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Blood flow phenomena occurring when
flow is within the magnetic resonance
(MR) imaging plane were analyzed. In
this situation, the signal intensity of vas-
cular lumina is predominantly deter-
mined by spin-phase change phenomena,
and section transition effects of moving
spins can be neglected. In this paper, we
develop the concepts of in-plane flow,
with emphasis on the notion that the spa-
tial variations in velocity and accelera-
tion of blood, which mainly occur along
vessel walls, are important determinants
of intravascular signal loss in MR images.
Flow patterns in the large mediastinal ar-
teries were qualitatively and quantita-
tively analyzed in six healthy subjects
and 14 patients with hemodynamic ab-
normalities using multiple electrocardio-
graph-gated image acquisition; ungated
studies of 30 patients were analyzed for
venous flow effects. Intraluminal signal
was strongly dependent on the phase of
the cardiac cycle and the echo number.
Signal loss was found to occur along ves-
sel walls, in vascular bends, and at bifur-
cations.
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MAGNETIC RESONANCE

Blood Flow Imaging with MR:
Spin-Phase Phenomena’

BLOOD vessels usually produce little signal on magnetic reso-
nance (MR) images, but vascular lumina sometimes exhibit
high, rather than low, signal intensity. It is important to under-
stand in which physiologic and pathologic circumstances this oc-
curs so that intravascular signal can be recognized as such.

MR holds great potential for the imaging of blood flow (1-11).
Specifically, the exquisite sensitivity of some MR pulse sequences
to motion suggests that MR imaging may be used to investigate and
diagnose diseases such as atherosclerosis, since it has been suggest-
ed that abnormal arterial flow patterns, resulting in increased shear
forces on the vessel wall, predispose to the development of athero-
sclerotic plaques (12). Thus, MR imaging may become a versatile
and accurate tool with which to study blood flow, making it an
excellent imaging modality to depict not only healthy and diseased
anatomy, but also cardiovascular physiology and pathophysiology.

It is becoming apparent that many factors combine to affect the
regional intensity of flowing blood on MR images. Not all are
operative on every occasion, and in some instances, one factor pre-
dominates. The signal from blood depends on, and changes with,
the following factors, which can be grouped as flow factors and MR
imaging factors. Flow factors include the direction of flow; the
motion characteristics (velocity, acceleration, etc.), which depend
strongly on the phase of the cardiac cycle; and the flow profile (i.e.,
the spatial distribution of velocities and accelerations across the
lumen of the vessel). MR imaging-related factors include the pulse
sequence (i.e., spin echo and inversion recovery, characterized by
echo time, repetition time, and inversion time), the position of a
section in two-dimensional multisection imaging, the spin-echo
type (odd or even), and the spatial direction and type of imaging
gradients (i.e., linear gradients). Finally, it is important whether a
study is acquired in an untriggered or electrocardiograph-gated
(ECG-gated) mode.

Using standard imaging pulse sequences, one can analyze the
effects of blood flow on MR imaging in phantom studies (3, 5, 9, 10,
13, 14) or in patients with diseases showing slow flow (4, 7, 8).
Alternatively, specially designed flow-sensitive pulse sequences
can be tested in phantom studies (15, 16) or patients (6, 17). Al-
though the latter approach will eventually make MR a versatile
blood flow imaging modality, for practical reasons the former ap-
proach has been the only one available to most investigators.

The purpose of this paper is to examine and analyze some of the
concepts relating to MR flow imaging and to apply these concepts
to observations of intraluminal signal obtained in healthy subjects
and patients with slow arterial flow, such as those with primary
pulmonary arterial hypertension and low cardiac output. A special,
so-called ECG-permutation triggered imaging technique was used
in most patients; this permitted visualization of the same section at
five different phases of the cardiac cycle starting at end diastole and
extending throughout systole into early diastole (7, 8). Gated data
acquisition is crucial when the highly pulsatile blood flow in the
arterial system is imaged. In this presentation, emphasis is placed
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and high spatial variation of velocities near

outside the arch are taken perpendicular to

the flow divider. Shear stress is high along
the divider but low opposite to divider. (Re-
printed, with permission, from [19].) (b) Ve-
locity profiles in the aortic arch again show
marked asymmetry (velocity profiles shown

plane of arch). (Reprinted, with permission,
from [20].)

on the notion that the spatial variation
of the velocity of flowing blood with-
in the imaged voxel is one of the ma-
jor determining factors of intralu-
minal signal intensity, and that
accelerated motion is also important
in understanding blood flow phe-
nomena in MR imaging.

