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Abstract

This work describes the use of custom-built gradients to enhance skeletal muscle perfusion measurements acquired with a pre-
viously described arterial spin labeling technique known as FAWSETS (flow-driven arterial water stimulation with elimination of
tissue signal). Custom-built gradients provide active control of the static magnetic field gradient on which FAWSETS relies for
labeling. This allows selective, 180� modulations of the phase of the perfusion component of the signal. Phase cycling can then
be implemented to eliminate all extraneous components leaving a signal that exclusively reflects capillary-level perfusion. Gradi-
ent-enhancement substantially reduces acquisition time and eliminates the need to acquire an ischemic signal to quantify perfusion.
This removes critical obstacles to application of FAWSETS in organs other than skeletal muscle and makes the measurements more
desirable for clinical environments. The basic physical principles of gradient-enhancement are demonstrated in flow phantom exper-
iments and in vivo utility is demonstrated in rat hind limb during stimulated exercise.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The 1H NMR-based techniques known as arterial
spin labeling (ASL) are attractive to researchers and cli-
nicians because they provide completely non-invasive,
quantitative measurements of local capillary-level perfu-
sion. ASL methods develop contrast and specificity by
selectively perturbing (labeling) the spin state of coher-
ently flowing arterial water. This transient label induces
a change in the magnetization within the region of inter-
est as the blood flows into the capillaries and diffuses
into the tissue. Quantification can be achieved by mea-
suring the effect of the label on either the tissue magne-
tization [1] or its T1 relaxation rate [2]. Successful efforts
have led to the development of more than a dozen vari-
ations of ASL techniques suitable for cerebral perfusion
measurements, including pulsed labeling techniques and
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continuous, flow-driven adiabatic labeling schemes
[3–5].

Our research group has previously developed an ASL
technique—flow-driven arterial water stimulation with
elimination of tissue signal (FAWSETS) [6]—that is par-
ticularly well suited for quantification of skeletal muscle
perfusion because it eliminates magnetization transfer
(MT) and arterial transit time effects [7,8]. These effects in-
crease acquisition times and degrade accuracy of other
ASL techniques and they are amplified by the unique
physiological and hemodynamic properties of skeletal
muscle.

FAWSETS as we have previously implemented it,
which we will refer to here as basic FAWSETS, relies
on gradients in both B1 and B0 to achieve flow-driven,
adiabatic excitation of the arterial water as it flows into
the sweet spot of the RF coil [6]. The B1 gradient is
determined by the geometry of the RF coil. The B0 gra-
dient occurs due to variations in the static magnetic field
at the edges of the RF coil that arise during the shim-
ming process. Convective flow of blood through these
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Fig. 1. The upper panel shows the measured DB0 field produced by a
positive 0.5 A current in our prototype gradient coil (dimensions along
the abscissa are given in cm). The second panel shows the spatial
variations in the B1 field produced by our 2.5 cm long 2.5 cm diameter
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spatially variant B1 and B0 fields causes arterial water
spins to experience time-dependent variations in the
effective field, Beff [9]. If adiabatic conditions are met
for the range of relevant velocities the arterial water tips
into the transverse plane as it flows into the sweet spot.
While shim-generated B0 gradients can result in consis-
tent, effective (>90% in flow phantoms) excitation of
in-flowing water [6], the fields are not optimized for
flow-driven adiabatic manipulation and are not amena-
ble to active control.

