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Blood flow patterns in the human aorta studied by
magnetic resonance
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SUMMARY Magnetic resonance velocity mapping by the field even echo rephasing sequence was

used to provide two dimensional velocity profiles in the ascending and the descending aorta. Flow
patterns were studied in ten healthy volunteers by a display method that gave clear details of the
profiles. Velocity profiles in the ascending aorta were skewed in systole with an axis of skew
roughly symmetrical about the plane of the aortic arch. During diastole flow was reversed along
the posterior left wall of the ascending aorta while it continued forwards at the anterior right wall.
In the descending aorta plug flow occurred but with minimal skew. Flow along the right wall was
reversed during diastole. Turbulent flow did not occur in the ascending or descending aorta of
any healthy subject.
Magnetic resonance velocity mapping is a very powerful tool for the study of cardiovascular

physiology. Its non-invasiveness, its quantitative two-dimensional data, its accuracy, and its high
spatial resolution make it suitable for clinical use.

The complex phenomena of blood flow in the heart
and blood vessels are worthy of study because they
give an insight into the normal and pathological
function of the cardiovascular system. Flow profiles
are known to be modified in some diseases1 2 and are
of crucial importance in others (for example steal
syndromes). Our current knowledge of velocity
profiles in the great vessels has come from invasive
techniques such as catheter injection of oil droplets,3
and the hot-film anemometer,4 5 or from non-
invasive ones such as the pulsed Doppler flow
meter1 2 6 whose access to some blood vessels may be
limited.
The recent advent of magnetic resonance velocity

mapping78 using the field even echo rephasing
sequence9 - t has made it possible to obtain accurate
velocity profiles in two dimensions at any point in
the cardiac cycle. The technique is entirely non-
invasive making it ideal for the study offlow patterns
in vivo.
We report the analysis of aortic flow patterns in

the ascending and descending aorta of 10 healthy
volunteers.
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Principles of magnetic resonance velocity
mapping

The principles of the magnetic resonance phenom-
enon and the methods whereby these properties may
be translated into non-invasive images are amply
reviewed by Pykett et al."2 We will confine our
description to those principles necessary to the
understanding ofhow a parametric image of velocity
may be produced. Although the phenomena follow
the laws of quantum mechanics the quantum
mechanical behaviour of populations of nuclei can
accurately be described along the more readily
comprehensible classical lines given below.
The hydrogen nucleus gives rise to the magnetic

resonance signals used in clinical images. Nuclei
spin on their axes, and in a magnetic field these axes
of spin precess about the direction of the applied
magnetic field (fig 1). The frequency of precession is
directly proportional to the magnetic field that each
nucleus experiences. The nuclei may be excited by
the application of a radiofrequency pulse perpendic-
ularly to the field and at the frequency of precession.
This changes the angle (but not the axis) of pre-
cession by an amount depending on the strength and
duration of the radiofrequency pulse. As the nuclei
return to equilibrium they emit radio signals at the
frequency of precession which can be detected in a
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Precession

Axis of
precession

Fig 1 Definition of termsfor the concepts of
and precession of the axis of spin.

radio aerial and processed by a compui
the image.
The strength of the radio signal re

time depends on the number of nucl
the precessions are uniformly distribut
circumference of the circle shown in I

signal can be detected because those n
in one direction have their signal canc

diametrically opposite. If the prece,
single phase, so that all point in one dir
radio signal is detectable.
The geometry of excitation wit]

frequency pulse brings the nuclei intc
(for the hydrogen nucleus the nuclei (

less than one third of the circumfi
circle). The radio signal decays awE

reasons; in the context of velocity map
important of these is the loss of the ph
obtained during excitation.
The phase loss occurs because the

experienced by each nucleus is slig]
either owing to its different chemical e:

to non-uniformities of the magnetic field or both.
Because precession frequency is proportional to the
field experienced by the nucleus, a range of pre-
cession frequencies is generated. As some nuclei
precess more slowly and others more quickly their
phase spreads around the circle.

Spn
. Loss of phase can also be produced artificially by

>4?Spin deliberately subjecting the sample to a non-uniform
magnetic field. If the non-uniformity is generated by
a gradient varying linearly from one side of the body
to the other then phase will vary according to the
position of the nucleus in space along the gradient.

