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Cerebral MR Angiography with Multiple
Overlapping Thin Slab Acquisition

Part I. Quantitative Analysis of Vessel Visibility!

Multiple overlapping thin slab ac-
quisition (MOTSA) is a novel time-
of-flight magnetic resonance (MR)
angiography technique that com-
bines many of the advantages of
multiple-section two-dimensional
and direct three-dimensional vol-
ume methods. To rigorously evalu-
ate the vascular detail that can be
obtained with MOTSA MR angiog-
raphy, the authors have quantified
the frequency of visibility of intra-
cranial arterial segments and have
correlated their visibility with ves-
sel size as measured at cut-film an-
giography and with the position
and orientation of the arterial seg-
ment. Intracranial arterial segments
at least 0.9 mm in diameter (the
voxel dimension used in the current
application) are consistently visual-
ized with the MOTSA technique.
The fraction of small vessels visual-
ized is improved when voxel di-
mensions are reduced. Visibility is
noticeably better in the primary im-
ages compared with the maximum-
intensity-projection (MIP) images.
Top-of-slab saturation and resulting
decreased vessel intensity occurred
infrequently and did not result in
marked image degradation in the
axial images.

Index terms: Cerebral blood vessels, MR
studies, 17.1214 « Magnetic resonance (MR),
image processing ¢ Magnetic resonance (MR),
technology ¢ Magnetic resonance (MR), vascu-
lar studies, 17.1214
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THE sensitivity of magnetic reso-
nance (MR) imaging to flow and
its lack of known harmful side effects
has led to significant interest in MR
angiography techniques that might
replace at least some standard intra-
arterial angiographic procedures. In
recent years there has been signifi-
cant progress in the development of
MR angiography techniques due to
improvements in MR imager hard-
ware and pulse sequence design and
the introduction of nonlinear display
algorithms such as maximum intensi-
ty projection (MIP) (1).

Because of the great flexibility al-
lowed with MR imaging, there is
great variability in the angiography
techniques that have been devel-
oped. Techniques are available to ac-
quire image data as a densitometric
projection through the object; these
techniques generate images that are
very similar to conventional angio-
grams (2-11). Other techniques ac-
quire the image data directly as a
three-dimensional array of small im-
age elements (voxels) (12-16). For
both projection techniques and tech-
niques that acquire image data as
three-dimensional arrays of voxels,
the image data can be acquired se-
quentially from thin sections
through the region of interest or
from a complete three-dimensional
volume. The signal obtained can be
due to a velocity-dependent phase
shift (phase contrast) (6-12) or a rela-
tive increase in signal amplitude due
to the inflow of fresh, nonsaturated
magnetization into the imaging re-
gion (amplitude contrast or “time of
flight”) (2-5,13-16).

Many distinct advantages and dis-
advantages to the various imaging
techniques exist. For example, projec-
tion techniques are relatively fast in
generating a single view of the artery
of interest. However, the imaging se-
quence must be repeated for addi-
tional views and there is significant
signal loss due to phase dispersion

along the long projection dimension.
Techniques used to acquire image
data in three-dimensional arrays,
such as multiplanar two-dimensional
or direct three-dimensional acquisi-
tion, have demonstrated good vessel
detail when vessels are reprojected
by using the MIP display algorithm
(17,18). The multiplanar two-dimen-
sional techniques work well for ves-
sels that are perpendicular to the sec-
tion, but the moderately large thick-
ness of the section (approximately 2.5
mm) causes a loss in signal due to
phase dispersion when the vessel is
not perpendicular to the section (see,
for example, Haacke et al [19]). Di-
rect three-dimensional volume acqui-
sition, time-of-flight techniques have
the advantage of very low noise (due
to the inherent signal averaging of
three-dimensional techniques) and
also result in low vessel signal due to
the longer time the blood remains in
the thick section being imaged (20).
In spite of the various disadvan-
tages, amplitude-contrast (time-of-
flight) techniques seem to be less
sensitive to machine-dependent dis-
tortions of the gradient waveforms
and can therefore be conveniently
implemented on most MR imagers.
To use this advantage of amplitude-
contrast techniques and to attempt to
combine the advantages of two-di-
mensional multiplanar and direct
three-dimensional acquisition tech-
niques, we have developed a multi-
ple-overlapping-thin-slab-acquisition
(MOTSA) technique at the LDS Hos-
pital and University of Utah (21,22).
MOTSA maintains the improved
signal-to-noise ratio, simultaneous
thin-section imaging, and short echo
time (TE) that are important advan-
tages of three-dimensional acquisi-

