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Perfusion Imaging of the Human Brain at 1.5 T Using a
Single-Shot EPI Spin Tagging Approach

Frank Q. Ye, James J. Pekar, Peter Jezzard, Jeff Duyn, Joseph A. Frank,

Alan C. McLaughlin

Single-shot echo planar imaging (EPI) techniques have been
applied, in conjunction with arterial spin tagging approaches,
to obtain images of cerebral blood flow in a single axial slice
in the human brain. Serial studies demonstrate that cerebral
blood flow images acquired in 8 min are reproducible, with a
statistical precision of approximately =10 ¢c/100 g/min. The
average value of cerebral blood flow in the slice is 51 = 11
cc/100 g/min for six normal subjects. The cerebral blood flow
images contain two types of artifact, probably due to arterial
and venous blood volume contributions, which must be over-
come before the arterial spin tagging approach can be used
for routine clinical studies.

Key words: cerebral blood flow; perfusion; human; brain.

INTRODUCTION

Arterial “spin tagging” approaches (1) have recently been
used to image cerebral blood flow in rodents (1-4), cats
(5), and humans (6, 7). These approaches estimate cere-
bral blood flow, Q, using the equation
AMIM, = 22U
UT,

where AM/M,, is the fractional change in steady-state
longitudinal water magnetization in the brain when ar-
terial water spins are inverted, « is the degree of inver-
sion of arterial water spins, A is the brain/blood partition
coefficient for water, and 1/T, is the longitudinal relax-
ation rate of brain water spins.

One advantage of arterial spin tagging approaches is
that the data can be interpreted using classical tracer
theory to give quantitative estimates of cerebral blood
flow. A disadvantage is that the small observed changes
in longitudinal magnetization, e.g., ~2% in humans at
1.5 T (6, 7), make the approach very sensitive to experi-
mental instabilities and head motion. The sensitivity to
experimental instabilities can be minimized by using fast
imaging techniques. In this communication we demon-
strate that single-shot echo planar imaging (EPI) tech-
niques (8-10) can be used with arterial spin tagging
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approaches to obtain reproducible perfusion images of
the human head.

MATERIALS AND METHODS
Experimental Protocol

Experiments were performed on six normal subjects
(three males and three females), using a protocol ap-
proved by the Institutional Review Board of the National
Institute of Mental Health.

Twenty-three sagittal images covering the entire head
were acquired to localize the slice used for perfusion
imaging. An axial slice approximately 1 cm above the
corpus callosum was chosen, and spin echo (SE) and
flow-compensated spoiled grass (SPGR) images of this
slice acquired.

EPI approaches (see below) were then used to obtain at
least six images of AM/M, (5) for the chosen slice, each
using a different value of yB,, the amplitude of the off-
resonance RF irradiation (see Fig. 1). Using this data, a
value of yB, for the spin tagging experiments was chosen
(see below).

Finally, spin tagging approaches were used to obtain
perfusion images of the axial slice. A typical spin tagging
experiment involved the acquisition of three perfusion
images. Each perfusion image was calculated from the
data contained in a single pair of images. The first image
in the pair was a T, image, which took approximately 3
min to acquire. The second was a AM/M,, image (5),
which took approximately 5 min to acquire.

MR Imaging

All experiments were performed on a 1.5 T (General
Electric, Milwaukee, WI) scanner employing a 3-axis lo-
cal gradient head coil (Medical Advances, Milwaukee,
WI). The rise time for the gradients was 200 us and the
maximum gradient strength was 2 Gauss/cm.

Spin echo EPI images were obtained using a 64 > 64
matrix, a 24-cm field of view, a slice thickness of 5 mm,
TE = 60 ms, TR = 2 s. Strong gradients (0.6 ms, 1.7
Gauss/cm) were placed symmetrically around the 180°
pulse to “crush” signals from arterial water spins (5). The
T, relaxation rate for each voxel in the EPI image was
determined using an inversion recovery sequence with
EPI readout. Sixteen TI values, uniformly distributed
between 0.2 and 3.2 s, were used. TR was 8 s. The entire
T, measurement was completed in 154 s. T, was calcu-
lated using a three-parameter fit to the data.

