Spatial Presaturation: A Method for Suppressing
Flow Artifacts and Improving Depiction
of Vascular Anatomy in MR Imaging!
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In clinical magnetic resonance (MR)
imaging, the diagnostic quality of
examinations is often degraded by
streaklike flow artifacts that ob-
scure anatomic details and reduce
contrast. In addition, vascular struc-
tures are often not depicted clearly
because the desired flow voids are
obliterated by spurious intralu-
minal signals. On the basis of analy-
sis of the physical mechanism of
flow artifact formation, the authors
developed a new technique for sup-
pressing these artifacts. This applies
interleaved, spectrally shaped radio
frequency pulses to selectively satu-
rate spins located in regions outside
the image volume. In phantom, vol-
unteer, and clinical imaging studies,
the technique has proved to be ef-
Ifective by yielding a striking reduc-
tion in flow artifacts and markedly
improving the reliability with
which arterial and venous structures
are imaged. The method has few
drawbacks: It is applicable to most
MR pulse sequences and, in princi-
ple, can be implemented on most
imagers. It is particularly helpful
'for high-resolution surface coil
studies of the neck, mediastinal im-
aging, gated cardiac imaging, and
for detecting thrombus and other
intravascular lesions such as dissec-
tions.

Index terms: Arteries, MR studies, 9.1214

e Blood vessels, MR studies « Magnetic reso-
nance (MR), artifact « Magnetic resonance
|(MR), technology ¢ Veins, MR studies, 9.1214

Radiology 1987; 164:559-564

! From the Department of Radiology, Mayo
Clinic and Foundation, Rochester, MN 55905.
From the 1986 RSNA annual meeting. Received
December 4, 1986; revision requested February
5, 1987; revision received February 17; accepted
April 7. Address reprint requests to R.L.E.

©RSNA, 1987

N clinical magnetic resonance (MR)
imaging, the diagnostic quality of

examinations is often reduced by a
variety of artifacts resulting from
physiologic motion and blood flow
(1-4). Strategies for reducing these
artifacts have included gating tech-
niques for cardiac, respiratory, and
cerebrospinal fluid (CSF) motion (5-
7), and other methods for reducing
respiratory artifact (8). These tech-
niques have been useful, but even
when cardiac and respiratory arti-
facts are absent, MR images are fre-
quently degraded by other artifacts.
The most obvious of these are flow
artifacts, which extend in a zipper-
like fashion in the image from ves-
sels passing through the plane of sec-
tion (Fig. 1a). In conventional two-
dimensional Fourier transform
(2DFT) imaging, the artifacts radiate
from vessels in the direction of the

phase-encoding axis and can marked-
ly obscure anatomic detail. We have
observed that these artifacts are ac-
centuated in high-resolution, small-
field-of-view studies. They are very
prominent when improvements in
the signal-to-noise ratio gained by
use of surface coils, high field
strength, or other techniques are ex-
ploited to reduce imaging time by
decreasing the amount of signal aver-
aging. These artifacts often present
major problems in imaging the neck
and mediastinum.

A second problem is the inconsis-
tency with which vascular lumens
are often depicted on MR images.
Many of the unique clinical applica-
tions that have been described for
MR imaging take advantage of its
ability to provide high contrast be-
tween flowing blood and stationary
structures (9-24). Reliable detection

a. b.

Figure 1. Flow artifact reduction by spatial presaturation. (a) Surface coil MR image of cer-
vical region acquired in 2 minutes, 34 seconds, with a standard sequence (repetition time
[TR] = 600 msec, echo time [TE] = 30 msec, 256 views, one excitation, section one of seven 5-
mm-thick sections). Multiple flow artifacts are present, arising predominantly from internal
jugular veins (arrows) but also from common carotid arteries and external jugular veins. The
lumens of the major vessels are poorly defined. (b) Surface coil image of same volunteer
with spatial presaturation sequence acquired in same acquisition time and with same se-
quence parameters as in a. Note the almost complete absence of flow artifact and the clear
depiction of vascular structures and surrounding tissues. The anatomy of the spinal canal
and adjacent tissues is also better demonstrated because CSF pulsation artifact is suppressed.
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of vascular abnormalities such as
thrombus, dissection, and lack of pa-
tency is critically dependent on con-
sistent depiction of vascular lumens.
Unfortunately, various flow phe-
nomena result in intraluminal sig-
nals that degrade the uniform flow
void and thereby obscure or simulate
intraluminal pathologic areas. We
have had difficulty with the consis-
tency and reliability of MR imaging
for some of its most frequently tout-
ed vascular applications because of
these problems.

