole. Retrospective gating
also allows for nearly arbitrary reconstruction of the number
of phases, however, temporal smoothing occurs during



230

J.N. Oshinski et al.

Fig.16.4 Schematic illustrating
navigator echo gating. Signal
from a small region that contains
the diaphragm is acquired every
heart beat (or more often). The
motion of the interface over time
represents respiratory motion.
The user may set the gating
window to accept data from a
certain portion of the cardiac
cycle

reconstruction. The true temporal resolution of a PCMR scan
can be determined by multiplying the TR by the number of
segments acquired and by two (for velocity encoded and
non-encoded image segments) (Fig. 16.3).

Spatial Resolution

The phase measurement from a voxel is the average phase
over the entire voxel. If the pixel contains a mixture of static
tissue and moving tissue, the velocity will reflect this average
phase value. For flow measurements integrated over the
entire vessel area this averaging has little effect on accuracy
until there are less than approximately four pixels across the
vessel diameter [8]. However, for estimating maximum
velocity for pressure gradient calculations, or determining
the velocity gradient near the wall for estimating wall shear
stress, higher spatial resolution is required [9]. As with any
MR sequence, increasing temporal resolution generally will
increase acquisition time, decrease signal-to-noise ratio, or
decrease spatial resolution.

Respiratory Compensation

As mentioned previously, in most cardiovascular applica-
tions, PCMR is executed in a breath hold to mitigate effects
of respiratory motion. However, in some applications, either
high spatial resolution is required, the patient cannot execute
the breath hold, or a 3D volume needs to be covered. In these
cases, the scan time exceeds the patient’s breath hold dura-
tion capacity. Multiple signal averages can be acquired, but
this often produces unacceptable image quality results and
long scan times. In these cases, a navigator echo respira-
tory gating scheme can be employed. The navigator echo is
a localized excitation beam that produces one-dimensional,
time-dependent images. The beam is usually positioned
over the right hemi-diaphragm and monitors the respiratory
position of the diaphragm. The beam is usually executed at
the beginning of the cardiac cycle and a decision is made
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whether the diaphragm position is within a user-defined
respiratory gating window. If so, the data is used for image
reconstruction, if not it is rejected and the k-space line is re-
acquired (Fig. 16.4). There are multiple ways to implement
navigator echo gating schemes and the gating can be done
retrospectively or prospectively. The major applications of
navigator echo gated PCMR are in time-resolved 3D imag-
ing (so called 4D PCMR) [10], or in applications that require
high spatial resolution such as coronary artery flow measure-
ments [11].

Velocity Encoding Direction

The velocity encoding direction is independent of the slice
orientation. Therefore, the velocity of blood (or tissue) can
be encoded through the slice, or the velocity in either of
the in-plane directions can be encoded. The direction of
encoding can be set in the protocol which changes the direc-
tion of the bipolar velocity encoding gradient. Note that the
velocity encoded in the image phase is the projection (or
dot product) of the velocity vector in the direction of the
encoding gradient. For example, if the PCMR image slice is
off by 30° perpendicular to the velocity direction, then the
displayed velocity will be the true velocity multiplied by
cosine (30°), or 0.87, resulting in a velocity error of ~13 %
from the true value.

Here it is important to understand the difference between
velocity and flow. Velocity is the time-rate of change of posi-
tion in a specific direction of fluid and has the units of length/
time (i.e. cm/s). Flow is the rate of volume flux of fluid
through a region per unit time and has the units of volume/
time (i.e., milliliters/s). Flow requires velocity measurements
to be integrated over a cross-sectional area. Therefore, flow
can only be determined with through-plane velocity encod-
ing, when estimating peak velocities, care must be taken to
align the slice perpendicular to the velocity direction. Flow
measurements are less susceptible to this issue as the increase
in the vessel area compensates for the decrease in the value
of the velocity vector due to misalignment.
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Fig.16.5 Example of aliasing in the pulmonary artery. On the left the VENC value was set too low and the central jet of the flow appears dark,
suggesting reverse flow (toward feet). The image on the right was taken with a higher VENC value and the aliasing disappears

Velocity Encoding Value (VENC)

The VENC value is a parameter set by the user and deter-
mines the time and magnitude of the applied bipolar
velocity encoding gradients. The VENC essentially acts
as a relation between the velocity values and the measured
phase. If the measured phase exceeds +180°, or goes
below —180°, it will be assigned a value within the 180° to
+180° range since only 360° of phase can be measured.
This condition is known as velocity aliasing or velocity
wraparound, and an example from a patient is shown in
Fig. 16.5. To avoid aliasing, a VENC value must be cho-
sen so that aliasing does not occur. VENC values are dis-
played as the maximum velocity that can be measured
without aliasing. This produces a difficulty in PCMR as
the maximum velocity is not known a priori. When a good
estimate of the maximum velocity cannot be made, a rapid
scan can be done to check if aliasing is present. A VENC

value that exceeds the maximum expected velocity but
only by a small amount (~25 %) will maximize the ranges
of phases used to measure velocity and hence increase the
velocity-to-noise ratio. Additionally, it is important to
realize that a smaller VENC value requires a larger gradi-
ent value, which will increase the echo time and may
reduce the number of phases that can be acquired.

Specialized Implementations of PCMR

The majority of PCMR examinations are conducted using
a single slice, 2D, ECG gated, cine implementation with
velocity encoded through the slice plane to determine ves-
sel flow as described above. However, several recent
developments have enabled new applications that expand
on this basic implementation and these are described
below.
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Alternate k-Space Sampling Strategies

Most work in PCMR has been done using standard Cartesian
k-space sampling. One of the major problems using PCMR to
quantify blood flow is the lengthy acquisition times associ-
ated with the technique. Multiple methodologies have been
used to reduce acquisition time. Techniques such as vastly
under-sampled radial projection reconstruction (VIPR) can
be combined with PCMR [12]. PC-VIPR can reduce acquisi-
tion time of PC velocity images by sparsely sampling the
edges of k-space and more densely sampling the central
regions of k-space with a constrained radial sampling strat-
egy. Interleaved spiral acquisition has also been used to
reduce temporal resolution of the PCMR velocity measure-
ments. The spiral technique has been used in a single slice,
single direction mode to improve temporal resolution. These
rapidly acquired images can be used to monitor short duration
physiologic changes in cardiac output [13]. A third method to
improve the acquisitions time is to use parallel imaging tech-
niques with or without constrained reconstruction.