Anatomical images of the imaging slice were acquired
using a spin echo sequence with a 256 X 256 matrix and
a slice thickness of 5 mm, with TE = 20 ms and TR = 500
ms. Flow sensitive “angiographic” images of the imaging
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FIG. 1. Dependence of AM/M,, the fractional change in longitu-
dinal magnetization for a brain RO, as a function of the amplitude
of the off-resonance RF irradiation, yB,. The ROI contained all of
the brain tissue in the imaging slice. The solid curve through the
data points has no theoretical significance.

slice were acquired using a flow-compensated SPGR se-
quence with a 512 X 512 matrix and a slice thickness of
3 mm, with TE = 17 ms, TR = 55 ms, 6 = 60°. Five SPGR
images were acquired, centered around the slice chosen
for the cerebral blood flow image.

Spin Tagging

Flow-induced adiabatic inversion (2) was used to invert
arterial water spins flowing through the “tagging” plane.
Inversion was accomplished using a 1.8 s off-resonance
RF pulse train in the presence of a z gradient. The pulse
train consisted of rectangular RF pulses of 75 ms dura-
tion separated by 10 ms. The amplitude of the off-reso-
nance RF field was calibrated by measuring the width of
a rectangular (on-resonance) RF pulse that produced a
90° nutation. The frequency offset of the irradiating RF
pulse (4000 Hz) and the sign of the z gradient (+200
Hz/mm) were alternated in a four-step protocol to mini-
mize the influence of asymmetric magnetization transfer
effects and gradient eddy currents {5). AM/M, was cal-
culated from the data, according to the procedure out-
lined previously (5). In essence, this procedure averages
two values of AM/M,: one value of AM/M, was calcu-
lated using a gradient inversion with Ae = +4000 Hz,
while the second was calculated using a gradient inver-
sion with Aw = —4000 Hz. The data from 39 four-step
cycles were averaged to obtain a single AM/M, image,
which was acquired in approximately 5 min. The ampli-
tude of the off-resonance RF irradiation, yB,. was chosen
so that further increases in yB; did not give measurable
increases in AM/M,, (see Fig. 1). A typical value of vB,
was 1790 Hz.

The “nominal” resolution of the 64 X 64 cerebral blood
flow images, i.e., the resolution calculated ignoring the
offect of relaxation on the point-spread function, was
3.75 mm. However, for visual presentation, cerebral
blood flow images were interpolated with zeros from 64
% 64 to 512 X 512, and convolved with a two-dimen-
sional Gaussian kernal having a full-width-at-half-height
of 5.3 mm. The “nominal”spatial resolution of the result-

Ye et al.

ing 512 X 512 image, calculated from computer simula-
tions of the effect of interpolation and convolution on the
p()int-spread function, was 5.8 mm.

RESULTS
Calculation of Cerebral Blood Flow images

Figure 2a shows a sagittal image indicating the location
of the tagging plane and the imaging slice for a typical
cerebral blood flow experiment. Figure 2b shows an SE
(“anatomical”) image, and Fig. 2¢ shows a SPGR {“angio-
graphic”) image of this slice. Figure 2d shows an image of
T, relaxation times in the slice, and Fig. 3 is a histogram
of the values from the T, image.

FIG. 2. (a) Sagittal image of a human head, showing the location
of the imaging slice (solid lines) and the inversion plane (dashed
line) used for the perfusion imaging experiments. Distortion of the
image at the bottom of the head is due to nonlinearity of the
gradient insert cail in this region. (b) Anatomical image of the slice
outlined in (a). The image was acquired using a spin echo se-
quence with TE = 20 ms and TR = 500 ms. (c) "Angiographic”
image of the slice outlined in (a). The image was acquired using a
flow-compensated spoiled grass {SPGR) sequence with TE = 17
ms, TR = 55 ms, 0 == 60°. (d) Image of T, relaxation times of brain
water in the slice shown in (b). {e) Image of cerebral blood flow
values for the slice shown in (b). Negative cerebral blood flow
values (see text) were replaced by zero before the image was
interpolated and Gaussian "smoothed.”

Material may be protected by copyright law (Title 17, U.S. Code)




N T Ny

EPI Perfusion Imaging

200 i~

100 —

1 | ] ]
0 1.0 2.0

T, (sec)

FIG. 3. Histogram of T, relaxation times from the image shown in
Fig. 2e. The vertical scale corresponds to the number of voxels
having a specific T, relaxation time. A 10-ms range was used to
“bin” the T, data.