Angle of This property is used to generate the spatial resolu-
precession tion, which in conjunction with computerised image

reconstruction methods13 - 15 produces images.
Ifphase has been disturbed by applying a gradient

for a time, it may be restored by applying an equal
and opposite gradient for an identical length of time.
Nuclei whose precession was speeded up are now
slowed down and vice versa. The precession of the
nuclei returns to phase coherence, a phenomenon
known as gradient refocusing.
The equations used by the image reconstruction

method of two dimensional Fourier trans-
formation" may be solved for the phase of the
nuclei in any voxel. In magnetic resonance studies a
slice of finite thickness is imaged, so that the image
element has a height equal to the slice thickness and
cross section equal to the pixel area. This three di-

nuclear spin mensional image element is called a voxel. An image
in which each voxel has the value of the average
phase within it is called a phase image.
We can encode velocity as phase by super-

imposing gradients on those used for imaging. If a
ter to produce gradient is put on in the direction in which velocity

is to be measured (either perpendicular to the slice
ceived at any or in any direction within it), the nuclei in each voxel
ei in phase. If will receive a phase signature. If an equal and
ted around the opposite gradient is then put on in this direction this
fig 1, no radio phase signature will be lost by cancellation of the
Luclei pointing phase disturbance imposed by the first gradient.
-elled by those Cancellation will only occur if the nucleus
ssions have a remains in the same place in the gradient. If it is
rection, a large moving up the gradient, its first phase signature will

be more than cancelled by the second, since by the
h the radio- time the second is applied the nuclei are experi-
partial phase encing a stronger magnetic field. A negative phase

occupy a little will result. If it is moving down the gradient a
erence of the positive phase will result. This resultant phase will
ay for several be proportional to the velocity component in the
)ping the most direction of the gradient.
iase coherence For very high velocities, the over or under cancel-

lation may be so great that the resultant phase differs
magnetic field by more than one revolution. Because phase is an
htly different, angle, it may only uniquely lie within the range of a
nvironment or single revolution. Two velocities, one producing a
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given phase angle and the other a phase angle equal
to one or more revolutions plus the first are inter-
preted as being identical. The size and duration of
the velocity encoding gradients and the time be-
tween them are thus chosen so that the maximum
velocity encountered will give a phase angle which is
less than one complete revolution. Since with bi-
directional flow it is often necessary to consider high
velocities in both directions, the maximum in one
direction must not exceed half a revolution. (If it is
known before acquisition that maximum forward
velocity will be larger than maximum reverse veloc-
ity, the gradients can be tailored so that the sum
of phase angles from the maximum forward and
reverse velocities is one complete revolution.)

In practice, inhomogeneities of the main magnetic
field produce artefacts on the phase map. This prob-
lem is overcome by acquiring two images, one with
velocity encoding gradients and the other without,
and subtracting the two phase maps.
A further refinement is necessary before velocity

mapping is practical in large vessels. Where acceler-
ations are large, a voxel will contain a wide range of
different velocities, and therefore a large number of
resultant phases after the flow encoding sequence.
Because these are out of phase with each other there
is signal loss. This problem is overcome by even
echo rephasing which refocuses the range of phases
in a manner similar to gradient refocusing.9 Even so,
gross turbulence within a voxel will still result in
signal loss.

Patients and methods

A Picker International Vista 2055 magnetic reso-
nance machine, operating at 0-5 T was used. Ten
healthy volunteers without a history of cardiac
disease were studied after they had given informed
consent. Electrocardiographically gated velocity
maps were obtained in the transverse plane by the
field even echo rephasing sequence with gradient
modification to encode velocity in the phase of the
magnetic resonance signal (see principles of mag-
netic resonance velocity mapping above). To com-
pensate for inhomogeneities of the magnetic field, a
reference image without gradient modification was
subtracted from the one with modification. Up to 12
frames (depending on heart rate) were obtained at a
level at which the ascending aorta was perpendicular
to the transverse plane-that is the level of the right
pulmonary artery. Views of both the ascending and
the descending aorta were thus obtained in a single
transverse section. The first frame corresponded to a
point in the cycle 20 ms after the onset of the electro-
cardiographic R wave; frames were obtained at
50 ms intervals.