4D PCMR

The PCMR described previously can be expanded to measure
multiple time-resolved velocity directions over a 3D volume (4D
PCMR). As previously mentioned, creation of a PCMR image
requires two underlying images (flow-encoded and flow com-
pensated). Obtaining multiple directions of velocity increases
this time, but advanced encoding strategies can limit the time to
a maximum to four times that of the standard gradient echo
sequence [14]. Implementing the technique with a 3D acquisi-
tion volume allows the voxel size to be reduced over a standard
2D acquisition, and allows for an integrated volume acquisition.
Therefore, 4D PCMR can be used to completely define the three-
dimensional, time-resoled velocity vector field over a 3D volume
in vessels. Having this complete, time-resolved velocity field
enables advanced visualization such as plotting streamlines,
pathlines, and particle traces. A variety of cardiovascular applica-
tions have been examined with 4D PCMR, including ventricular
flow and carotid flow, but applications in aortic disease has been
a primary focus of many investigators [15, 16]. The major draw-
back to widespread use of 4D PCMR is the time required for
acquisition. Even with parallel imaging techniques, acquiring
velocity within the aorta requires ~10 min.

Tissue Velocity Mapping

Similar to what has been done in ultrasound with tissue
Doppler imaging (TDI), investigators have used PCMR to
map velocity of the left ventricular myocardium rather than
the blood flow [17]. This requires a low VENC value and a
fairly high spatial resolution acquisition. The disadvantage is
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that these low VENC values requires a high velocity encoding
gradient to generate adequate phase for the low velocities seen
in the myocardial tissue (typically <10 cm/s). The higher gra-
dient increases echo time, often causing susceptibility artifacts
in the LV lateral wall, and reduces overall SNR within the
image [17-20]. Other issues include the lengthy acquisition
time required to cover the entire LV, and issues with large
phase shifts from the flowing blood with in the left ventricle.
Several applications, including measurement of ventricular
dyssynchrony have shown promising results [20].

Real-Time PCMR

Because of the need for subtraction of two images in PCMR,
development of real-time PCMR has lagged behind other
MRI-based real time applications, such as cine imaging of
the LV function, or monitoring of needles or catheters in
interventional procedures. Using EPI or spiral acquisition
and shared encoding strategies have allowed investigators to
use real time PCMR to monitor exercise or stress-induced
changes in aortic hemodynamics, and diagnosis of congeni-
tal and acquired pathology [21]. Because of the complex
acquisition strategies and the required post-acquisition sub-
traction, there is often a delay in displaying the ‘real-time’
PCMR data. Investigators have employed and external dedi-
cated reconstruction hardware to improve the time between
delay and acquisition [22, 23].

Pulse Wave Velocity

Pulse wave velocity (PWV) can be used as a measure of arte-
rial stiffness through the Moens-Korteweg equation. The
PWYV is most often estimated by dividing the distance between
two measurement sites by the propagation time of the pressure
or flow wave between the two sites. Two slices perpendicular
to the aorta are most commonly used for recording locations,
but multiple locations using in-plane flow encoding can also
be used. A time-marker on the flow waveform must be chosen
in order to compare pulse wave arrival times at the sites. High
temporal resolution in the PCMR images is critical as the
wavespeed is 3—10 m/s in the aorta [24, 25].

Post-processing of PCMR Data
Background Phase Correction

Despite the subtraction of velocity-encoded and non-encoded
images, a background phase offset may remain in static tissue,
causing static tissue to appear to have a small velocity. The
phase offset is caused by concomitant gradients in phase-and by
residual eddy currents. The phase offsets can be dependent on
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position in the image, but generally are larger as the distance
from the iso-center increases. Consideration of the background
phase is important because a large background phase can affect
the accuracy of flow measurements, especially when calculating
quantities such as regurgitant fraction [26]. A variety of tech-
niques have been employed to reduce the background phase or
mitigate its effect on quantitative velocity measurements. From
the acquisition side, it is important to keep the image slice and
vessel near the iso-center of the magnet where effects of inho-
mogeneity and gradient eddy currents are minimal. From the
post-processing side background phase effects can be removed
with a background correction algorithm that can be automated,
or use user-defined regions of interest place in static tissue.

Analysis of Velocity Images

By drawing a region of interest curve (ROI) around a vessel,
statistics such as average velocity, peak velocity, and a veloc-
ity histogram can be determined in a region. One can multiply
pixel area times the velocity value in each pixel to obtain flow
for each frame. If the regions of interest (ROI’s) are drawn for
each time frame acquired, one can determine flow as a func-
tion of time over the cardiac cycle. Care is usually taken to
trace boundaries near the edges of the vessel to eliminate con-
tamination from other vessels, and to eliminate errors in the
integration due to inclusion of excess static tissue.

Flow versus time curves can be used to determine clini-
cally relevant quantities such as aortic regurgitant volume,
abnormal ventricular filling patterns, cardiac stroke volume,
cardiac output, quantification of volumetric flow in left-to-
right shunts [27]. Advanced calculations can be done on the
velocity maps to create parametric images of wall shear
stress, pressure gradient, vorticity, etc.

Clinical Application of PCMR

A multitude of CMR techniques can aid in delineating spe-
cific etiologie and pathophysiology. CMR provides gold
standard assessment of ventricular mass, volumes, wall
motion, and viability via various cine and contrast enhance-
ment techniques. PCMR provides a complementary hemo-
dynamic assessment of systolic and diastolic function,
further aiding both diagnosis and prognostication in patients
with various cardiac diseases.

Myocardial Disease

Clinical heart failure may arise from impaired myocardial
contraction, relaxation, or both conditions. Phase contrast
magnetic resonance (PCMR) is useful in assessing the degree
of both systolic and diastolic dysfunction due to various

233

myocardial diseases, as well as impaired ventricular filling.
The contribution of various myocardial, valve or shunt
lesions to pressure and/or volume overload and secondary
myocardial dysfunction can also be evaluated by PCMR.

Cardiac Output

Cardiac output (CO), is the product of stroke volume (SV)
and heart rate and is an important clinical parameter in the
assessment of patients with heart disease. Reduced CO or
cardiac index (CI defined as CO/BSA) is the hallmark of sys-
tolic or diastolic dysfunction from any etiology. Traditionally,
the most accurate method of measuring CO has relied on
invasive cardiac catheterization. CMR offers a non-invasive
measurement of CO by both cine ventricular volumetry and
PCMR, both with accuracy and precision as comparable to
invasive measures. Both CMR methods have established ref-
erence values, although cine ventricular volumetry is limited
in the case of regurgitant valve disease.