An image of AM/M, was obtained using the four-step
protocol described previously (5). Cerebral bleod flow
was calculated using Eq. [1] and the values of AM/M,, and
1/T, in each voxel, assuming that « = 1. Complete arte-
rial inversion (i.e., « = 1) was assumed because increases
in the amplitude of the off-resonance RF irradiation, yB,,
did not result in an increase in AM/M, (see Fig. 1) (5).
This assumption ignores the decrease in a due to longi-
tudinal relaxation during transit from the tagging plane
to tissue in the imaging slice (see Fig. 2a), which will
result in an under-estimate of cerebral blood flow (5).
This transit time has been estimated to be ~0.2 s (6),
which would give a decrease in a of ~15%. A was as-
sumed to be 0.6 ml/g (11).

Figure 2e is an image of cerebral blood flow in the slice
indicated in Fig. 2a. The image clearly shows regions of
high and low flow that correlate with gray and white
matter regions outlined in the high-resolution anatomical
image (Fig. 2b) and the EPI image of brain T, relaxation
times (Fig. 2d). The mean cerebral blood flow value in
the slice is 65 ¢c/100 g/min.

A histogram of the cerebral blood flow values in the
slice is shown in Fig. 4. Figure 4 does not show a bimodal
distribution that might be expected from the threefold
difference in mean cerebral blood flow values observed
for gray and white matter (12). Two explanations for this
observation could be that the blood flow values within
either gray matter or white matter have a wide distribu-
tion (13), or that differences in blood flow between white
and gray matter are obscured by partial volume effects.

Reproducibility of Cerebral Blood Flow Images

The cerebral blood flow image shown in Fig. 2e was
calculated by averaging three consecutive cerebral blood
flow images. Each image was calculated from data ac-
quired in approximately 8 min. The three consecutive
blood flow images are shown in Fig. 5. The average
correlation coefficient (14), r, between single-voxel blood
flow values in consecutive images was 0.85. Qualita-
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FIG. 4. Histogram of cerebral blood flow values from the image
shown in Fig. 2e. The vertical scale corresponds to the number of
voxels having a specific cerebral blood flow value. A 1-cc/100
g/min range was used to “bin” the cerebral blood flow data.

tively, most of the features of the cerebral blood flow
maps are reproduced in the three images.

Artifacts in the Cerebral Blood Flow Image

The cerebral blood flow images shown in Figs. 2e and 5
show two types of artifacts, First, the images contain
“bright” spots that have apparent cerebral blood flow
values far above expected values (e.g.. =200 cc/100
g/min) (15). Comparison of the location of these “bright”
spots with a SPGR image {see Fig. 2c) shows that many of
these artifacts appear near large vessels.

The images shown in Figs. 2e and 5 also contain a
number of voxels with apparently negative cerebral
blood flow values. These voxels appear as black spots in
the cerebral blood flow maps. The histogram shown in
Fig. 4 indicates that, for the data shown in Fig. 2e, ap-
proximately 14% of the voxels have apparently negative
cerebral blood flow values. The interpretation of the neg-
ative cerebral blood flow values is unclear (see Discus-
sion).

Summary of Spin Tagging Experiments

Spin tagging experiments were performed on a total of
six subjects. All subjects showed cerebral blood flow
maps that gave clear contrast between gray and white
matter regions, and all of the histograms of cerebral blood
flow values were similar to that shown in Fig. 4. Also, all
of the histograms of T, values were similar to that shown
in Fig. 3. Average cerebral blood flow values and T,
values for the different subjects are shown in Table 1. For
the six subjects, the mean value of the average cerebral
bloed flow in the slice was 51 # 11 ¢¢/100 g/min.

All subjects showed at least some “bright” artifacts in
regions that corresponded to large vessels. The average
fraction of voxels showing apparent blood flow values
over 200 ec/100 g/min was 2.0%. Also, all subjects
showed voxels with apparently negative cerebral blood
flow values. The average fraction of voxels showing neg-
ative cerebral blood flow values was 17%.

