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Amplitude-modulated
Continuous Arterial
Spin-labeling 3.0-T
Perfusion MR Imaging with
a Single Coil: Feasibility
Study1

Written informed consent was ob-
tained prior to all human studies af-
ter the institutional review board ap-
proved the protocol. A continuous
arterial spin-labeling technique with
an amplitude-modulated control was
implemented by using a single coil at
3.0 T. Adiabatic inversion efficiency
at 3.0 T, comparable to that at 1.5 T,
was achieved by reducing the ampli-
tude of radiofrequency pulses and
gradient strengths appropriately. The
amplitude-modulated control provided
a good match for the magnetization
transfer effect of labeling pulses, allow-
ing multisection perfusion magnetic
resonance imaging of the whole brain.
Comparison of multisection continu-
ous and pulsed arterial spin-labeling
methods at 3.0 T showed a 33% im-
provement in signal-to-noise ratio by
using the former approach.
© RSNA, 2005

Arterial spin-labeling (ASL) perfusion
magnetic resonance (MR) imaging has
been increasingly adopted for both clin-
ical applications and functional activa-
tion studies. Probably the most attractive
feature of ASL is that it is noninvasive
and repeatable, resulting in a wide vari-
ety of applications in neurologic and psy-
chiatric diseases (1–3). The highly repro-
ducible measurements of cerebral blood
flow (CBF) with ASL make it suitable for
longitudinal studies and repeated exam-
inations for probing of drug effects or
vasodilatory reactivity (4–6).

The improved safety of ASL methods is
particularly appealing for perfusion imag-
ing in the pediatric population. The nor-
mally increased blood flow and water con-
tent of a child’s brain provides for better
image quality (7). ASL perfusion contrast
techniques have also enriched the reper-
toire of tools for functional MR imaging
research, complementing methods relying
on the blood oxygen level–dependent
contrast technique. Potential advantages
of perfusion functional MR imaging in-
clude improved sensitivity at low task fre-
quencies (8–10), more specific spatial lo-
calization (11,12), reduced susceptibility
artifact (13), and the ability to provide ab-
solute perfusion quantification (14).

During the past decade, the methodol-
ogies for ASL perfusion MR imaging have
evolved from feasibility studies into the
phase of practical use. However, low sig-
nal-to-noise ratio (SNR) remains a weak-
ness of the technique because of both the
small fractional effect of the labeled
blood (�1% raw signal) and the T1 decay
of the labeled arterial blood magnetiza-
tion during transit from the tagging loca-
tion to the tissue. Pursuing ASL at high
magnetic field strengths (3.0 T and
higher) is expected to improve the image
quality and reduce transit-related effects
on ASL perfusion images by taking ad-
vantage of the joint benefits provided by
the increased T1 and SNR at high field
strengths (15,16). A twofold signal gain is
readily achievable by performing pulsed
ASL (PASL) at 3.0 and 4.0 T, compared
with PASL methods at 1.5 T (15,16), al-
lowing improved spatiotemporal resolu-
tion and longer postlabeling delay times
to counteract delayed transit effects usu-
ally present in the patient population.

Technical Developments
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The implementation of continuous ASL
(CASL) at high magnetic field strengths is
expected to provide even greater perfusion
contrast and SNR gain than PASL methods
at the same field strength (16). Two impor-
tant challenges of using continuous label-
ing, however, are controlling for the off-
resonance effects caused by radiofrequency
(RF) irradiation and achieving ample label-
ing efficiency within the safety constraints
for RF power deposition. Use of a separate
small RF coil for labeling can minimize or
eliminate the off-resonance effects and
may reduce the total RF power by half be-
cause generally, no control labeling is re-
quired (17,18).

Yet, this dual-coil approach requires
special hardware and relies heavily on
the labeling geometry, which may vary
from subject to subject. The added dis-
tance for arterial transit from the carotid
tagging region and the relatively poor la-
beling of the vertebral arteries also limits
the practical use of this approach. Alter-
natively, the off-resonance effects of the
labeling pulses can be mimicked by ap-
plying control RF irradiation that pro-
duces equal off-resonance saturation in
the brain tissue (19,20). One such tech-
nique employs an amplitude-modulated
control based on sinusoid waveforms,
equivalent to creating two adjacent in-
version planes during the control state so
that the net effect on arterial labeling can
be neglected (20).

To date, applications of the amplitude-
modulated CASL approach have been
mainly constrained at 1.5 T. Transplant-
ing this technique to 3.0 T and higher is
threatened by reduction in the labeling
efficiency when the RF magnitude is de-
creased to meet the safety limitations on
specific absorption rate (SAR) of radiofre-
quency power at high field strengths.
Fortunately, preliminary studies on esti-
mation of CASL efficiency indicated that
the efficiency of adiabatic inversion can
be maintained over a wide range by keep-
ing the magnitude of the RF pulse and
the gradient in proportion (21,22). Thus,
the purpose of our study was to test the
feasibility of performing amplitude-mod-
ulated CASL by using a single coil at
3.0 T.

Materials and Methods

Human Subjects

Thirteen healthy volunteer subjects
(five women, aged 24–35 years, with a
mean age of 26.8 years � 5.9 [standard
deviation]; and eight men, aged 24–44
years, with a mean age of 33.7 years �

7.0) underwent MR imaging with a 3.0-T
Trio (Siemens, Erlangen, Germany) whole-
body imager, by using the product quadra-
ture transmit-receive head coil. There was
no statistically significant difference in age
between the men and the women.

