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Multisection Cerebral Blood
Flow MR Imaging with
Continuous Arterial

Spin Labeling'

A method was evaluated to control
for off-resonance saturation in nonin-
vasive magnetic resonance imaging
with continuous arterial spin label-
ing of cerebral blood flow. In phan-
toms and humans, application of
amplitude-modulated radio-frequency
irradiation during the control image
corrected for saturation across the
whole brain and made possible cere-
bral blood flow imaging in multiple
sections at arbitrary angles to the
labeling plane.

Measurement of regional cerebral blood
flow (CBF) provides useful information
about both cerebrovascular sufficiency
and regional brain metabolism because
resting CBF and tissue metabolism are
often strongly coupled (1). CBF imaging
with single photon emission computed
tomography (CT), or SPECT, positron
emission tomography, or PET, and xenon-
enhanced CT have been used to evaluate
a multitude of cerebral disorders includ-
ing stroke (2), dementia (3), epilepsy (4),
trauma (5), and neoplasms (6). Positron
emission tomography of CBF has also
been an important tool for mapping task-
induced brain activity in normal and
pathologic states (7). For most central
nervous system disorders, magnetic reso-
nance (MR) imaging provides the greatest
sensitivity to structural abnormalities. A
robust MR imaging-based method for
clinical imaging of CBF would allow both
an anatomic and a functional assessment
within the same examination. In addi-
tion to providing direct structure-func-
tion correlation, the higher spatial resolu-
tion of MR imaging compared with that
of nuclear medicine methods might also
lead to better image quality. MR imaging

of CBF can be performed with either
intravascular contrast agents (8,9) or arte-
rial spin labeling (10,11). Instead of using
an exogenous tracer, arterial spin labeling
electromagnetically labels water proton
spins in the feeding arteries before they
flow into the tissue. Arterial spin labeling
is attractive because it can help reduce
the risk, complexity, and cost of a study.
It is also more readily quantified and
repeated than methods that involve use
of contrast agents.

Arterial spin labeling techniques can be
crudely divided into pulsed inversion
techniques (eg, echo-planar imaging and
signal targeting with alternating radio
frequency, or EPISTAR [12]; flow-sensitive
alternating inversion recovery, or FAIR
[13,14]; and other variants) and tech-
niques that employ continuous arterial
spin labeling (11). Continuous arterial
spin labeling produces more than twice
the signal of pulsed inversion techniques
(15). With both methods, multisection
imaging is complicated by the effects of
electromagnetic labeling on the signal
intensity, as well as the relatively long
time required for blood to flow from the
arteries into the thick slab of tissue to be
imaged.

The arterial spin labeling approach to
MR imaging of CBF offers the potential
for completely noninvasive, quantitative
imaging of an important physiologic and
diagnostic quantity. Practical implemen-
tations of arterial spin labeling in hu-
mans, however, have typically suffered
from systematic errors and artifacts that
have limited its applicability. Recently,
the use of fast imaging methods and an
increased understanding of the factors
affecting quantification of CBF have led
to the acquisition of single-section CBF
images with sufficiently high quality to
allow clinical and research applications
to be explored (12,15,16). Unfortunately,
most applications require greater section
coverage, but the serial acquisition of



a.

Figure 1.

b.

Control methods for CBF imaging with continuous arterial spin labeling illustrated on

sagittal T1-weighted spin-echo images. RF irradiation used to label inflowing blood as it crosses
the labeling plane (dashed line in a and b) also causes direct effects on image intensity that vary
with distance from the labeling plane. (a) In the single-section experiment, the control image is
acquired with labeling (thin solid line) applied at an equal distance distal to the imaged section
(thick solid line) to compensate for the spatially dependent off-resonance effects. (b) In the
multisection experiment, amplitude-modulated irradiation applied for the control image creates
two inversion planes (solid lines) close to the original labeling plane. Ideally, the inflowing spins
are inverted twice as they flow through the planes, producing no net effect on arterial labeling,
while the spatially dependent off-resonance effects of the RF irradiation are precisely reproduced.

