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Blood Flow Imaging by Cine Magnetic Resonance

G. L. Nayler, D. N. Firmin, and D. B. Longmore

Abstract: A technique for measuring blood flow by whole body nuclear mag-
netic resonance is described. This method uses imaging gradient profiles that
combine even echo rephasing with a field echo sequence to overcome the
problem of signal loss from flowing blood. The flow velocity component in any
desired direction may be measured by appropriate gradient profile modifica-
tions, producing velocity dependent phase shifts that can be displayed by
phase mapping. The sequence allows for fast repetition so that flow informa-
tion may be acquired rapidly from many points in the cardiac cycle and has
been used in this mode to observe and measure blood flow in the heart
chambers and great vessels. Flow measurements in the femoral artery were
also carried out using the same technique; these were compared with similar
measurements obtained by Doppler ultrasound. The technique can readily be
applied using standard imaging equipment and should prove useful in the clin-
ical assessment of many diseases of the cardiovascular system. Index Terms:
Blood, flow dynamics— Heart, blood flow—Magnetic resonance imaging.

To date, several techniques have been described
for the measurement of blood flow by magnetic res-
onance (MR) (1-11); some of these have used time-
of-flight phenomena and others phase mapping.
The time-of-flight techniques have proved difficult
to quantify because they rely on signal amplitude
measurement, which is dependent not only on the
flow velocity but also on the proton density, TI,
T2, and particularly on the type of flow (laminar,
turbulent, constant, or pulsatile). Phase mapping
techniques, on the other hand, look only at the
pixel phases of images obtained using sequences
designed to give phase shifts that are directly re-
lated to the flow velocity (4). This concentration on
phase rather than intensity overcomes the diffi-
culties encountered with variable pixel amplitudes
in the time of flight methods.

One major problem that has greatly restricted the
use of these techniques is the loss of signal that
occurs from flowing blood. Although this loss is
useful in cardiac and vascular imaging, since it pro-
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vides contrast between blood and tissue and so
helps to define anatomy, the fact remains that,
without blood signal, blood flow cannot be mea-
sured. The signal loss is attributable to phase shifts
caused by spins flowing along imaging gradients. If
a particular arrangement of gradients is used, such
as those in the read profile of the Carr-Purcell se-
quence, the phase coherence can be regained re-
sulting in a higher signal. It has been found that this
rephasing occurs for constant flow whenever an
even numbered echo is formed with the gradients
(12). This effect has also been analysed and illus-
trated in imaging terms by Waluch and Bradley (13)
where they showed the signal intensity from blood
in the hepatic vein was greater on the second echo
image than the first.

Accelerating (nonconstant) flow has a similar de-
phasing effect on the second echo signal; it is for
this reason that little signal is seen from the pulsa-
tile flowing blood in arteries or in situations where
turbulence is occurring. The technique described
below uses the same even echo rephasing principle
but with a much shorter echo time to avoid the
signal loss. The basis of this work involves an inter-
esting paradox: To measure flow, a sequence that
was insensitive to flow had first to be designed. To
accomplish this a specially designed field echo se-
quence, which could be made to give flow-depen-
dent phase shifts in any of the three principal gra-
dient directions, was used. The field echo sequence



716 G. L. NAYLER ET AL.

has a further advantage in that it may be repeated
rapidly with little signal loss from the blood. This
allows us to make phase map flow measurements at
numerous points of the heart cycle in the course of
a single experiment, so reducing the time required
to complete a full study.

THEORY
Flow Related Phase Shifts

From the early days of nuclear MR (NMR), it has
been recognised that spin echoes resulting from
magnetisation moving along a magnetic field gra-
dient experience phase shifts dependent on the mo-
tion of the resonant material (14). The phase shift
introduced to magnetisation subjected to a time
varying magnetic field gradient is given by:

b = [ yGO)x(n)dt (1)

where ¢ is the phase shift, v the magnetogyric
ratio, G(t) the gradient amplitude at time ¢, and x(z)
is the position of the magnetisation at time ¢.
Magnetisation undergoing a general motion may
be described as the summation of a series of time
derivatives of its position at a given point in time:

" 2
X0 = x(0) + x'(O) + > (20')'
[n] n
+...+x(?)t 2
n!
or
= dm(Q)n
0 =x0 + 3 = — 3)
n=1 .