One additional 41-year-old woman
with cerebrovascular disease (bilateral ca-
rotid steno-occlusive disease) and one 47-
year-old man with a brain tumor (glio-
blastoma multiforme) were also imaged
to test the feasibility of the amplitude-
modulated CASL approach in the diagno-
sis of neurologic disorders. Written in-
formed consent was obtained prior to all
human studies after the institutional re-
view board approved the protocol. The
volunteers were screened for neurologic
and psychiatric disease during consent-
ing processes. In these 13 healthy sub-
jects, five participated in the experiment
for optimization of RF and gradient am-
plitudes, six participated to determine
the optimal modulation frequency, six
participated to determine the labeling ef-
ficiency, one participated to validate the
control of off-resonance effect, and nine
underwent both CASL and PASL exami-
nations (see the following). No specific
criteria were applied for the inclusion of
subjects in each experiment, and there
were overlaps between the subjects who
participated in different experiments.

CASL Imaging Methods

The CASL sequence was based on the
prototypical technique developed by Al-
sop and Detre at 1.5 T (20). The labeling
plane was placed 8 cm beneath the center
of the imaging sections. Controlling for
off-resonance artifacts was effected by ap-
plying an amplitude-modulated version
of the labeling pulse by using a sinusoidal
modulation function. The peak magni-
tude of the control pulse was �2 times
the magnitude of the corresponding la-
beling pulse. The total duration of the
labeling and control pulses was 2 sec-
onds, which consisted of 10 repeated RF
blocks with a width of 200 msec for each
pulse and a 500-�sec gap in between. A
gradient-echo echo-planar imaging se-
quence was used for image acquisition,
and a postlabeling delay time of 1 second
was inserted between the end of the la-
beling and control pulses and image ac-
quisition to reduce transit artifact (23).

The choice of the 1-second delay time
was based on previous experiments that
involved the use of similar imaging pa-
rameters at both 1.5 and 4.0 T (16). Ac-
quisition parameters were field of view of
22 cm, 64 � 64 matrix, repetition time

msec/echo time msec of 4000/17, band-
width of 3 kHz per pixel, section thick-
ness of 6 mm, and intersection space of
1.5 mm. Twelve sections were acquired
in an inferior to superior direction in a
sequential order, and each section acqui-
sition took about 45 msec. Each CASL
examination with 80 acquisitions took 5
minutes 20 seconds.

Optimization of CASL Sequence

Earlier work at 1.5 T involved the use
of a 2.5-mT/m gradient and 3.5-�T RF
irradiation for adiabatic inversion (20).
To keep the SAR level at 3.0 T within
safety limits (see the following), the mag-
nitude of the labeling pulses was reduced
because RF power deposition increases
approximately as the square of the field
strength (24). Two RF levels (1.50 and
2.25 �T) and three levels of gradient
strength (0.8, 1.6, and 2.4 mT/m) were
tested to find the optimal parameters
that provide the maximum labeling effi-
ciency (with control modulation fre-
quency of 100 Hz). This initial study was
performed in the first five of the 13
healthy subjects (two women, three men).
A combination of 2.25-�T RF amplitude
and 1.6-mT/m gradient was found to pro-
vide the best perfusion contrast and was
used in subsequent experiments (see Re-
sults). The effect of modulation frequency
on the CASL perfusion signal was exam-
ined in six of the remaining eight healthy
subjects (one woman, five men) by using
five frequency values (50, 80, 100, 160, and
200 Hz), and an amplitude-modulation
frequency of 100 Hz was chosen (see Re-
sults).

Off-Resonance Compensation
Evaluation

To confirm the ability of the ampli-
tude-modulated control to mimic the off-
resonance effects of the labeling, a CASL
examination was performed in one
healthy volunteer (a 35-year-old woman)
with the labeling plane placed distal to (8
cm above the center of) the imaging sec-
tions (Fig 1). Since no arterial blood was
labeled, the difference images between
the labeled and control acquisitions
should indicate whether the off-reso-
nance effect was the same in the ampli-
tude-modulated control acquisition as in
the labeled acquisition. An RF amplitude
of 2.25 �T, a gradient of 1.6 mT/m, and a
modulation frequency of 100 Hz were
employed for continuous labeling.
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Estimation of Labeling Efficiency

The labeling efficiency of the multisec-
tion CASL sequence with the amplitude-
modulated control was estimated through
comparison with the single-section version
of CASL technique. In six of the 13 healthy
subjects (one woman and five men), perfu-
sion MR images were acquired in a single
transverse section through the basal gan-
glia and thalamus. Images were acquired
with both (a) the single-section method, in
which the label and control were proximal
and distal to the imaging section, respec-
tively, and (b) the multisection method. In
the single-section CASL approach, the sign
of the labeling gradient was alternated be-
tween the odd and even pairs of proximal
and distal labeling acquisitions to reduce
imperfections in the subtraction of the la-
beled and control images (23). All subjects
were studied with 1.6-mT/m labeling gra-
dient, 2.25-�T RF irradiation, control mod-
ulation frequency of 100 Hz, postlabeling
delay of 1 second, and labeling plane offset
of 8 cm from the imaging section. On the
basis of the ratio between the fractional
perfusion signals in these two methods,
the labeling efficiency of the multisection
CASL method could be estimated.

