
200

b.a.
Figure 1. Simplified representations of the intracerebral vasculature demonstrate positioning

of an excitation slab for a three-dimensional acquisition. (a) Schematic representation of the
standard radio-frequency excitation, in which a constant 20#{176}flip angle is applied across a
transverse slab. In this example, the radio-frequency energy is applied uniformly over the vas-
cutature within the slab. Experiencing more radio-frequency power over time, upward flow-
ing spins exhibit saturation and a loss of contrast distally. (b) Schematic shows flip angle of

10#{176}-30#{176}over the slab of excitation, with a nominal flip angle of 20#{176}at the center of the slab.
The effect is reduction in distal saturation by exposure of the incoming flow to lower radio-
frequency power than in a. Note: The reduced flip angle at the inlet (10#{176}vs 20#{176})can also result
in reduced vessel-to-background contrast compared with that in a.
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Improved MR Angiography: Magnetization Transfer
Suppression with Variable Flip Angle Excitation
and Increased Resolution’
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Results at conventional magnetic reso-
nance (MR) angiography were com-
pared with results at MR imaging with
a sequence combining optimized mag-
netization transfer (MT) saturation and
tilted opthnized nonsaturating excita-
tion (TONE). Forty images were ob-
tamed of five healthy volunteers and
five patients with known intracranial
vascular abnormalities (four men and
six women, aged 22-72 years). Four
blinded readers found improved vessel
penetration, enhanced vessel-to-back-
ground contrast, and better vessel de-
tail in the MT saturation-TONE images
than in the conventional three-dimen-
sional time-of-flight MR angiograms.

Index terms: Blood vessels, MR. 17.1214
Brain, MR. 10.1214 #{149}Cerebral blood vessels,
MR, 17.1214 a Magnetic resonance (MR), mag-
netization transfer contrast #{149}Magnetic reso-

nance (MR), vascular studies, 17.1214
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M AGNETIC resonance (MR) angiogra-

phy is gaining wide acceptance
as a screening modality for the intracra-
nial vasculatune (1). The noninvasive
nature, relatively rapid imaging times,

and three-dimensional volume acquisi-
tions of MR angiography make it an at-
tractive technique in the clinical setting.

MR angiographic data can be readily
combined with findings at conventional
MR imaging to correlate soft-tissue
pathologic conditions and associated
blood flow abnormalities. MR angiogra-
phy, while widely used clinically, is still

an evolving technique.
Three-dimensional time-of-ffight MR

angiognaphy has been hampered by
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CL.). Received June 25, 1993; revision requested
August 3; revision received October 25; ac-
cepted November 1 . Address reprint requests to
M.B.Z.
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two effects: limited contrast from in-
complete suppression of background

tissues and saturation of flowing spin
signals (2,3). The combination of these
two effects reduces vessel-to-back-

ground contrast and available vessel
detail.

When imaging with short repetition
times and relatively high ffip angles, as
is done in most time-of-ifight MR angi-
ography, the background signal is
driven into a state of reduced signal, or
saturation. While use of higher ifip
angles produces better background sup-

pression and a higher signal-to-noise
ratio for fresh inflowing spins, it also
tends to saturate any flowing blood that
lies within the plane of excitation for
any length of time.

Suppression of background signal
while minimizing saturation of flowing
spins can also be accomplished with
other means. Given that differences in
the resonant frequencies of tissues exist,

unwanted background signals can be
removed by applying presaturation

pulses to frequencies away from that of
flowing blood. The most commonly
used pulse is spectral presaturation of
lipids, or fat. Unfortunately, the brain

panenchyma typically contains few sup-
pressible lipid components, a condition
that limits the benefits of fat saturation
to those areas of the scalp and orbit that
may obscure vessel signals on projection.

Magnetization transfer (MT) contrast
is another signal suppression technique

that uses spectral presaturation. MT
contrast significantly reduces brain

.40 -20 0 20 40

distance (mm)

Figure 2. Graph simulates the variation in
radio-frequency flip angle across the slab.
This slab is located such that the flow direc-

lion is assumed to be toward the right. A and
E represent background nonexcited regions,
F and G indicate the flip angles at the de-
fined edges of the slab, and C is a transition
region between them. The optimization of
this radio-frequency pulse involves compro-

mises between minimizing the transition re-

gions (B and D) and nonlinear variations
along the slope (C).