Abbreviations: MIP = maximum intensity
projection, MOTSA = multiple overlapping
thin-slab acquisition, TE = echo time, TR =
repetition time.
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tion, and also preserves the high sig-
nal intensity from fresh, unsaturated
spins, the characteristic advantage of
two-dimensional multiplanar meth-
ods. The thin section thickness (typi-
cally, 0.94 mm) and short TE (5.5
msec) further reduce the sensitivity
of the technique to phase dispersion.
The MOTSA technique, which con-
sists of acquiring image data in mul-
tiple overlapping regions (thin slabs),
is generally applicable in that one
can acquire an arbitrary (power of
two) number of sections per slab and
an arbitrary number of slabs; in addi-
tion, the slabs can be interleaved dur-
ing data acquisition to increase the
effective repetition time (TR). Image
quality with use of the short TE and
moderately thin slab dimensions has
been consistently good.

Although several MR angiography
techniques have undergone prelimi-
nary clinical evaluation, and in some
institutions are being used routinely
in clinical applications, to our knowl-
edge no reports of attempts to quanti-
tatively evaluate vessel visibility
have been published. To begin such
an evaluation of the quality of vascu-
lar detail that can be obtained from
the MOTSA MR angiography tech-
nique, we performed a study of the
visibility of major intracranial vessels
in which we quantified the frequen-
cy of visibility of various intracranial
arterial segments and correlated their
visibility with vessel size as mea-
sured at standard cut-film, contrast
material-enhanced angiography.

MATERIALS AND METHODS

Intracranial MR angiograms of 23 indi-
viduals (12 healthy volunteers and 11 pa-
tients) were included in a nonselective,
prospective fashion. The average age of
each subject was 43.1 years (range, 27-68
years). The 11 patients underwent stan-
dard contrast-enhanced angiography. All
subjects signed an informed consent
form, which had been approved by the
hospital’s institutional review board.

All MR angiographic studies were per-
formed with use of an unmodified 1.5-T
MR imager (Signa; GE Medical Systems,
Milwaukee), with use of standard patient
position, a quadrature head coil, and con-
ventional sagittal T1-weighted spin-echo
imaging for localization. MR angiogra-
phy was performed by using the MOTSA
technique. The MOTSA pulse sequence,
theory, and performance in flow phan-
toms have been described in detail else-
where (21,22). The pulse sequence is dia-
grammed in Figure 1.

MOTSA consists of the acquisition of
multiple thin regions (slabs) that are each
phase encoded in the section-selective di-
rection in such a manner that three-di-
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mensional, Fourier-transform reconstruc-
tion results in a small set of very thin sec-
tions from each slab. Each slab is a
gradient-recalled three-dimensional ac-
quisition that derives enhanced blood
contrast from the time-of-flight (ampli-
tude) contrast effect of fresh, unsaturated
blood magnetization flowing into the
thin slab being imaged.

Conceptually, the MOTSA technique is
generally applicable in that one can ac-
quire an arbitrary number of sections per
slab (this must be a power of two) and an
arbitrary number of slabs with an arbi-
trary amount of overlapping between ad-
jacent slabs; in addition, the slab acquisi-
tion can be interleaved to increase the ef-
fective TR. In our experience an
interleaved acquisition (two slabs ac-
quired simultaneously, separated by four
slabs) can be obtained without any appar-
ent loss in signal-to-noise ratio or vessel
visibility. The geometry of the slabs and
sections is shown in Figure 2.

The implementation that has been most
successful and that was used in these
studies consists of use of a 12-mm-thick
slab of excitation, which is centered in a
15-mm-thick imaging volume. Sixteen
phase-encoding steps in the z direction
(when imaging is in the axial plane)
yields a section thickness of 0.94 mm (16
sections, each 15 mm thick). The slabs are
then acquired sequentially with 50%
overlap (slab spacing of 7.5 mm) so that
the central eight sections of each overlap-
ping slab form a continuous three-dimen-
sional data set. Only the central eight sec-
tions of each slab were reconstructed ini-
tially in this study. In the later studies
(Fig 3), the central 12 sections of each slab
were reconstructed, and the overlapping
sections were combined by using the
brightest pixel, on a pixel-by-pixel basis.

