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ation (20) , remain transverse as long as they stay within theMeasurements of perfusion with NMR are most com-
sensitive volume of the RF coil. Conversely, tissue spins,monly achieved through the use of exogenous tracers such
which are present in the acquisition volume at the beginningas deuterium (1–5) , fluorine (1, 4, 6) , or paramagnetic
of the excitation process, become completely saturated andagents (7–9) . Aside from being invasive, measurements
make no contribution to the acquired signal. The resultingmade with these tracers can be difficult to quantify due in
water peak consists exclusively of blood water that haspart to the problem of relating image contrast to tracer con-
moved into the acquisition volume within a time period oncentration (8, 10, 11) . Recirculation effects and/or toxicity
the order of several times T1r . The acquired signal can becan preclude the use of exogenous tracers in studies where
used to measure perfusion in vivo, as demonstrated in thismultiple measurements are to be made on the same subject
paper, and should also be ideal for generating angiographicin a short time period. NMR perfusion measurements can
images.also be made using arterial blood water as an endogenous

contrast agent (12–15) . To make such measurements, a To understand how FAWSETS works, it is necessary to
examine the effective field, Be , at the entrance to a volumetransient magnetic label is applied to the arterial water before

it moves into the NMR acquisition volume. Several methods coil during a continuous, low-power RF excitation. There
are two components to Be , a longitudinal component parallelof applying the label to the arterial water have been demon-

strated (12, 14) but the method which offers the highest to the z axis and a transverse component perpendicular to
the z axis. The longitudinal component, bz Å B0 0 v /g, issignal and the best chance of quantifying perfusion is contin-

uous arterial spin inversion (16) . This paper describes a directly proportional to the instantaneous frequency offset,
v, of the spins in the rotating reference frame. The transversenovel and improved NMR method of measuring perfusion,

which has been given the acronym FAWSETS ( f low-driven component is defined by B1 , the rotating RF field (21) .
arterial water stimulation w ith elimination of tissue signal) . Figure 1A shows that shimming results in a homogeneous

field within the sweet spot of a volume coil but leaves inho-With arterial spin inversion, the proper combination of a
magnetic field gradient and a B1 field adiabatically inverts mogeneous regions at the edges of the coil. These inhomoge-

neous regions provide spatial variations in bz which can servethe magnetization of the blood water as it flows through
the artery which supplies the tissue of interest. Continuous the same purpose as the applied gradient in an arterial-spin-

inversion experiment: modulation of bz as the blood flowsinversion for approximately five T1 periods brings the mag-
netization within the acquisition volume to an attenuated through the vasculature. Figure 1B shows an excitation pro-

file along the z axis of the coil. While this profile does notsteady state. A measurement of perfusion can be extracted
by subtracting the signal acquired after inversion from a directly measure the B1 magnitude, it does demonstrate that

B1 also undergoes transitions at the edges of the coil andcontrol signal, which is acquired with no inversion in the
artery (17–19) . remains nearly constant within the sweet spot of the coil.

FAWSETS exploits these spatially varying fields to in-The concept behind FAWSETS is similar to arterial spin
inversion in that the natural flowing motion of the blood is duce continuous adiabatic excitation of the blood water as

it flows into the volume coil. To accomplish this, one needused to generate adiabatic manipulations of the vascular wa-
ter magnetization. However, with FAWSETS the adiabatic only apply continuous, low-power RF to a well-shimmed

volume coil in order to produce a combination of staticmanipulation leaves the blood magnetization in the trans-
verse plane. Instead of becoming inverted in the artery, the magnetic fields similar to those of Fig. 1. A few centimeters

upstream from the coil, bz has a magnitude of several hun-blood signal is adiabatically exited as it flows into the sensi-
tive volume of the RF coil used to acquire the signal. The dred hertz while B1 is essentially zero. The effective field in

this region is aligned with the z axis of the magnet and withexcited spins become spin-locked and, except for T1r relax-
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in which case it will eventually relax according to T1r . Mean-
while, tissue water which was residing in the homogenous
region of the coil at the beginning of the excitation process
will be subjected only to a continuous, transverse effective
field. It will become completely saturated after about five
T1 periods. A signal acquired with the volume coil can be
made to consist exclusively of contributions from freshly
perfused arterial water.