Klipstein, Firmin, Underwood, Rees, Longmore

A 128 x 128 pixel image was sampled twice (im-
proving the signal to noise ratio). Acquisition thus
took about five minutes depending on heart rate.
The field of view was 45 cm but the image was inter-
polated in two dimensions during reconstruction,
giving a voxel dimension of 1-8 x 1-8 x 10mm.
Two dimensional Fourier transformation in which
the magnitude and phase were calculated for each
pixel was used as the method of image recon-
struction. Masking of the phase reconstruction to
show zero veolocity in pixels with a magnitude value
of less than 10% of maximum reduced the random
phase values caused by background noise.

After acquisition, the velocity maps were trans-
ferred to an off line computer system (Sperry Univac
V77-600) for further processing. A window of 32 x
32 pixels was selected and positioned such that the
ascending aorta appeared centrally in the 220 ms
frame. This window position was used for all images
in the cycle, thus ensuring accurate registration of
frames for cine display. These images were scaled so
grey levels corresponded exactly on all of them.
They were then stored and displayed with a coarse
grey scale of 12 levels to produce a pseudo-
contouring effect.'6 An identical process was used
for descending aortic windows over the same
velocity maps.

Results

Figure 2 shows a series of contoured velocity profiles
at the indicated points of the cardiac cycle in the
ascending aorta of a typical subject. Mid-grey
signifies no flow, black flow out of the image plane,
and white flow into the image plane. All the subjects
studied showed qualitatively identical patterns
throughout the cycle with the exception of one in
whom the only difference was a peak diastolic
reverse flow which was rotated towards the left side
of the aorta by 900.
Ascending aortic flow maps showed the following

features: (a) plug flow occurred during most of
systole. (Plug flow is the smooth flow of an inviscid
fluid with a velocity profile which is uniform across
the vessel. Instead of flow being slow near the edges
of the pipe and rapid in the middle, a quasi-solid
"plug" of fluid moves down the pipe.) The velocity
profile was skewed towards the posterior left wall of
the vessel; (b) during diastole, flow continued rap-
idly forward at the anterior right wall while simulta-
neously moving rapidly backwards at the posterior
left wall; (c) flow never became turbulent. In fig 3
the data of fig 2 are redisplayed as a perspective three
dimensional plot. This eases interpretation, but it
requires considerable image processing. The spatial
localisation of peak velocities (mean (SD)) in the
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Magnetic resonance aortic flow patterns

Rightj-*- Left

Posterior

Fig 2 A series ofpseudocontoured velocity maps of the ascending aorta in a healthy volunteer. Each grey level corresponds to a range offlow
velocities. Mid-grey signifies noflow, blackflow out of the image plane, and whiteflow into the image plane. The timesfor eachframe are
indicated by the accompanying electrocardiogram trace, and the orientation is as shown. Note the skewing of the velocity during rapid
ejection (a), the start offlow reversal (b) at 220 ms (well before aortic valve closure), the dominance of the reverseflow channel while

forwardflow continues at the anterolateral wall at 370 ms (c), and the cessation of reverseflow at 570 ms (d). Note that all the velocities
in (d) are either zero or in theforward direction.
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if00J j>.S f 91 FV-1 .-..I
Fig 3 Two-dimensional velocity profiles shown infig 2 redisplayed as three-dimensional surfaces. Velocity is plotted
vertically to the indicated scale.

ascending aorta in the ten subjects was 1290 (14) for
the systolic forward flow axis -89° (20) for the
diastolic forward flow axis, and 1220 (15) for the
diastolic reverse flow axis.
The descending aortic flow maps were broadly

similar to those of the ascending aorta. The im-
portant differences were that: (a) plug flow occurred,
but the velocity profile has lost its skewness at this
level; (b) flow reversed at the right wall of the vessel
during diastole in all but two subjects.

Discussion

The ability to study two-dimensional velocity
profiles non-invasively makes it possible to study
complex flow phenomena without the disturbances
that may be induced by more invasive methods.

FLOW PATTERNS
All the subjects showed qualitatively identical flow
patterns in systole. There was also excellent corre-
spondence of flow patterns in diastole, with a single
exception. In this one case diastolic reverse flow
occurred anteriorly rather than posteriorly towards
the left wall of the ascending aorta.