(background) signal through the use of
a second radio-frequency pulse tuned
far off the resonances of water and lipid
(4,5). Mobile free water (in vessels and
tissues) has a much sharper resonance

compared with the resonance of mo-
tionally restricted water found on mac-
romolecules such as myelin membranes.
This restricted, or bound, hydrogen
resonates over a broad range of fre-

quencies. By using the differences in
frequency between the narrow “free”
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Figure 3. Images were obtained to compare conventional time-of-flight MR angiograms with

MR angiograms obtained with MT saturation, TONE, and MT saturation-TONE sequences in
a healthy male volunteer (aged 36 years). Conventional MR angiograms (38/7) were each ob-
tamed in 7 minutes 49 seconds with (a) 192 x 256 and (b) 192 x 512 matrices. (c) MT satura-
lion MR angiogram (43/7) was obtained with a 192 x 512 matrix in 8 minutes 47 seconds.

(d) TONE 1:3 and (e) TONE 1:2 MR angiograms (38/7) were each obtained with a 192 x 512

matrix in 7 minutes 49 seconds. MT saturation-TONE I :3 MR angiograms (43/7) were each

obtained in 8 minutes 47 seconds with (f) 192 x 256 and (g) 192 x 512 matrices.

g.

and broader “bound” water pools, a

mechanism for selective suppression of
one pool can be made. MT contrast, in
our case, is accomplished by the appli-
cation of a second off-resonance radio-
frequency pulse with sufficient power

to saturate primarily the macromol-

ecule-bound water. By tuning the MT
contrast radio-frequency pulse a few
hundred Hertz off resonance, saturation

of bulk water, such as is found in blood,
can be minimized. In using MT pulses
for MR angiographic applications, the

generation of a tissue-specific MT con-
trast, per se, is not a defined goal.
Rather, these MT pulses were added to
the MR angiographic sequence to sup-
press the background signal (ie, MT
suppression).

The time-of-flight effect in MR angi-
ography is the result of inflowing unsat-
urated spins having a higher signal than

the background. Yet after repeated ap-
plication of radio-frequency pulses,
these flowing spins (particularly those
deep within the slab) become saturated
and exhibit a reduction in intensity to
the point of approaching the signal of
the background. The result is a reduc-
tion in vessel-to-background contrast,

especially for the distal vessels. Tech-

niques to overcome this saturation in-

dude use of smaller flip angles, reduc-
tion of slab thickness, and use of
gadolinium chelates to shorten the in-
travascular Ti times (6). Thin-section
two-dimensional imaging methods are

effective in minimizing flowing proton
saturation, but they have a lower signal-
to-noise ratio compared with thnee-di-
mensional methods and their use is lim-
ited to a practical section thickness of
more than 2 mm (7). Multiple thin-slab

three-dimensional methods are also
possible (8,9). However, such methods
necessitate overlapping to eliminate di-
minished signal at the slab edges, com-
promising their efficiency and lengthen-

ing the overall imaging time.

To avoid problems of flow saturation
associated with a thick slab, we imple-
mented a modified radio-frequency
pulse that varies the power (and flip
angle) across the slab (10). With use of a
low flip angle on the inlet side, ad-
equate high flow-to-background con-

trast can be maintained, while less satu-
ration of flowing signal occurs. On the
distal side, conversely, a higher flip

angle is used to increase the blood sig-
nal, maintaining the blood-to-back-



a.
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Figure 5. (a) Lateral maximum-intensity-projection image was obtained with conventional

parameters. 0,) Lateral maximum-intensity-projection image was obtained with optimized
parameters incorporating the MT saturation-TONE pulses. Note the improved depiction of
small vessel detail, including demonstration of the anterior chonoidal artery.
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ground contrast. The transition from
lower to higher flip angles is accom-
pushed with use of a linear ramp (tilted

optimized nonsaturating excitation
[TONE]) (Fig 1).

This study describes the implementa-
tion of this TONE pulse in combination
with MT background suppression and

compares MT saturation-TONE with
existing time-of-flight MR angiographic

protocols. Finally, to evaluate these
methods and their ability to produce

improved image quality with a finer

spatial resolution, we compared images

obtained with these techniques in both

256- and 512-pixel-matrix formats.

Materials and Methods

All images were obtained with a stan-
dand circularly polarized head coil on a
conventional 1 .5-T imager (Magnetom
63SP; Siemens Medical Systems, Iselin,

NJ). After localization, transverse MR
angiography was performed with 64

partitions over a 64-mm slab, producing
an effective partition thickness of 1.0
mm. A venous presaturation pulse was
applied superiorly to the slab in all

cases.