Figure 2A provides a graphic demonstration of how effec-
tive this adiabatic excitation process is in a simple flow
phantom. For this experiment, the flow phantom consisted
of a 3 mm inside-diameter tube through which water was
pumped at a constant average velocity of 150 mm/s. The
phantom was placed at the center of the bore and shimmed
using the ‘‘Compu-Shim’’ auto-shim routine provided as
standard equipment on the Bruker (GE Omega) 4.7 T mag-
net, version 6.0.3. During an 8 s excitation period, low-power
RF, of approximately 60 mG, was supplied continuously to
the coil. No additional RF pulses were applied after the
excitation period so the projection along the length of the
tube reflects the efficacy of the adiabatic excitation process.

FIG. 1. (A) Spatial variations in the frequency of the water peak. The With the pump turned on, the water becomes excited as it
field inhomogeneity was asymmetric but the adiabatic excitation process

flows into the coil. The velocity is sufficiently high that onlywas found to work for flow in either direction. The data were acquired with
minimal relaxation takes place while the water is spin-lockeda read gradient along the z axis after a hard pulse followed by a variable

delay time. The delay time varied from 0 to 318 ms in increments of 0.25 in the homogenous region of the coil. The water remains
ms. A 2-D FFT of the resulting data set yielded frequency as a function of excited until it leaves the coil. When the pump is turned off,
position. (B) A z-axis excitation profile acquired after a hard pulse with the signal from the nonflowing water in the center of the
the delay time set to zero. The profile provides an indication of the spatial

coil becomes completely attenuated.distribution of the RF field. The RF power was purposely set high to give
a good signal at the edges of the coil; hence, there was a slight dip in the
signal at the center of the coil. The data were acquired with a Helmholtz
coil with a length of 15 mm and a diameter of 20 mm.

the equilibrium magnetization of the arterial water. As the
blood flows toward the coil, bz decreases and B1 begins to
increase, tipping the effective field away from the z axis. As
the blood enters the coil, bz becomes zero and B1 reaches a
maximum, rotating Be into the transverse plane. If adiabatic
conditions are met during this process, the magnetization of
the arterial water will remain aligned with Be and will also
lie in the transverse plane when it enters the coil. Within
the sweet spot of the coil, Be remains constant so the adiabati-
cally excited blood water magnetization will become spin-
locked and will remain in the transverse plane until it leaves
the coil or until it relaxes according to T1r .

If the appropriate RF power is applied continuously to the
coil for a duration on the order of several times T1 , a steady-
state magnetization will develop within the acquisition vol- FIG. 2. (A) z-axis profiles acquired from a flow phantom with the flow

turned on (upper solid curve) and with the flow turned off ( lower solidume. The water in relatively fast flowing arterial blood will
curve) . The profile generated by a hard 907 pulse (dashed curve) is alsobecome excited as it moves into the coil volume. It will then
shown for reference. (B) z-axis profiles from the flow phantom after a softeither continue through the coil, in which case the magnetiza-
1807 pulse to select the desired acquisition volume. The upper curve was

tion will adiabatically return to a longitudinal orientation acquired with the pump turned on, the lower curve was acquired with the
and make no contribution to the acquired signal, or it will pump turned off. The data were acquired with the same coil described in

the legend to Fig. 1.find its way into capillary beds and diffuse into the tissue,
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To test repeatability, this flow-phantom experiment was
conducted multiple times. Each time the initial shims were
set to different values before running the auto-shim routine.
Whether the initial shims were all set to zero, to random
values, or to the results from a previous auto-shim, the exper-
imental results were essentially the same as in Fig. 2A. In
fact, in all the flow phantom experiments undertaken in this
study, there has not been a single instance in which the
resulting shims did not yield effective adiabatic excitation.