Ascending aortic blood shows both forward and
reverse flow during diastole. The total reverse flow is
too great for all of it to pass into the coronary ostia;
rather it seems that a circulation is set up around the
sinus of Valsalva, with a proportion of the re-
circulating blood flowing into the coronary arteries.

At the imaged level in the descending aorta there is
a little reverse flow when the pressure upstream
falls. In two subjects, reverse flow in the descending
aorta was not seen, implying that the leading edge of
the recirculating flow occurred near the imaged
plane (that is high in the descending aorta).
The skewness of the velocity profile and its axis of

symmetry (which lies in the plane of the aortic arch)
has implications for the accuracy of aortic blood flow
as calculated by range gated Doppler ultrasound.
Skewness makes methods of interpreting flow at a
single point in the aorta as mean flow vulnerable to
error. Weighted average methods assuming semi-
circular symmetry for velocities obtained along an
axis' 6 will depend critically on the choice of that
axis. Since the axis and velocity peaks do not remain
stationary within the aorta, the errors in flow esti-
mates will vary with the point in the cardiac cycle.
The reverse flow occurring during late systole and

throughout most of diastole can also affect the echo-
cardiographic findings. If the ultrasound beam is
directed to detect flow near the posteromedial aortic
wall, abnormally short ejection phases can be
found'7 and the estimates of flow will be inaccurate.

All the above features of ascending and de-
scending aortic velocity profiles accord with those
found in animals by invasive methods, such as oil
droplet injection,3 and hot-film anemometry,45 18
and with ultrasound findings.'9 They also accord
with ultrasound work in man. ' 2 6 The restriction of
axes to anteroposterior and right-left in some
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anemometer4 and ultrasound"9 work masks the true
axis of skew as revealed by the two-dimensional
magnetic resonance velocity maps.
The flow patterns obtained resemble those ob-

tained by Paulsen and Hasenkam in the ascending
aorta in dogs 5 cm above the aortic valve.5 They
showed that the two-dimensional velocity profiles
changed considerably from a level 2 cm above the
valve to a level 5 cm above it. Thus when studies are
compared the levels must correspond. The reference
plane in this study is that of the right pulmonary
artery, which is a little more than 5cm from the
centre of the aortic valve.20
The phenomena occurring as blood is ejected into

the aorta are complex. The viscous properties of
blood, the pulsatility of the flow, the elasticity of the
aorta, the propagation and reflection of the shock
waves generated during ventricular contraction, the
entrance region effects, and flow into vessels arising
from the aorta must all be taken into account21 when
theories are proposed to account for the observed
phenomena.
One consistent finding in this and the other

studies22 has been skewing of the systolic velocity
profile towards the posterior wall of the ascending
aorta during systole. The velocities are fastest where
the radius of curvature is least. This finding
disagrees with the theoretical predictions of
McDonald.23 Seed and Wood have provided a
simple model of flow of an inviscid fluid in a curved
pipe,4 which suggests that velocities are inversely
proportional to the radius of curvature-that is
faster velocities occur near the wall on the inside of
the curve. In our study the gradient of the systolic
profile reached a maximum in the plane of the aortic
arch, which is consistent with the theory of Seed and
Wood.

In these normal subjects, there was no turbulent
flow. Anything more than minimal turbulence
would show as signal loss not correctable by even
echo rephasing. Some have reported turbulence,5 24
particularly when anemometry has been used in
smaller animals, or they have surmised that it
occurs.25 This may be because the presence of the
anemometer probe in the aortic lumen disturbs flow
that is already at the limits of its stability as non-
turbulent flow. Some have commented on signs of
instability or streamlines stopping short of fully
developed turbulence because of the short duration
of very rapid flow.5

Simultaneous forward and reverse flow can occur
in a single channel in a vessel without causing tur-
bulence, provided that the shearing forces are not
too great and no other generator of turbulence, such
as a stenotic valve, is present. This may be appre-
ciated by considering ripples on the surface of water.