Overlapping of the slabs was necessary
for two reasons. First, as with any vol-
ume-acquisition technique, wraparound
occurred in each phase-encoding direc-
tion. To avoid phase wrap in the z direc-
tion only, the central region of the im-
aged volume was excited by the selective
resonance-frequency pulse, and the first
and last sections were discarded. Second,
the profile of the resonance-frequency ex-
citation pulse was not a pure square wave
(Fig 2), and overlapping allowed the use
of a wider excitation pulse, with the cen-
tral eight sections occupying the flatter
central portion of the profile. Without use
of these techniques, reprojected MIP im-
ages would have suffered unacceptably
from slab interface or “venetian blind”
artifact.

To shorten the TE as much as possible,
we employed both an asymmetric reso-
nance-frequency excitation pulse and an
asymmetric echo readout (ie, fractional
echoes), as recently described by Schmal-
brock et al (23). By truncating the reso-
nance-frequency excitation sinc pulse af-
ter the first null point following the cen-
tral lobe, and by placing the center of the
echo asymmetrically within the readout
window (Fig 1), the TE could be reduced
by a total of 5.5 msec. With first-order
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Figure 1. Diagram of the MOTSA pulse se-

quence. Note the asymmetric echo window
and truncated sinc pulse, which allows use
of a shortened TE of 5.5 msec. Zero- and
first-order flow compensation is shown in
the z gradient.
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Figure 2. Diagram of the section excitation
profile (a) and the geometry of overlapping
slabs and sections (b) in the MOTSA tech-
nique.

flow compensation on the section-selec-
tive and readout gradients, the effective
TE, from the central lobe of the truncated
sinc pulse to the center of the echo, was
5.5 msec. A flip angle of 30° was em-
ployed.

In 18 cases, the study consisted of nine
slabs acquired sequentially (noninter-
leaved) with use of a TR of 50 msec and
128 phase-encoding steps (256 X 128 im-
aging matrix). This allowed imaging from
the foramen magnum to well above the
circle of Willis, with an acquisition time
of 15 minutes. In five cases (three healthy
volunteers and two patients), seven slabs
were acquired in an interleaved fashion,
with use of a TR of 70 msec and 256
phase-encoding steps (256 X 256 imaging
matrix); the time required for imaging
was 19 minutes. A 24-cm field of view
was employed in all cases.

The 11 patients underwent standard
contrast-enhanced angiography with use
of a cut-film, magnification technique.
The focal-object and focal-film distances
of each projection were standardized and
measured; the magnification factors were
calculated and were used for correcting
each measurement of lumen diameter.
For each vessel segment of interest, the
presence or absence of the vessel was not-
ed and lumen diameter was measured on
both direct contrast-enhanced and sub-
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Figure 3. Typical MOTSA MR angiograms of a healthy volunteer include a volume from the foramen magnum to well above the circle of
Willis. (a) Examples of limited regions from axial images from the level of the posterior inferior cerebellar artery (arrowheads), a small left
posterior communicating artery (solid arrow), and the anterior cerebral arteries at the level of the anterior communicating artery (open ar-
row). (b) Base projection MIP image (collapse). A large right posterior communicating artery is seen (arrow), while the small left posterior

communicating artery demonstrated in the axial image in a is not visible. Frontal (c) and lateral (d) MIP images demonstrate a congenitally
small right vertebral artery terminating as a posterior inferior cerebellar artery (solid arrow in c). Second-order middle cerebral artery

branches within the sylvian fissure (open arrow in c) are clearly demonstrated, without degradation of visibility due to saturation. (e) Lateral
MIP image of a more restricted region of the posterior fossa. The venous sinuses have been excluded, and the posterior inferior cerebellar ar-
teries can be seen continuously from their origin (curved arrow) through the cranial loop (open arrow) and at their division into hemispher-

ic branches.

tracted MR angiograms.

Analysis of MR angiograms was per-
formed by using both the original axial
images and the angiographic projections
that were generated by means of a stan-
dard MIP ray-tracing algorithm (Irma, GE
Medical Systems). For each data set, a to-
tal of 30 MIP images obtained at 6° incre-
ments through 180° rotation about an
axis perpendicular to the axial plane (cor-
onal — sagittal — coronal) were generat-
ed.

The MIP images were generated by us-
ing a tightly restricted, rectangular subre-
gion that included the area from sylvian
fissure to sylvian fissure and from anteri-
or to the pericallosal artery to just posteri-
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or to the quadrigeminal cistern. No
threshold was applied in generating the
MIP images. All suppression of back-
ground soft tissue was the result of satu-
ration.