Conventional three-dimensional

time-of-flight MR angiography used a
flow-compensated sequence (fast imag-
ing with steady-state precession, repeti-
tion time msec/echo time msec of 38/7,
with a 20#{176}flip angle). Comparisons were
made with use of 192 x 256 and 192 x
512 matrices, both at a constant field of
view of 160 x 210 mm. The acquisition

time for these studies was 7 minutes 49
seconds.

The variable-flip-angle radio-fre-

quency pulse varied the slab excitation
linearly from 13#{176}to 27#{176}(TONE 1:2) and
from 10#{176}to 30#{176}(TONE 1:3) (Fig ib). In
either case the effective flip angle at the

center of the slab, the nominal flip angle,
was 20#{176}(Fig 2). This pulse replaced the
standard excitation radio-frequency
pulse and did not extend the repetition

time of the sequence. The TONE pulses
were positioned to accentuate moving
spins in a superiorly flowing direction

(ie, arterial spins first experience the
lower flip angle on entering the slab).
Since the TONE pulse replaced the

standard radio-frequency pulse without

lengthening the echo or repetition
times, the TONE protocols were identi-
cal to the conventional protocols.

The MT saturation pulse in this study
was Gaussian shaped, 8.192 msec in du-
ration, and was applied 1.5 kHz off reso-
nance, with a bandwidth of 250 Hz. Suf-

ficient power was applied to produce an
effective MT saturation flip angle of

5500. This additional pulse lengthened
the repetition time to 43 msec, for a total
imaging time of 8 minutes 47 seconds.

The echo time remained constant at 7
msec. The MT saturation pulse was also

combined with a TONE 1:3 sequence

(43/7), and images were compared with
both 192 x 256 and 192 x 512 matrices.
Identical maximum-intensity-projection
techniques were used in all protocols
throughout the study.

All images were obtained under exist-
ing institutional review board guide-

lines, and imagers were operated with a
local maximum specific absorption rate
of 8 W/kg and a total body exposure of
less than 3 W/kg. No contrast agents
were used during the study.

This study was performed in two
phases. The first phase was an optimiza-

tion process. One reader (M.B.Z.) re-
viewed data from the images of four
volunteers obtained with the large

number of possible combinations of
conventional, MT saturation, and TONE
parameters. From this series, an opti-
mum MT saturation-TONE technique
was defined.

In the second pant of the study, the

optimized MT saturation-TONE tech-
nique was used for imaging in five
healthy volunteers and in five patients

with known intracranial vascular abnor-
malities. These subjects were examined
with both the optimized MT saturation-

TONE technique and conventional MR

angiography. A blinded evaluation of
all images was performed by four read-

ens (M.B.Z., M.N., S.S., L.T.). Images
were scored for vessel penetration, yes-

sel-to-background contrast, small vessel
visualization, artifact (background lipid

signals from subcutaneous and perion-
bital regions), and overall image quality.

Given the small size of distal vessels,
no numerical calculations were per-

formed to quantitate the contrast-to-
noise ratio at these vessels. Rather, we

relied on the presence and chanacteris-
tics of vessels in combination with a

score based on a grading scale to corn-
pare methods.

Admittedly, this method may not be
as scientifically rigorous as is a numeni-

cal calculation of pixel values with each
method. However, this method of
analysis probably reflects the clinical

situation more realistically, because the

comparison is more subjective.

Results

Satisfactory quality was obtained in
all images. The MR angiographic tech-
niques were well tolerated by all sub-

jects. Figure 3 demonstrates the conven-
tional, MT saturation, and TONE
images obtained in a healthy volunteer.

In reviewing the final rnaximum-inten-
sity-projection images, the combination
of a 192 x 512 matrix with an MT satu-

C.

Figure 4. Images are of a 72-year-old female

patient with history of intracranial aneu-

rysm. (a) Conventional three-dimensional

time-of-flight MR angiogram demonstrates

the presence of a 4-mm-diameter aneurysm

at the junction of the right inferior cerebral
artery and the night posterior communicating

artery (arrow). (b) MT saturation-TONE 1:3
MR angiogram was obtained 7 months later.
The original aneurysm is seen again, as well
as a second aneurysm at the tnifurcation of

the right middle cerebral artery (arrow).