Our analysis of the physical princi-
ples underlying these flow artifact
phenomena led to a possible method
for eliminating “zipper” artifact and
improving the depiction of flow
voids that has not, to our knowledge,
been previously described. Our hy-
pothesis was that by properly con-
trolling the spatial distribution of
longitudinal magnetization outside
the volume of tissue that is imaged,
these artifacts can be suppressed.

The purpose of this project was to
develop and test this method for
eliminating flow artifacts and to ex-
plore its clinical applications. The
method is based on application of ad-
ditional spectrally shaped radio fre-
quency (RF) pulses during imaging
to saturate or invert spins that are lo-
cated outside the volume of tissue
that is being imaged.

MATERIALS AND METHODS

The pulse-control software of standard
multisection, multiecho sequences for a
1.5-T imager (General Electric, Milwau-
kee) was modified to incorporate extra
gradient waveforms and spectrally
shaped RF pulses as shown in Figure 2.
These RF pulses (typically 3 msec long)
were designed to selectively saturate
spins in regions exterior to the image vol-
ume, as shown in Figure 3. The spectral
content of the RF pulses was determined
by the location and dimensions of the de-
sired presaturation regions and was con-
stant during image acquisition. There-
fore, the presaturation regions received
one nutation pulse for each image ac-
quired during a multisection acquisition.
Note that these modifications did not in-
crease imaging time.

Phantoms were constructed to evaluate
the effect of presaturation on pulsatile
flowing fluids. Flow channels measuring
12 mm in diameter were positioned lon-
gitudinally in the imager, adjacent to stat-
ic reference standards containing 1.3 mM
cupric sulfate solution. Pulsatile flow of
the same solution was provided by a he-
modialysis displacement pump (Drake
and Willock, Portland, Ore.). Average
flow velocities of 5 cm/sec and 11 cm/sec
were provided at pulse frequencies of 55/
min and 100/min. The estimated peak ve-
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Figures 2, 3. (2) Pulse sequence for single-axis spatial presaturation. The presaturation se-
lection can be accomplished with any of the section-selection, phase-encoding, or frequen-
cy-encoding gradients shown. The “PSAT” pulse indicates the spectrally shaped RF pulse
used to excite regions external to the image volume. The sequence shown is repeated for
each image within a multisection study. Since the PSAT spectral content remains constant,
the effective TR within the presaturation regions is TR/N for an N-section acquisition.

(3) Position of the image volume and presaturation regions. The image volume is defined by
the boundaries of the acquired images. For the single-axis case, the presaturation regions are
positioned on each side of the image volume. Although presaturation along the section-se-
lection direction is shown, presaturation regions could have been positioned along the
phase- or frequency-encoding axes as well.
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Figure 4. Flow intensity reduction by spatial presaturation. (a) The entrance section inten-
sity of a flow channel containing 1.0 mM cupric sulfate solution with an average velocity of
5 cm/sec, on images acquired with and without spatial presaturation (TR = 600 msec, TE =
30 msec, 128 views, one excitation, 10-mm-thick sections, 90° presaturation nutation angle),
is plotted versus effective TR within the presaturation regions. A = presaturation off, ® =
presaturation on. (b) The ratio of flow channel intensity to static standard intensity is plot-
ted versus nutation angle within the presaturation region. Cupric sulfate solution of the
same concentration was used for the static standard. (Image sequence parameters as in a, sev-
en-section acquisition, effective TR = 86 msec.) ® = 5 cm/sec, & = 11 cm/sec.