Images were evaluated for the visibility
of each of the major intracranial segments
by a single neuroradiologist (D.D.B.) (Ta-
ble). The direct axial and MIP images
were evaluated separately. Each vessel
segment was determined to be either visi-
ble or not visible. The criteria for visibili-
ty of each vessel were (a) linear structure
present in the expected anatomic loca-
tion, (b) visibility at the origin from the
parent vessel and continuously for at
least a 4-mm segment, and (c) visibility on

MIP images at multiple reprojection an-
gles. The signal loss secondary to satura-
tion, when present, was noted for the in-
ternal carotid and anterior, middle, and
posterior cerebral arteries. The percent-
age of visibility for each vessel segment
was correlated with lumen diameter (de-
termined angiographically) and vessel lo-
cation and orientation.

RESULTS

Sample images that illustrate the
quality of MR angiograms of the 23
subjects are shown in Figure 3. The
vessel detail in these images is excel-
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Figure 4. Plot of percentage of visibility of

each intracranial arterial segment as a func-
tion of lumen diameter as measured from
standard cut-film angiograms. Percentage of
visibility in direct axial images is shown
with open boxes; the percentage of visibility
in MIP images is shown with open dia-
monds.

lent. In general, comparable image
quality was obtained for all subjects.

Results of the visibility analysis are
given in the Table. These data in-
clude observations of visibility from
both axial and MIP images. The Table
consists of the combined observa-
tions of all 23 images and a separate
analysis of observations of only those
images that were obtained with use
of 256 y phase encodings. In seven of
nine arterial segments with a lumen
diameter of 1.0 mm or less the per-
centage of visibility was much higher
with use of 256 phase encodings
compared with use of 128 encodings.
In two of these nine segments, the
observed visibility was slightly lower
with 256 encodings, presumably re-
flecting statistical variation (in each
case the difference in percentage of
visibility between the 256-encodings
and 128-encodings groups was not
more than one additional arterial
segment from a total of 10 segments).
These observations are plotted in Fig-
ures 4 and 5.

In Figure 4 the percentage of visi-
bility for each vessel segment was
plotted as a function of the corre-
sponding mean lumen diameter as
measured from the standard angio-
grams. In Figure 5 the visibility of
the various vessel segments as a func-
tion of the number of y phase encod-
ings and of the display algorithm
was compared. From Figure 5a it is
evident that the small vessel seg-
ments are consistently more visible
in the axial images than in the MIP
images. From Figure 5b it is evident
that vessel visibility is also improved
by using a higher resolution imaging
matrix (256 rather than 128 y phase
encodings).
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Figure 5. Vessel visibility as a function of (a) the y phase-encoding resolution (128 vs 256
encodings) and (b) the display method. Percentage of visibility in direct axial images is
shown with boxes; the percentage of visibility in MIP images is shown with solid diamonds.

Figure 6. The normal anterior choroidal artery demonstrated on direct axial images ob-
tained with 256 y phase-encoding resolution. Right posterior communicating artery (open
arrow) and anterior choroidal artery (curved arrow) are seen bilaterally. On contiguous im-
ages beginning at its origin 4 mm above the posterior communicating artery, the anterior
choroidal artery is seen in its cisternal course medial to the uncus of the temporal lobe (ar-
rowheads).

The internal carotid artery was vis-
ible in 100% of cases. A mild decrease
in signal intensity in the cavernous
and supraclinoid carotid artery was
seen in four of 46 arteries (9%), a
finding that was always associated
with a redundant, looping artery.
The effect was also more prominent
in patients with generalized arterio-
megaly, with resultant lower blood

velocity. Thirty-nine of 44 ophthal-
mic arteries (89%) were visible on ax-
ial images for a variable length, rang-
ing from 4 to 11 mm. The anterior
choroidal artery was not visible in
any images that were acquired with
use of 128 y phase-encoding resolu-
tion in the phase-encoding direction.
Five of 10 anterior choroidal arteries
that were imaged with use of a 256 X
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Vessel Visibility and Lumen Diameter at MR Angiography

Vessel Visibility

Direct Axial Images*® MIP Images*® No. of Images Lumen Diameter
256 256 256
Artery All Encodings All Encodings All Encodings Mean (mm) SD