In the current work, we describe how custom-designed
gradients can be implemented to provide active control
over the required B0 gradient. We show how manipula-
tions in the B0 gradient allow selective, 180�modulations
of the phase of the in-flowing arterial water magnetiza-
tion. Phase cycling can then be used to eliminate undesir-
able magnetization arising from partially saturated tissue
water, leaving a signal that exclusively represents tissue
perfusion. We present preliminary flow phantom and in
vivo results that validate the basic principles of gradi-
ent-enhanced FAWSETS and we discuss other advanta-
ges including reduced acquisition times and removal of
critical obstacles to application in organs other than skel-
etal muscle.
saddle coil. The DB0 and B1 fields shown were measured using a 1 cm
diameter test tube filled with water. The third panel shows the
approximate magnitude and angle of Beff generated by DB0 and B1. At
the left-most edge of the diagram, far from the sweet spot of the RF
coil, there is a large and positive DB0 and a zero B1 so Beff is purely
longitudinal. Moving from left to right, toward the sweet spot of the
RF coil, DB0 decreases and B1 increases so Beff begins to tilt away from
the longitudinal axis. Within the sweet spot DB0 approaches zero and
B1 reaches a plateau so Beff is purely transverse. The orientation of the
magnetization arising from flowing water (Mp) is shown at several
positions in the bottom panel of the diagram. At the left-most edge Mp

is in its equilibrium position, which is purely longitudinal and aligned
with Beff. If adiabatic conditions are met throughout the process then
Mp remains aligned with Beff as it flows through these spatially
changing magnetic fields. Within the sweet spot of the RF coil Mp is
purely transverse and is parallel to both Beff and the residual tissue
signal (Mrt). The net signal, Mf, acquired from anywhere within the
sweet spot is the sum of Mrt and Mp.
2. Results

Wefirst present results showing that the prototype gra-
dient produces the desired magnetic field and discuss how
this allows active and selectivemodulation of the phase of
the adiabatically excited arterial water magnetization.
Our flow phantom results validate the basic principles in
a simplified model. In vivo results from the rat hind limb
demonstrate that gradient-enhancement allows phase cy-
cling to filter out undesirable components leaving a signal
that is directly proportional to local tissue perfusion.

Figs. 1 and 2 show the relevant magnetic fields as
measured in a 1-cm diameter test tube filled with water.
The upper panel in Fig. 1 shows the static field (DB0)
produced with positive 0.5 A flowing through our proto-
type gradient. The second panel shows the B1 field pro-
duced by the saddle coil used in all these experiments
and the third panel shows the approximate magnitude
and angle of Beff at discrete locations along the direction
of arterial flow. The longitudinal component of Beff is
defined by DB0 and the transverse component is equal
to B1 [9]. The bottom panel of both figures depicts the
evolution of the arterial water magnetization as it flows
into the sweet spot of the RF coil (see Section 3). Con-
tinuous labeling brings the net signal, Mf, within the
sweet spot to a steady state consisting of a perfusion
component, Mp, and a residual tissue component, Mrt,
arising from incompletely saturated tissue water.

Fig. 2 shows the measured DB0 and B1 fields with
negative 0.5 A flowing through the prototype gradient.
Reversing the flow of current in the coil inverts the
shape of DB0 and changes the orientation of Beff outside
the sweet spot of the RF coil. The fields within the sweet
spot are unaffected by changes in current flow of this
magnitude. By altering Beff from the shape shown in
Fig. 1 to that shown in Fig. 2 we were able to induce
180� modulations of the phase of the inflowing arterial
water magnetization without altering the phase or
amplitude of the magnetization arising from tissue water
within the acquisition volume (see Section 3).

We tested the concept of gradient-enhanced FAW-
SETS using our prototype gradient and a simple flow
phantom. The two spectra in Fig. 3 were acquired with
water flowing through a 5 mm diameter tube centered
axially in the probe with a positive 0.5 A current flowing
in the gradient (solid line) and with a negative current of



Fig. 2. When the current in the gradient coil is reversed the phase of
Mp is selectively inverted 180�. The difference between this diagram
and the previous one is that the sign of DB0 is now negative. At the left-
most edge of the diagram there is now a large negative DB0 and zero B1

so Beff points straight down. As the water approaches the sweet spot
Beff begins to tip into the transverse plane. Within the sweet spot Beff

has the exact same orientation as it had in the previous diagram—it is
purely transverse and points to the right—so the phase and amplitude
of Mrt are unchanged. At the left-most edge Mp is in its equilibrium
position, as in the previous diagram, but it is now antiparallel to Beff. If
adiabatic conditions are met throughout the process, Mp remains
antiparallel to Beff as it flows into the sweet spot. Within the sweet spot
Mp is again purely transverse but now it is pointing to the left, opposite
to Beff and 180� out of phase relative to Mrt. The net signal acquired
from anywhere within the sweet spot is now the difference between Mrt

and Mp.