Comparison with PASL

In nine of the 13 healthy subjects (four
women and five men), both CASL (with
optimized imaging parameters described
earlier) and PASL methods were performed
for comparison. The PASL technique was a
modified version of the flow-sensitive al-
ternating inversion-recovery technique

(25), in which a saturation pulse was ap-
plied at TI1 � 700 msec after global or
section-selective inversion (7,16). For opti-
mal labeling, a hyperbolic secant inversion
pulse was generated by using MATPULSE
software (26) with 15.36-msec duration,
22-�T RF amplitude, and 0.95 tagging effi-
ciency. A gradient of 0.7 mT/m was applied
with the hyperbolic secant pulse during
tagging, while the hyperbolic secant pulse
was applied in the absence of gradient dur-
ing control acquisition. The slab of the sec-
tion-selective inversion was 10 cm thick,
and the section profile was verified by
means of Bloch equation simulation, as
well as phantom testing. The saturation
pulse was applied to a 10-cm slab adjacent
and inferior to the selective inversion slab
in both labeled and control acquisitions. A
delay time of 1 second was inserted be-
tween the saturation and excitation pulses
to minimize transit-related effects (23,27).
Imaging parameters for the PASL examina-
tion were a field of view of 22 cm, 64 � 64
matrix, 3000/17, bandwidth of 3 kHz per
pixel, section thickness of 6 mm, and in-
tersection space of 1.5 mm. Twelve sec-
tions were acquired in an inferior to supe-
rior direction in sequential order with the
same coverage as in the CASL examina-
tion, and each section acquisition took
about 45 msec. Each PASL examination
with 80 acquisitions took 4 minutes.

Patient Examination

Two patients with clinical neurologic
disorders were included to illustrate the
utility and feasibility of the amplitude-

modulated CASL technique, one with
chronic cerebrovascular disease (left inter-
nal carotid artery occlusion and severe
steno-occlusive disease of the right internal
carotid artery) and the other with a brain
neoplasm (glioblastoma multiforme). The
imaging parameters were identical to those
used for healthy volunteers except for the
postlabeling delay time, which was set to
1.2 seconds for the patient with the brain
tumor and to 1.5 and 1.8 seconds for the
patient with cerebrovascular disease. Two
long delay times (with repetition times in-
creased accordingly) were used in the latter
case to reduce vascular artifacts due to pro-
longed transit time. Fluid-attenuation in-
version-recovery (9000/84/2500 [inversion
time msec]) images and three-dimensional
T1-weighted anatomic (1630/3/1100) im-
ages were also obtained in these two pa-
tients. Structural and CASL perfusion MR
images and any relevant prior clinical im-
ages were reviewed by a neuroradiologist
(R.L.W.).

Data Analysis

For comparison of the SNRs with the
PASL and CASL techniques, the raw im-
ages acquired by using the two methods
were scaled so that the background noise
(measured from regions of no signal) was
at the same level. A time series of 40
perfusion images of the difference be-
tween labeled and control acquisitions
was obtained by means of pairwise mag-
nitude subtraction between control and
labeled images in each ASL examination,
followed by averaging to produce mean

Figure 1. Evaluation of amplitude-modulated control in a healthy subject. Four of 12 transverse sections are shown,
acquired by using the 3.0-T CASL method with the labeling plane placed at the pontomedullary junction (proximal) and
above the brain (distal). Note that areas of static signal are almost completely subtracted during the distal label state.
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ASL perfusion images (�M). SPM99 soft-
ware (Wellcome Department of Imaging
Neuroscience, University College Lon-
don, England) was used to automatically
segment the raw echo-planar images into
three regions of interest (ROI) of gray
matter, white matter, and cerebrospinal
fluid.

The average size of the segmented gray
and white matter ROIs was 4562 voxels �
755 (range, 3501–6069 voxels) and 1544
voxels � 317 (range, 1295–2370 voxels),
respectively. The whole-brain ROI was set
as the union of the gray and white matter
ROIs (mean, 6106 voxels � 747; range,
5276–7843 voxels). The mean �M signal
and raw image intensity were measured
within the gray matter, white matter, and
whole-brain ROIs to compare the SNR
with the PASL and CASL techniques. The
two edge sections were excluded from
the analyses to avoid possible section
profile effects in the PASL examinations.

The SNR efficiency of the PASL and
CASL technique, defined as SNR per unit
examination time, was further calculated
to account for the difference in the repe-
tition time and total examination time of
these two methods. The background
noise on the raw images acquired by us-
ing the two methods (measured from re-
gions of no signal) were divided by the
square root of the corresponding exami-
nation time (�Tacq) and then scaled to
the same level. The mean �M signal and
raw image intensity measured within the
gray matter, white matter, and whole-
brain ROIs after such a scaling process
were used to compare the SNR efficiency
of the PASL and CASL examinations. Al-
ternatively, SNR efficiency was directly
calculated by scaling the measured SNR
(see previous explanation) with the square
root of the corresponding examination
time (SNR efficiency � SNR/�Tacq), which
yielded exactly the same results as those
obtained with the former approach.