CONCEPTS

Blood Flow in Vessels

A characteristic feature of fluid
flowing in a vessel is the spatial varia-
tion of the velocity across the per-
fused lumen. This is different from
the motion of solid tissue, such as the
heart wall. Typically, the flow veloci-
ty is high in the center of the vessel,
and it is always zero at the vessel
walls. The fluid may exert consider-
able shear forces on these walls (12).
Venous blood flow shows relatively
weak cardiosynchronous changes and
may assume a nearly parabolic veloci-
ty profile, consistent with laminar
flow. Arterial blood flow, however, is
highly pulsatile, with aortic peak ve-
locities of 100-150 cm/sec in midsys-
tole, dropping to virtually zero veloc-
ity in late diastole. Arterial blood flow
has been termed “disturbed” flow to
account for the fact that the terms “la-
minar” and “turbulent” flow are,
strictly speaking, not applicable to the
description of pusatile flow (18).
There is general agreement that arte-

688 « Radiology

90° 180° 180°
-
R, S
I
READ['9]G | l

Figure 2. Spin-echo pulse sequence with
two echoes (90°— nutation and two 180°—
refocusing radiofrequency pulses). The read-
out gradient exhibits ““balanced” properties,
that is, the strength and duration of the gra-
dient is symmetrical around the refocusing
pulses. The long gradient pulses are exactly
twice as long as the first pulse, and readout
occurs in the middle of the long pulse.

rial flow has a pluglike, rather than a
parabolic, velocity profile (18). Tur-
bulent flow patterns are sometimes
observed distal to vascular stenoses
and may occur in aneurysms. Phan-
tom studies of arterial blood flow
show complicated flow patterns (19,
20), for example, at vascular bifurca-
tions (Fig. 1a) and in curved vessels
(Fig. 1b).

Not only the pulsatile cardiosyn-
chronous variation of blood flow but
also flow along curved vessels results
in accelerated motion, because blood
flowing through a bend loses velocity
in one spatial direction and gains it in
another. With accelerated motion tak-
en into account, the position x of a
moving spin at time t in a large blood
vessel is described by the expression

Figure 3. Circle on which spins precess
after 90° nutation pulse. They all start out at
zero degrees. Stationary spins will return to
this position on each echo (spins labeled ¢).
Spins moving at constant velocity will point
in different directions on odd echoes (spins
labeled o), their angle being proportional to
their velocity, but will point in the zero de-
grees direction on even echoes (spins labeled
¢) (i.e, they refocus on even echoes). Acceler-
ated spins will spread in proportion to their
acceleration and the echo number (spins la-
beled 0); no refocusing occurs at any echo.

X =X + Vot + a,t?/2

+ (higher-order terms), (1)

where x,, v,, and a, indicate the posi-
tion, velocity, and acceleration, re-
spectively, that exist at the time of the
90° nutation radiofrequency pulse,
starting a spin-echo pulse sequence.
Neglecting the higher-order terms in
equation (1) is justified over the times
relevant to spin-echo MR imaging
(from the 90° pulse to the data acqui-
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Table 1

Phase Angles for Stationary, Constant Velocity, and Accelerated Spins

Constant Position

Constant Velocity

Constant Acceleration

180° Pulses Phase shift ®3/b Phase Shift ®,/c Phase Shift &,/d
and Echoes (b = yGyxo) {c = yG,v,/2) (d = vG,a,/6)
it tp . tp?
2T /first echo 0 4Tt — 265 12T, — 3Tt
3T tp 8Tty — tp2 24T, + t°
4T /second echo 0 0 24T2tp - 6'Il'tF,2
5T tp 8Tt + t,? 72T, + t}
6T /third echo 0 4Tt, — 2t,2 36T, — 9Tty
7T tp 16Tt, — t,? 14472, + t°
8T/ fourth echo 0 0 48T, — 12Tt,?
2n + 1)T: (n-th refocusing pulse)
neven t 4nTt, + t,2 12(n? 4+ n)T%, + t,°
n odd tp 4(n + )T, —t;? 12(n? + n)T%, + t;°
2nT: (n-th echo)
neven 0 0 12nT?, — 3nTtp?
n odd 0 4Tt, — t,° 12T%, — 3nTtp?