If terms higher than n = 1 are neglected for the
magnetisation undergoing general motion, Eq. 1
becomes

b = x(0) [ yG()dr + x'(0) [ vyG(t)edt 4)
For the case of a modulated gradient (Fig. 1)
JyG(ydt = 0 (5)

However
S yG(tdet # 0 (6)

so that a phase shift will be introduced due to the
first order derivative of x(0) the velocity. The mag-
nitude of this phase shift is given by

¢ = yGdAv @)
where G, 8, and A are the amplitude, duration, and

separation, respectively, of the two gradient sec-
tions and v is the velocity of the imaged material.
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FIG. 1. A dipolar gradient modulation. 8, A, and G are the
duration, separation, and amplitude of the two gradient sec-
tions, respectively.

Signal Loss

Flow related phase shifts such as those described
above can result in loss of signal from the flowing
material in two ways. First, the situation may arise
where a single voxel contains material with a distri-
bution of flow velocities. It follows that the net
signal from this voxel will be made up of individual
signals with a whole range of phases, this resulting
in a proportion of phase cancellation and hence
signal loss. As an example, laminar flow in the read
gradient direction of a section of vessel completely
enclosed within a voxel (Fig. 2a) is analysed below.

The flow profile is parabolic and described by

(-5
v(r) = Vel 1 — —
a? ®)

where v, is the maximum velocity at the centre of
the vessel, v(r) is the velocity at a radius r from the
centre, and a is the radius of the vessel.

The total signal is obtained by summation of all
the signals dS from volume elements dV within the
enclosed vessel. These have equal intensity given
by the relaxation weighted spin density p but have a
phase proportional to the local velocity, related by
a proportionality constant k so that

dS = p explikv(r)dV )

By integrating over the area of the vessel we get an
expression for the signal intensity S

2
S = [dr dorp exp[ikvmax<1 - %)] (10)
a

By normalising this to the corresponding signal in-
tensity from stationary blood, the total signal is ex-
pressed in relative terms as

SR = [1 - exp(ikvmax)] (1 1)

kv

max
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FIG. 2. a: Laminar flow, in the direction of the read gradient, down a section of tube completely enclosed in a single voxel. b:
Relative signal amplitude and overall signal phase shift plotted against the mean flow velocity for the situation illustrated in (a)

when a typical read gradient is used.

Figure 2b plots the amplitude of this relative signal
as a function of the mean flow velocity for the case
of a typical imaging read gradient. It may be seen
that the relative signal amplitude rapidly reduces to
<25% for velocities >7 cm/s.

The case of in vivo blood flow measurement is,
however, considerably more complex than this
simple model; blood is non-Newtonian and the flow
profile depends on the time in the heart cycle and
the particular vessel in question. A full attempt at
calculating the signal loss in such a case must con-
sider these additional factors; the principal conclu-
sion of the simple model, that significant signal loss
prises from the phase cancellation within a voxel at
physiologically realistic flow velocities, does still
apply, however.

The second source of signal loss results from the
shift in phase of the overall signal arising from a
voxel containing flowing material; this phase shift
for the case of laminar flow described previously is
also shown in Fig. 2b. It can be seen that the phase
shift increases linearly with flow velocity, thus

t, b ————

]

adding an extra term to the phase encoding pro-
cess. This has no effect on the spatial localisation of
the signal by the two-dimensional Fourier trans-
form reconstruction as long as the velocity (and
hence the phase shift term) stays constant from
view to view. However, when blood flow in the
body is considered, physiological factors that alter
the duration of the heart cycle affect in turn the
flow velocities on successive heart beats; the en-
suing phase shifts result in any remaining signal in-
tensity from the blood being spread out as artifact
along the phase encoding dimension of the image.

Even Echo Rephasing

It may be seen that, if the gradient sequence of
Fig. 1 and Eq. 7 is repeated but with all gradients
applied in the opposite sense (Fig. 3a), the resultant
phase shift will equal zero

b = yG3Av + v(—G)3Av = 0 (12)
So far only static and first-order motions have been

3b

FIG. 3 a: Symmetrical gradient profile consists of two locally antisymmetric gradient modulations, where A is the centre of the
profile, B and C are the beginning and end of the second gradient modulation, and t, and t, are the times from A to the limits of
the profile and the centres of each modulated profile, respectively. b: An analogous profile with t, minimised by gradient pulse

amalgamation.
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considered; to examine the effect of higher order
motions it is useful to consider times with respect
to A, the centre of the profile (Fig. 3a).

By combining Eqs. 1 and 3, the phase shift over
the duration of the gradient profile can be obtained:

i x(A) fA + 1

n!

b = yG(nendt (13)

n=20
As the integral is taken over equal ranges to posi-
tive and negative times it vanishes when the inte-
grand is an odd function of time. Therefore if the
gradient is an even function of time (as in Fig. 3a)
the phase shift of Eq. 13 will contain no contribu-
tions from odd derivatives of position. However,
even derivatives (including acceleration) will re-
main, introducing phase shifts and thus causing
signal loss. When, as in this case, each gradient
modulation is locally antisymmetric the phase shift
introduced by the higher order derivatives for the
symmetrical gradient profile is given by

® n ’2(21'— n
o= 3 2a4)
Eo E,(Zj— 2 -2 + 1)!