Fig. 3. Flow phantom spectra acquired using our saddle coil and
prototype gradient. The flow phantom consisted of water flowing
through a 5 mm inside diameter tube centered in the RF and gradient
coils. The spectra were acquired from a 5 mm thick slice at the center
of the RF coil following 5 s of FAWSETS excitation. The water peak
in the spectrum acquired with a positive 0.5 A current flowing in the
gradient coil (solid line) is 180� out of phase from the spectrum
acquired with a negative 0.5 A current (dashed line).

Fig. 4. In vivo gradient-enhanced FAWSETS results (solid line,
N = 6) are in excellent agreement with basic FAWSETS results
(dotted line, N = 8) acquired under the same conditions. Both data sets
were acquired from a single voxel in the rat hind limb at rest (R),
during ischemia (I), during stimulated exercise (shaded area), and
during recovery. The gradient-enhanced FAWSETS results were
processed without subtraction of the ischemic signal.
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equal amplitude (dashed line). When the same phase
correction factor was applied to both spectra the water
peak was 180� out of phase. The behavior of the water
magnetization in this example is analogous to the behav-
ior of the magnetization of arterial water in vivo.

In vivo results (Fig. 4) demonstrate that gradient-en-
hanced FAWSETS allows phase cycling to eliminate
Mrt. The data were acquired from the rat hind limb dur-
ing stimulated exercise using gradient-enhanced FAW-
SETS (solid line) and basic FAWSETS (dashed line).
Each data point for gradient-enhanced FAWSETS rep-
resents the subtraction of two signals acquired with
opposite currents flowing in the gradient. Processing of
the basic FAWSETS data included subtraction of an
ischemic signal from all the data points. This was not
necessary for the gradient-enhanced FAWSETS data,
demonstrating that phase cycling completely eliminated
Mrt, the residual tissue signal. The excellent agreement
between the two data sets validates the basic physical
principles described in Figs. 1 and 2. The S/N of the gra-
dient-enhanced FAWSETS measurements is lower in
these experiments because they were acquired from a
smaller volume of tissue than the basic FAWSETS mea-
surements. This could likely be improved by a more
sophisticated RF/gradient probe design (see Section 3).
3. Discussion

Custom-built gradients enhance the FAWSETS
labeling process by providing a higher degree of control
over DB0 than is allowed by the shim coils. The shape of
the DB0 field can be designed to optimize the flow-driven
labeling process for the B1 gradient produced by a par-
ticular RF coil. This could allow adiabatic conditions to
be met with lower B1 amplitude than is required for ba-
sic FAWSETS measurements. Custom gradients also al-
low active manipulation of DB0, which can be exploited



188 K.I. Marro et al. / Journal of Magnetic Resonance 175 (2005) 185–192
to improve time resolution and utility compared to basic
FAWSETS measurements.

The details of how FAWSETS works have been pub-
lished previously [6]. The labeling process, which is sim-
ilar to that of continuous arterial spin inversion [10–12],
relies on appropriate spatial variations in Beff. FAW-
SETS labeling occurs at the edges of the sweet spot of
the RF coil, where there are gradients in both B1 and
B0. The gradient in B1 occurs because the RF field de-
creases as a function of distance away from the sweet
spot of the coil. The gradients in B0 arise from the shim-
ming process. During the shim process the dominant sig-
nal comes from within the sweet spot of the RF coil and
this defines the shimmed volume. Shimming yields a
homogenous B0 field within the shimmed volume but
leaves a non-uniform field outside the shimmed volume.
These spatially variant B1 and B0 fields are irrelevant in
most MR measurements but they are critical to FAW-
SETS measurements, where they are exploited to gener-
ate flow-driven adiabatic excitation of arterial water as it
flows into the sweet spot of the RF coil. Within the
sweet spot, the arterial water magnetization remains
spin-locked and relaxes according to T1q processes.
After several seconds of continuous RF the basic FAW-
SETS signal reaches a steady state in which the area of
the water peak consists of a freshly perfused water com-
ponent, Mp, and a residual tissue component, Mrt, of
approximately equal magnitude that arises from incom-
pletely saturated tissue water.