Because the primary purpose of the
present study was to test the feasibility of
performing CASL at 3.0 T, T1 maps of
brain tissue were not obtained. CBF
quantification in the CASL method was
approximated by using the following
equation, assuming the labeled blood
spins remain primarily in the vasculature
rather than exchanging completely with
tissue water:

f �

��MR1a

2	Mcon
exp��wR1a � exp���� � wR1a��
,

(1)

where 	 is the tagging efficiency, f is CBF,
� (0.9 mL/g) is the blood-tissue water par-
tition coefficient, Mcon is the average
control image intensity, R1a (0.67 sec�1)
is the longitudinal relaxation rate of
blood (16), � (2 sec) is the duration of the
labeling pulse, and w (1 sec) is the post-
labeling delay time. Equation (1) is de-
duced from a previous theoretical model
(16), which is equivalent to the general
kinetic model (28). The calculated CBF
values were measured within the gray
matter, white matter, and whole-brain
ROIs.

SAR Calculation and Monitoring

An estimation of the RF deposition of
the 3.0-T CASL sequence was performed
by using an analytic solution to a homo-
geneous sphere as a model for the human
head (29). The SAR averaged over the
head was given as the following:

SARavg �
��2B1

2R2�rf

10�TR
, (2)

where B1 and �rf are the amplitude and
the width of the labeling pulses, respec-
tively; � is the transmit angular fre-
quency at 3.0 T; R and � are the radius
and density of the brain, respectively;
and � is the conductivity of the brain. By
assuming that � � 0.6 siemens per meter,
R � 0.1 m, and � � 1000 kg/m3 (30) and
by substituting B1 � 2.25 �T, �rf � 2 sec,
and TR (repetition time) � 4 seconds in
Equation (2), the averaged SAR is calcu-
lated as 1 W/kg in an adult head of me-
dian size.

This estimation does not include the
power deposition of the excitation
pulses, which will add 10%–20% to the
calculated SAR level. The total SAR is be-
low the U.S. Food and Drug Administra-
tion guideline of 3 W/kg averaged over
the head. The estimated SAR level is con-
sistent with that in a previous study (30),
in which the use of numeric simulation
yielded 0.75 W/kg for the same labeling
pulses (100% duty cycle) used in the
present study. The data analysis and SAR
calculation were done by one physicist
(J.W.) and verified by another physicist
(D.C.A.).

In addition to our estimates, the SAR
level of a pulse sequence on the 3.0-T MR
imager (Trio; Siemens) is calculated auto-
matically by an integrated software pro-
gram on the basis of the RF pulses, with
timing and subject weight used to deter-
mine imaging parameters. Reflected power
and losses along the transmission line are
considered in the vendor calculation. This
predicted RF power deposition is expressed

as a percentage of the legal requirement
value (based on the International Electro-
technical Commission guideline 60601–
2-33 for normal operation mode, also ap-
proved by the U.S. Food and Drug
Administration). If the percentage ex-
ceeds 100%, then imaging is not permit-
ted without a change in imaging param-
eters to reduce the percentage below
100%. During the sequence measure-
ment, the RF power actually deposited is
also monitored continuously, and the ex-
amination is stopped if this value exceeds
the SAR limit-equivalent power thresh-
old. After the examination is finished, an
additional consistency check is per-
formed to compare the measured SAR
level with the predicted value. If a devia-
tion of more than 10% is observed, an
error message is displayed, and the im-
ager has to be rebooted.

Statistical Analysis

The unpaired t test (two-tailed) was
employed to compare mean age and SAR
level in the two groups of healthy sub-
jects, men and women. The effect of the
modulation frequency of the control
pulse on the CASL signal was assessed by
using the repeated-measures analysis of
variance method and the nonparametric
Friedman test for related samples in the
SPSS 12.0 software package (SPSS, Chi-
cago, Ill). P � .05 was considered to indi-
cate a statistically significant difference.

Results

Off-Resonance Compensation

The images of the subtracted difference
between labeled and control acquisitions
obtained from CASL examinations with
distal and proximal labeling are shown in
Figure 1. Strong perfusion contrast can be
seen when the labeling plane was placed
at the pontomedullary junction, while
there is barely noticeable residual signal
on the images with the label above the
brain. Fractional signal change, calcu-
lated as the subtracted signal divided by
the control image intensity (�M/Mcon),
was 0.67% and 0.004% for proximal and
distal labeling, respectively.

Optimization of Imaging Parameters

The whole-brain averaged fractional
CASL signals (�M/Mcon) acquired with
different gradients (0.8, 1.6, and 2.4
mT/m) and RF field amplitudes (1.50 and
2.25 �T) from five healthy subjects are
displayed in Figure 2. A set of representa-
tive CASL images acquired from one sub-
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ject is shown in Figure 3. The peak frac-
tional CASL signal (0.70% � 0.10) is
obtained with 1.6-mT/m gradient and
2.25-�T RF irradiation. The optimal ratio
between the gradient strength and RF mag-
nitude at 3.0 T is the same as that at 1.5 T
(2.5 mT/m and 3.5 �T) (20). The peak frac-
tional CASL signals measured in the gray

and white matter ROIs are 0.83% � 0.13
and 0.41% � 0.09, respectively, which are
in good agreement with reported data ac-
quired by using a dual-coil approach at 3.0
T (17,18).

