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Functional magnetic resonance imaging (fMRI) has become the
most widely used modality for visualizing regional brain activa-
tion in response to sensorimotor or cognitive tasks. While the
majority of fMRI studies have used blood oxygenation level-
dependent (BOLD) contrast as a marker for neural activation,
baseline drift effects result in poor sensitivity for detecting slow
variations in neural activity. By contrast, drift effects are mini-
mized in arterial spin labeling (ASL) perfusion contrast, primar-
ily as a result of successive pairwise subtraction between im-
ages acquired with and without labeling. Recent data suggest
that ASL contrast shows stable noise characteristics over the
entire frequency spectrum, which makes it suitable for studying
low-frequency events in brain function. The present study in-
vestigates the relative sensitivities of ASL and BOLD contrast in
detecting changes in motor cortex activation over a spectrum
of frequencies of experimental design, where the alternating
period between the resting state and activation is varied from
30 s up to 24 hr. The results demonstrate that 1) ASL contrast
can detect differences in motor cortex activation over periods
of minutes, hours, and even days; 2) the functional sensitivity of
ASL contrast becomes superior to that of BOLD contrast when
the alternating period between the resting state and activation
is greater than a few minutes; and 3) task activation measured
by ASL tends to have less intersubject variability than BOLD
contrast. The improved sensitivity of the ASL contrast for low
task frequency and longitudinal studies, along with its superior
power in group analysis, is expected to extend the range of
experimental designs that can be studied using fMRI. Magn
Reson Med 49:796–802, 2003. © 2003 Wiley-Liss, Inc.
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Over the past decade, functional magnetic resonance im-
aging (fMRI) methods have become the most popular and
economical approach for imaging the neural correlates of
cognition in humans. The most widely used fMRI tech-
nique, blood oxygen level-dependent (BOLD) contrast,
measures dynamic changes in regional magnetic suscepti-
bility. Functional contrast is obtained because several in-
teracting physiologic responses to neural activity alter the

concentration of local deoxyhemoglobin, which is para-
magnetic and spoils the regional magnetic field (1). How-
ever, biophysical factors, such as vessel orientation with
respect to the main magnetic field, also influence the ob-
served signal changes (2).

While BOLD contrast has been widely and successfully
exploited for imaging task activation, such as in event-
related studies that examined the evoked BOLD response
to individual cognitive or sensorimotor stimuli (3,4), at the
other end of the frequency spectrum slow “drifts” in fMRI
signal confound comparisons of activity spaced much
more than a minute apart. These drifts can be well char-
acterized as having power that varies inversely with fre-
quency (5), or by a more complicated model such as high-
order autoregressive function (6,7). Experiments with
longer blocks (lower task frequencies) are most affected,
such as studies that involve slowly developing processes
(e.g., mood changes or procedural learning) or require
comparisons of widely-spaced observations (e.g., drug ef-
fects). Drifts have been shown to be a property of the
scanning system itself, rather than a physiologic property
of the brain, and can be observed in the absence of a
temporally structured experimental paradigm, or even
with inert phantoms instead of human subjects (5,8). Other
evidence has suggested that drift effects may be influenced
by spontaneous neuronal events and may be pixel-wise
dependent (9).

Perfusion imaging with arterial spin labeling (ASL) con-
trast uses magnetically labeled arterial blood water as an
endogenous tracer to provide quantitative cerebral blood
flow (CBF) measurements (10,11). This approach can pro-
vide a direct measure of a well characterized physiological
parameter (perfusion), and can be sampled using a variety
of imaging sequences, including sequences that preserve
signal in regions of high static susceptibility, such as the
orbitofrontal cortex. With ASL methods, perfusion mea-
surements are typically derived from pairwise subtrac-
tions of temporally adjacent images acquired with and
without spin labeling. Because of this pairwise subtraction
and the subsequent calibration process to produce an ab-
solute measure of CBF, the slow drifts present in BOLD
contrast images are eliminated in ASL (12). Resting CBF
measurements from ASL have previously been shown to
be stable across intervals varying from a few minutes to a
few days (13). Functional activation data comparing ASL
to BOLD contrast during task activation have indicated
that ASL is superior to BOLD contrast for task periods
longer than 1–2 min (12). These data also suggest that ASL
produces less intersubject variability in task activation
compared to BOLD, which is most likely attributable to
ASL’s ability to measure task-induced flow changes di-
rectly and quantitatively. ASL may therefore provide a
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solution to the fundamental limitations of BOLD methods
at low task frequencies, permitting the measurement of
changes in neural activity that span longer periods of
time—minutes, hours, and even days.