Internal carotid

Petrous 100 100 100 100 44 10 4.08 0.31

Cavernous 100 100 100 100 46 10 3.90 0.45

Supraclinoid 100 100 100 100 46 10 3.25 0.41

Biturcation 100 100 100 100 46 10
Ophthalmic 89 80 64 80 44 10 0.71 0.22
Anterior choroidal 11 50 0 0 46 10 0.52 0.06
Posterior communicating 73 100 55 90 44 10 1.01 0.24
Anterior cerebral

Precommunical 100 100 100 100 45 10 1.67 0.38

Communicating 100 100 100 100 23 5 it s

Pericallosal 100 100 100 100 46 10 1.52 0.31
Middle cerebral

Horizontal 100 100 100 100 46 10 2.46 0.26

Trifurcation 100 100 100 100 46 10 NA NA

Sylvian 100 100 100 100 46 10 1.42 0.28
Vertebral 100 100 100 100 34 10 278 0.86
Posterior inferior cerebellar

Anterior medullary 80 100 47 100 30 8 1.01 0.22

Lateral medullary 84 100 47 100 32 8 0.91 0.23

Posterior medullary 75 86 22 86 32 8 0.84 0.14

Supratonsilar 75 100 16 50 32 8 0.70 0.11
Basilar 100 100 100 100 23 5 276 0.53
Anterior inferior cerebellar 70 60 45 40 44 10 0.62 0.15
Superior cerebellar 100 100 98 100 46 10 0.96 0.22
Posterior cerebral

Interpeduncular 100 100 100 100 46 10 1.60 0.23

Ambient 100 100 100 100 46 10 1.51 0.23

Quadrigeminal 100 100 100 100 46 10 1.2 0.24

* Numbers indicate percentage of visibility.

256 matrix were visible on axial im-
ages (Fig 6). None of these arteries
were visible on MIP images. The bi-
furcation of the internal carotid ar-
tery was well displayed in all cases.

The anterior cerebral artery com-
plex was consistently well imaged at
MR angiography. Mild saturation of
the horizontal (precommunical) seg-
ment was seen in six of 46 arteries
(13%). The normal anterior communi-
cating artery was well displayed in
all 23 cases, either as a discrete artery
or as a short communication between
the two anterior cerebral arteries,
and was equally well shown in both
axial and MIP images. The MIP im-
ages were particularly useful in un-
folding the frequent overlapping of
the pericallosal arteries. Two normal
variants were confirmed at MR angi-
ography: an absent precommunical
anterior cerebral artery and a single
pericallosal artery (azygous artery).
The absent precommunical anterior
cerebral artery was demonstrated by
filling of both pericallosal arteries
from the contralateral side through
the anterior communicator.

The horizontal segment of the
middle cerebral artery was always
visible from the bifurcation of the in-
ternal carotid artery to the sylvian
fissure. On MIP images, significant
saturation secondary to prolonged
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in-plane flow was apparent in the
distal horizontal segment in eight of
46 arteries (17%). However, even in
the most severely affected vessels,
the trifurcation was well defined on
axial images. First- and second-order
branches of the middle carotid artery
within the sylvian fissure were seen
in all cases. No normal perforating
arteries arising from either the mid-
dle carotid artery or the anterior cere-
bral artery were visible. The case of a
clearly visible perforator from the
middle carotid artery in a patient
with a deep left temporal lobe astro-
cytoma is shown in Figure 7. This
vessel measured 0.55 mm in diameter
on the contrast-enhanced angiogram;
this diameter is slightly larger than
normal because the vessel was sup-
plying the tumor.

The posterior communicating ar-
tery was visible at MR angiography
73% of the time; the direct axial im-
ages were clearly superior to the MIP
images (73% vs 55%, respectively).
Visibility increased to 90% in the
group of images made with use of the
256 X 256 resolution. In the group of
patients who underwent intraarterial
angiography, the average lumen di-
ameter of the posterior communicat-
ing artery was 1.01 mm, with a larger
standard deviation than that of the
diameters of other arteries. The pos-

terior communicating artery was ei-
ther very small (0.6 mm or less) or ab-
sent in four of 16 (25%), which is con-
sistent with prior reports (24). The
posterior cerebral artery, including
the interpeduncular ambient and
quadrigeminal segments, was always
visible, as were second-order
branches in the interhemispheric fis-
sure.