The flow-phantom experiment was also repeated with a
wide range of flow rates through the tube. Even at average
velocities as high as 1200 mm/s, adiabatic conditions were
met and the projections along the length of the tube revealed
nearly complete excitation of the flowing spins. As would
be expected, at very slow flow rates it was noted that the
process was limited by T1r relaxation effects. Despite the
asymmetry of the field inhomogeneity seen in Fig. 1A, the
excitation process worked for flow in either direction in the
phantom.

To verify that the results of Fig. 2A were not dependent
on the particular coil used, the experiment was also repeated
using a different volume coil, one with substantially different
dimensions: a diameter of 4.5 mm and a length of 12 mm.

FIG. 3. Examples of magnitude spectra acquired from the muscle tissueThe results (data not shown) were essentially the same as
in the lower hind limb of a rat under three different conditions: with the

those shown in Fig. 2A. femoral artery occluded so that no blood was flowing into the muscle tissue
Figure 2A reveals that at the edges of the coil there is a (A); under resting conditions (B); and after three minutes of ischemic

exercise (C). The 8 s FAWSETS excitation period was followed by a 1807region where the excitation process yields a partial excitation
slice-select pulse (10 mm slice thickness) sandwiched between symmetricof both the flowing and nonflowing spins. In these regions,
gradient pulses. The gradient magnitudes were 0.25 G/mm with durationsthe effective field is neither completely transverse nor com-
of 4.0 ms and a separation time of 8 ms.

pletely longitudinal. Flowing spins in this region have under-
gone only a portion of the adiabatic excitation process and
only a fraction of the total magnetization of these spins lies spectra were acquired from the muscle tissue of the lower

hind limb of an anesthetized rat. In spectra such as that inin the transverse plane. Nonflowing spins in this region are
not completely saturated but instead are brought to a steady Fig. 3A, which was acquired with the femoral artery oc-

cluded and no blood flow to the hind limb, the water signalstate with a small transverse component. This partially ex-
cited state is undesirable because it makes the resulting sig- was almost completely eliminated. In spectra acquired under

resting conditions, such as that in Fig. 3B, there was a small,nal difficult to analyze. Fortunately, it is easy to remove this
unwanted signal by applying a slice-selective 1807 pulse, but consistent, water peak reflecting the very low resting

perfusion level expected in skeletal muscle. The spectrumsandwiched by symmetric gradient pulses, at the end of the
adiabatic excitation period. Figure 2B shows the flow-phan- in Fig. 3C was preceded by a three-minute ischemic exercise

period during which the femoral artery was occluded andtom results after application of a slice-selective 1807 hyper-
bolic secant pulse. The combination of the soft 1807 pulse the sciatic nerve was stimulated to produce 250 ms tetanic

contractions of all the muscles in the lower hind limb everyand the symmetric gradients removes the signal from outside
the selected slice and leaves only the signal from the flowing 2 s. The dramatic increase in the area of the water peak in

Fig. 3C reflects the large increase in perfusion caused byspins within the acquisition volume.
For in vivo perfusion experiments, the 1807 pulse and the ischemic exercise.

It is also interesting to note the changes in the lipid signalpaired gradients used to select the desired acquisition volume
can also provide attenuation of the signal from faster flowing in the spectra of Fig. 3. The lipid peak was nearly identical

under resting and occluded conditions but, after ischemicblood in larger arterial vessels and in the venous vessels. If
the gradient parameters are properly selected, this ensures exercise, the significantly broader peak of Fig. 3C was ob-

served. This effect occurred consistently in the spectra ac-that the signal from larger vessels is attenuated and leaves
a signal that reflects only perfusion within the acquisition quired in the early stages of the recovery periods. Numerical

integration revealed that the net area of the lipid peak re-volume. Relative changes in the perfusion signal are clearly
demonstrated by the three spectra shown in Fig. 3. These mained essentially constant throughout the experiment (data
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pattern is the same as that seen in previous experiments in
which arterial spin inversion was used to monitor the perfu-
sion response (22) .