Note.—® = phase angle, ¥ = gyromagnetic ratio, xo = position, v = velocity, ag = acceleration, G, =
magnetic gradient field strength along x direction, T = ' of spin-echo time TE, t, = time interval

during which gradient field is turned on.

sition), which are typically on the or-
der of 100 msec. This is because, in
humans, large acceleration changes
are caused neither by the cardiosyn-
chronous changes (typical cardiosyn-
chronous variations occur over 300-400
msec that is length of systole) nor by
blood vessel curvature (blood at peak
velocity moves about 10 cm in 100
msec, a distance over which the large
vessels in general exhibit no more
than one directional change). Hence,
over the time of a multiple spin-echo
pulse sequence, the acceleration is ap-
proximately constant. This is equiva-
lent to the statement that the higher-
order terms of equation (1) may be
neglected. Even in arterial blood
flow, however, there are phases, such
as during midsystole, when flow oc-
curs at an approximately constant ve-
locity over the time of a multiple
spin-echo sequence, and acceleration
effects are of minor importance.

MR Imaging of Moving Spins

Motion and flow affect MR imaging
in two principal ways: by time-of-
flight effects and by spin-phase
change effects.

One type of time-of-flight effect is
referred to as flow-related enhance-
ment (5) and results from the motion
of fully magnetized spins into the im-
aged volume at relatively low-flow
velocities of a few centimeters per
second between the nutation (90°—)
and the refocusing (180°—) pulses of
the imaging process. A second time-
of-flight effect, termed high-velocity
signal loss (5), occurs with relatively
rapid flow (10 cm/sec or more), when
spins flow out of the imaged volume
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before the refocusing pulses occur.
This effect may account for the fact
that blood vessels usually show no
signal when they course perpendicu-
lar to the imaging plane, but it cannot
explain that vessels coursing within
the imaged plane appear dark on MR
images. Time-of-flight effects have
been extensively analyzed (5, 7, 11,
21) and shall not be discussed further.

The second effect of motion on MR
imaging results from spin-phase
changes, which occur whenever spins
move in gradient fields. As gradient
fields are used for spatial position en-
coding, such effects occur in all
imagers, but the signal produced by
moving spins is in part imager specif-
ic. In contrast to time-of-flight effects,
spin-phase changes also occur with
motion within the imaged plane, be-
cause imaging gradients are present
along all spatial coordinates at one or
another time during an MR pulse se-
quence. The work presented here is
concerned predominantly with such
in-plane motion. The advantage of
this restriction is that, for in-plane
motion, time-of-flight effects (which
are always associated with a motion
component of spins perpendicular to
the imaging section) do not enter into
consideration, thus making an under-
standing of the observed phenomena
simpler.

After a 90°— nutation pulse (Fig. 2),
the precessional phase of a spin, that
is, the angle ¢ through which a spin
at a time-dependent position x(t) in a
gradient field has rotated compared
with a stationary spin at a fixed posi-
tion x = 0, is given by

dd(t) = yGu(t)x(t)dt, (2)

BLOOD  VESSEL

A

Vmax

voxels

Figure 4. Hypothetical velocity profile
across vessel lumen. Velocity is always zero
at vessel wall. Below the profile, variation of
velocities within individual voxels is shown.
This variation is large close to the vessel wall
and small in the center.

where G,(t) denotes the component of
the gradient field along the x-axis,
and v is the gyromagnetic ratio (14).
The same respective equations apply
for the y- and z-axes. From equations
(1) and (2), the phase of a spin under-
going any type of motion along the x
axis can be calculated at any time after
the nutation pulse, given the time
span over which the gradient G,(t) is
switched on. For a given multiple
spin-echo sequence, where the gradi-
ent fields are switched on symmetri-
cally around the refocusing pulses
(Fig. 2) (“balanced”gradients), the re-
sults of such a calculation are summa-
rized in Table 1 for spins at rest at x,,
moving at a constant velocity v,, and
at a constant acceleration a,. T in this
table denotes the time between nuta-
tion (90°—) and first refocusing
(180°=) pulse and equals half the
echo time (TE). t, is the time during
which the gradient field is switched
on (Fig. 2). We note in Table 1 that
stationary spins will have zero phase,
that is, return to their starting posi-
tion on the phase circle at any echo.
This is illustrated in Figure 3 by the
spins labeled ¢. Spins moving at con-
stant velocity v,, point in different di-
rections on the phase circle (spins la-
belled o in Fig. 3) on odd echoes (1, 3,
5, etc.), the phase angle being propor-
tional to v,, while they all point in the
zero degree direction for even echoes
(2, 4, 6, etc.). This phenomenon has
been called “even-echo refocusing”
or “rephasing” (17, 22). For purely ac-
celerated motion, no such refocusing
phenomena occur; that is, spins un-
dergoing different accelerations will
have different phase angles for any
echo (spins labeled o in Fig. 3), and
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Figure 5. Spatial misregistration caused
by flow. For oblique flow within imaging
plane, phase encoding localizes spin position
in the vertical direction right after 90° nuta-
tion pulse, but readout occurs after spins
have moved a distance A/cos C. Measuring
the distance A of spatial misregistration and
the angle C of the vessel to the horizontal
permits one to estimate the flow velocity.