Flip angle (degrees)

locities were 20 cm/sec and 44 cm/sec, re-
spectively.

Flow phantom experiments were con-
ducted to evaluate the effect of presatura-
tion on the intensity of the flow channel
and zipper artifacts. Comparison images
were acquired with and without presatur-
ation RF pulses with seven-section acqui-
sition, 10-mm image section thickness,
30-msec TE, and 600-msec TR. Intensities
were measured in appropriate regions of
interest in each image. We assessed the
influence of the following factors on flow
channel and artifact intensity: “effective
TR” of the presaturation region, presatur-
ation nutation angle, presaturation region
thickness, presaturation region to image
volume gap, and interimage gap. In addi-
tion, the delivery of presaturation RF by
singular (two presaturation regions excit-
ed individually) or composite (two presa-

turation regions excited simultaneously)
excitation methods was evaluated.

Volunteers were imaged with and
without presaturation RF excitation
pulses to evaluate the ability of the tech-
nique to improve the depiction of vascu-
lar anatomy and suppressing flow arti-
facts in vivo.

After testing on phantoms and volun-
teers, the presaturation sequences were
used in selected clinical examinations.
The presaturation technique was also in-
corporated into pulse control software for
gated cardiac imaging.

RESULTS

Evaluation of the presaturation
technique in phantom and volunteer
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Figure 5. Gated cardiac images (middle section of seven-section acquisition). (a) Standard
spin-echo sequence yields a cardiac image with considerable flow artifact, which is especial-
ly apparent over the spine. (b) Presaturation image demonstrates much less flow artifact,
along with more uniform myocardial intensity, darker myocardial chambers, and a much

better flow void in the descending aorta.

Figure 6. Mediastinum. (a) Image acquired without spatial presaturation. Note that the
phase-encoding axis is positioned horizontally so that the flow artifacts propagate laterally.
The patient has an aortic dissection with an intimal flap in the descending aorta (arrow).

(b) The same patient imaged with spatial presaturation. Note the decreased flow-related arti-
facts and improved depiction of the mediastinal vascular anatomy.

tion of flow artifacts and marked im-
provement in the depiction of vascu-
lar anatomy (Fig. 1b). The phantom
studies demonstrated that the inten-
sity of the lumen of the flow channel
was typically reduced by more than a
factor of two in the boundary sec-
tions, where luminal enhancement
and flow artifact is usually most in-
tense. The intensity of the flow arti-
facts decreased in direct proportion
to the reduction of intensity in the
flow channel (typical correlation,
.995). The improvement was not lim-
ited to the outer sections only. For
example, with typical pulsatile flow
(peak velocity of 44 cm/sec) the pre-
saturation technique reduced artifact
intensities by 86%, 80%, 63%, and 47%
in four sections from the edge to the
middle of the image volume, respec-
tively. The effect of presaturation
repetition time and nutation angle is
shown in Figure 4.

The flow phantom studies also
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demonstrated that the following in-
terventions had relatively little influ-
ence on the presaturation effective-
ness: varying the presaturation
region thickness (4, 8, or 16 cm),
changing the gap between the presa-
turation region and the image vol-
ume (0, 1, or 2 cm), and varying the
gap between image sections (0, 0.5,
and 1.0 cm). Singular and composite
presaturation RF pulses provided es-
sentially identical results.

Gated cardiac imaging in volun-
teers consistently demonstrated
marked improvement with the presa-
turation technique (Fig. 5). Again,
the improvement was due to a reduc-
tion in flow artifact and an improve-
ment in the blackness of the flow
voids in vessels and cardiac cham-
bers. Clinical examinations demon-
strated similar results (Fig. 6). In
most cases, the presaturation tech-
nique increased the diagnostic quali-
ty of the examinations by yielding a

more reliable depiction of vascular
anatomy, with fewer spurious intra-
luminal signals.