A — 1

C
I ‘YG(I)I(Z" -+ l)d,
B
(14)

It should be noted that the expression only contains
even differentials of position each multiplied by the
time (¢,) between the centre of the complete profile
(A) and the centre of each modulated gradient. To
reduce the effect of the higher order differentials,
therefore, this time should be minimised, e.g. as
shown in Fig. 3b.

The NMR response of most moving systems may
be analysed in the expansion form of Eq. 14. The
accuracy with which the first few terms approxi-
mate to the true result, however, depends on the
type of flow being considered. Essentially smooth
pulsatile flow is thought to be accurately described
by the first three to four differentials of position. In
highly turbulent flow this limited approximation
breaks down and more terms are required to de-
scribe the system adequately. In the extreme case
of diffusion (microscopic flow) the approximation
breaks down entirely, diffusive flow being an es-
sentially random process better handled by proba-
bilistic methods.

Sequence

The sequence used is illustrated in Fig. 4 and
relies on symmetrical slice select and read gradient
profiles that produce even echo rephasing. The
phase encoding profile, which has a minor effect on
the signal, is left unaltered. To encode flow infor-
mation into the signal, the gradient profiles are
modified and the required modifications, in each of
the three directions, are shown by the dashed sec-
tions in Fig. 4. These involve simple time shifts of a
portion of the gradient profile for the slice select
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FIG. 4. The field even echo rephasing sequence. The modifi-
cations required to encode flow information (see text) are
shown as dashed lines.

and read directions and a gradient modulation, as
proposed by Moran (15), for the phase encode di-
rection. When the gradient section is time shifted,
the resultant phase difference as a function of ve-
locity is given by

b = vA [ yG(1)dt (15)

where the integral is taken over the gradient pulse
and A is the shift in time. The same relationship
applies when a dipolar gradient modulation is intro-
duced, in which case the integral is taken over only
one gradient pulse and A is the separation between
the centres of the two pulses.

Although the field echo sequence was primarily
used to reduce the echo time, it was found to have a
secondary advantage in that it could be repeated
more rapidly than the spin echo sequence. The
single 180° pulse in the spin echo sequence has the
effect of partially saturating the magnetisation of
blood outside the slice, resulting in very low signal
when this blood flows into the imaging plane. One
solution to this problem is to use a slice selected
180° pulse in the spin echo sequence. However,
signal is lost at high flow velocities due to the flow
of excited blood out of the slice between the 90 and

FIG. 5. A field even echo rephasing image of a transverse
slice through the left atrium shows high signal from all the
principal blood vessels in the slice.



CINE MR IMAGING OF BLOOD FLOW 719

FiG. 6. a: A phase map timed to midsystoie shows fiow encoded in the slice select direction. Static material is midgrey, flow up

the body tends towards black, and flow down towards white. Flow can be seen in the ascending aorta (AA), descending aorta
(DA), pulmonary artery (PA), and the superior vena cava (SVC). The boxed area is the area of interest used in (b). b: Phase maps
at R-wave delays from 20 to 420 ms, in 50 ms intervals show the variations in flow throughout the first half of the heart cycle.

180° pulses. The field echo sequence, having no
180° pulses, is not affected in this way. Saturation
of blood within the slice is avoided by the use of a
flip angle <90°. For stationary material the op-
timum angle may be calculated from the Ernst
equation:

angle = cos~![exp(—TR/T1)] (16)

This does not apply exactly to flowing blood, how-
ever, the maximum signal being obtained at slightly
higher flip angles, as the signal is enhanced by the
flow of fully magnetised blood into the slice be-
tween excitations. Experimentally the optimum flip
angle was found to be ~60°; the sequence could
then be repeated as frequently as once every 50 ms
without serious loss of signal from the blood and
with partial saturation of the (largely) stationary
cardiac tissue.

MATERIALS AND METHODS

These studies were carried out at the National
Heart and Chest Hospital’s MR unit using a Picker
International 0.5 T system in conjunction with the
sequence described above. The images were recon-
structed on a 256 x 256 matrix, acquiring 128 or
256 views of 256 points each, with a 20, 30, or 45
cm field-of-view, depending on the resolution re-
quired. Mx' and My’ were used to calculate the
phase angle for each pixel with a signal amplitude
above a preset threshold. The use of an amplitude
threshold prevented phase calculation at pixels
containing mostly noise (of which the phase is es-

sentially random) or other very low intensity signal.
This has the twin advantage of reducing calculation
time and improving the appearance of the resulting
phase map.