the gain in phase angle ® is simply
proportional to the acceleration a,
and the echo number (Table 1). For a
“balanced gradient” pulse sequence
(Fig. 2), phase changes on odd echoes
will be the result of constant velocity
and accelerated motion. With even
echoes, spin-phase changes are only a
result of accelerated motion. Gradient
pulse sequences other than the one
shown in Figure 2 can be specifically
designed to be sensitive to accelera-
tion only (15.) For asymmetric pulse
sequences, stationary spins will have
a phase angle different from zero but
will align along the same direction.
Spins moving with differing constant
velocities or accelerations, however,
will not align, independent of wheth-
er the echo is odd or even.

Based on the preceding discussion,
we may now understand why even
blood vessels coursing within an im-
aged plane generally appear dark on
spin-echo images. Figure 4 is a veloci-
ty profile across a vessel lumen. The
velocity is always zero at the vessel
wall and increases toward the center.
Below the velocity profile, a hypo-
thetical row of voxels is shown, to-
gether with the spatial velocity
change within a voxel resulting from
such a flow profile. This spatial veloc-
ity change is large toward the walls
and gradually decreases toward the
center of the vessel. The signal inten-
sity for a given voxel in a blood vessel
is the (vector) sum of the signals from
all spins moving at different veloci-
ties. This leads to a situation, depicted
in Figure 3 by the spins labeled o,
where the resulting signal intensity
per voxel is small on the first echo
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Figure 6. Four-echo transaxial study of a patient’s head at the level of the transverse sinus.
Note the presence of intraluminal signal, which is more prominent on even (second and
fourth) echoes than on odd ones (first and third), representing even-echo refocusing.

(short bold arrow). For example, if the
velocity difference between the two
edges of a voxel is 1 cm/sec, this re-
sults in a spread of the signal vectors
of the individual spins over almost
the entire 360° for an MR imager such
as the one used in our laboratory; this
calculation can be made from the data
in Table 1 with y = 2.7 X 108
kg~!secA, G, =5 X 1074 T/cm, t, =5
X 1073 sec, T = 1.5 X 1072 sec. How-
ever, all spins moving at differing
constant velocities will again point
along the same direction on even ech-
oes (arrows labeled ¢ in Fig. 3). For an
imager that shows rephasing phe-
nomena along any spatial direction
owing to balanced gradients (pulse
sequence similar to that in Fig. 2). The
resulting signal intensity is then high
(long bold arrow). For spatial varia-
tions associated with accelerations
within a voxel, the same type of spread-

ing of phases occurs (o spins in Fig. 3),
but rephasing phenomena do not ex-
ist for balanced gradients (Table 1).
Thus, the spins point in all different
directions on the precession circle on
odd as well as on even echoes.

We thus expect that signal loss oc-
curs as the velocity and acceleration
of blood in a vessel increase, because
the respective velocity and accelera-
tion profiles across the vessel become
steeper. Signal loss should be most
marked along the vessel wall or at
vascular bends and bifurcations,
where blood flow shows marked spa-
tial variations in velocity and accel-
eration. For in-plane bulk motion, no
signal loss occurs (in modulus im-
ages) because no significant velocity
gradients exist across a voxel in solid
tissue. This is amply illustrated by the
appearance of the heart wall in gated
MR studies. Signal loss owing to mi-
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Figure 7. Even-echo refocusing and spatial misregistration in abdominal transaxial sec-

tion of a patient with a left renal tumor. Note the medial displacement of the intraluminal
flow signal in both renal veins (arrowheads) out of the anatomic confines of the vessels
(arrows), resulting from medial flow of blood. (a) First-echo image. (b) Second-echo image.