DISCUSSION

The first step in coping with arti-
fact phenomena in MR imaging is to
define the physical mechanisms. Zip-
perlike flow artifacts arise because of
temporal variations in the transverse
magnetization in volume elements
within blood vessels during image
acquisition. Pulsatile flow can cause
view-to-view modulation of both the
magnitude and the average phase an-
gle of the quadrature spin-echo sig-
nal elicited from each voxel. These
two kinds of variation can have simi-
lar effects on the 2DFT reconstruc-
tion process, resulting in similar zip-
per artifacts.

Phase modulation results from a
well-known effect, in which flow or
motion in the presence of a magnetic
gradient causes a phase shift in the
precessing magnetization vector that
is in many cases proportional to the
velocity and the strength of the gra-
dient (25-31). If a wide distribution
of velocities is present within a vol-
ume element, there will be a wide
distribution of phase angles and the
vector sum of the signals will be re-
duced. This process of phase disper-
sion within a volume element is part-
ly responsible for the “flow-void”
phenomenon but is not a cause of
flow artifact formation. Rather, flow
artifacts resulting from phase modu-
lation are due to narrower distribu-
tions of phase shifts resulting from
bulk motion with a relatively narrow
distribution of velocities within vol-
ume elements. The spin-echo signal
from these volume elements is not at-
tenuated because the vector sum adds
more coherently, but the net phase
angle of the signal from the volume
element is shifted. This nondisper-
sive phase shift typically varies from
view to view due to the pulsatile and
pseudoperiodic nature of physiologic
flow. This defeats the 2DFT localiza-
tion process and causes mismapping
of signals originating from vascular
lumens to other locations along the
phase axis (2, 3, 32).

View-to-view amplitude modula-
tion of the net voxel magnetization
vector due to pulsatile flow can result
from variation in the degree of inten-
sity loss due to phase dispersion. It is
also caused by view-to-view differ-
ences in the quantity of relatively
unsaturated spins that are washed
into the imaging volume (flow-relat-
ed enhancement).
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(7) Schematic representation of the status of longitudinal magnetization in blood and adjacent stationary tissue. If the tissue

was imaged at a TR of 650 msec as shown and ten sections were acquired, the effective TR in the presaturation regions would be one-tenth of
this value. The longitudinal magnetization of unsaturated blood in the standard situation is shown. With presaturation, the longitudinal
magnetization of blood entering the image volume can be markedly reduced, as indicated by the arrow. (8) Cut-away schematic of the three-
axis spatial presaturation technique. The image volume is centered within presaturation regions selected along the section-selection, phase-
encoding, and frequency-encoding directions. (9) Diagram indicating the circular receptive area of the receiver coil, the image area deter-
mined by the phase- and frequency-encoding gradients, and the clinical region of interest within the image area. The hatched regions
indicate regions from which spurious signals can be filtered electronically if frequency encoding is along the x-axis. Objects in the un-
hatched regions outside the image area will be projected into the image due to the aliasing or wraparound effect.

Several approaches have been pro-
posed for dealing with flow artifacts.
Displacement of flow artifacts away
from important areas in images is of-
ten possible by careful selection of
the direction of the phase-encoding
axis, but this is at best a limited solu-
tion. The so-called gradient-moment
nulling or flow-compensation tech-
niques are among the most promis-
ing (33-36). These techniques adjust
the strength and duration of imaging
gradients so as to minimize the net
phase accumulation of flowing
blood. This clearly reduces the
amount of view-to-view phase modu-
lation. Unfortunately, the technique
only partially addresses the problem
of amplitude modulation, since it
will correct only the view-to-view in-
tensity variation caused by phase dis-
persion and not the component
caused by flow-related enhancement.
A more fundamental problem is that
by allowing the reconstruction pro-
cess to map correctly the intensity of
flowing blood to the vascular lumen
and by eliminating attenuation due
to phase dispersion, this method in-
evitably leads to depiction of vascu-
lar lumens with high signal intensity
rather than as flow voids. This tends
to obscure important intraluminal
abnormalities such as dissections, tu-
mors, and thrombi. It also tends to re-
duce the contrast between small vas-
cular structures and surrounding
tissue.