The fractional CASL signals as a func-
tion of the control modulation frequency,
acquired by using 1.6-mT/m gradient and

2.25-�T RF in six healthy subjects, are
shown in Figure 4. The signals measured in
the whole-brain, gray matter, and white
matter ROIs are all relatively insensitive
to the changes in modulation frequency
within the tested range, and the main
effect of modulation frequency is not sta-
tistically significant by using either the
repeated-measures analysis of variance
method or the Friedman test for related
samples. The frequency of 100 Hz yields
the highest mean perfusion signal in the
whole-brain and gray matter ROIs. It can
also be seen in Figure 4 that the across-
subject standard deviation of the mea-
sured CASL signals is lowest at the fre-
quency of 100 Hz, suggesting reduced
intersubject variability. On the basis of
these two observations, the modulation
frequency of 100 Hz is used for the CASL
method at 3.0 T.

SAR Measurement

Our experiments in the 13 healthy sub-
jects yielded a mean percentage SAR level
(measured SAR vs International Electro-
technical Commission guideline 60601–2–
33) of 54.5% � 15.6 (range, 40%–80%) for
the CASL method with 2.25-�T RF irradia-
tion. The mean SAR level is significantly
higher in men (65.8% � 12.8) than in
women (41.4% � 0.9) (P � .005), probably
as a result of the heavier weight in male
subjects. During all CASL examinations,
the imager was never stopped or rebooted
as a result of inconsistency between calcu-
lated and measured SAR levels.

Labeling Efficiency Estimation

The CASL images acquired by using the
single-section approach and amplitude-
modulated control method in a typical
subject are displayed in Figure 5. The ra-
tio of the mean CASL signals obtained
with the amplitude-modulated and sin-
gle-section approach is 0.74 � 0.12 (n �
6). If we assume a mean flow velocity of
20 cm/sec (laminar flow with maximum
velocity of 40 cm/sec) in the human ca-
rotid arteries, the labeling efficiency in
the single-section CASL mode has been
estimated to be 0.92 with numeric simu-
lation (see Discussion) (22). The labeling
efficiency in the amplitude-modulated
CASL method at 3.0 T is therefore calcu-
lated to be 0.68 (0.92 � 0.74). By using a
similar approach, Alsop and Detre (20)
have estimated the labeling efficiency to
be 0.71 with the amplitude-modulated
CASL method at 1.5 T.

Figure 2. Mean fractional CASL signal (dM/Mcon) acquired at 3.0 T by using different gradient
strengths and RF irradiation. Control modulation frequency is 100 Hz. Peak fractional CASL
signal (0.70% � 0.10) is obtained with 1.6-mT/m gradient and 2.25-�T (uT) RF irradiation.

Figure 3. CASL difference perfusion images (�M) acquired at 3.0 T by using different gradient
strengths and RF irradiation in a representative subject. One of 12 transverse sections is shown.
Control modulation frequency is 100 Hz. Maximum perfusion contrast is observed with 1.6-
mT/m gradient (G) and 2.25-�T (uT) RF irradiation.
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Comparison with PASL

The multisection CASL and PASL im-
ages acquired in a representative subject
are shown in Figure 6. The mean ratio
(n � 9) of the SNRs on the CASL versus
PASL images is 1.33 � 0.16 in the whole
brain and 1.32 � 0.22 and 1.49 � 0.37 in
the gray and white matter ROIs, respec-
tively. These values are slightly less than
the reported ratio of SNRs in the CASL
and PASL methods at 1.5 T (1.47 � 0.23,
whole brain) measured with the same de-
lay time of 1 second (16). When the ex-
amination time is taken into account, the
mean ratio of the SNR efficiencies with
the CASL versus the PASL method is
1.15 � 0.19 in the whole brain and
1.14 � 0.19 and 1.29 � 0.32 in the gray
and white matter ROIs, respectively.

By using a previously published theoret-
ical model (16) and incorporating magne-
tization transfer effects and the T2* differ-
ence between blood and brain tissue, the
CASL method at 3.0 T is anticipated to
produce approximately 2.1 times the PASL
signal in the absence of labeling ineffi-
ciency (see Appendix). Comparison with
our experimental ratio of CASL to PASL
suggests a labeling efficiency of approxi-
mately 0.6 for the multisection CASL
method. This value is reasonably compati-
ble with the labeling efficiency of 0.68 es-
timated earlier by other means. However,
the estimation from comparison with
PASL may be less straightforward than the
former approach, as the theoretical model
depends on assumptions of multiple pa-
rameters, such as T1 and T2*, exchange
time, and size of the magnetization trans-
fer effect. The PASL signal may also be sus-
ceptible to potential errors caused by la-
beled venous blood and section profile
effects of the inversion and saturation
pulses. Therefore, we use 0.68 as the best
estimate of the labeling efficiency for the
present technique.

CBF Quantification with CASL

The calculated mean CBF (n � 11) based
on Equation (1) and 0.68 labeling effi-
ciency is 40.2 mL/100 g/min � 4.3 in the
whole brain and 49.5 mL/100 g/min � 6.2
and 22.4 mL/100 g/min � 4.0 in the gray
and white matter ROIs, respectively. The
small variance of the CBF measurements in
this cohort of healthy subjects lends sup-
port for the technique’s stability across
subjects. Equation (1) assumes that the la-
beled blood stays in the vasculature rather
than completely exchanging into the tis-
sue compartment, which may lead to un-
derestimation of perfusion, since brain T1
is shorter than blood T1, especially in the

presence of off-resonance effects. On the
other hand, we use the control image in-
tensity (Mcon) to represent the equilibrium
magnetization of brain (M0) in Equation
(1), which may result in overestimation of
perfusion by ignoring the brain signal loss
due to T2* relaxation at the echo time. As
suggested by our theoretical model (Ap-
pendix), the overall effect is about 7% un-
derestimation in perfusion quantification.