The method of PCMR CO or SV measurement relies on a
through-plane velocity measurement and integration of flow vol-
ume in one or both of the great vessels as described above. For
LVSV measurement, the ascending aorta should be localized in
an oblique sagittal scout image to visualize patient specific archi-
tecture. The PCMR imaging plane should be set perpendicular to
the direction of flow. The location of the imaging plane relative
to the aortic annulus is a matter of debate, as some groups recom-
mend a proximal position between the annulus and sinotubular
junction, while others recommend the mid-ascending aorta at the
level of the main pulmonary artery (PA) bifurcation. The proxi-
mal position may be more susceptible to inaccuracies related to
valve motion artifacts and complex flow patterns, however, it
avoids error related to diastolic coronary flow. Measurement in
the mid-ascending aorta, although felt to be more reproducible,
may be more affected by aortic compliance, which underesti-
mates regurgitant volume, and reverse coronary diastolic flow,
which may account for 0.5-6 % of aortic forward flow. The
VENC should initially be set at 200 cm/s.

RVSYV is measured in main PA. The main PA should be
localized in an oblique axial or coronal scout image to visu-
alize the curvature. The imaging plane should be set perpen-
dicular to the direction of flow, between the pulmonic valve
and main PA bifurcation. The VENC should initially
be=200 cm/s. Comparison of the SV of the left and right
ventricle (RV) may be used to provide an internal control, or
to calculate Left-to-right’s shunt ratio, if applicable.

Diastolic Dysfunction
Cardiac diastolic dysfunction is an abnormality of ventricular

relaxation and occurs in a variety of heart failure etiologies.
Diastolic heart failure is a predominant cause of heart failure
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symptoms and may precede or accompany systolic dysfunc-
tion. Diastolic dysfunction is also a marker of poor outcomes,
as patients with diastolic heart failure and preserved systolic
function have similar mortality to patients with isolated sys-
tolic dysfunction [28, 29]. Diastology is also useful in the
clinical management of patients, notably in the estimation of
LV filling pressures and guidance of medical therapies.

Clinical diastolic function evaluation is most often per-
formed with Doppler transthoracic echocardiography (TTE).
Conventional parameters determined include early and late
filling peak velocities of the transmitral flow (E and A
waves), E-wave deceleration time (DT), and annular myo-
cardial early longitudinal peak velocity (E’) and late longitu-
dinal peak velocity (A’). Pulmonary vein peak systolic (S)
and diastolic (D) velocities are a useful adjunct, specifically
in the form of the S/D ratio.

CMR can offer a comprehensive evaluation of diastolic
function comparable to Doppler TTE with the use of
PCMR. PCMR derived diastolic hemodynamics will provide
useful information in patients planned to undergo CMR or
those with poor TTE windows. Additionally, PCMR may
overcome certain limitations of Doppler TTE, including lim-
ited field of view, beam angle dependency, and incomplete
sampling of eccentric flows.

Transmitral Flow Profiles
Cine CMR imaging in multiple long axis views should be
used to visualize the mitral leaflets for planning a PCMR
slice location to evaluate transmittal velocity. The PCMR
slice should be prescribed at the leaflet tips during diastasis,
parallel to the plane of the mitral annulus. Through-plane
images should be acquired with retrospective EKG gating.
An initial VENC setting around ~200 cm/s is reasonable.
However, the correct VENC may vary, between 150 and
>300 cm/s, depending on the patient’s hemodynamics. After
image acquisition, the ROl is traced around the inner contour
of the mitral valve (MV) orifice in cross-section on magni-
tude images, and then transferred to phase images.
Transmitral peak E and A velocity waves are plotted on a
flow versus time graph. The DT is calculated by subtracting
the time of intersect of the peak E wave with the baseline
from the time of intersect of the E wave downslope with the
baseline. PCMR derived peak E and A velocity waves cor-
relate well with Doppler TTE techniques, although there is a
tendency towards underestimation of magnitude. Assessment
of transmitral profiles and E/A ratio, however, have excellent
agreement with Doppler TTE for identifying the presence
and stage of diastolic dysfunction [30, 31].

Pulmonary Vein Flow Waveform

The right superior pulmonary vein is often the easiest to
acquire on cine CMR or scout images, however, any or all
visualized pulmonary vein may be imaged. The slice plane
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should be perpendicular to flow inside the vein, approxi-
mately 1 cm from the ostium. Through-plane PCMR images
should be acquired with retrospective EKG gating and a
VENC of 100 cm/s. After image acquisition, the ROI is
traced around the inner lumen of the pulmonary vein on
magnitude images, and then transferred to phase images.
Pulmonary vein S and D average velocity waveforms are
plotted on a velocity versus time graph to the time-dependent
characteristics of the flow. PCMR derived pulmonary vein
S/D ratio correlates well with Doppler TTE [32].

Mitral Annular Tissue Velocity
The basal lateral and/or basal septal segments of the mitral
annulus can be visualized on long axis cine CMR imaging. A
PCMR slice to measure mitral annular velocity should be
placed at the lateral and/or septal MV annulus, with care to
ensure it the slice does not include mid-left ventricular or left
atrial myocardium. Through-plane PCMR images should be
acquired with retrospective EKG gating and a VENC of
50 cm/s. After image acquisition, the ROI in the annulus is
traced on magnitude images and transferred to phase images.
Mitral annular tissue average velocity waveforms are plot-
ted on a velocity versus time graph to determine time-dependent
velocity behavior of the tissue. PCMR derived mitral annular
tissue velocities have been found to correlate well with tissue
Doppler TTE [30, 33]. The E/E' ratio has been found to corre-
late well between PCMR and Doppler TTE, as well.
Importantly, PCMR derived E/E’ correlates strongly with inva-
sive pulmonary capillary wedge pressure by cardiac catheter-
ization with patients with E/E’ <8 have PCWP <15 mmHg and
those with E/E’ >15 having PCWP >15 mmHg [20, 34].

Restrictive Physiology

Restrictive physiology may be a result of progressive dia-
stolic dysfunction or restrictive cardiomyopathy. Restrictive
cardiomyopathy often presents with signs of right heart fail-
ure including peripheral edema and ascites. Imaging findings
include normal or reduced ventricular volumes and normal
or near normal ventricular systolic function, often with sig-
nificantly dilated atria. In this clinical setting, it is important
to distinguish restrictive and constrictive physiology. Severe
abnormalities of myocardial relaxation and filling, with E/A
>2 and mitral annular tissue velocity <4 cm/s, is categorized
as restrictive physiology. Moreover, CMR morphologic
assessment and tissue characterization provides further anal-
ysis of specific causes of restrictive cardiomyopathy such as
amyloidosis, sarcoidosis, hemochromatosis, Fabry’s disease,
endomyocardial fibrosis, and carcinoid heart disease [35].