crocirculatory flow in arterioles and
venules can also be expected to occur
in highly vascular tissues, such as the
lung or the kidney. The small vessels
in such tissues point in multiple di-
rections and exhibit tortuosities over
volumes the size of an imaging voxel.
Provided that the gradient pulse se-
quences used result in phase changes
on the order of 360° or more, even for
small blood-flow velocities, the signal
intensity within a voxel may again be
reduced, but now because of the spins
moving in small vessels that point in
different directions.

Oblique In-plane Flow
Misregistration

A second effect caused by spin-
phase changes can be noted with in-
plane flow on MR imaging. A spin
moving obliquely within the plane of
the phase-encoding and readout di-
rections is phase encoded for a certain
position shortly after the nutation
(90°) pulse, but has moved to another
position by the time readout occurs
(Fig. 5). While such spins contribute
signal at their actual position along
the axis of the readout gradient (e. g.,
the horizontal axis), they appear at
the position along the phase-encod-
ing direction (e.g., along the vertical
axis) where they were during phase
encoding but have moved from at the
time of signal readout. Thus they ap-
pear to be shifted outside the confines
of a vessel coursing obliquely within
the imaging plane (Fig. 5). Due to re-
phasing phenomena and longer echo-
delay times, this spatial misregistra-
tion effect is seen more readily on
even-echo images. In such instances,
““conventional”” MR imaging can
yield information on the direction
and approximate velocity of blood
flow because the distance and the
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time over which a spin travels along
the readout axis and the angle of the
readout axis to the vessel are known
(Fig. 5).

The discussion of these concepts
has focused on in-plane flow because,
as stated above, time-of-flight phe-
nomena have been discussed and are
generally appreciated (5-7, 15, 21).
This results in considerable conceptu-
al simplification. Flow with a compo-
nent perpendicular to the imaged sec-
tion will also show effects based on
spin-phase changes. The section-se-
lection gradient, which is responsible
for phase changes perpendicular to
the imaged section, does not have the
exact properties of symmetry shown
for the readout gradient in Figure 2,
and refocusing phenomena in such
flow will only be partial. In this case,
spins moving at a constant velocity
are spread over the phase circle not
only on odd echoes, but also, to a less-
er degree, on even echoes. In addi-
tion, however, time-of-flight effects
are important in determining the ap-
pearance of vessels coursing perpen-
dicular to the imaging plane (5-7, 15,
21), and these effects vary depending
on the direction of flow and multiple
technical details of image acquisition.

PATIENTS AND METHODS

Images were acquired with a cryogenic
MR imaging system, operating at a field
strength of 0.35 T (Diasonics, Milpitas,
Calif.). Most images were obtained from
ECG-triggered studies. A permutation-
gated sequence (7) was used in 18 patients.
It yielded five dual-echo images at each of
five adjacent levels (section thickness, 7
mm; 3-mm gap; pixel size, 1.7 X 1.7 mm) in
the end-diastolic phase of the cardiac cycle
(about 50-80 msec after onset of the QRS
complex), in early, middle, and end systo-
le (at about 150-180, 250-280, and 350-380
msec, respectively), and in early diastole

(at about 450-480 msec after the onset of
the QRS complex). The readout gradient,
which is symmetric around the refocusing
(180°—) pulses (Fig. 2), was applied in the
horizontal direction during transverse im-
aging (x-axis) and along the main magnet-
ic field (z-axis) during sagittal and coronal
imaging. The section-selection gradient
was along the z-axis during transverse,
along the horizontal x-axis during sagittal,
and along the vertical y-axis during cor-
onal imaging. Quantitative analysis of
pixel intensity profiles across vascular lu-
mina was done in four cases.

Because our imager was not equipped
with pulse sequences specifically de-
signed for flow imaging, patients had to
be selected such that intravascular signal
was observable in at least part of the cardi-
ac cycle and in part of the vascular lumen.
The illustrations presented here were se-
lected from those of healthy volunteers (n
= 6), patients with pulmonary arterial hy-
pertension (n = 10), low cardiac output
syndromes (n = 4), and patients with vari-
ous other disease states (n = 30). Studies of
the arteries were limited to the mediasti-
num because of the size of the vessels.
This resulted in many voxels within the
cross section of a vessel.