Patient Data

For clinical examples, the difference
perfusion images (�M) were evaluated

rather than the quantitative CBF images
to avoid potential quantification error in
calculating CBF due to uncertain param-
eters in pathologic states. The two sets of
difference perfusion images acquired with
delay times of 1.5 and 1.8 seconds in the
patient with cerebrovascular disease are
displayed in Figure 7. Delayed transit ef-
fects (intravascular hyperintensities) are
present on difference perfusion images ac-
quired with the 1.5-sec delay time and are
more evident in the right hemisphere than
in the left. With a longer delay (1.8 sec),
transit artifacts are greatly reduced, while

Figure 4. Mean fractional 3.0-T CASL signal (�M/Mcon) as a function
of control modulation frequency measured in whole-brain, gray mat-
ter, and white matter ROIs. Error bars indicate the standard deviation
across subjects. Data were acquired with 1.6-mT/m gradient and
2.25-�T RF irradiation. Main effect of modulation frequency is not
statistically significant.

Figure 5. Comparison of the difference perfusion images ac-
quired with single-section (SS) CASL method and amplitude-
modulated (AM) CASL technique in a representative subject.
Single transverse section is shown. Ratio of mean CASL signals
obtained with amplitude-modulated and single-section ap-
proach is 0.74 � 0.12.
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image quality is preserved. Such long delay
times (�1.5 seconds) were not feasible at
1.5 T (1–3). The T2-weighted fluid-attenu-
ation inversion-recovery and CASL perfu-
sion images acquired in the patient with
glioblastoma multiforme are shown in Fig-
ure 8. The whole-brain coverage of the
CASL method allows a full evaluation of
the status of blood flow in this extensive
brain tumor, and heterogeneous flow con-
ditions are observed in the tumor regions.
This illustrates the potential ability of the
CASL method in guiding biopsy and de-
picting regions of increased CBF that are
associated with neovascularity (and thus
higher tumor grade) (31).

Discussion

The present study demonstrated the
feasibility of performing amplitude-mod-
ulated CASL with a single coil at 3.0 T.
The measured CBF values in healthy

adults are in agreement with results re-
ported by other investigators who used
ASL techniques (23,27,32,33). The power
deposition caused by the long labeling RF
pulses is within the SAR limit. It is possi-
ble that the SAR level with the current
imaging parameters might approach or
even exceed 100% in subjects with ex-
tremely heavy weight or large head size.
In this case, the problem can be solved
easily by increasing the repetition time
appropriately.

Our data also confirm the previous ob-
servation that an amplitude-modulated
control pulse provides an excellent
match of the off-resonance effect in the
adiabatic labeling pulses (20), allowing
multisection perfusion images that cover
the whole brain. When compared with
CASL methods that involve the use of a
separate coil for labeling, the single-coil
amplitude-modulated technique is easier
to implement in clinical MR systems

without the need for special hardware. It
is also more convenient for patient han-
dling and provides more uniform label-
ing of both anterior and posterior circu-
lation. While the overall SAR level
averaged over the head or body may be
lower in the dual-coil methods, the local
power deposition around the tagging site
is complicated and needs to be assessed
meticulously, given the spatially con-
strained RF irradiation (34).

Our experimental results indicate that
continuous labeling efficiency at 3.0 T is
comparable with that at 1.5 T, despite a
roughly one-third reduction in the mag-
nitude of the RF pulses, which is consis-
tent with a previous finding (22) that the
inversion efficiency can be preserved by
simultaneously reducing the amplitudes
of the gradient and RF pulses. A more
recent theoretical work (21) suggested
that the optimal RF amplitude for adia-
batic inversion is linearly proportional to

Figure 6. Comparison of 12 transverse sections of difference perfusion images (�M) acquired by using amplitude-modulated
CASL technique and PASL method in a representative subject at 3.0 T. Background noise on CASL and PASL perfusion images
is scaled at the same level. Mean ratio of SNRs and SNR efficiencies in CASL versus PASL method is 1.33 and 1.15 in the whole
brain, respectively.
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the square root of the gradient ampli-
tude. Although the general trend of the
changes in the gradient and RF ampli-
tude seems to agree with that model, our
experimental data do not suggest a
square root increase of RF with gradient
strength. Our data show relative insensi-
tivity of the CASL signal to the control
modulation frequency, in contrast to pre-
vious results (20) that showed an increase
in labeling efficiency with reduced mod-
ulation frequency.

The basis of this discrepancy remains
uncertain. The previous observation (20)
was made at 1.5 T with 2.5-mT/m gradi-
ent and 3.5-�T RF irradiation, and the
authors claimed that their results did not
agree with theoretical calculation. It is
possible that the effect of modulation fre-
quency will be distinct at different set-
tings of gradient and RF amplitude. The
search for optimal parameters may need

to be performed in three-dimensional pa-
rameter space of gradient, RF, and mod-
ulation frequency. Because we were lim-
ited by time and on the basis of
implications from previous studies, we
performed a two-dimensional search for
optimal combination of gradient and RF
and then determined the optimal modu-
lation frequency at that chosen setting of
gradient and RF amplitude. Further ex-
perimental and theoretical work may be
needed to understand the interactions
between these parameters and to find the
potential best point in three-dimensional
space for maximization of labeling effi-
ciency.