The lower panels in Figs. 1 and 2 demonstrate sche-
matically how reversing the flow of current in our cus-
tom gradient results in selective 180� phase
modulations in the magnetization of inflowing arterial
water. In Fig. 1, the magnetization of flowing water,
Mp, is initially at equilibrium and is aligned parallel to
Beff at the left-most edge of the diagram. If adiabatic
conditions are met Mp remains parallel to Beff and tips
into the transverse plane as it flows into the sweet spot
of the RF coil. Within the sweet spot both DB0 and B1

are homogenous so Mp remains spin-locked and relaxes
according to T1q. The net signal, Mf, acquired after the
system has reached steady state, is the sum of Mp and
Mrt.

When the current in the gradient is reversed DB0, and
hence Beff, get inverted (Fig. 2). The equilibrium orienta-
tion of Mp at the leftmost edge of the diagram is now
antiparallel to Beff. Flowing water still becomes adiabat-
ically excited as it flows into the sweet spot but now it is
180� out of phase with respect to B1. The phase and
amplitude of Mrt are unaffected by current flow in the
gradient because tissue water remains within the sweet
spot at all times and experiences the same Beff. The net
signal now consists of the difference between Mp and
Mrt. These two figures show schematically how gradi-
ent-enhancement allows selective modulation of the
phase of Mp without altering the phase or amplitude
of Mrt. Selective phase modulation can be exploited
through phase cycling to eliminate Mrt, leaving a signal
that exclusively represents capillary-level perfusion.

Custom gradients can alleviate the following limita-
tions to basic FAWSETS:

• Basic FAWSETS labeling must be continuous for
about 5 s for both components (Mp and Mrt) of the
signal to reach steady state. Signal-to-noise is maxi-
mized if the labeling period is long enough for Mp

to reach a steady state. This requires about five times
T1q, or about 500 ms under the conditions of our
basic FAWSETS measurements in rat hind limb at
4.7 T. It is not necessary for Mrt to reach a steady
state but its amplitude must be consistent throughout
a series of measurements if the same ischemic signal is
to be subtracted from all the measurements. Consis-
tency is assured if the labeling period is long enough
for Mrt to also reach a steady state but this requires
five times the T1 of tissue at 4.7 T, or about 5 s.

• An ischemic signal is required to identify and elimi-
nate Mrt. The RF power required to completely satu-
rate the tissue signal could approach or exceed SAR
limits set by the FDA. Because of safety concerns,
in vivo basic FAWSETS signals contain contribu-
tions from both Mp and Mrt. We previously removed
Mrt by subtracting an ischemic signal acquired with a
blood pressure cuff inflated so that it contains only
Mrt. Ischemia is not well tolerated in severe disease
states or trauma conditions where limb blood flow
is compromised. It is also extremely difficult and trau-
matic to induce ischemia in organs other than limb
skeletal muscle.

• Relatively high SAR is required to assure high label-
ing efficiency. Since shim-generated B0 gradients are
not optimized for flow-driven adiabatic excitation,
the labeling process requires relatively high RF
amplitude, which leads to high SAR. It is safe to per-
form basic FAWSETS experiments in human limbs,
where the FDA limits are 12 W/kg, but the limits
for body and head are lower.