many sections can be prohibitively time-
consuming. Improved radio-frequency
(RF) pulse shapes and sequence designs
may make multisection pulsed arterial
spin labeling techniques feasible (17). In
this study, we evaluated a method for
multisection imaging with continuous
arterial spin labeling in which amplitude-
modulated RF irradiation was used to
control for the off-resonance effects of
labeling. This method makes possible
multisection imaging of CBF with good
signal-to-noise ratio and arbitrary angles
between imaging and labeling planes.

i Materials and Methods
Amplitude-modulated Control

Continuous application of off-reso-
nance RF power causes saturation of sig-
nal intensity as a result of the finite width
of the water line and the transfer of
saturated magnetization from water mol-
ecules adjacent to macromolecules, which
have much broader lines (18). The off-
resonance inversion power applied in con-
tinuous arterial spin labeling usually
causes such saturation, and its presence
complicates CBF imaging because the off-
resonance effects may be large compared
with the effects of blood flow. An ap-
proach to eliminating this saturation is
the use of a second small RF coil for
labeling that is far enough from the im-
aged section that the off-resonance power
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is negligible. This method has been used
successfully to obtain multisection CBF
images in rat brain (19), but it requires
use of special RF hardware and a favorable
geometry for the labeling, which limit its
applicability. The alternative is to control
for the saturation. Because CBF imaging
with arterial spin labeling relies on the
subtraction of the labeled image from a
reference image obtained without label-
ing, achievement of equal off-resonance
saturation in the reference image will
control for the saturation effect.

The established method of controlling
for off-resonance saturation with a single
RF coil (11) is to apply an inversion distal
to the section during acquisition of the
control image (Fig 1a). If there are no
noticeable background magnetic field gra-
dients in the tissue, the off-resonance
saturation is symmetric in frequency, and
the labeling and control inversion are
parallel to and equidistant from the im-
age section, then the control image will
experience equal off-resonance satura-
tion. The requirement that the labeling
and control inversion planes be parallel
to and equidistant from the image sec-
tion restricts the geometry of CBF imag-
ing with arterial spin labeling and is not
readily extended to use in a multisection
examination. To overcome these limita-
tions, use of an alternative control irradia-
tion that mimics the frequency-depen-
dent off-resonance effects of the labeling
irradiation is required.

In this study, we evaluated application
of an amplitude-modulated form of the
labeling RF irradiation for the control.
When a constant RF irradiation at a fixed
frequency, fo, is multiplied by a sine wave
at frequency f;, the signal produced is
mathematically identical to continuous
irradiation at two different frequencies,
fo + fi and fo — f;. If applied in the
presence of a magnetic field gradient,
each would separately perform an adia-
batic inversion of inflowing arterial spins.
When performed simultaneously, the
combined effect is complicated because
the equations governing spin evolution
are not linear in the applied RF. However,
the nature of resonance suggests that the
effect of the first inversion on spins lo-
cated near the plane of the second inver-
sion should be small as long as the fre-
quency spacing between the planes is
large. In this case, the spins will be in-
verted twice after flowing through the
two inversion planes (Fig 1b). Double
inversion produces no net effect, so spins
would not be labeled by the amplitude-
modulated control. Because the average
power and center frequency of the ampli-
tude-modulated control are identical to
those of the labeling RF irradiation, we
hypothesized that the off-resonance ef-
fects of the control would be nearly iden-
tical to those of the labeling.

The performance of amplitude modula-
tion of the RF irradiation as a control will
depend on how perfectly the spins are
doubly inverted, as well as on how well
the off-resonance saturation of the label-
ing irradiation is matched. If the spins are
partially labeled by the amplitude-modu-
lated control, then the difference be-
tween the labeled and control images will
decrease. This can be thought of as a loss
of efficiency for labeling of blood flow. If
the control does not perfectly match the
off-resonance saturation of the labeling,
then a difference between the images will
occur even in the absence of blood flow.
This would represent a systematic error in
the blood flow measurement. We assessed
both of these properties of the control
experimentally.

MR Imaging

All studies were performed on a 1.5-T
clinical imager (Signa; GE Medical Sys-
tems, Milwaukee, Wis) equipped with a
prototypic gradient system for echo-
planar imaging. Gradient-echo echo-pla-
nar images were obtained with a field of
view of 24 (frequency) X 15 (phase) cm
and an acquisition matrix of 64 X 40.
Acquisition bandwidth of *62.5 kHz al-
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lowed an effective echo time of 22 msec
and an image acquisition time of 45
msec. Multisection image acquisition was
performed without pausing between sec-
tions; therefore, eight sections could be
acquired in less than 400 msec. Section
thickness was 6-10 mm and intersection
gaps were 2 mm to minimize potential
interference between sections.