The estimated labeling efficiency of
0.68 in the amplitude-modulated CASL
method relies on the accuracy of the as-
sumed efficiency of 0.92 in the single-
section CASL method. Although this la-
beling efficiency was estimated by means

of numeric simulation with T1 and T2
values at 1.5 T, the value is expected to be
similar at 3.0 T. This is because T2 relax-
ation dominates the inefficiency of adia-
batic inversion, and T2 of arterial blood
changes little from 1.5 to 3.0 T, assuming
100% oxygen saturation in the arterial
blood (35). In the dual-coil approach, the
labeling efficiency is generally estimated
to be close to 100% at the tagging site
(17,18). Because of the methodologic
similarity between the single-section
CASL and adiabatic inversion with a sep-
arate coil, a labeling efficiency of more
than 0.9 is reasonable in the single-sec-
tion CASL method.

In a recent study (36), investigators
measured the continuous labeling effi-
ciency in a saline flow phantom by using
the single-section approach. The results
showed an efficiency of 0.85 for a mean
flow velocity of 26.4 cm/sec with 2.5-

Figure 7. Perfusion-weighted images (�M) acquired by using amplitude-modulated CASL method at 3.0 T with postlabeling
delay times of 1.5 and 1.8 seconds in a 41-year-old woman with bilateral carotid steno-occlusive disease. Twelve transverse
sections are shown. Vascular artifacts (arrows) are greatly reduced at longer delay time without apparent deterioration of
perfusion image quality.
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mT/m gradient and 2.25-�T RF irradia-
tion. With an approximate 7% increase
in efficiency by using a gradient of 1.6
instead of 2.5 mT/m, the predicted effi-
ciency with the imaging parameters used
in our experiments will be 0.91, which is
a very close match with our assumption.
The current CASL technique involved the
use of a high labeling duty cycle (�99%)
and is thus relatively immune to the er-
rors caused by discontinuous labeling
pulses (21,36). The fluctuations of flow
velocity within a cardiac cycle tend to
have minimum effect on the estimation
of inversion efficiency, since the mean
flow velocity provides a fairly acceptable
simplification for adiabatic inversion, as
suggested in other studies (21,36).

One interesting observation from the
current study is that the SNR gain in the
CASL method as opposed to PASL seems
to be reduced at 3.0 T when compared
with 1.5 T. Besides the small difference in
the labeling efficiencies at these two field
strengths, increased susceptibility effect
at high magnetic field strengths may af-
fect the measured signal change. Two re-
cent studies (16,37) suggested that the
short T2* of brain tissue at high field

strengths may affect the accuracy of rest-
ing perfusion measurement, as well as
the effect size of signal change induced
by task activation in ASL techniques. Spe-
cifically, because more labeled blood
spins exchange into brain tissue in CASL
than in PASL (in general), the CASL
method pays a heavier toll of signal loss
due to fast T2* relaxation in the brain
tissue. This T2* effect becomes more se-
vere at high field strengths, which may
lead to reduced SNR gain seen in the
CASL methods. Spin-echo–based image
acquisition schemes (such as spin echo
echo-planar or fast spin echo) or fast gra-
dient-echo methods with ultrashort echo
times (such as SPIRAL or partial k-space
echo-planar) should result in a greater
labeling effect than the employed gradi-
ent-echo echo-planar acquisitions.

Another possibility is that the high-
duty cycle of the RF amplifier during the
labeling period may add thermal noise to
the CASL data, thus degrading the SNR
gain as opposed to PASL methods, which
use almost instantaneous labeling pulses.
This argument seems unlikely on the ba-
sis of our phantom test results, which
showed no difference in the background

noise of the CASL and PASL images. We
used a postlabeling delay time of 1 sec-
ond in the CASL examination. A small
amount of vascular (hyperintense in-
traluminal) signals can be observed in
the resultant perfusion images of some
subjects, attributed to a high concentra-
tion of labeled spins in arteries that have
not exchanged with the microvascula-
ture or tissue. Nevertheless, the reported
results should not be affected by the pre-
cise location of the label at the time the
image is acquired, since they are mea-
sured over large ROIs and represent the
total labeling effect in both the vascula-
ture and the brain tissue.

Several limitations exist in the present
study, which need further exploration.
The first issue concerns the consistency
of the labeling efficiency in the presence
of variable flow velocities in patients and
increased B1 inhomogeneity at high field
strengths. This concern of reduced label-
ing efficiency is based on the theoretical
calculation that reduced RF irradiation
allows a narrower range of flow velocities
for optimal adiabatic inversion (22). To
achieve a labeling efficiency of more than
0.9, a B1 of 3.5 �T at 1.5 T allows a mean

Figure 8. T2-weighted fluid-attenuation inversion-recovery images (T2W FLAIR) and perfusion-weighted images (PWI)
acquired by using the amplitude-modulated CASL method at 3.0 T in a 47-year-old man with glioblastoma multiforme.
Twelve transverse sections are shown. Perfusion images show heterogeneous blood flow (arrows) in tumor regions.
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velocity range of about 10–40 cm/sec,
while a B1 of 2.25 �T at 3.0 T allows
about 5–25 cm/sec mean velocity range.