Pitfalls

Diastolic transmitral hemodynamic profiles and mitral annu-
lar tissue velocities may be inaccurate due to large through-
plane motion of the annulus over the cardiac cycle.
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Specifically, transmitral diastolic velocities and flow may be
underestimated. Visual confirmation and manual redrawing
of the ROI at each cardiac phase to ensure the appropriate
location over each cardiac cycle during post-processing may
minimize error. Annular tracking with long-axis cine CMR
navigators may provide motion compensation, although this
technique is not widely available. The underestimation of
peak E and A wave velocity magnitude with PCMR may be
related to increased sensitivity of maximal velocity curves to
noise or the temporal resolution of PCMR.

Pericardial Disease

CMR provides an accurate assessment of pericardial mor-
phology including thickness, pericardial effusion, acute
inflammation and fibrosis. CMR can also provide comple-
mentary functional and hemodynamic information on cine
PCMR sequences.

Pericardial Constriction

Pericardial constriction occurs when normal ventricular dia-
stolic filling is impeded by a non-compliant pericardium. In
the clinical setting, it is critical to distinguish restrictive and
constrictive physiology. Although pericardial thickening and
even calcification may be present. This finding is not diag-
nostic of constriction, as constriction may exist without
either finding [36, 37].

The hemodynamic hallmark of constriction is dissociation
between intracardiac and intrathoracic pressures evidenced
by ventricular interdependence and respiratory variations in
atrioventricular valve inflow velocities, typically evaluated by
Doppler TTE. CMR can provide an assessment similar to that
of TTE, including volumetric and functional evaluation, iden-
tification of the interventricular septal bounce suggestive of
ventricular interdependence and, inferior vena cava (IVC)
plethora. Thorough hemodynamic evaluation is essential, as
the interventricular septal bounce and IVC plethora may be
seen in a variety of other conditions.

Pitfalls
Mitral and tricuspid annular motion with the cardiac cycle
and respiration may displace the desired imaging plane on
the horizontal long axis images, potentially introducing error
into the flow measurements. This can be minimized by visual
confirmation of enface inflow orientation with each frame
during acquisition and redrawing of the ROI to ensure the
appropriate location during post-processing.

Although the use of free-breathing acquisition improves
temporal resolution, this may come at the expense of reduced
signal-to-noise ratio. Furthermore, maximal velocity curves
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may have increased sensitivity to noise as they represent
single time point in the cardiac cycle, compared to flow rates,
which are estimated from the averaged velocity throughout
the cycle. However, given the measurement of respiratory
cycle-based velocity variation occurring over hundreds of
milliseconds, this is unlikely to have significant impact.

Valve Disease

Left sided valve disease imposes a progressive hemody-
namic burden on the heart in the form of pressure overload,
volume overload, or both. Established criteria guide physi-
cians in treating patients with left sided valve disease by
incorporation of symptoms and cardiac structural changes, in
addition to lesion severity as assessed by various imaging
techniques. Quantitative assessment of lesion severity is pre-
ferred, and may facilitate intervention at an earlier stage
prior to potentially irreversible structural changes and limit-
ing symptoms. PCMR provides an accurate non-invasive
estimate of hemodynamic profiles across any valve or vascu-
lar structure, and allows for precise quantitative results that
may be complementary to the anatomic findings of both TTE
and cine CMR. Transvalvular velocities, pressure gradients,
flow rates, and flow volumes can be directly measured or
calculated.

Aortic Stenosis

Aortic stenosis (AS) due to calcific degeneration is the most
common valve disease of the elderly. However, congenital
and rheumatic aortic valve (AV) disease may present as sig-
nificant stenosis in children and young adults. Regardless of
etiology, progressive narrowing of the AV orifice results in
pressure overload of the LV with associated concentric
remodeling and elevation of LV filling pressures. Surgical
treatment decision is based on lesion severity and patient
symptoms. AS is considered severe when the area of the
valve orifice is less than 1 cm?, the peak velocity is greater
than 4 m/s, or the mean transvalvular gradient is more than
40 mmHg. PCMR imaging is useful in determining these
structural and hemodynamic findings. Generally, the VENC
should be based on the initially estimated severity and can be
subsequently adjusted based on the presence of aliasing in
the images. Cine CMR also provides complimentary struc-
tural assessment of valvular morphology, such as cusp num-
ber and fusion, and ventricular remodeling related to chronic
pressure overload. Dynamic characterization of the valve
orifice area, including morphology (i.e. bicuspid versus tri-
cuspid) and direct measurement of the valve area is possible
with PCMR. This method relies on visualization of a distinct
boundary identifying high velocity pixels of the jet. The
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imaging plane should be parallel to the AV annulus and use a
short TE, high temporal resolution cine PCMR sequence.

Quantification of Peak Velocity and Transvalvular
Pressure Gradients
The maximum instantaneous velocity (V) within the ste-
notic jet can be obtained on through-plane or in-plane
PCMR. Through-plane analysis relies on slice positioning
relative to the valve orifice, as the true V. may be missed if
the slice is too far from the valve orifice. Positioning too
close to the valve orifice may result in inaccurate V,,,, from
signal loss due to turbulent flow [38]. Conversely, in-plane
analysis encompasses the entire longitudinal aspect of the
jet, however, severe stenosis may result loss of accuracy due
to partial volume averaging and movement of the jet out of
the imaging plane. The use of both through-plane and in-
plane imaging with sampling of the entire jet is recom-
mended to maximize accuracy.

The peak transvalvular pressure gradient (AP) can be cal-
culated using the modified Bernoulli equation and V,,, as:

AP=4(V, )

Measurement of velocities and pressure gradients by PCMR
correspond well with both Doppler TTE and cardiac
catheterization.

Pitfalls

Partial volume averaging results from increased voxel size
due to large slice thickness and causes averaging of veloci-
ties from inside and outside of the vena contracta. The net
effect of partial volume may be underestimation of the true
peak velocity, which has been reported in multiple studies
comparing PCMR to Doppler TTE. Generally, thin-section
imaging with overlapping and a minimum of 16 voxels cov-
ering a cross section volume is adequate to avoid significant
partial volume effects [39]. Alignment of the flow jet and
imaging plane may be challenging with eccentric high veloc-
ity jets and horizontally oriented aortic annuli. Errors related
to flow-plane misalignment is proportional to the cos 6,
where 0 is the angle of misalignment, thus a small degree of
misalignment is associated with a small error. Stenotic AVs
are often heavily calcified, which may subject images to sig-
nificant susceptibility artifact, limiting hemodynamic evalu-
ation at the level of the valve plane.