Our flow phantom results (Fig. 3) demonstrate that
inversion ofMp can be achieved using a relatively simple
gradient design. If the current flow is reversed in succes-
sive acquisitions, phase cycling techniques can be em-
ployed to eliminate Mrt and enhance Mp. Since Mrt

can be eliminated it is no longer necessary to wait five
times the tissue water T1 for it to reach steady state. This
allows the labeling period to be reduced to about five
times T1q of arterial water, long enough for Mp to reach
steady state. A two-step phase cycling scheme is required
so the net acquisition time is reduced by a factor of T1/
2T1q, or about five under the conditions of our in vivo
measurements. Sensitivity to perfusion is also improved
since signal averaging provides a
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increase in S/N. We
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were not able to test the limits of time resolution in these
experiments because our prototype system required
manual switching to control the flow of current in the
gradient. The shortest labeling period we could practi-
cally implement was 1 s. Full implementation of gradi-
ent-enhanced phase cycling will require minor software
modifications and a gradient power supply that can be
controlled by the pulse sequence. The actual reduction
in acquisition time will depend on the field strength
and other experimental conditions.

Gradient-enhancement also eliminates the need to ac-
quire an ischemic signal to remove Mrt. This will allow
quantitative measurements to be conducted in skeletal
muscle of severely diseased patients and will remove a
critical obstacle to potential application in other organs.

Custom-built gradients could potentially allow a
reduction in the amplitude of B1 needed during the
labeling period and thereby remove another obstacle
to application in organs other than skeletal muscle. Dur-
ing the labeling process the adiabaticity factor depends
on the shape amplitude of the B1 and B0 gradients and
on the arterial flow velocity [13–15]. Shim-generated
B0 gradients are not optimized for labeling and relatively
high B1 amplitudes are required to ensure that adiabatic
conditions are met over a wide range of arterial flow
velocities. Gradient-enhancement could allow optimiza-
tion of DB0 for the B1 field produced by a particular RF
coil so that adiabatic conditions can be maintained
along the direction of flow with lower B1 amplitude than
is required for basic FAWSETS measurements. This
would reduce the possibility of tissue heating. Further
tests are required to determine how much B1 may be re-
duced by gradient-enhancement.

An important requirement for gradient-enhanced
FAWSETS is that the field produced by the custom gra-
dients must dominate DB0 at the edges of the sweet spot
of the RF coil, where the adiabatic excitation process
occurs. The shape of DB0 depends not only on the field
produced by the custom gradients but also on the
sample shape, geometry, and composition and on the
currents flowing in the shim coils. If significant non-uni-
formities exist at the edges of the sweet spot, the shape
of DB0 will not be symmetric when the current in the
custom gradients is reversed. Significant asymmetry in
DB0 could impede the phase modulation of Mp and/or
affect its amplitude. We addressed this issue by imple-
menting a two-step shimming process (see Section 5) in-
tended to extend the homogenous B0 field beyond the
sweet spot of the RF coil into the regions where the
B1 gradients occur in Figs. 1 and 2. In the current
experiments, the animals were all approximately the
same size and the two-step shimming process appears
to have worked adequately. It is difficult to predict
how much shim currents could degrade the measure-
ments in more routine experiments, where the sample
could vary considerably more than in these preliminary
experiments. In some cases it may be necessary to shim
with a larger RF coil than the one used for the perfusion
measurements.

In the current experiments the S/N for gradient-en-
hanced FAWSETS appears to be lower than for basic
FAWSETS (Fig. 4). There are two explanations for this.
First, the gradient-enhanced FAWSETS measurements
were acquired from a volume of tissue about 50% smaller
than the basic FAWSETS measurements. This was be-
cause the prototype gradient prevented the rats� hind
limbs from being pulled as far into the RF coil and forced
the acquisition volume to be located more toward the an-
kle region, where there is less muscle tissue. Second, nei-
ther the RF coil nor the custom gradient were
fabricated to high tolerances.Our goalwas simply todem-
onstrate proof of concept so simplicity was an important
constraint imposed on the design. Both coils were built
using readily available components and processes. A
more sophisticated RF/gradient probe design, imple-
menting machined components and etched circuitry,
could allow proper positioning of the hind limb and
would provide improved alignment and symmetry. This
would likely result in more consistent excitation of the
arterial water.