The vertebral artery at the axis
loop consistently demonstrated de-
creased intensity secondary to satura-
tion. All vertebral and basilar arteries
were visible. The origins of the pos-
terior inferior cerebellar artery were
visible 80% of the time on axial im-
ages (Fig 3e). Dominant anterior infe-
rior cerebellar arteries accounted for
most of the nonvisible posterior infe-
rior cerebellar artery systems. The
MIP images were severely limited in
this region because of multiple over-
lying venous sinuses, which were
present unless images were obtained
of only a very restricted region. The
superior cerebellar artery was always
visible, making it the smallest artery
(0.96 mm in diameter) with 100% vis-
ibility. Two cases of persistent tri-
geminal artery communication (em-
bryologic precavernous carotid to
basilar) were noted, one of which
was confirmed at intraarterial angi-

ography.
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The principal artifact associated
with the imaging technique ap-
peared to be a variation in intensity
at the slab interfaces, a finding that
was seen in all of the figures shown
herein. This variation in intensity
was due to two phenomena: (a) non-
rectangular excitation profile (Fig 2)
and (b) decrease in the signal intensi-
ty of blood as a function of saturation
due to the time spent (number of ex-
citation pulses experienced) within
the boundaries of the slab. The satu-
ration component of this effect was
most severe in patients with tortuous
and enlarged vessels. There was,
however, no case of significant loss
of anatomic detail on axial images.

DISCUSSION

Many factors can potentially affect
vessel visibility at MR angiography,
including anatomic factors such as
vessel diameter, orientation, and di-
rection and velocity of flow. Sur-
rounding tissues (particularly fat),
when incompletely saturated, can
significantly decrease vessel visibili-
ty by reducing the contrast-to-noise
ratio. Vessel contrast is also affected
by imaging parameters such as TR,
TE, flip angle, slab thickness and ori-
entation, and effective voxel size.

Several observations are evident
from the results presented herein.
First, it is evident from the observa-
tions demonstrated in the Table and
in Figure 4 that the single most im-
portant factor in determining the vis-
ibility of a vessel is the diameter of
the lumen. Factors such as vessel ori-
entation and position within the im-
aged volume had remarkably little
effect. All vessels with a lumen diam-
eter larger than the voxel dimensions
used at MR angiography were consis-
tently visualized. The visibility of
vessels that were near the resolution
limit decreased rapidly to zero as the
vessel diameter decreased. The po-
tential for improved visibility with
increased resolution was indicated
from the comparative visibility of
vessels when 256 y phase encodings
were used compared with 128 y
phase encodings (Fig 5). In the latter
case, the effective pixel dimension in
the y direction was double the 0.94-
mm dimension in the higher resolu-
tion images. Similar improvement in
small vessel visibility with use of de-
creasing voxel size has also been ob-
served in previous reports (14,25).

As shown in the Table and in Fig-
ure 4, we also observed that small
vessel visibility was significantly bet-
ter in the original axial images than
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in the MIP images. This effect was
due in large part to the reduced in-
tensity of the blood signal in the
smaller vessels. If the blood signal
intensity drops below the level of the
signal intensity of surrounding struc-
tures, the vessel will not appear in an
MIP image. Occasionally the signal
intensity of a vessel was near that of
the surrounding background struc-
tures. In that case, random noise in
the surrounding structures occurred
over a much longer projection di-
mension than occurred over the ves-
sel itself. Therefore, the maximum
pixel intensity along any given path
through the vessel probably came
from a noise peak that was external
to the vessel. Vessel visibility could
therefore be improved by generating
the MIP images on adjacent subre-
gions. The visibility reported herein
was for MIP images that were fo-
cused on the smallest possible subre-
gion that included the arterial seg-
ments to be studied. Generating im-
ages of subregions around each
individual segment increases visibili-
ty, but this method would not be
practicable in routine clinical appli-
cation. The unavoidable loss of infor-
mation about small vessels that re-
sults when a three-dimensional data
set is projected into a two-dimension-
al MIP image has been similarly ob-
served by Anderson et al (26) and
Ross et al (27).