Aortic Regurgitation

Aortic regurgitation (AR) may arise from primary abnormal-
ities of the aortic valve leaflet or secondary to aortic root
dilatation. The primary hemodynamic consequence of
chronic AR is progressive LV volume overload which may
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remain asymptomatic for years. The timing of surgery for
severe AR depends on the presence of symptoms or signifi-
cant chamber dilatation in asymptomatic patients. Grading
of AR has traditionally relied on qualitative and semi-
quantitative findings on Doppler TTE or aortic root angiog-
raphy. Quantitative parameters such as regurgitant jet area,
regurgitant volume (RVol), and regurgitant fraction (RF;
RVol divided by total LV SV) are the strongest indicators of
true lesion severity. A variety of PCMR derived CMR
approaches are useful for AR quantification and provide a
non-invasive, alternative to traditional methods. AR grading
by CMR derived RF is generally accepted as: mild, RF less
than 15 %; moderate, RF 1625 %; moderate to severe
25-48 % and severe, greater than 48 % [40]. Retrospective
ECG gating should be utilized to ensure the entirety of dias-
tole is appraised. Cine CMR is used to provide clues as to AR
etiology such as jet location and direction, leaflet prolapse or
perforation, annular morphology and aortic abnormalities
such as root dilatation or aortic dissection. Assessment of LV
chamber dimensions is a vital complement to PCMR hemo-
dynamic data.

Calculation of Regurgitant Fraction

from Transaortic and Transpulmonic Flows

Direct through-plane measurement of blood flow in the
ascending aorta and main PA will provide an assessment of
left and right ventricular SVs, respectively, when integrated
throughout systole. In the absence of intracardiac shunting or
valvular regurgitation, the difference between right and LV
volumes by CMR is less than 5 %. This method allows cal-
culation of the RF as:

RF =[(LVSV-RVSV)/LVSV]*100

The assessment of LVSV and RVSV by PCMR correlate
well with Doppler TTE and invasive cardiac catheterization
derived measures [41]. This method assumes isolated AR
and is invalid in the case of multivalvular regurgitation.

Quantification of Regurgitant Fraction

from Transaortic Flow

An accurate and reproducible method of AR quantification
by PCMR is direct through-plane measurement of antegrade
and retrograde proximal aortic flow throughout the cardiac
cycle. Aortic flow is plotted versus time, and the area inside
the curve under the baseline represents diastolic retrograde
flow. Systolic antegrade flow, that is LVSV. The Regurgitant
Fraction (RF) is calculated as:

RF = (RVol /LVSV)*¥100

It is important to place the slice plane perpendicular to the
direction of flow in the aortic root. The plane should be
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placed proximal to the coronary ostia, as close to the valve as
possible, without artifacts from valve motion and complex
flow patterns. This position may also demonstrate the site of
regurgitation. Multiple scout views are helpful to account for
obliquity and proper placement. This method correlates well
with the CMR method of biventricular volumetry, as well as
Doppler TTE and aortic root angiography [42].

The presence of valve motion artifacts and complex flow
patterns in the proximal root has led some to recommend
aortic flow measurement in the mid-ascending aorta at the
site of the right PA. However, this position may be more
affected by aortic compliance, which underestimates RVol,
and reverse coronary diastolic flow, which may account for
over 6 % of aortic forward flow [43].

Mitral Stenosis

Mitral stenosis (MS) is caused by restriction of MV opening
involving any portion of the mitral apparatus and the result is
LV inlet obstruction with a diastolic transvalvular pressure
gradient between the left atrium and LV. MS is considered
severe when the area of the valve orifice is less than 1 cm?
and/or the mean transvalvular gradient is more than
10 mmHg. PCMR provides quantitative hemodynamic infor-
mation complemented by leaflet, chordae, and annular mor-
phology, planimetered valve area, and abnormal chamber
size, such as left atrial enlargement and small LV, seen on
cine CMR.

Quantification of Peak Velocity and Transvalvular
Pressure Gradient

The calculation of V. should be performed in multiple in-
plane and through-plane positions perpendicular and parallel
to the direction of flow. As in AS, through-plane analysis
relies on slice positioning relative to the valve orifice, as the
true V., may be missed if the slice is too far from the valve
orifice. Positioning too close to the valve orifice may result
in inaccurate V,,, from signal loss due to turbulent flow.
Conversely, in-plane analysis encompasses the entire longi-
tudinal aspect of the jet, but in the setting of severe stenosis
may result in loss of accuracy due to partial volume averag-
ing and movement of the jet out of the imaging plane. The
use of thin-section imaging may resolve this problem. The
use of both through-plane and in-plane imaging with sam-
pling of the entire jet is recommended to maximize accuracy.
An initial VENC setting around 200 cm/s is reasonable.
However, the correct VENC may vary, between 150 and
400 cm/s, depending on the patient’s hemodynamics. The
peak transvalvular pressure gradient (AP) can be calculated
using the modified Bernoulli equation and V ,, as:

max

AP=4(V,. )
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The mean transvalvular pressure gradient is obtained by
averaging all of the instantaneous velocities over systole.
Generally, the mean pressure gradient is about two-third of
the peak pressure gradient. Measurements of velocities and
pressure gradients by PCMR correspond well with Doppler
TTE [44].

Pitfalls

Atrial fibrillation, which is common in MS patients, limits
the utility of PCMR quantification due to significant varia-
tion in cardiac cycle length. Partial volume effects may result
in underestimation of peak velocity and pressure gradients;
increased flow states may cause increased peak velocity and
pressure gradients similar to AS. Stenotic MVs are often
heavily calcified, which may subject images to significant
susceptibility artifact, limiting hemodynamic evaluation at
the level of the valve plane.

Mitral Regurgitation

Mitral regurgitation (MR) may occur due a primary valve
abnormality, such as leaflet prolapse or perforation, or
chordal rupture causing a flail leaflet. The etiologies of these
abnormalities include, but are not limited to, age related
degeneration, myxomatous infiltration, and endocarditis.
Alternatively, MR may be secondary to ventricular abnor-
malities such as papillary muscle dysfunction in ischemic
heart disease, or a dilated mitral annulus with dilated cardio-
myopathy. A consequence of primary MR is increased
LVSV. Surgical intervention for severe MR is predicated by
symptoms and structural remodeling, including drop in EF
below 60 % and increase in LV end-systolic dimension
greater than 4 mm in asymptomatic patients [45]. Currently,
Doppler TTE is most commonly used for diagnosis and in
the case of poor TTE windows or discrepant results, quanti-
tative parameters such as Regurgitant volume (Ry,) and RF
can be obtained by a variety of PCMR derived CMR
approaches. MR grading by CMR derived RF is generally
accepted as: mild, RF less than 15 %; moderate, RF 16-25 %;
moderate to severe 2648 % and severe, greater than 48 %
[40]. Cine CMR provides a complimentary assessment of
leaflet, subvalvular, and annular morphology, as well as a
gold standard of chamber and volume quantification.