Spin labeling was performed as previ-
ously reported for single-section CBF im-
aging (15) except for the amplitude-
modulated control and the acquisition of
more than one section. Specifically, a
repetition time of 4,000 msec, temporal
interleaving of labeled and control im-
ages, and a postlabeling delay were em-
ployed. The postlabeling delay reduces
the sensitivity of the CBF image to the
transit time from the labeling plane, at-
tenuates the signal from intraluminal ar-
terial spins, and decreases the off-reso-
nance saturation of the signal intensity
by the labeling RF (15). The postlabeling
delay also allows time for all of the la-
beled blood to enter the tissue before
imaging so that saturation of labeled spins
by the imaging excitation pulses need not
be considered. The duration of the label-
ing irradiation was determined on the
basis of the postlabeling delay, the imag-
ing time, and the repetition time. For a
postlabeling delay of 1.2 seconds, the
irradiation was applied for 2.3 seconds. A
timing diagram for the entire sequence is
shown in Figure 2.

Multisection versions of previously de-
scribed echo-planar T1 mapping images
(15) were obtained in addition to the CBF
image. The T1 maps are needed to quan-
tify the CBF images. Unlike in the single-
section implementation, the labeling gra-
dient had to be left on during T1 mapping
to accurately measure the T1 shortening
effect of the off-resonance saturation. In
all other ways, the protocol was identical.
The entire T1 mapping protocol required
3 minutes for all sections.

All raw echo amplitudes were saved
and transferred to a workstation for pro-
cessing. Custom software written within
the Instructive Data Language (IDL; Re-
search Systems, Boulder, Co) environ-
ment was used to reconstruct the images.
Correction for image distortion and alter-
nate k-space line errors was performed on
each image on the basis of data acquired
during phase-encoded reference imaging
(20). Correction for distortion involves
measurement of magnetic field nonuni-
formity throughout the image. A side
effect of this correction is that image
regions are set to zero in which insuffi-
cient MR signal is present to allow accu-
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Labeling Period

Delay Imaging

Figure 2. DPulse sequence timing diagram. Labeling RF and gradients
are applied during the labeling period. A postlabeling delay is inserted
between labeling and imaging to provide insensitivity to transit time.
Finally, rapid gradient-echo echo-planar imaging is performed to
acquire images in eight sections.

rate measurement of the magnetic field.
Magnitude images were then averaged,
and CBF-weighted images were calcu-
lated by subtracting labeled images from
control images. An algorithm to remove
subtle motion artifacts from the images
(21) was performed on the individual
images before averaging to allow more
accurate evaluation of the performance
of the control.

Phantom Studies

Before evaluation in human subijects,
the sequence was tested and calibrated on
a uniform phantom consisting of 2%
agarose by weight in distilled H,O. Use of
a phantom with noticeable magnetiza-
tion transfer was necessary to fully test
the control. The magnetization transfer
properties of agarose are well studied (22),
but they are considerably different from
those of most human tissues (23). We
hoped that the control would be accurate
across a wide range of tissue types and
that the agarose phantom would serve as
an extreme case. The phantom consisted
of a cylindric plastic container, 10 cm in
diameter and 20 cm long, filled with the
gelatinous mixture. The phantom was
placed in the standard head coil of the
imager with its axis parallel to that of the
magnet. Single-section images obtained
with the CBF labeling strategy were ac-
quired in a plane perpendicular to the
axis of the phantom. Labeling RF irradia-
tion of 35 mG and a labeling gradient of
0.25 G/cm applied along the frequency
direction of the image were used. Images
were acquired with amplitude modula-
tion frequencies of 125, 250, and 500 Hz.
Off-resonance saturation was analyzed by
averaging the images across the phase
direction so that plots of off-resonance
saturation as a function of frequency
could be generated.