17, U.S. Code)




Table 1
Average Longitudinal Relaxation Time, (T,) and Cerebral Blood
Flow, (Q), for Six Normal Subjects

Subject
1 2 3 4 5 6
(T, (sec) 119 1.7 137 131 123 125

Q) (cc/100 g/min) 65 51 55 57 33 44

(T,) is the average water longitudinal relaxation time calculated for the slice
indicated in Fig. 2. (Q) is the average cerebral blood flow calculated for the
slice indicated in Fig. 2. The position of the slice varied slightly from subject
to subject.

Errors in Calculated Cerebral Blood Flow Values

The cerebral blood flow values calculated using Eq. [1]
have two sources of random statistical error. The major
source is statistical error in the calculated values of
AM/M,, for individual voxels. An estimate of this error
can be calculated from the standard deviation of AM/M,,
values ohserved for a single four-step cycle {~1.9%). The
standard error of the mean value of AM/M, averaged over
the 39 four-step cycles would thus be ~0.30%. Assuming
an average T, of 1 s, the average precision of cerebral
blood flow values calculated from the 8-min data acqui-
sition was approximately * 10 ¢c/100 g/min.

The second source of random statistical error in the
calculated cerebral blood flow values is the T, relaxation
rate. The reproducibility of the single-voxel T, values for
the three separate determinations (see Materials and
Methods) was approximately =3%. This random error in
calculated T, values would contribute an error of approx-
imately =3% to the calculated values of cerebral blood
flow, and thus is negligible.

DISCUSSION

One of the major problems with arterial spin tagging
approaches is the sensitivity to instrumental instabilities
and head motion. The aim of the work presented here
was to demonstrate that fast imaging techniques such as
single-shot EPI can reduce the sensitivity of spin tagging
approaches to instrumental instabilities and head mo-
tion, and can provide reproducible cerebral blood flow
images in humans at 1.5 T.

The major advantage of single-shot EPI techniques is
that a complete image of AM/M,, can be obtained, using
the four-step cycle, in approximately 8 s. Even though
the AM/M,, data acquired in a single four-step cycle were
averaged over 39 cycles to obtain adequate signal-to-
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FIG. 5. Three cerebral blood flow
images taken consecutively on a
subject during the same experi-
ment. The data for each image took
7 min to acquire. Negative cerebral
blood flow values (see text) were
replaced by zero before the images
were interpolaied and Gaussian
“smoothed.”

noise, the short “performance time” of a single four-step
cycle meant that artifacts in the calculated value of
AM/M, due to instrumental drift were substantially re-
duced.

Another advantage of the single-shot EPI technique is
that T, images can be obtained in less than 3 min. The T,
image and the AM/M,, image can thus both be acquired in
8 min. The short acquisition time for the pair of images
substantially reduces the possibility of misregistration
between T, images and the AM/Mo images due to head
motion, and thus substantially reduces systematic errors
in the calculation of cerebral blood flow images using Eq.
f1l.

One way to assess the efficacy of EPI techniques in
reducing systematic errors in the spin tagging approach
is to investigate the reproducibility of cerebral blood flow
images. The data shown in Fig. 5 can be used to show
that consecutive cerebral blood flow images taken at the
same examination are reproducible (see Results section),
and support the importance of fast imaging techniques in
acquiring spin tagging data.

Single-shot EPI techniques do, however, have a num-
ber of disadvantages for imaging cerebral blood flow with
spin tagging approaches. First, they have relatively poor
spatial resolution compared with “high-resolution” MR
images. For example, the 64 X 64 images presented here
have a nominal in-plane resolution of 3.75 mm, which is
similar to the resolution found in PET images. While part
of the limitation in spatial resolution is inherent in the
EPI technique (7-9), part is due to the poor signal-to-
noise of the spin tagging approach. Another disadvantage
of the single-shot EPI technique is distortion of the im-
ages due to susceptibility effects (7-9).

The cerebral blood flow images shown in Figs. 2e and
5 show two artifacts that must be overcome before spin
tagging approaches can be used for routine clinical stud-
ies. The first artifact is the presence of “bright spots”
located near large vessels, which can give apparent cere-
bral blood flow values that are unreasonably large. The
pulse sequence used for these experiments has large gra-
dients placed symmetrically around the 180° pulse to
“crush” signals from moving spins. However, while sig-
nals from small arteries that are randomly distributed
within a voxel will be attenuated, signals from large
arteries will experience a phase shift. The contribution to
the steady-state value of AM/M, from inverted water
spins in large arteries will increase the apparent cerebral
bicod flow in the voxel. Signals from rapidly moving
blood in large arteries can be directly visualized using
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“dynamic” tagging approaches such as EPISTAR (16, 17)
or selective/nonselective slice inversion (18, 19).