(C) Detailed view of b, obtained with reduced
maximum-intensity-projection field, more

cleanly depicts both aneurysms.
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ration and TONE pulse ratio of 1:3 at a

nominal flip angle of 20#{176}produced the
best overall image quality (Fig 3g). This

combination was used for later clinical
comparison studies.

In our initial comparison series, MT

saturation and TONE pulses were
implemented separately with a stan-

dard sequence. Each was judged to ne-

suit in improvement over the conven-
tional acquisition scheme. With an MT
saturation pulse alone (Fig 3c), back-
ground brain signal was markedly re-
duced compared with imaging per-

formed with the standard fast-imaging-
with-steady-state-precession sequence
(Fig 3b), showing overall increased yes-
sel conspicuity. Since the MT saturation

a.

b.

Figure 6. Images are of a 46-year-old female

patient who was being treated with steroids
for inflammatory bowel disease and who ex-

penienced severe headaches and left hemipa-

nesis. MR brain studies (not shown) depicted

subacute hemorrhagic infancts and enhance-

ment along the distribution of the posterior

cerebral artery. (a) Conventional time-of-

flight MR angiogram demonstrates irregular

vascutature of the right middle cerebral an-

tery. There is a suggestion of irregularity and

beading of the posterior cerebral vessels.

(b) MT saturation-TONE 1:3 MR angiogram

of the same area (obtained with a 192 x 512

matrix) shows the areas of irregularity and

stenosis of the middle cerebat artery to be

tess severe, with better visualization of the

true lumen. The irregularity of the posterior
cerebral vessels is less severe than was sug-

gested on the conventional image.

pulse is fan from the lipid resonance,
both the MT saturation and the
non-MT saturation images demon-

strated the presence of fat signal from
regions around the orbits and subcuta-
neous tissues. Imaging with the TONE

pulses alone was effective in reducing

blood saturation of distal vessels and in

increasing visualization. Brain paren-
chyma-to-fat contrast was unchanged
with the TONE only series.

The use of a TONE 1:2 pulse pro-

duced image quality similar to that ob-
tamed with the TONE 1:3 pulse, but
with a slight reduction in distal vessel

contrast (Fig 3d, 3e). Overall, the TONE

pulses by themselves did not result in as
good image quality as was obtained
with the MT saturation-TONE pulses.

Imaging with the standard fast-imag-

ing-with-steady-state-precession tech-
nique, with limited vessel-to-back-

ground contrast, resulted in only
slightly improved vessel detail conspi-
cuity when the matrix size was in-

creased to 512 (Fig 3a, 3b). In compari-
son, imaging with the MT saturation-
TONE combination at a 512 matrix

resulted in enhanced vessel detail and
conspicuity (Fig 3f, 3g).

In comparing the volunteer and pa-

tient images, the readers judged that
images obtained with the optimized MT
saturation-TONE technique showed
improved vessel penetration (38 of 40
images). In 33 of the 40 MT saturation-
TONE images, vessel contrast was

gauged to be as good as or better than
that seen in the conventional images.
The readers noted in 35 of the 40 images
that vessel detail improved with the op-
timized technique. In one-half (20 of 40)
of the images, visualization of the proxi-
mal carotid artery was worse in the MT
saturation-TONE images. The review-
ens indicated also in 35 of the 40 images
that the visualization of periorbital and
subcutaneous fat was more noticeable

with MT saturation-TONE imaging.
Small aneurysms were more accu-

rately displayed with the MT satuna-
tion-TONE technique (Fig 4). Small
anatomic structures, such as the anterior
choroidal artery, were better visualized
with the MT saturation-TONE tech-
nique at a 512 matrix (Fig 5). Intracranial
vasculitis was more accurately dis-
played with MT saturation-TONE im-

aging. In comparison, conventional
three-dimensional time-of-flight MR

angiography (Fig 6) tended to exaggen-

ate the flow restrictions.

Discussion

MR imaging with combined MT satu-
ration and TONE sequences has the po-

tential to enhance the quality of con-
ventional three-dimensional time-of-
flight MR angiography of the intra-
cranial vessels, without major modifica-
hon of existing MR imaging equipment.

Other groups have shown that the
application of an MT suppression pre-
pulse alone can improve overall vessel

contrast by suppressing background
signal (4,5,11). Further improvements
have been proposed to improve the effi-
ciency of the MT pulses to reduce back-

ground signal (12,13) and to improve
MR angiography by the addition of a
weak section-selection gradient to ne-
move venous signal (14). These poten-

tial improvements were not tested in

this study.
While reduced background signal

improves the quality of MR angiogra-
phy, saturation of inflowing spins can
still be problematic in three-dimensional

time-of-flight applications. Distal vessels
may show poor conspicuity despite the

reduced signal of background. Even
though this limitation may be overcome

by using multiple thin-section three-

dimensional acquisitions (eg, multiple
overlapping thin-slab acquisitions) such
methods use imaging time inefficiently

because of the large overlaps (50%) re-
quired to eliminate slab-edge effects.