The problem of phase shifts introduced by field
nonuniformities and chemical shift phenomena was
overcome by running the sequence twice, once
with the flow encoding modifications and once
without. Subtraction of one phase map from the
other resulted in cancellation of all phase shifts ex-
cept those due to flow. Misregistration effects be-
tween the two scans were minimised by inter-
leaving acquisitions, i.e., the first view of the
second scan was acquired between the first and
second views of the first scan, and so on.

The sequence was initialized by gating to the R-
wave of the electrocardiogram, and a gating delay
could be introduced before the first excitation
pulse. The sequence was repeated up to 12 times
every heartbeat at intervals of between 50 and 100
ms; this allowed phase maps to be produced giving
flow information over part or all of the heart cycle
as required. The technique was thus used to study
blood flow in and around the heart. A comparison
was also made of flow measurement in the femoral
artery with Doppler ultrasound using a GEC/Picker
Mobile Artery and Vein Imaging System at the Vas-
cular Unit of the Medical Physics Department,
Dulwich Hospital.

RESULTS

An image obtained by using the field even echo
rephasing sequence is shown in Fig. 5. Very high
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FIG. 7. The phase map for 170 ms delay with a flow profile
drawn through the ascending and descending aorta. The ve-
locity scale is calibrated in mmy/s.

signal can be seen from all the principal blood in the
selected slice, a transverse section through the left
atrium. Twelve views of the slice were recorded
during each heartbeat. resulting in phase maps at
R-wave delays from 20 to 570 ms. in 50 ms in-
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(arrow).
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FIG. 8. A plot of mean volume flow (slice select direction)
versus time, for the ascending aorta, descending aorta, pui-
monary artery, and superior vena cava.

tervals: the first nine of these are shown in Fig. 6.
The gradient profiles used sensitised the image
phase to flow in the slice select direction, i.c. along
the longitudinal axis of the body: blood flowing up
the body tends toward black and that flowing down
the body towards white, stationary material ap-
pearing midgrey. High flow can be seen during sys-
tole in the ascending aorta, descending aorta, and
pulmonary artery. Flow can also be seen in the su-
perior vena cava throughout the heart cycle.

FIG. 9. a: A spin echo image of a coronal slice through the left ventricle and
ascending aorta. b: A field even echo rephasing image of the same slice. ¢: A
phase map timed to midsystole with flow encoded along the axis of the body.
Static material is midgrey and flow up the ascending aorta can be seen
tending towards black. d: A phase map timed to early diastole shows flow
down through the mitral valve into the left ventricle tending towards white
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The technique is quantitative; Fig. 7 shows the
phase map for the 170 ms delay with a flow profile
drawn through the ascending and descending aorta,
the velocity scale being calibrated in mm/s. Integra-
tion of flow velocities over the area of each vessel
also results in mean volume flow rates; values for
these are plotted against time for each of the four
vessels concerned (Fig. 8). It should be noted that
this is only the flow velocity component perpendic-
ular to the imaging plane; to measure the total ve-
locity of flow the sequence would have to be re-
peated twice more with gradient modifications to
encode flow in the phase encode and read direc-
tions. In the case of the vessels considered here,
however, the flow is predominantly in the slice se-
lect direction. Figure 9 shows an example of the
use of the sequence with flow encoded in the read
direction of a coronal slice through the left ventricle
and ascending aorta. Only two of the phase maps
are shown, one timed to midsystole showing high
flow in the ascending aorta, and one timed to early
diastole showing flow down into the left ventricle
through the mitral valve.

Figure 10 shows a comparison of the technique
with Doppler ultrasound, flow measurement in the
femoral artery. It can be seen that the plots are very
similar; any variations may be attributable to physi-
ological factors, the examinations being made at
different locations and times.

DISCUSSION

The technique described here overcomes
problems that have previously obstructed the use of
MR for routine measurement of blood flow. It
allows for quantitative flow information to be ob-

e  Magnetic Resonance

Doppler Ultrasound

FIG. 10. A graph comparing MR and
Doppler ultrasound for flow measure-
ments in the femoral artery.

TIME(msec)

tained over the complete cardiac cycle within two
scan times. Although the technique has previously
been validated in vitro (11), in vivo accuracy has
yet to be assessed. However, the technique ob-
serves only the phase of Mx'y’, which is largely in-
dependent of physiological factors and thus should
not introduce significant errors. Such in vivo vali-
dation work is currently in progress. It is believed
that the technique will be useful as a fast and accu-
rate method of measuring flow which can be used
alongside normal imaging to better assess a large
proportion of cardiovascular disease.
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