During evaluation of the sequence, we
found that weak saturation of signal at
the labeling plane occurred even when
the RF amplitude was set to zero in the
software. This indicated that a small
amount of RF was leaking past the modu-

lator. The saturation could be eliminated
by setting the RF amplitude to a small
negative value corresponding to 2% of
the RF amplitude used for labeling. A
constant value of 2% of the labeling
amplitude was subtracted from the soft-
ware values of all labeling-related RF am-
plitudes to compensate for this carrier
leakage. Failure to correct for this leakage
causes systematic error in the CBF mea-
surement. Because the leakage is a subject-
independent phenomenon, it can be cali-
brated with phantom measurements and
need never be measured in subjects. The
leakage on our imager has remained stable
for more than 1 year.

Human Studies

All human studies were conducted on
the basis of a protocol approved by our
institutional review board. Written in-
formed consent was obtained from 11
healthy volunteers. Three different stud-
ies were performed.

In one study, the amplitude-modulated
control method was tested for systematic
offset due to imperfect matching of the
off-resonance saturation for label and con-
trol. Two subjects underwent MR imaging
with control modulation frequency of
250 Hz, RF irradiation amplitude of 35
mG, postlabeling delay of 1.2 seconds,
and 0.25 G/cm labeling gradient. Images
of eight 8-mm-thick sections were ob-
tained in both subjects when the labeling
was applied to the carotid and vertebral
arteries at the pontomedullary junction,
to generate CBF images, and also when
the labeling was applied distal to the
imaging section at the top of the brain,
which should produce no flow-related
signal intensity in the absence of system-
atic error. One of the subjects underwent
axial MR imaging and the other under-
went coronal MR imaging to emphasize
the flexibility of section geometry pos-
sible with use of amplitude-modulated
control.

In a second study, the efficiency of
multisection versus single-section CBF
measurement was compared. In nine sub-
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Figure 3. Graph depicts percentage difference between labeled and control images of the
phantom as a function of frequency. Results for three different amplitude-modulation frequencies

are shown.

Figure 4. Evaluation of the amplitude-modulated control in a healthy subject. Left: Coronal
echo-planar images (4,000/22 [effective]) were acquired with label and control placed at the
pontomedullary junction (top) and above the brain (bottom) as indicated on the sagittal
T1-weighted images. Right: Multisection subtraction images acquired with proximal labeling (top)
demonstrate signal intensity from CBF. Images acquired with distal labeling (bottom) show no
noticeable signal intensity.

jects, CBF images were acquired in a
single axial section through the basal
ganglia and thalamus. Images were ac-
quired with both the single-section
method, in which control labeling is dis-
tal to the section, and the multisection
method. All subjects were studied with
0.25 G/cm labeling gradient, RF irradia-
tion amplitude of 35 mG, control modu-
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lation frequency of 250 Hz, postlabeling
delay of 1.2 seconds, and labeling plane
offset of 4-8 cm from the section. From
15 to 45 pairs of labeled and control
images were obtained in each subject for
every combination of experimental pa-
rameters. In three of these subjects, the
single-section and multisection methods
were also compared at RF amplitudes of

30 and 20 mG. In three other subjects,
the methods were also compared with
modulation frequencies of 62.5, 100, 125,
200, and 500 Hz.

In the final human study in four sub-
jects, multisection CBF images and T1
maps were obtained with 250-Hz modula-
tion and 35-mG RF amplitude for quanti-
tative analysis of CBF with use of previ-
ously presented methods (15). The entire
CBF imaging sequence required 9 min-
utes including T1 mapping and acquisi-
tion of 45 pairs of labeled and control
images. The efficiency value for multisec-
tion labeling measured in the first study
was used for quantification.

1 Results
Phantom Study

Matching of frequency-dependent off-
resonance saturation effects between the
labeling and amplitude-modulated con-
trol was excellent at all three frequencies,
as shown in Figure 3. Though both types
of irradiation produced off-resonance
saturation of greater than 15% of the
unsaturated signal, the difference be-
tween the two was less than 0.1% except
very close to the labeling plane. The
frequency at which the difference be-
tween the labeled and control frequen-
cies became noticeable was smaller for
amplitude modulation at lower frequency.
This suggests that labeling can be per-
formed closer to the most inferior region
to be imaged when slower amplitude
modulation is used.