Calculation of Regurgitant Fraction

from Cine Volumes and Great Vessel Flows

The most dependable method of MR quantification utilizes a
combination of through-plane transaortic, and LVSV mea-
sured on cine CMR. The LVSV is the difference of the LV
end-diastolic volume and LV end-systolic volume. The dif-
ference between the LVSV and aortic valve SV represents
the Ry,. The Regurgitant Fraction (RF) is calculated as:
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RF = [(LVSV— semilunar valve SV)/ LVSV:| *100

This method correlates well with both Doppler TTE and car-
diac catheterization [42, 46]. In the case of significant AR,
the transpulmonic SV can be used, providing there is no sig-
nificant Pulmonary Regurgitation.

Pitfalls

Direct diastolic transmitral flow measurement may be diffi-
cult due to valve motion with the cardiac cycle and the three-
dimensional “saddle shape” of the mitral annulus. Annular
tracking with long-axis cine CMR images may provide
motion compensation, although not widely available. A con-
trol volume approach can overcome many of these issues,
but is time consuming [47].

Prosthetic Valves

Both surgical and percutaneous prosthetic valves can be
safely imaged by CMR. Poor visualization due to suscepti-
bility artifact may limit morphologic assessment and mea-
surement of transvalvular velocity and pressure gradients by
PCMR, however, downstream hemodynamic assessment
remains possible [48, 49]. PCMR is particularly helpful in
the assessment of prosthetic valve dysfunction or paravalvu-
lar pathology associated with significant regurgitation, as
TTE is often limited by significant attenuation from metal
containing prostheses.

Methods utilizing cine CMR volumetric analysis and
through-plane aortic flow assessment are valid, with addi-
tional considerations. Surgical aortic valves generally have a
low profile in the aortic root, allowing through-plane flow
analysis in proximity to the valve. Transcatheter valves gen-
erally have a higher profile within the aorta due to the valve
stent frame, with the Edwards Sapien valve extending nearly
1 cm into the aortic root and the Medronic CoreValve extend-
ing 2-3 cm into the aortic root. The nitinol stent frame of the
Medtronic CoreValve produces little susceptibility artifact
allowing flow analysis in the aortic root.

Vascular Disease

Diseases of the aorta and peripheral vessels are commonly
imaged with MRA techniques, however, PCMR provides
useful functional information complementary to MRA mor-
phology findings. In the setting of Aortic Dissection, in-
plane and through plane views are both useful in
distinguishing the true and false lumens. High-velocity flow
will be seen in the true lumen, while lower velocities will be
seen in the false lumen, often with bidirectional flow.
Retrospective gating should be utilized, with an initial VENC
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of 150 cm/s. Pressure gradients due to Aortic coarctation or
atherosclerotic lesions can be estimated with the modified
Bernoulli equation [50].

Congenital Heart Disease

One of the areas where PCMR has been used most exten-
sively is congenital abnormalities. The complex anatomy
and often widely varying hemodynamics make PCMR par-
ticularly useful. Here we describe how PCMR is used in
some of the most common pediatric applications.

Coarctation of the Aorta

Initially thought to be a simple lesion involving narrowing of
the aorta at the junction of the distal aortic arch and descend-
ing thoracic aorta, coarctation has been recognized to be a
complex disorder which requires life-long follow-up and
serial imaging even after surgical or interventional treatment
[51]. The underlying cause of coarctation it not known
though it is believed to be related to postnatal constriction of
aberrant ductal tissue.

When using CMR to evaluate the patient with untreated
repaired coarctation, it is important to note the nature of
the lesion (local stenosis or longer segment stenosis), pres-
ence of other associated defects (predominantly bicuspid
aortic valve or aortic aneurysm). In the surgically or percu-
taneously palliated patient, the key to assessment involves
an understanding of the type of repair. Resection and end
to end anastomosis is the most common type of repair; par-
ticularly in the young child. Other types of repair are less
common but occasionally are required depending on surgical
considerations.

PCMR can provide a hemodynamic assessment of lesion
severity and define the presence or absence of collateral
blood flow. Due to signal void artifact present in patients
who undergo percutaneous stent repair of this lesion, CMR
can be limited in the assessment of these patients.

In patients with native coarctation, defining the anatomy
of the lesion is the most important portion of the procedure.
Unless the imaging planes are properly prescribed, hemody-
namic assessment by PCMR will be difficult. MR angiogra-
phy provides the simplest and most effective way to identify
pertinent anatomy. MRA protocol uses 0.1-0.2 mmol/kg of
gadolinium contrast injected at 2-3 ml/s using bolus detec-
tion with initial acquisition starting once contrast is visual-
ized in the left ventricle. Two repeat acquisitions are then
obtained immediately following the initial acquisition.
Anatomic planes for hemodynamic evaluation can then be
prescribed using the 3-D tool on the work-station. For
patients that have contra-indication to gadolinium contrast



16 Flow Imaging

other non-contrast techniques are available to provide ana-
tomic data, most notably the use of dark-blood imaging
obtained in an axial plane. Prescribing an imaging plane
across the ascending aorta through the descending aorta will
result in an oblique sagittal view of the thoracic aorta and
coarctation segment. This typically prescribes an imaging
plane that is inclusive of the ascending aorta, arch, and
descending aorta including the coarctation segment.

The most critical aspect of the hemodynamic assessment
of the unrepaired coarctation is an assessment of the pressure
gradient across the lesion. Traditionally a gradient >20 mmHg
is considered to be significant, and this gradient was mea-
sured using the difference in systolic blood pressure between
the right arm and left leg. This clinical exam is often unreli-
able in assessment of the true pressure difference particularly
in patients with extensive collateral formation. PCMR is an
accurate and reproducible method of assessing this gradient.
This gradient is best obtained by first obtaining an in-plane
flow in the descending thoracic aorta and identifying the seg-
ment where maximum velocity occurs. A through plane
velocity can then be obtained at this level thereby obtaining
a true peak velocity. Using the modified Bernoulli equation,
the peak gradient can then be obtained.

Another unique feature of PCMR imaging is the assess-
ment of collateral flow in coarctation. This is usually
achieved by a comparison of the measurement of flow in the
proximal descending thoracic aorta to the descending tho-
racic aorta just above the level of the diaphragm. Collateral
flow can be assumed to be present if the flow in the descend-
ing thoracic aorta just above the diaphragm is greater than
the flow in the proximal descending thoracic aorta. This
occurs because the intercostal arteries become engorged
with blood and other collateral vessels form causing blood
flow down the internal mammary arteries and retrograde
from the intercostal arteries increasing the flow in the
descending thoracic aorta. This creates the characteristic rib
notching seen on chest x-ray. The percent increase in flow in
the descending thoracic aorta is directly related to the degree
of stenosis. Thus, it serves as an indicator of the degree of
hemodynamic compromise.