321

At any instant there are peaks and troughs. If a
velocity map were to be acquired in the plane of the
surface of the water, recording velocities into and
out of the plane, there would be some areas of
upward velocity and adjacent areas of downward
velocity, bounded by lines of zero velocity.
Turbulent flow is not occurring in these ripples even
though bidirectional flow would be seen on the
velocity map.

MAGNETIC RESONANCE VELOCITY MAPPING
Magnetic resonance velocity mapping has great
advantages over other methods for the study of flow
patterns. Oil droplet injection and hot film
anemometry are invasive and time-consuming.
They are not suited to routine clinical use. By use of
a special mounting apparatus,5 hot film anemometry
can be adapted to the measurement of two-
dimensional velocity profiles in animals. Its
technical limitations make it unsuitable for the study
of the boundary layer.

Pulsed Doppler echocardiography can be used to
provide velocity profiles in large vessels in both ani-
mals and in man. It has the advantage of being non-
invasive, but its velocity profiles must be
one-dimensional if a sufficient number of velocity
levels are to be resolved. It is possible to obtain two-
dimensional echocardiographic velocity profiles26
but with only a few steps of velocity,27 which is
insufficient for the generation of enough flow con-
tour levels. Pulsed Doppler methods also suffer from
aliasing at high velocities.28 Movement of the aortic
wall into and out of the sample volume makes it very
difficult to study the boundary layer, though track-
ing methods may partially eliminate artefact from
this cause.
Magnetic resonance velocity mapping has the

advantages of being non-invasive, intrinsically two-
dimensional, and has very high resolution of veloc-
ity. Comparisons of cardiac output derived from
chamber volume estimates29 and those measured by
summation of aortic velocities in all frames show
agreement to within 7%. The use of the field even
echo rephasing sequence to avoid signal loss permits
its use in both the ascending and the descending
aorta as well as in other vessels of clinical im-
portance. Up to 12 frames per cycle may be pro-
duced in short acquisition times and access to some
vessels is not limited as it is with echocardiography.
Because it does not depend on range gating, it is not
limited by movement of the aortic wall from frame
to frame, making it suitable in principle for the study
of the boundary layer.
Although the present study used a resolution (be-

fore interpolation) giving a pixel size greater than
the size of the boundary layer, higher resolution is
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not difficult to achieve. The close-packed contours
of fig 2 confirm what has been suspected from hot
film anemometry-that is that the boundary layer is
thin (1-2mm), and that shear rates in it are
extremely high.

Velocity mapping is suitable for use in small
vessels where the lower accelerations make velocity
easier to measure. Maps have been obtained in
carotid arteries, vertebral arteries, and jugular
veins,7 and in femoral arteries and veins.30

DISPLAY SYSTEM
The use of a pseudocontoured display"6 has advan-
tages over the use of contour lines, especially when
cine displays are used. This is because the effect of
having far fewer grey scale levels than pixel values
forces whole ranges of pixel values to be displayed as
a single shade of grey. Each shade of grey thus
signifies a specific velocity range.
The use of a restricted number of grey levels does

not overload the visual system, thereby simplifying
interpretation. By adjustment of window width and
level (analogous to contrast and brightness), the con-
tours can be made to move over the velocity profile
giving considerable information about its three-
dimensional structure. With training it is possible to
visualise this structure very clearly and quickly.
As well as its information content, this type of

display does not require image processing. It is
produced very simply and rapidly by switching the
display monitor to a coarse grey scale. While the
quasi-three-dimensional displays of fig 3 may be
easier to comprehend without training, their routine
production requires considerable computing power
and time.

Conclusion
Magnetic resonance velocity mapping is a non-
invasive method that provides accurate two-
dimensional velocity maps anywhere in the
cardiovascular system. Its application to the
ascending and descending aorta clearly defines
consistent normal flow patterns and the non-
turbulent nature of the flow. Its application to the
study of the boundary layer, and to the modification
of flow patterns in the presence of atheroma in
smaller vessels will be of help both in diagnosis and
in contributing to our understanding of the
pathophysiology of cardiovascular disease.

We thank the Board of Govemors of the National
Heart and Chest Hospitals, the Coronary Artery
Disease Research Association (CORDA), and Picker
International Ltd. We thank Mr G L Nayler of
Picker International Ltd for his technical help in
obtaining the velocity maps.
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