Human Studies

Excellent matching between the label-
ing and control off-resonance saturation
in the phantom was also reproduced in
the in vivo studies. Figure 4 shows the
coronal subtracted images obtained with
labeling 2 cm above the top of the brain
and at the pontomedullary junction. The
images with the pontomedullary junc-
tion label show strong CBF signal inten-
sity in all distal regions of the brain, but
those with the label above the brain show
no noticeable signal intensity. To further
quantify residual subtraction errors caused
by imperfect matching of off-resonance
saturation, the signal intensity was aver-
aged across the section and phase direc-
tions, similar to the phantom analysis,
and the results are plotted in Figure S.
CBF produces a signal intensity change of
less than 1% on the proximal labeled
images, whereas residual subtraction er-
ror for frequencies above 2 kHz as mea-
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sured on the distal labeled images is con-
sistent with noise and is always less than
0.05%. The average of the subtracted
signal intensity across frequency from 2
to 10 kHz is less than 0.007% of the
control signal intensity. Because the CBF
images were acquired in a plane perpen-
dicular to the labeling plane, their unifor-
mity is also a direct indicator of the
accuracy of the control. Errors in subtrac-
tion are apparent in the perfusion signal
intensity (Fig 5) very near the labeling
plane at offset frequencies below 2 kHz.
The subtraction error produces a shift to a
negative signal intensity; this finding is
consistent with the phantom results (Fig
3). A comparable level of matching was
observed on axial images acquired in
another subject (not shown).

The mean efficiency ratio of the multi-
section and single-section methods was
61.6% * 6.7 (standard deviation) across
the nine subjects with a modulation fre-
quency of 250 Hz. This efficiency was
found to drop rapidly when the RF ampli-
tude was lowered; efficiency at 30 mG
was 58% and at 20 mG was only 35%. The
efficiency at 36-mG amplitude improved
to 75% when the modulation frequency
was lowered (Fig 6). This suggests that a
modulation frequency of 62.5 Hz is more
desirable than 250 Hz.

Quantification of the CBF images was
performed with use of methods described
previously for single-section imaging. The
averaged labeled images were first sub-
tracted from the averaged control images
and then divided by the signal intensity
on an image obtained in the absence of
off-resonance saturation. This ratio was
then multiplied by a calibration factor
(Eq [9] in reference 15), which is a func-
tion of the calculated T1 images, the
transit times to the tissue from the label-
ing plane, and the postlabeling delay for
each section. Because the transit time to
the tissue was not measured, an assumed
value of 1.5 seconds was employed for
quantification. The long postlabeling de-
lay minimized sensitivity of the calibra-
tion factor to differences between the
assumed and actual transit times. Images
were corrected for inefficiency of labeling
by dividing by an efficiency value of
58.5%. This value was based on an effi-
ciency value of 95% for the single-section
experiment (24) and the ratio between
multisection and single-section efficiency
measured in this study, 61.6%. Calcu-
lated images from one of the subjects are
in Figure 7. These images are not cor-
rected for spatial variations in the blood-
brain partition coefficient. Quantitative
CBF values were derived by segmenting
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Figure 5. Graph depicts the mean difference in signal intensity obtained by averaging the
images in Figure 4 across the anteroposterior and right-left directions. For plotting, distance from
the labeling plane was converted into frequency offset. Proximal labeling at the pontomedullary
junction produced a small but very noticeable change in the signal intensity due to CBF. Distal
labeling above the brain produced no noticeable signal intensity change; this finding is consistent
with negligible off-resonance errors for offset frequencies above 2 kHz.
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Figure 6. Graph depicts efficiency of spin labeling with the amplitude-modulated control as a
function of modulation frequency relative to single-section labeling with 36-mG irradiation.

the tissue into gray and white matter on
the basis of the T1 maps and by using
partition coefficients of 0.98 for gray mat-
ter and 0.82 for white matter (25). Our

measured CBF values (Table) are consis-
tent with those obtained previously with
single-section methods (15,26) and with
other measurements of CBF (27).
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Figure 7. Multisection images acquired in a healthy volunteer. Echo-planar images (4,000/22 [effective]) from eight axial sections (top row) were
used to generate CBF-sensitive images (second row). On the basis of the T1 maps (third row) also acquired, quantitative CBF images (bottom row) can
be generated.