Intracardiac Shunts

Intracardiac shunts are a hallmark of congenital heart dis-
ease. In the pediatric realm, atrial septal defects (ASD) rep-
resent 1 in 1,500 live births. Most adults who present to a
physician with an undiagnosed congenital heart disease do
so with an ASD. The management of these defects is depen-
dent on two items measured in tandem — the anatomy of the
defect and the physiologic repercussions. CMR is well-
suited for the evaluation of ASD shunt anatomy and physiol-
ogy. Ventricular septal defects (VSD) are the most common
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congenital heart lesion and can also be visualized by
CMR. Small, isolated ventricular septal defects often close
in the pediatric years without intervention and are not pres-
ent in adulthood. In the developed world, patients with larger
VSDs are typically identified early and undergo corrective or
palliative surgery.

In-plane PCMR imaging can allow for identification of
the defect and visualization of left to right or right to left
shunting. Compared with measurements obtained during
cardiac catheterization, thru plane PCMR of flow in the
proximal great vessels can reliably assess the magnitude of
intracardiac left-to-right shunting [52].

Atrial Septal Defects
Secundum atrial septal defects represent the most common
type of atrial level defect. They are slightly more common in
females and result from defective growth of the septum
secundum or excessive resorption of the septum primum.
This defect, even in late adulthood, is predominantly left to
right in shunt flow as the pulmonary bed has a high capaci-
tance. The presence of right to left shunting is fairly rare
even with large defects, but when present suggests pulmo-
nary arterial hypertension.

PCMR can be used to quantify the shunt fraction in
patients with this defect by calculating the ratio of pulmo-
nary to aortic flow.

Qp/Qs= (Pulmonary forward flow / Aortic forward ﬂow)

While Qp/Qs is typically a reliable measure for shunt flow
there can be some pitfalls. Most notable is significant pul-
monic or aortic regurgitation as this negative flow in proxi-
mal great vessels would increase the forward flow of the next
cardiac cycle increasing the cardiac output and thus altering
the Qp/Qs calculation. The size of the shunt could be incor-
rectly increased or decreased. Theoretically, small defects
would gain unnecessary importance in the presence of sig-
nificant pulmonary regurgitation, and larger shunts would
appear diminished in the presence of significant aortic regur-
gitation. Another concern is when the shunt ratio is low
(below 1.3) as there is no clear threshold delineating shunt
presence from absence by PCMR. Hence while Qp/Qs anal-
ysis is important in understanding the hemodynamic impli-
cations of the shunt; it should not be used in isolation. A
thorough interrogation of the atrial septum is required to rule
out small secundum defects that appear insignificant by Qp/
Qs calculation.

Sinus venosus ASDs occur in two forms — inferior and
superior. Superior sinus venosus defects are the more com-
mon of the two and arise at SVC/RA junction superior to the
fossa ovalis. Additionally, there is a significant association of
partial anomalous return of the right superior pulmonary
vein into the superior vena cava. This leads to an increase in
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the degree of left to right shunting as compared to secundum
defects. PCMR can be used to quantify the degree of shunt-
ing as described for secundum defects above. PCMR, spe-
cifically in-plane velocity mapping, can also be used to
identify anomalous pulmonary vein flow. This is particularly
important as PCMR can reliably detect and quantify these
lesions even when other imaging modalities have not readily
identified the defect. Inferior sinus venosus defects are much
less common and are located at the junction of the right
atrium and IVC and is associated with anomalous right infe-
rior pulmonary vein.

Ventricular Septal Defects

While large atrial septal defects rarely lead to pulmonary
arterial hypertension (PAH) in the adult, an uncorrected VSD
will lead to PAH and subsequent right to left shunting mani-
festing as a Qp/Qs to <1.

Rarely, adults may present with new symptoms of exer-
cise intolerance as a result of a moderate VSD associated
with a left-to-right shunting leading to LV dilation. Unlike
ASD which result in right heart enlargement, moderate to
large sized VSD will cause left sided ventricular enlargement
as the LV receives the excess shunted blood back from the
pulmonary circuit. In these cases, where significant pulmo-
nary arterial hypertension has not occurred the shunt fraction
will remain >1.5.

Most VSDs identified in adulthood are small restrictive
defects that do not alter cardiac hemodynamics. In these
cases, shunt fraction by PCMR is undetectable or negligibly
increased and RV/LV stroke volumes are similar assuming
the absence significant valvular heart disease.

Pulmonary Valve Disorders

Pulmonary valve disorders are typically due to congenital
heart disease. Congenital pulmonary stenosis treated in the
infant can result in either regurgitation or stenosis. Pulmonary
valve assessment is critical in patients with Tetralogy of
Fallot (TOF). TOF is the most common cyanotic heart defect
and is also one of the most common indications for a con-
genital CMR exam. The treatment of these patients has
changed dramatically with advances in surgical and medical
therapy. The original repair involved closure of the ventricu-
lar septal defect and resection of muscle from the infundibu-
lar region of the right ventricular (RV) outflow tract. In many
cases this still resulted in a fair degree of RV outflow obstruc-
tion due to reduced pulmonary annulus size. Surgeons com-
pensated for this by using a transannular patch. This relieved
the RV outflow tract obstruction but resulted in varying
degrees of pulmonic regurgitation, often severe. While severe
pulmonic regurgitation can be tolerated well for years to
decades it can lead to deleterious effects on the RV and also
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lead to potentially fatal arrhythmias. Thus, the question of
when to replace the pulmonary valve and how to classify the
degree of pulmonic regurgitation is of significant importance
in the patient with repaired TOF. Though echocardiography
plays a valuable role in this assessment, CMR outperforms
echo in this assessment [53]. CMR and PCMR are ideally
suited for the evaluation of the pulmonary valve.

Regurgitant fraction (RF) as described previously is defined
as the regurgitant flow (ml/beat) divided by the forward flow
(ml/beat) and is typically expressed by percentage:

RF =(Re gurgitant Flow/ Forward Flow)x100
=[(RVSV —LVSV)/RVSV ]

In pulmonary valve disorders mild regurgitation is classified
as <20 %, moderate is 20—40 %, and severe is >40 %. Some
consider 30—40 % to represent a subset of patients with mod-
erate to severe regurgitation [53]. Patients with moderate to
severe or severe pulmonary regurgitation that are those typi-
cally considered for pulmonary valve replacement when
appropriate indications are met. CMR criteria for pulmonary
valve replacement in asymptomatic patients with severe PR
include development of at least two of the following criteria
[54]:

(a) RV/LV volume ratio greater than 2:1

(b) RVEDV index >150 mL/m?