Our analysis of the phenomena of
flow artifacts and flow-void degrada-
tion indicates that flow-related en-
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hancement can be regarded as the ba-
sic problem. If flowing spins could
be properly saturated so that their
longitudinal magnetization is very
small when they enter the plane of
section, then vascular lumens would
be depicted with low intensity. Fur-
thermore, flow artifact zippers would
also be suppressed because, regard-
less of the degree of phase modula-
tion, there would be little signal
power to mismap in the image. Flow
artifacts are also suppressed by this
intervention because view-to-view
intensity modulation would be elimi-
nated. The hypothesis that a lack of
saturation of flowing spins is the
most basic problem is supported by
the well-known observation that
flow artifacts seem to be a greater
problem in high-field-strength
imagers. This is partly due to that fact
that less signal averaging is typically
used, which makes the artifacts more
apparent. But the basic reason is that
at a given TR, tissues are more satu-
rated at high field strength than at
low field strength because the T1 re-
laxation times are longer. This means
that the degree of unsaturation of
blood that flows into the plane of
section from outside the image vol-
ume is greater at high field strengths,
and therefore the degree of flow void
degradation and flow artifact forma-
tion is greater.

The approach that we have devel-
oped to minimize flow artifacts em-
ploys additional spatially selective
RF pulses to saturate spins that are
outside the volume that is imaged

during multisection acquisition.
Spins that flow into the image vol-
ume must pass through these presa-
turation regions. The presaturation
pulses are applied to the same re-
gions every time a section is interro-
gated. Thus, for a multisection ac-
quistion with a given TR, in which N
sections are acquired, the effective
TR in the presaturation regions is
TR/N. Stationary spins within the
presaturation regions will thus be ex-
tremely saturated. Depending on the
flow velocity, blood passing through
the presaturation regions into the im-
age volume will be subjected to sev-
eral presaturation pulses. Slow-flow-
ing blood, which tends to cause the
greatest amount of flow-related en-
hancement, will be subject to the
greatest amount of presaturation. In
any case, the blood entering the im-
aging volume is likely to be more sat-
urated than stationary spins within
image sections. This “supersatura-
tion” effect means that the contrast
between vascular lumens and sur-
rounding tissue will be improved
more than if flow-related enhance-
ment were simply eliminated (Fig. 7).
Incorporation of presaturation
pulses into current imaging se-
quences carries few penalties. The
additional RF irradiation does in-
crease the energy deposition of the
sequence, which can be an issue with
high-field-strength imagers. Howev-
er, the additional energy deposition
associated with the method that has
been described is only one-half that
associated with addition of a single
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Figure 10. Application of presaturation to
suppress aliasing. (a) Large field-of-view im-
age of a cylindrical phantom. (b) High-reso-
lution image of the phantom in which the
dimensions of the field of view are less than
the diameter of the phantom. The overlap-
ping low-intensity areas are due to aliasing
or wraparound. The phase-encoding axis is
vertical in this image. (c) Second acquisition
with same field of view as in b but with use
of presaturation. The presaturation regions
have been placed laterally to suppress the
signal from the portions of the phantom
that are outside the field of view. This has
markedly reduced the amount of aliasing ar-
tifact. The nutation angle within the presa-
turation regions was 135°.
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additional spin echo to the sequence.
A second possible disadvantage is
that the cycle time for acquisition of
each view is increased slightly, on
the order of 3-6 msec. However, with
composite RF presaturation pulses,
this time can be reduced and they
can potentially be placed in “free
time”” between echoes, so that no net
increase in cycle time is created. Al-
ternatively, the composite presatura-
tion pulses could be applied during
the short-duration refocusing gradi-
ent lobes required by some imaging
sequences, or even incorporated into
the preexisting 90° or 180° imaging
pulses for a similar effect.