While gradient-enhancement offers several improve-
ments over basic FAWSETS, the question of how well
it compares to other more established ASL techniques
remains. Our previous work [8] demonstrated that
FAWSETS eliminates MT effects and this could be an
important consideration in applications where the effects
are expected to be large and change rapidly. The FAW-
SETS label is applied as the arterial water flows into the
acquisition volume. This offers advantages in terms of
sensitivity but is at least partially offset by the fact that
the label subsequently decays according to T1q. With
other ASL techniques the decay of the label is governed
by T1, which is considerably longer. FAWSETS reduces
sensitivity to transit times by eliminating the time re-
quired for the arterial water to flow from the labeling
plane to the acquisition plane but it does not eliminate
the time required for the labeled water to flow from lar-
ger arteries to the capillary beds within the acquisition
plane. Our previous FAWSETS measurements in rat
hind limb were in good agreement with similar measure-
ments made with microspheres despite the fact that we
ignored the transit time. In other applications, where
the vascular geometry is larger, it may be necessary to
compensate for these effects. Another consideration is
that the sensitivity of the FAWSETS label (excitation
of the arterial water) is inherently a factor of 2 lower
than ASL techniques that use inversion as the label.

These points are important to consider when weigh-
ing the benefits of FAWSETS against other ASL tech-
niques. The choice of the optimum technique for a
particular application is likely to depend on a number
of factors. Some of these—such as the vascular geome-
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try of the organ involved, the RF coil geometry, the ex-
pected MT effects, the applicable SAR limitations, the
B0 field strength and the relevant relaxation times—are
known or can be easily measured. Others—such as the
transit time, the range of arterial flow velocities and
the capillary/tissue exchange time for water—may be
difficult to estimate.
Fig. 5. A schematic of the prototype gradient coil implemented in both
the flow phantom and in vivo measurements. The gradient was
designed so that a 2.5 cm diameter by 2.5 cm long RF coil, including
the tune and match capacitors, could fit inside it. The circuit consists of
10 conducting loops with relative current directions shown by the
arrowheads. Spacing of the current loops is symmetric about the
center-line (CL) of the gradient. Dimensions are given in millimeters.
4. Conclusions

This preliminary work demonstrates that time resolu-
tion and utility of FAWSETS perfusion measurements
can be substantially improved through the use of cus-
tom-built gradients. Our relatively simple gradient design
allowed us to actively control the static magnetic fields at
the edges of the RF coil where the flow-driven adiabatic
excitation process, on which FAWSETS depends for
labeling, takes place. Our flow phantom experiments
demonstrate the key principle of gradient-enhanced
FAWSETS: the phase of the signal from in-flowing arte-
rial water can be selectively modulated by reversing the
flow of current in the custom gradient. Phase cycling
can then be implemented to yield a signal arising exclu-
sively from freshly perfused arterial water. Our in vivo
results demonstrate the main advantages of gradient-en-
hance FAWSETS over basic FAWSETS: substantial
improvement in time resolution and elimination of the
requirement to acquire ischemic measurements. This
makes the measurements more appropriate for clinical
environments and removes critical barriers to implemen-
tation in organs other than skeletal muscle.
5. Experimental

Flow phantommeasurements were conducted to dem-
onstrate the physical principles of gradient-enhanced
FAWSETS. In vivomeasurements were conducted to test
feasibility and demonstrate potential improvements in rat
hind limb muscle. Both sets of experiments were con-
ducted in a 4.7 T horizontal bore Bruker magnet con-
trolled by a Varian Inova console running VNMR
version 6.1.