(c) Large akinetic areas seen along RVOT

(d) RV ejection fraction <47 %

(e) RV end-systolic volume index >80 ml/m?2

(f) Left-to-right shunt from residual atrial or ventricular sep-
tal defects with pulmonary-to-systemic flow ratio >1.5

(g) Severe aortic regurgitation, RF>48 %

For accurate assessment of pulmonary valve flow the
imaging plane should be perpendicular to the RVOT at a
level just above the pulmonary valve. In order to obtain a true
perpendicular imaging plane planning should be done using
two separate oblique RVOT views.

In-plane velocity encoding imaging can also be obtained
in the RVOT views to help visually assess the degree of
regurgitation; though it is not as accurate as through plane
estimation which allows for true quantification. A high-
velocity jet visualized by in-plane velocity mapping can be
useful for locating the appropriate through-plane acquisition.
This is particularly important when evaluating pulmonary
stenosis. Through-plane flow quantification is significantly
more reliable when the imaging plane transects the point of
maximum velocity which is typically just downstream from
the orifice of the lesion in question. The jet core can be
recognized as the area of aliasing on velocity maps (black
over white or white over black flow).
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The peak pressure gradient across a stenotic lesion can be
measured by knowing the maximum peak systolic velocity
(Vma) and using the modified Bernoulli equation.

Pressure gradient (mmHg ) = 4x (V.. )’

max

The grading of pulmonic stenosis is typically defined by
either the peak velocity or peak gradient:

Degree of stenosis | Peak velocity (m/s) | Peak gradient (mmHg)
Mild <3 <36

Moderate 34 36-64

Severe >4 >64

Progression of pulmonary stenosis is rare and patients
with a peak gradient below 50 mmHg typically do not prog-
ress to severe pulmonic stenosis. When pulmonary stenosis
is suspected CMR imaging can provided added value. It is
useful in the determining the level of obstruction e.g.: infun-
dibular, valvular, or subvalvular as well as help define any
associated lesions such as pulmonary artery stenosis, intra-
cardiac shunts, or coexisting pulmonary regurgitation.
Asymptomatic patients with valvular PS with gradients of
greater than 60 mmHg should have relief of the obstruction,
most commonly by percutaneous balloon valvuloplasty.

Pulmonary Hypertension

Pulmonary hypertension is defined as an elevated mean pul-
monary arterial pressure greater than 25 mmHg at rest.
Pulmonary hypertension is often related to elevated left sided
pressures, leading to the diagnosis of pulmonary venous
hypertension. Pulmonary arterial hypertension is diagnosed
when the mean pulmonary arterial pressure is greater than 25
at rest and the left ventricular end diastole pressure or the
mean pulmonary capillary wedge pressure is less than
15 mmHg. The initial work-up typically involves a thorough
history/physical, echocardiography, and right heart catheter-
ization. Further diagnostic imaging is then based upon the
results of this evaluation.

While echocardiography plays the primary role as the
screening tool for patients with PAH, CMR is ideally suited
for assessment of the right ventricle and the proximal pulmo-
nary arteries. Hence there has been great interest in the devel-
opment of CMR and velocity flow mapping in the diagnosis
and hemodynamic evaluation of pulmonary arterial hyperten-
sion. While it is difficult to use CMR alone to establish a
cause for PAH, there are patients who can benefit from infor-
mation provided by CMR. Patients in research trials or on
therapy with PAH drugs may particularly benefit with CMR
for serial re-evaluation of RV function and size. The use of
PCMR has also been studied in the PAH population and has
both its benefits and drawbacks [55, 56].
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PCMR, particularly of the tricuspid valve, is limited in the
evaluation of PAH. Unlike echocardiography where tricus-
pid continuous wave Doppler accurately identifies the right
ventricular systolic pressure, it is not possible to do so with
PCMR. This is a result of fairly rapid dispersion of multiple
small jets cores that are too small to be measured either by in
plane or through plane flow mapping. PCMR of the pulmo-
nary artery can be used to track cardiac output; additionally
PCMR derived flow in the main pulmonary artery has also
been used to indirectly assess the hemodynamics of pulmo-
nary hypertension. Pulmonary arterial pressures are inversely
correlated with average blood velocity in the main PA. It also
appears to have consistent performance across different sub-
groups of PAH.

PCMR also demonstrates an inhomogeneous flow profile
in the pulmonary artery in patients with pulmonary hyperten-
sion. Compared to healthy controls, patients with PAH have
lower peak systolic velocity and greater retrograde flow after
middle to late systole. Retrograde flow observed in patients
with PH is also a hemodynamic indication of severity. It is
inversely proportional to pulmonary flow volume and
directly proportional to pulmonary resistance and cross-
sectional area of the vessel. Additionally, 3D magnetic reso-
nance phase-contrast imaging of the main pulmonary is a
novel tool in the assessment of PAH. Mean pulmonary pres-
sures by 4D PCMRI have been shown to be within 3—4 mmHg
of cardiac catheterization derived values [57].

Other metrics have also been studied in CMR for the
assessment of pulmonary arterial hypertension. Pulmonary
artery strain, acceleration volume, pressure wave velocity,
amongst others has been studied with varying degrees of suc-
cess [58]. The significant number of non-invasive measures
many of which require a fair amount of time in calculation
and post-processing makes their clinical usefulness limited.
The average velocity of main pulmonary artery flow is cur-
rently the most clinically useful tool in the hemodynamic
evaluation of PAH as it fairly technically easy to obtain with-
out the need for significant post-processing. Advantages in
using an average PA velocity include the lack of assumption
of a uniform PA profile which is known to be fairly inhomo-
geneous in PAH. However, this PA profile is typically
obtained by PCMR with breath-hold sequencing which can
take in the range of 15-20 s. This can be challenging in
patients with pulmonary arterial hypertension particularly if
they require supplemental oxygen at baseline. Current real-
time non-breathhold flow imaging has not been thoroughly
evaluated in this population and thus CMR derived measures
are not yet capable of completely replacing right-heart cath-
eterization in the evaluation of PAH.

Conclusion
CMR is routinely used in a variety of cardiovascular
abnormalities to quantitatively measure blood velocity and
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determine flow. The most widely used technique to quan-
tify blood flow is Phase-Contrast Magnetic Resonance
(PCMR), also called phase velocity mapping, phase velocity
encoding, quantitative flow imaging, etc. The implementa-
tion of PCMR in clinical practice requires understanding of
physical principles of image generation, pulse sequences,
acquisition methods and analysis. Clinical applications
include valvular heart disease, congenital heart disease,
vascular disease and myocardial disease.
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