Signal saturation of moving blood
may be reduced by the introduction of a

contrast agent that shortens TI time,
such as gadolinium chelates. Studies
have shown that use of contrast agents
improves blood-tissue differentiation,

particularly in situations of slow flow
(6,15). However, the use of contrast me-

dia adds to both cost and examination
time, produces a confusing tangle of
vessels as a result of enhancement of
venous and arterial vessels (16), and
results in a maximum-intensity-projec-

tion image that may be obscured by an-
eas of gadolinium-enhanced tissues and
lesions.

Reduced signal saturation and thus
improved distal vessel visualization
may be achieved by the introduction of
a TONE pulse. Replacement of the ex-

isting radio-frequency slab excitation
with an excitation sequence tailored for
spatially varying flip angles does not
increase the echo or repetition times.

Nevertheless TONE-only images, while
improving vessel visualization, are lim-
ited in their small vessel detail, as back-
ground signal still exists. As noted by

the readers in this study, a potential
problem exists when the inlet side of
the slab is placed too close to the carotid
siphon. Since the inlet side of the slab
has a low flip angle, contrast of the in-

traluminal carotid siphon was reduced
(due to inadequate background suppre-
sion) when in close proximity to the

edge of the slab. When the slab was
placed so that its lower edge was below
the siphon, no similar findings were ob-

served.
To avoid production of excessive

background signals, specific postpro-

cessing methods have also been used.
Targeted, or volume-specific, maximum-
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intensity-projection imaging can elimi-

nate unwanted background signal in-
tensities (17). Use of vessel tracking

algorithms can improve vessel-to-back-
ground contrast by selecting only the
vessels of interest and their neighboring

tissues (18). The resultant maximum-
intensity projections of these vessels

avoid the noise contained in spurious
structures. To address the objections of
our readers regarding the depiction of
subcutaneous and periorbital fat, we
have implemented use of a simple post-

processing method that edits out unde-
sired areas. This editing was done
manually over the entire data set and
took about 1 minute. The initial results

showed a reduction in extraneous back-
ground signal intensity on some images,

with increased vessel visualization and
no additional loss of vessel detail.

Depiction of increased vascular detail
is one goal in MR angiography. Toward
that end, imaging sequences have

evolved that allow use of smaller fields
of view, thinner three-dimensional sec-
tions, lower bandwidths (with better
signal-to-noise ratio), and high-resolu-

tion matrices. These technical improve-
ments can be well appreciated in imag-
ing of the intracranial vasculature, in

which multiple small vessels exist, vas-
cular motion is minimal, and the head
coil provides an increased signal-to-

noise ratio. While 512-pixel-matrix im-
aging, per Se, is possible with conven-

tional three-dimensional time-of-flight
MR angiography, the poorer back-
ground suppression and saturation of
distal vessels limit its capacity to effect
improved imaging (Fig 3a, 3b). Com-
pared with conventional 256-pixel-ma-
trix MR angiography, the optimized MT
saturation-TONE approach with 512-

pixel matrices makes a clinically attrac-
tive replacement for existing protocols
(Fig 3g vs 3b). This small-vessel detail

may be useful in increasing diagnostic
confidence in the definition of small le-
sions on structures. Similar to the appli-

cation of MT saturation and TONE Se-
quences, imaging with 512-pixel

matrices should be possible with most
existing MR imagens and postprocessing
methods. However, the increased size

of data sets and the longer processing
time may require use of additional corn-

puter resources to be clinically useful.
In this study, the combination of MT

saturation and TONE sequences pro-
duced the best overall MR angiographic
quality for intracranial vessels. Particu-

larly, small vessel extent and detail were
enhanced with the combined MT satu-
nation-TONE approach. We have since

implemented this optimized technique
as our routine angiographic protocol.
With the existing MR angiographic
techniques, disease states such as vascu-

litis, arterial spasm, and small aneu-
nysms have been difficult to identify.
Imaging with the combination of
higher-resolution matrices and the MT

saturation-TONE sequences may be

useful in these cases. #{149}
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