It is interesting that the sagittal sinus appears bright on
Fig. 2e. A similar finding was observed using EPISTAR
approaches by Edelman et al. (16), who suggested that it
may be due to tagging of ascending venous blood in the
anterior segment of the sagittal sinus. The same explana-
tion could also be true in our experiments, although
under our conditions the tagging plane may not be high
enough to reach a significant portion of the anterior sag-
ittal sinus (see Fig. 1). However, other veins that ascend
through the tagging plane and drain into the superior
sagittal sinus could also cause tagging of sagittal sinus
blood by this mechanism.

The second artifact in the cerebral blood flow images is
the presence of voxels with apparently negative cerebral
blood flow values (see Fig. 4). Voxels localized in brain
regions with very low blood flow, e. g., cerebrospinal
fluid, could have apparently negative blood flow values
due to statistical deviations in the blood flow measure-
ment (=10 cc/100 g/min, see Results section). It is un-
clear if statistical variation can explain all the the nega-
tive values observed in Fig. 4. However, voxels that
contain veins with retrograde flow could also have ap-
parently negative blood flow values because water spins
in these veins could be inverted during the control part of
the four-step cycle, instead of the inversion part of the
cycle.

For the six subjects, the mean value of the average
cerebral blood flow in the slice was 51 * 11 cc/100
g/min, which in good agreement with average global
cerebral blood flow values determined in humans using
the Kety-Schmidt approach, i.e., ~ 55 c¢/100 g/min (20).
However, this close agreement is probably fortuitous, for
the following reasons. First, measured AM/M,, values
may still have a contribution from tagged arterial spins
that were not completely dephased by the crusher gradi-
ents, and, second, longitudinal relaxation during arterial
transit may decrease a. The first effect could cause an
over-estimate of cerebral blood flow, while the second
could cause an under-estimate of cerebral blood flow.
The two errors tend to cancel, and thus may not be
apparent. Clearly, reliable quantitation of cerebral blood
flow using arterial spin tagging approaches requires ac-
curate correction for both errors.

If the systematic errors discussed above can be circum-
vented, the statistical precision of the calculated cerebral
blood flow values should be approximately =10 cc/100
g/min for an 8-min scan (see Results). One way to im-
prove the precision might be to work at higher magnetic
field strengths. One advantage of higher field strengths is
that the intrinsic signal-to-neise ratio may be higher.
Another advantage is that the longer T, observed at
higher field strengths (21) will give a larger AM/M,, (see
Eq. [1]), but this advantage is partly (but not completely)
balanced by the fact that the longer T, will decrease the
effective signal-to-noise (22). A potential disadvantage
with high magnetic field strengths is that increased RF
power absorption at higher field strengths (23) will re-
duce the maximum amplitade of the off-resonance RF
irradiation. Given the number of factors involved, the
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optimum field strength for arterial spin tagging experi-
ments is not clear.

The spin tagging technique described here uses a sin-
gle coil both to tag arterial spins and to map cerebral
blood flow in the imaging slice (see Fig. 1). RF pulses
used to generate arterial tagging (2) thus produce magne-
tization transfer effects in the imaging slice (24). The
procedure used to correct for magnetization transfer ef-
fects is not easily applicable to multislice imaging ap-
proaches, which effectively restricts the single-coil tech-
nique to single-slice cerebral blood flow images. This
restriction could be circumvented if arterial blood was
tagged at the neck with a second coil, which would
minimize magnetization transfer effects (25, 26). How-
ever, under these conditions, the increased transit time
from the tagging plane to tissue in the imaging slice
might substantially decrease the observed values of AM/
M, Correction for the decrease in: AM/M, due to longi-
tudinal relaxation during arterial transit would require a
measurement of the arterial transit time.

In summary, single shot EPI techniques can be used to
reduce the sensitivity of arterial spin tagging approaches
to instrumental instabilities and head motion. While EPI/
arterial spin tagging approaches allow the calculation of
reproducible cerebral bleod flow images in humans in 8
min at 1.5 T, a number of “blood volume” artifacts in the
image must be overcome before the approach can be
applied to routine clinical studies.
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