CLINICAL APPLICATIONS

Veins: Constant Velocity Flow
Phenomena

Slow, in-plane flow conditions
with nearly constant velocity in trans-
axial images occur in both healthy
and unhealthy subjects. They are pre-
dominantly seen in the transverse si-
nuses of the brain and the hepatic and
renal veins, which are oriented in
such planes. Figure 6 shows a four
spin-echo sequence with slow flow in
the transverse sinuses. Reduced sig-
nal intensity in the sinuses is ob-
served on the first and third (odd)
echoes compared with the second and
fourth (even) echoes. This is an exam-
ple of even-echo refocusing, fre-
quently seen on MR images.

Even-echo intravascular signal is
also commonly noted in the upper ab-
domen. Figure 7 is an example of sec-
ond-echo refocusing in the renal
veins in a patient with a left renal and
retroperitoneal tumor. Comparison of
first- and second-echo images show
that the second-echo flow signal, in
this case, is displaced in a medial di-
rection out of the anatomic confines
of both renal veins, consistent with a
medial flow direction in these vessels.
This is an example of oblique in-plane
flow misregistration, which was sche-
matically illustrated in Figure 5.

Arteries: Pulsatile Blood Flow

Examination of flow phenomena in
the arterial system requires cardiac
triggering. All images presented in
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Figure 8. (a) Midsystolic intraluminal flow signal on ECG-gated first-echo image of a patient with pulmonary hypertension. Note signal
loss along vessel walls of right pulmonary artery. The cross-sectional line indicates where intensity profiles were measured. (b) First- and (c)
second-echo intensity profiles across right pulmonary artery in the same patient taken at five different phases of the cardiac cycle.

this section were acquired in this
fashion. Figure 8a demonstrates mid-
systolic slow flow in the pulmonary
arteries of a patient with primary pul-
monary hypertension (PAH) on a
first-echo image. In this axial image,
flow in the right pulmonary artery
(RPA) occurs along the direction of
the readout gradient. Along the cross
section of the RPA in Figure 8a, the
pixel by pixel absolute signal intensi-
ty was obtained for all five first- and
second-echo images at this level dur-
ing the different cardiac phases. In
Figure 8b and 8c, the cross-sectional
intensities for all images are present-
ed (vessel diameter, 2.5 cm). At end
diastole (50 msec), the signal intensity
was nearly constant across the RPA
and similar on the first and second
echoes. This is the result of the slow
flow occurring in the RPA during end
diastole, resulting in slight velocity
differences within voxels and thus
some first-echo signal loss. The sec-
ond panels (150 msec) in Figure 8b
and 8c show the RPA intensity profile
during early systole, where blood was
rapidly accelerated from almost zero
velocity to velocities of several tens of
centimeters per second. A decrease in
signal intensity was noted for both
first- and second-echo profiles, con-
sistent with the notion that signal loss
occurs for all echoes when the motion
is predominantly accelerated (Table
1). In midsystole (250 msec), a flow
pattern with nearly constant velocity
had been established, which showed
signal loss on first echo along the ves-
sel wall (Fig. 8a), as reflected in the
intensity profile on the correspond-
ing panel of Figure 8b. This signal
loss is a result of the spatial velocity
changes with zero flow velocity at the

692 « Radiology

vessel wall, but velocities of 10
cm/sec or more just 1-2 mm away
from the wall (Fig. 4). Since there are
little changes in acceleration during
the midsystolic phase of the cardiac
cycle, the acceleration profile across
the RPA was essentially equal to zero.
Acceleration-induced signal loss,
which would show on the second-
echo image, was therefore not ob-
served. This also explains why signal
was present along the vessel wall on
the second-echo intensity profile in
contrast to the first-echo intensity
profile (Fig. 8b, 8c; panel at 250 msec).
During the end systolic and early dia-
stolic phases of the cardiac cycle, the
flow of blood in the RPA gradually
subsided, resulting in a renewed in-
crease in intravascular signal intensi-
ty (Fig. 8b, 8c; panels at 350 and 450
msec).