The method described to this point
is effective only for flow that is pre-
dominantly along the section-selec-
tion axis. This is a common but not
constant geometry in clinical imag-
ing. In certain situations, such as cor-
onal imaging of the body, presatura-
tion along the frequency or phase
axes may be appropriate and is easily
implemented. In the general case,
unsaturated spins may enter the im-
age volume from any direction, and
in this context, a three-axis presatura-
tion technique is appropriate (Fig. 8).
This technique was implemented by
extension of the single-axis method
and is particularly applicable to car-
diac imaging.

We have found that the three-axis
presaturation technique has other in-
teresting applications in addition to
flow artifact suppression. It can also
be used to reduce motion and alias-
ing artifacts by saturating and there-
by suppressing signals from areas
within the receptive area of the re-
ceiver coil but outside the clinical re-
gion of interest. In Figure 9, object a
could be the anterior abdominal wall
in a transaxial spinal imaging exami-
nation. Motion from this structure
during image acquisition creates arti-
facts, which degrade the image quali-
ty within the region of interest. By
placing a presaturation region over
the moving structures, their signal
can be suppressed, thereby minimiz-
ing the motion artifacts.

When an extended object is imaged
with the 2DFT technique, the phe-
nomenon of aliasing limits the extent
to which spatial resolution can be in-
creased by strengthening the fre-
quency- and phase-encoding gradi-
ents. In Figure 9, object b lies outside
the image area, which is defined in
the y direction by the maximum
phase-encoding gradient amplitude.
In the final image, this object will ap-
pear within the image area, near its
lower margin, because of aliasing or

“wraparound.” A similar object locat-
ed in the hatched regions to the right
and left of the image area will typi-
cally not show aliasing artifact be-
cause its false signal can be filtered
electronically.

Figure 10 demonstrates an applica-
tion of presaturation for suppressing
aliasing along the phase-encoding
axis. We have observed that when
presaturation is used to suppress mo-
tion and aliasing artifact, the effec-
tiveness is improved when the nuta-
tion angle in the presaturation
regions is increased beyond 90°. This
is in contrast to flow-artifact suppres-
sion applications, in which larger nu-
tation angles were not particularly
advantageous (Fig. 4b). The short T1
of subcutaneous fat precludes effec-
tive saturation, but inverting pulses
can exploit the intensity-nulling ca-
pability of inversion recovery by ar-
ranging the section interrogation to
occur at the zero crossing of the lon-
gitudinal magnetization in the presa
turation region.

Several other applications of spa-
tial presaturation seem attractive.
This approach can be incorporated
into imaging sequences with gradi-
ent-refocussed, fast-imaging tech-
niques. Presaturation may provide a
novel method for projective MR an-
giography, for which several meth-
ods have already been proposed (37,
38). Two images could be obtained,
one with and one without spatial
presaturation. Subtraction of these
images would yield an image in
which the stationary tissue signals
are suppressed, leaving only the en-
hanced vascular structures. We spec-
ulate that application of flow com-
pensation gradient techniques to the
nonpresaturated image would im-
prove the method. Spatial presatura-
tion may also provide a new ap-
proach for spatially resolved
spectroscopy by suppressing the sig-
nal from unwanted regions (39).

As a clinical tool, this technique
has already assumed an important
role in our practice. We have found it
particularly helpful in surface coil
examinations with small fields of
view and high spatial resolution,
where the reduction of flow artifact
can be striking. It is used in any case
in which intraluminal abnormality
such as tumor, dissection, or throm-
bus is suspected. The technique is
helpful for differentiating flow-relat-
ed enhancement from thrombus. It is
used in any examination in which
high vascular conspicuity is needed,
such as delineating the relation of in-
trahepatic vessels to liver tumors pri-
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or to attempted resection.

Spatial presaturation can, in princi-
ple, be implemented on any imager.
It does not increase imaging time or
limit the choice of parameters such as
TR or TE. In clinical imaging we have
found that the most important appli-
cation of this technique is to suppress
flow artifacts and to improve the reli-
ability with which vascular struc-
tures are depicted. B
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