Discussion

We have presented a method for multi-
section CBF imaging using continuous
arterial spin labeling with an amplitude-
modulated control. This strategy is highly
effective at controlling for off-resonance
effects and efficient at doubly inverting
inflowing spins, thus retaining the signal
advantages of continuous versus pulsed
arterial spin labeling techniques. The
method is readily implemented with stan-
dard hardware, is effective in both gray
and white matter, and allows flexible
selection of the imaging and labeling
planes. Because the control method is
applied at the same location as the label-
ing and gives equal effect across a wide
range of frequencies, there should be no
errors associated with static magnetic field
inhomogeneity or asymmetry in the off-
resonance spectrum (28). The labeling
method is therefore desirable for even
single-section CBF imaging applications.
This approach should also be applicable
to blood flow measurements in organs
other than the brain. Although these
studies were carried out in eight sections,
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the number of sections is limited only by
the image acquisition time and T1 of
blood and tissue.

The highest efficiency was measured
for the lowest modulation frequency in
this study, 62.5 Hz. This was contrary to
our initial intuition that the two inver-
sion planes would start to interfere as
they became closer. We have imple-
mented numeric simulations of the con-
trol by using methods similar to those
published for single-section labeling (24).
These simulations suggest that ineffi-
ciency results primarily from nonlinear
interactions between the two inversion
planes rather than from T1 decay be-
tween the two planes. The simulation
results did not faithfully reproduce the
experimental behavior, however, so we
report only the experimental results. Fur-
ther study of the factors affecting effi-
ciency, which we have already performed
for the single-section method, are clearly
necessary.

In this study, use of gradient-echo echo-
planar imaging with a moderately long
echo time caused signal loss in parts of

the inferior frontal and temporal lobes
because of nonuniform magnetic fields
near bones and sinuses. Spin-echo echo-
planar imaging was avoided because it
would have increased the duration of
image acquisition. Fractional k-space ac-
quisition, which was not supported by
our analysis software, could have enabled
gradient-echo imaging with much shorter
effective echo time or spin-echo echo-
planar imaging with acquisition times
comparable to or shorter than those in
our sequence. If necessary for imaging
speed or image quality, other methods
such as interleaved echo-planar imaging
(29) or rapid acquisition with relaxation
enhancement, or RARE (30), might be
employed as long as they do not unaccept-
ably increase motion artifact.
Spin-labeled perfusion images clearly
reflect CBF and its spatial and temporal
variation, but further work is required to
test and validate the quantitative values
obtained with this technique. To our
knowledge, validation of the technique
only in rats with use of microspheres has
been published (31). It is likely that such

Cerebral Blood Flow MR Imaging with Continuous Arterial Spin Labeling - 415



Quantitative CBF in Four Healthy
Volunteers

Subject CBF (mL-100g~" - min-)
No./
Age(y)*/  Gray White
Sex Matter Matter Mean
1/24/M 70.5 271 53.7
2/25/M 71.4 28.5 54.8
3/32/M 61.7 32.5 50.4
4/21/F 85.9 49.7 719

Meant 724 +10 34.5+10 57.7 =10

* Mean age, 25.5 years * 5 (1 standard
deviation).

t Data are the mean * standard deviation.

studies will lead to refinements of the
measurements and the equations for
quantifying flow, but we are confident
that reliable quantitative flow measure-
ments can be obtained with the spin-
labeling approach and that values ob-
tained with the present technique are not
far from correct.

The extension of CBF imaging with
continuous arterial spin labeling to a
multisection modality overcomes a major
obstacle to clinical applications. We have
already applied this approach success-
fully in patients with cerebrovascular dis-
ease (32). CBF measurements obtained
with this approach are also likely to pro-
vide a sensitive and quantitative measure-
ment of cerebrovascular reserve when
performed in conjunction with adminis-
tration of acetazolamide or CO, inhala-
tion. Numerous other potential clinical
applications can be envisioned, including
differential diagnosis of dementing disor-
ders and cerebral neoplasms. In addition,
quantitative CBF measurements have ap-
plications in clinical and basic neurosci-
ence, for imaging regional CBF changes
during sensorimotor or cognitive tasks or
after pharmacologic challenges, and for
population-based studies of changes in
regional CBF and metabolism.
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