Similar effects were observed in the
descending aorta in patients with low
cardiac output and in late systolic and
early diastolic images of healthy sub-
jects where blood flow is slow. Note
that in sagittal images, the readout
gradient approximately parallels the
direction of the descending aorta. In
Figure 9, midsystolic first- and sec-
ond-echo images of a patient with low
cardiac output are shown. Note again
the first-echo signal loss along the
wall of the descending aorta and the
aortic arch. The second-echo image
also showed signal loss along the
wall, but it was less pronounced. The
signal loss in the aortic arch region is
a result of flow in a curved vessel,
where the directional change in
blood flow not only produces acceler-
ated motion of flow in the plane of
the arch (Fig. 1b) but also induces a
circular flow pattern close to the aor-

tic wall (18, 20). These circular mo-
tions persist for some distance into
the straight segment of the descend-
ing aorta, hence signal loss along the
vessel wall also occurs on the second-
echo image.

Figure 10 is another example of the
influence of spatial velocity and ac-
celeration variations on signal inten-
sity across the vascular lumen. Signal
loss occurred asymmetrically along
the vessel wall, suggesting that the
flow around the 90° turn resulted in
an asymmetric velocity and accelera-
tion profile across the vascular lumen
(Fig. 1b)(18-20). Asymmetric intra-
vascular signal loss could also be ob-
served at vascular bifurcations, where
the spatial velocity and acceleration
changes next to the crotch of the bi-
furcation are higher than at the vessel
walls opposite the crotch (Fig. 1a)(19).
Figure 11 shows an example of this
phenomenon in a patient with PAH.

While blood flow with a compo-
nent perpendicular to the imaged sec-
tion showed less prominent refocus-
ing phenomena owing to a lack of
symmetry of the section-selection
gradient around the refocusing
pulses, signal loss owing to signifi-
cant velocity changes near the vessel
wall also occurred. This is exempli-
fied by a midsystolic transaxial image
containing the descending aorta (Fig.
12a) of a patient with low cardiac out-
put. The corresponding first-echo in-
tensity profile across a vertical central
section is shown in Figure 12b. Note
the rim of low signal intensity around
the high central signal in the first-
echo image. Since this image was the
second to last section in a multisec-
tion study, the dark ring on this im-
age cannot be the result of time-of-
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Figure 9. Sagittal midsystolic image of a patient with low cardiac output
showing signal inside the aorta. Signal loss occurs along the vessel wall and in
the aortic arch, more prominently on first- than on second-echo image.

Figure 10. Composite of three first-echo images (top row) and three second-echo images
(bottom row) through the right pulmonary artery in a patient with pulmonary arterial hyper-
tension, taken during early, middle, and end systole. Note the variability in signal distribu-
tion across vascular lumen, suggesting higher spatial velocity changes along the outside of
the vessel.

flight phenomena. These latter
phenomena can also produce dark
rings that increase in size for sections
further into the stack of a multisec-
tion study and are seen with se-
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quences employing short repetition
times (5). No signal was present on
the second-echo image (as well as the
third- and fourth-echo images, not
shown here). This is a result of time-

of-flight effects; a considerable num-
ber of the protons that have under-
gone the 90°— nutation pulse still
contribute signal during the first
180°— refocusing pulse but have left
the section before the second and fur-
ther 180°— refocusing pulses occur.
In fact, the slight central drop of first-
echo signal intensity, best appreciat-
ed in the intensity profile of Figure
12b, indicates that in the most central
portion of the vessel, where blood
flow is fastest, high-velocity signal
loss owing to section transition of
spins becomes operative even on the
first echo. Finally, Figure 13 shows a
transaxial section through the liver
(23). The portal veins, which are in-
plane in this image, show high signal
intensity on the second-echo (refo-
cusing) image, while the hepatic
veins, running perpendicular to the
section, show no signal as a result of
section transition effects.

Inclusion of time-of-flight effects
in the analysis of flow phenomena in
MR imaging is important in many
cases where one component of the
flow is perpendicular to the imaged
section, but it complicates such an
analysis considerably.