5.1. Prototype gradient design and field measurements

The first step in the gradient design process was to
measure the shape of the B1 field produce by the RF coil
used in the rat hind limb measurements, which was a
2.5 cm diameter, 2.5 cm long saddle coil tuned to the
water resonance (200.1 MHz). This was accomplished
by acquiring a z-axis profile from a 1 cm diameter test
tube filled with water and centered in the coil. The B1

field shape was then used as an input to a software tool
we have developed to model flow-driven adiabatic
manipulations [15]. The model assumed a laminar flow
velocity of 30 cm/s—the maximum velocity of blood
flow expected in the rat femoral artery [16]—and gener-
ated a target DB0 field that would satisfy adiabatic con-
ditions [9] for all points along the z-axis, the direction of
flow in both the flow phantom and in vivo experiments.
The target field method [17–19] was then used to deter-
mine the number and location of current loops needed
to produce the target DB0 field with the additional con-
straint that the diameter of the gradient be large enough
to accommodate the RF coil. A diagram of the resulting
gradient geometry is provided in Fig. 5.

A simple, manually switched current-controlled power
supply was used to drive the gradient circuit. To measure
the DB0 field it produced (Figs. 1 and 2), a 1 cm diameter
test tube filled with water was placed in the combinedRF/
gradient probe. The current in the gradient was main-
tained at plus or minus 0.5 A throughout the measure-
ments. A series of z-axis profiles were acquired (using
the standard z-axis gradient of the scanner) following a
hard 90� pulse with the delay time between signal excita-
tion and acquisition incremented from 10 to 200 ms in
5 ms increments. The subsequent 2-D Fourier transform
yielded frequency as a function of position.

5.2. Shimming

An important requirement for gradient-enhanced
FAWSETS is that DB0 must be symmetric when the cur-
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rent in the custom gradient is reversed. That is, the two
DB0 fields shown in Figs. 1 and 2 must appear to be mir-
ror images of each other. This requirement can be met if
the B0 homogeneity (with no current flowing in the cus-
tom gradient) extends beyond the sweet spot of the RF
coil to include the regions where the B1 gradients occur.
To accomplish this, shimming was conducted in two
stages. First, the B1 power and pulse width were set to
yield a hard 180� pulse within the sweet spot of the
RF coil. This ensured that the dominant signal came
from the regions just outside the sweet spot. The higher
order shim currents were then adjusted to optimize B0

field homogeneity. The B1 power and pulse width were
then reset to yield a hard pulse with a flip angle of
approximately 30� within the sweet spot and the three
linear shim currents were adjusted with the dominant
signal arising from within the sweet spot. Both stages
of the shimming process were conducted with no current
flowing in the custom gradient.

5.3. Flow phantom measurements

Flow phantom measurements were conducted to test
whether control of the shape ofDB0would allow thephase
of adiabatically excited water flowing into the RF coil to
be inverted. The flow phantom consisted of water flowing
through a 5 mm inside diameter tube centered in the RF
and gradient coils. FAWSETS measurements were ac-
quired with the average flow velocity in the tube set to
about 10 cm/s, as determined by timed collection of the
outflow. The FAWSETS pulse sequence has previously
been described in detail [6]. Briefly, signal excitation con-
sisted of continuous RF at about 50 mG for 4 s in the ab-
sence of gradients. This was followed by a 180�, 5 mm
thick axial slice-select pulse (4 ms duration) to localize
the signal in the center of the RF coil. Data were acquired
as free induction decays (FID�s) with 4000 Hz sweep
width, 1000 complex points and signal averaging set to
four. FID�s were acquired with both positive 0.5 A and
negative 0.5 A flowing through the gradient circuit.

5.4. Rat hind limb measurements

To demonstrate feasibility of in vivo measurements
both basic FAWSETS and gradient-enhanced FAW-
SETS measurements were acquired from rat hind limb
muscle at rest, during ischemia, during stimulated exercise
and during recovery.All animal procedureswere in accor-
dance with guidelines of the University of Washington
Animal Care Committee and the National Institutes of
Health. Male Sprague–Dawley rats weighing 280–320 g
were anesthetized with isoflurane inhalation throughout
the entire experiment. Stimulated contractions of all hind
limbmuscles were induced via an electrode placed around
the exposed sciatic nerve using a previously described pro-
tocol [8]. To avoid degradation of the perfusion measure-
ments due to motion artifacts the stimulation protocol
consisted of short (250 ms) tetanic contractions every
5 s. This provided a sufficiently long quiescent period be-
tween contractions to easily accommodate signal acquisi-
tion following the 4 s of continuous spin labeling needed
for the basic FAWSETS measurements. The contractile
force generated during each contraction was actively
maintained at 40% of the maximum stimulated contrac-
tion (MSC), or the maximum contractile force that could
be generated by that animal.