Similarly, the tolerance of B1 inhomo-
geneity is lower at 3.0 T than at 1.5 T.
According to both our experimental data
and other studies (22,36), an RF ampli-
tude of around 2.0 �T seems to be the
lower limit for achieving adequate inver-
sion efficiency for human flow velocity
range. The accuracy and efficiency of the
current CASL technique may deteriorate
if the degree of B1 inhomogeneity ex-
ceeds 12%. Another issue that needs to be
addressed is the T1 effect on the accuracy
of CBF quantification. We did not in-
clude the T1 maps of brain tissue in the
calculation of CBF images in the present
study. Ignoring the difference between
T1s of blood and brain tissue could result
in potential errors in CBF measure-
ments—for example, an underestimation
of flow in short-T1 tissues, such as white
matter, and an overestimation of flow in
long-T1 tissues, such as an edematous le-
sion in the gray matter (3).

Although our theoretical calculation
demonstrates about 7% underestimation
of perfusion in healthy adult subjects,
the accuracy of perfusion measurements
by using the simplified model (Eq [1]) in
pathologic conditions cannot be pre-
dicted. To bring the 3.0-T CASL method
into real clinical use, further study will be
needed to refine the perfusion model by
taking into account the specific patho-
physiologic conditions of each brain dis-
order.

The current amplitude-modulated CASL
technique may not be directly applied at

4.0 T or higher field strength because the
RF amplitude has to be reduced to be lower
than 1.7 �T without increasing the repeti-
tion time. At this level of RF irradiation, the
labeling efficiency will be less than 0.5. A
new development in performing flow-
driven adiabatic inversion at high field
strengths is to simultaneously modulate
the RF and gradient by the same amplitude
waveform while adjusting the frequency of
the RF irradiation to preserve the inversion
plane location (38).

By reversing the signs of the RF and
gradient halfway through the labeling
period between label and control, the
magnetization transfer effects can be well
controlled. The immediate benefit of us-
ing the simultaneous modulation of the
RF and gradient for labeling is that the
tagging efficiency is improved by using
labeling pulses with very low irradiation.
Although this approach is more demand-
ing in terms of hardware performance
compared with the amplitude-modulated
method, its feasibility at both 1.5 and 3.0 T
has been demonstrated. Another alterna-
tive approach is to perform pseudocon-
tinuous inversion with a train of saturation
pulses (39). The SAR level is expected to be
low enough for perfusion imaging at 4.0 T
or even higher, while the labeling effi-
ciency can still be kept close to 0.5.

In conclusion, an amplitude-modu-
lated CASL method has been imple-
mented successfully at 3.0 T with a single
transmit-receive coil. The improved im-
age quality and potential convenience
for patient management should bring
ASL techniques into the realm of practi-
cal clinical use.

Appendix

The present theoretical calculation is
based on the two-compartment perfusion
model (16) in which the observed �M signal
consists of signals from tissue and arterial
vascular compartments. An important ef-
fect missing from the CASL model in refer-
ence 16 was the transverse signal relaxation,
which is considered to be relatively small at
1.5 T, since the T2*s of brain and blood are
much longer than the echo time. At 3.0 T
and higher field strengths, this effect may
affect the accuracy of perfusion measure-
ment, since echo time is comparable with
the T2* of brain tissue. By incorporating
transverse relaxation in equations (A2) and
(A3) in reference 16, the CASL �M signal is
given by the equation in Figure A1 in the
present study. The presumption of the
equation in Figure A1 is � � w � �, which is
always satisfied in our experiments.

Similarly, the PASL �M signal is given by
the equation in Figure A2.

The presumption of the equation in Fig-
ure A2 is TI � �, which is always satisfied in
our experiments. By substituting the as-
sumed parameters into the equations in Fig-
ures A1 and A2 and by including the mea-
sured ratio of 1.33 between the CASL and
PASL signal, the labeling efficiency with the
CASL method is 0.6. At a given CBF level
(eg, 60 mL/100 g/min), the equation in Fig-
ure A1 yields a fractional signal change of
0.69%, while Equation (1) yields 0.74%.
This will result in 7% underestimation of
perfusion by using the simplified model
(Eq [1]).

Acknowledgment: The authors are grateful
to Michael Szimtenings, PhD, from Siemens
Medical Solutions for providing information
on the product SAR calculation.

Figure A1. Equation for CASL �M signal. 	 Is labeling efficiency; f is CBF; � is tissue transit time (1.4 sec) (40); � is the
blood-tissue water partition coefficient (0.9 mL/g); Mcon is raw control image intensity; R1a is longitudinal relaxation rate of
arterial blood (0.67 sec�1); R1s (1.15 sec�1) and R1ns (0.81 sec�1) are longitudinal relaxation rates of brain tissue with and
without off-resonance RF saturation, respectively; R2*tissue (28.6 sec�1) and R2*blood (5.0 sec�1) are transverse relaxation rates
of brain tissue and arterial blood, respectively; � is duration of labeling pulses (2 sec); and w is postlabeling delay time (1.0–1.5
sec due to sequential image acquisition).

Figure A2. Equation for PASL �M signal, where 	 is 0.95 in PASL, �R � R1ns � R1a, TI is image acquisition time (1.7–2.2 sec),
and TI1 is duration of tagging bolus (0.7 sec).
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