The preliminary results presented in this paper clearly
demonstrate the ability of FAWSETS to measure changes
in perfusion. FAWSETS requires no exogenous contrast
agents or tracers. The procedure is less invasive than deute-
rium, fluorine, or paramagnetic tracer studies and can be
repeated indefinitely without concern for toxicity or recircu-
lation effects. FAWSETS also offers a significant advantage
over arterial spin inversion. With FAWSETS no subtraction
of signals is required. This eliminates potential errors due
to misregistration, reduces the noise introduced by small
biological motions, and eliminates artifacts due to suscepti-
bility and blood volume changes which have been observed
in arterial spin labeling experiments (22) . Further, it im-

FIG. 4. Two cycles of recovery from ischemic exercise. The first 10 proves time resolution by a factor of two.
data points were acquired under resting conditions. Each recovery cycle With FAWSETS, the signal from nonflowing tissue water
was preceded by a 3 minute ischemic exercise period. The data points

is completely eliminated. The resulting signal exclusivelyrepresent the area of the water peak as determined by summing points in
represents water which has moved into the acquisition vol-magnitude spectra.
ume within a time period on the order of several times T1r .
This relatively small water peak can potentially be measured
simultaneously with other peaks in the proton spectrumnot shown). Hence, the variations in the lipid signal are

limited to a broadening of the peak and most likely reflect allowing multiple parameters to be measured under identical
conditions. For example, in brain tissue, FAWSETS couldchanges in susceptibility since large changes in the oxygen-

ation state of the tissue would be expected to occur under allow perfusion measurements and spectroscopic imaging to
be conducted simultaneously.this experimental protocol. This observation is important in

two respects. First, it indicates that, while susceptibility ef- It would be premature to rule out the possibility that an
unusual feature of the experiments conducted here (e.g., thefects are reflected in the spectra, they do not cause changes

in the net areas of the peaks and are unrelated to the large particular RF coils chosen, the auto-shim routine, or the
shape of the B0 field) is necessary to create the fields requiredchanges in the water peak area. Second, this result suggests

that FAWSETS may be used to simultaneously acquire per- to generate adiabatic excitation of flowing spins. Further
research is necessary to fully understand the conditions re-fusion and susceptibility information, two important and re-

lated properties of the tissue. quired for FAWSETS to work consistently and the limita-
tions on its performance. However, the data presented hereFigure 4 shows the results from a series of spectra ac-

quired during two periods of recovery from ischemic exer-
cise. Immediately after the exercise period, the perfusion
signal increases greatly compared to resting conditions. This
large increase is followed by a gradual return to resting
levels over a period of about 5 minutes. It should be stressed
that no subtraction was necessary to produce the data in this
figure. The perfusion signal was extracted by summing the
points comprising the water peak in magnitude spectra. In
magnitude spectra, the data points are rectified such that
none of the data points are less than zero. This can impose
a significant bias in the results when points are numerically
summed to determine the area of a low amplitude peak. This
explains why the perfusion signal in Fig. 4 does not approach
zero, even with the femoral artery occluded. Better results
would be expected if the data were analyzed using a more

FIG. 5. Combined hind-limb perfusion results from 3 rats. The data arerobust fitting routine.
presented as mean { standard deviation. The first 10 data points were

The experiment described in Fig. 4 was repeated on three acquired under resting conditions (I) . The second 10 data points were
different rats. These experiments showed a consistent perfu- acquired with the femoral artery occluded (II) . The remaining points were

acquired after 3 minutes of ischemic exercise (III) .sion response to ischemic exercise (Fig. 5) . The recovery
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