Immediately after surgery the right hind limb was
extended (using a suture inserted through the ankle)
and secured into the RF/gradient probe. The probe
was centered in the bore of the magnet and shimming
was conducted using the procedure described above.

For comparisonpurposes both basicFAWSETS (eight
animals) and gradient-enhancedFAWSETS (six animals)
measurements were acquired. The labeling protocol for
the basic FAWSETS measurements consisted of 4 s of
continuous on-resonance RF with amplitude of about
120 mG. This was followed by a slice-selective 180� pulse
to localize the signal from a 5 mm thick slice located at the
proximal edge of the sweet spot of the RF coil. Location
of the slice was facilitated by a z-axis profile and was
approximately at the midpoint between the knee and an-
kle. The hind limb diameter at this location is about
1.8 cm so the acquisition volume was approximately
1.25 ml.

The labeling protocol for the gradient-enhanced
FAWSETS measurements was the same as for the basic
FAWSETS measurements except that current flow in
the custom-built gradient alternated between positive
and negative 0.5 A in successive acquisitions. Even num-
bered acquisitions (acquired with positive current flow-
ing in the gradient) were subtracted from the previous
odd numbered acquisitions (acquired with negative cur-
rent flowing in the gradient).

Symmetric crusher gradients (b = 5 s/mm2, 2.5 G/cm,
4 ms duration, and 8.5 ms separation) around the slice-
select pulse were used to attenuate signal outside the
slice and to filter out signal from faster flowing arterial
water [20]. Data were acquired as FID�s during the sec-
ond half of the spin echo generated by the 180� pulse.
Acquisition parameters included 4000 Hz sweep width,
1000 complex points, echo time (TE) = 14.0 ms, and
no signal averaging. Repetition time (TR) was set to
5 s and, during stimulation periods, was gated by the
stimulation pulse generator so that signal excitation
and acquisition were interleaved between muscle con-
tractions. The RF transmitter frequency was reset to
the water resonance after every 10 acquisitions.

5.5. Data analysis

Spectral analysis was performed using the Advanced
Method for Accurate, Robust and Efficient Spectral fit-
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ting (AMARES) time domain fitting algorithm [21] as
included in the Java-based Magnetic Resonance User
Interface (jMRUI) software package [22]. Perfusion
quantification was achieved using a model developed
to quantify perfusion with continuous arterial spin
inversion [10], but modified to account for the condi-
tions of FAWSETS excitation

f ¼ k
aT 1q

M f �M rt

M0

; ð1Þ

where f is perfusion in ml/g/min, k is the tissue/blood
partition coefficient, which was assumed to be 0.7 ml/g
[23], a is the labeling efficiency, which was assumed to
be 0.9 based on previous measurements conducted in
flow phantoms [6], T1q is the relevant relaxation con-
stant for spin-locked arterial water during the labeling
period, Mf is the steady state FAWSETS signal follow-
ing continuous labeling, Mrt is the residual, steady state
tissue signal acquired after continuous labeling with
blood flow occluded and M0 is the equilibrium magneti-
zation. The modification to the original model consisted
of replacement of T1 with T1q. The justification for use
of this model and the modification is that the physical
principles governing the behavior of the labeled arterial
water are the same in a FAWSETS experiment as in
continuous arterial spin inversion except that the labeled
arterial water relaxes according to T1q instead of T1.
Measurements conducted on oxygenated rat blood
showed T1q to be 110 ms at the B1 magnitude used for
labeling (about 120 mG).
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