Single-volume, three-dimensional,
time-of-flight MR angiography tech-
niques are known to be affected by
significant saturation of vessel signal
when the volumes required for rou-
tine clinical studies are used (20). The
degree of saturation is dependent on
the flip angle, TR, blood velocity,
volume thickness, and geometry of
the vessel (which reflects time spent
in the volume). We have reported the
explicit mathematical solution to ves-
sel signal as a function of each of
these variables. We have shown that
MOTSA is theoretically the most effi-
cient method (in terms of signal-to-
noise ratio) by which to perform
three-dimensional MR angiography
(22). Unlike direct, three-dimension-
al, time-of-flight MR angiography, in
which vessels at the top of any large
volume are degraded by saturation,
with use of MOTSA imaging, vessels
at the top of the imaged volume are
seen equally well as vessels at the
bottom. Saturation of vessel signal,
which is due to prolonged time with-
in the imaging slab, occurred infre-
quently and was seen only in those
vessel segments that were present for
a prolonged time within a given slab,

b.

Figure 7. Frontal views from an MOTSA
MR angiogram (a) and a conventional con-
trast-enhanced angiogram (b) in a patient
with a deep right temporal lobe astrocyto-
ma. Lateral displacement of sylvian
branches of the middle cerebral artery is ap-
parent in both studies. An enlarged perfora-
tor (0.55 mm) is seen in both studies (open
arrow in a and b). The series of direct axial
images (not shown) clearly demonstrated
that this perforator originated from the hor-
izontal middle cerebral artery and terminat-
ed within the deep temporal glioma.

such as the horizontal middle cere-
bral artery and the precommunical
anterior cerebral artery. This satura-
tion effect was most evident on MIP
images, and vessel detail was not se-
riously degraded on the direct axial
images.

The principal disadvantage of
MOTSA appears to be the variation
in signal intensity at slab boundaries,
an appearance which we refer to as
the “venetian blind” artifact. The ef-
fect is exaggerated on the MIP im-
ages; when the direct axial images
are analyzed, little real distortion is
apparent. The effect can be mini-
mized on MIP images by using any
projection that is angled with respect
to the plane of the original data ac-
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quisition (axial for the data presented
here). This technique was not used
for display of any of the images
shown herein.

The venetian blind artifact has two
principal causes: a nonsquare section
profile and saturation of the top of
the slab. The venetian blind artifact
is a potentially serious obstacle to use
of the MOTSA technique. Any suc-
cessful application of MOTSA MR
angiography must be accomplished
with an understanding of the appear-
ance and causes of this artifact and
must include strategies for minimiz-
ing its effect. A recent article by Mar-
chal et al (28) reported improved ves-
sel visibility in three-dimensional
MR angiograms when the volumes
were kept thin and when overlap-
ping volumes were acquired with se-
quential table incrementation, an
approach similar to that described
herein. There was, however, no dis-
cussion of the slab interface or vene-
tian blind artifact or its effect on ves-
sel visibility and diagnostic quality.
Only MIP collapse images were shown
(submentovertex view when axial
partitions were acquired), in which
the venetian blind artifact was not
apparent.

Reduction in this artifact can be
achieved through improvements in
acquisition and examination after
processing. During acquisition, exci-
tation pulses with more nearly rect-
angular section profiles can be ap-
plied, as well as minor widening of
the profile width. In addition, the
physical overlapping of slabs in the
MOTSA technique described herein
allows much of the venetian blind ar-
tifact to be removed by careful com-
puterized postprocessing. Since the
edge sections of each slab are from
the same physical location as are the
center sections of adjacent slabs, the
weak image detail from the edge sec-
tions can be replaced by the strong
image detail of the corresponding
central sections. We have developed
and are evaluating a program that
combines data from the overlapping
sections by selecting, pixel by pixel,
the brightest of the corresponding
points. Preliminary results with use
of these strategies are promising.

We conclude that MOTSA is a
promising new time-of-flight MR an-
giography technique that combines
many of the advantages of previous
two-dimensional and three-dimen-
sional techniques. Intracranial arteri-
al segments larger than the pixel di-
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mensions (0.9 mm in the current ap-
plication) are consistently visualized
with use of the MOTSA technique;
the fraction of small vessels visual-
ized is improved when the size of ef-
fective voxel dimensions is reduced.
Visibility is significantly better when
the original axial images are used
rather than maximum-intensity re-
projections.

The MOTSA technique can have a
number of applications. We have pre-
sented results from only one specific
implementation of the technique. It
is certainly possible that other varia-
tions in this technique might im-
prove the results we have obtained.
It is also likely that other variations
will be useful in obtaining images of
arteries in other anatomic regions,
such as carotid arteries in the neck
and peripheral arteries. Further work
is needed to establish this useful-
ness. W
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