Small Vessels and
Microvasculature

Preliminary observations suggest
that the flow in small arteries and ar-
terioles, which is also pulsatile and
cardiosynchronous, affects the ob-
served signal intensity from the pe-
ripheral lung fields (8). An illustra-
tion of this is Figure 14, where first-
echo end-diastolic and midsystolic
images of a healthy volunteer, taken
at the same axial level, are shown.
Vessels are seen to radiate peripheral-
ly from the pulmonary hila in end di-
astole, while these vessels are not ap-
parent during end systole. This again
suggests signal loss caused by flow
and resulting spatial velocity varia-
tions within the voxels containing
these vessels. Furthermore, the pe-
ripheral lung tissues have higher sig-
nal intensity during end diastole than
during systole. Rather than being the
result of velocity differences across
the lumina of vessels, this signal loss
could be due to blood flowing
through the small peripheral vessels
with their wide range of spatial orien-
tations within a voxel (8). If the in-
crease in signal intensity were simply
the result of an increase in the pulmo-
nary blood pool, higher signal inten-

Figures 11-14 are on p. 694.

Radiology » 693



Figure 11.

Signal loss at the crotch of the bifurcation of the main pulmonary

artery on first-echo (left) and second-echo (right) images in a patient with

pulmonary arterial hypertension.

Figure 12.
ing aorta in a patient with low cardiac output. Note rim of signal loss combined with some
decrease of signal in center of vessel on first echo, but complete signal loss on second echo. (b)
Signal intensity profile across the lumen. There is signal loss along vessel wall, as well as
some central signal loss.

sity would actually be expected dur-
ing systole (24).

CONCLUSION

Current MR imagers show two ma-
jor types of flow effects: time-of-flight
and spin-phase change effects owing
to motion of spins in gradient fields.
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(a) First-echo (top) and second-echo (bottom) transaxial images of the descend-

For in-plane flow, only the second
tvpe of effect is relevant, thus simpli-
fving the analysis of flow phenome-
na. During time intervals relevant to
spin-echo (and inversion-recovery
spin-echo) sequences (about 100
msec), constant velocity and accelera-
tion predominantly determine the
signal from blood vessels coursing

Figure 13. Transaxial second-echo image
through liver showing high signal intensity
in the portal veins, which predominantly
course parallel to the plane of section at this
anatomic level, but no signal in hepatic
veins, which run more perpendicular to im-
aging plane. (Reproduced, with permission,
from [23].)

S . e o R iy

Figure 14. End-diastolic (top) and mid-
svstolic (bottom) first-echo images in a
healthy volunteer at the level of the pulmo-
nary arteries. On the end-diastolic image, the
pulmonary vasculature extending into the
lung parenchyma is noted, while in midsys-
tole, these vessels are not seen. Furthermore,
there is an overall decrease in signal intensi-
tv in the peripheral lung fields in midsystole
compared with the end-diastolic image.

within the imaging plane. The signal
intensity from vessels is critically de-
pendent on the spatial distribution of
velocities and accelerations (velocity
and acceleration profiles) within a
voxel. This spatial distribution is, in
turn, a function of the dimensions of
the vessel and the average flow veloc-
ity and acceleration. The larger the
spatial variation of the velocity or ac-
celeration across a voxel, the greater
the loss in signal amplitude in MR
imaging. With balanced gradients,
which are characteristic of the read-
out gradient, refocusing phenomena
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occur, which make the even-echo im-
ages sensitive to signal loss by accel-
erated flow only, whereas odd echoes
show signal loss owing to both veloci-
ty and acceleration. Both odd and
even echoes are sensitive to velocity
and acceleration for flow along non-
symmetrical gradients, typified by
the section-selection and phase-en-
coding gradients. Signal loss owing to
spin-phase changes can be observed
in veins, in arteries of healthy sub-
jects during the diastolic phases of the
cardiac cycle and patients with dis-
ease states causing slow flow, and
possibly in the microvasculature of
the lung. Recognition of such effects
in MR imaging is of importance in the
differentiation between venous or ar-
terial slow flow and thrombus (25)
and can be used as an adjunct in the
diagnosis of pathologic conditions in
the cardiovascular system (7, 8). Po-
tential future applications include the
identification of regions of increased
shear forces on arterial walls, which
are thought to be a cause of athero-
sclerosis (12). Such shear forces are
closely related to spatial velocity and
acceleration changes along the arteri-
al walls, and these changes can be rec-
ognized directly by loss of signal in-
tensity on MR images. Preliminary
results also indicate that flow in the
microvasculature reduces signal in-
tensity from the peripheral lung
fields (8). Thus, MR imaging may
have a future role in the assessment of
tissue perfusion, which is essential
for the measurement of ischemic dis-
ease and pulmonary embolism. [ ]

Send correspondence and reprint requests to:
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