The present study was designed to test the hypothesis
that ASL contrast may be used to detect differences in
evoked neural activity on time scales much longer than
those used for BOLD studies. For this purpose, we em-
ployed a simple motor task that produces large task-in-
duced signal changes in relatively well established ana-
tomical regions. A spectrum of frequencies of experimen-
tal design were tested, wherein the alternating period
between the resting state and activation was varied from
30 s up to 24 hr. We compared both individual and group
results from a multislice pulsed ASL (PASL) technique at
4.0 T (14) with both BOLD contrast derived from raw PASL
data (12,15) and separately acquired BOLD data with op-
timized parameters.

METHODS

MR Scanning

Imaging was performed on a GE 4.0T whole-body scanner
(GE Medical Systems, Milwaukee, WI) using the product
quadrature head coil. Motor cortex stimulation was used
as the task activation in all of the studies, which entailed
self-paced bilateral finger tapping of sequential thumb-to-
digit oppositions. The onset of the activation and resting
state was indicated by visually presented cues. Written
informed consent was obtained prior to all human studies
according to Institutional Review Board guidelines. Perfu-
sion fMRI was performed on six healthy male subjects
(22–35 years old, mean 27.2 years) using a PASL sequence
that has been described previously (14). The acquisition
parameters were: FOV � 24 cm � 16 cm, 64 � 40 matrix,
TR/TE � 3000/18 ms, delay time (between the saturation
and excitation pulses) � 800 ms, bandwidth � 100 kHz,
slice thickness � 8 mm, and interslice space � 2 mm.
Eight slices were acquired from inferior to superior in an
interleaved order using a gradient-echo echo-planar imag-
ing (EPI) sequence to ensure complete coverage of the
motor cortex, and each slice acquisition took about 50 ms.

Eight experimental conditions were tested on two scan-
ning sessions at similar times on consecutive days for
perfusion fMRI. Each experimental condition consisted of
a 10-min scan of 200 acquisitions, in which the alternating

time period between the motor cortex stimulation and
resting state was 0.5, 1, 2.5, 5, 10, 20 min, 1 and 24 hr,
respectively (see Fig. 1). For conditions with alternating
periods longer than 5 min, two 5-min scans of resting state
and activation with corresponding intervals in between
were concatenated. The first-day scanning session con-
sisted of four 10-min scans of 0.5, 1, 2.5, and 5 min
OFF/ON finger tapping preceded by a 5-min scan of base-
line, which made up the 1-hr (approximate) period condi-
tion concatenated with the last 5-min scan of finger tap-
ping. The second-day scanning session consisted of a
5-min baseline and two 10-min scans of 5-min OFF/ON
finger tapping. The first and second 5-min scans of finger
tapping made up the 10- and 20-min period conditions
concatenated with the baseline scan, respectively. Simi-
larly, the first 5-min scan of finger tapping made up the
24-hr (approximate) period condition concatenated with
the 5-min baseline scan acquired on the first day. A 30-s
two-point T1 measurement sequence was carried out after
each scan for CBF quantification.

Since a gradient-echo EPI sequence was used for image
acquisition in the PASL approach, concurrent ASL and
BOLD contrast images could be obtained (15). However,
these BOLD contrast data may not be optimal because of
the relatively short TE and long TR used, and the reduced
raw image intensity that resulted from the inversion recov-
ery acquisitions. Therefore, a gradient-echo EPI sequence
with the same FOV and matrix size as the PASL sequence
was used for optimized BOLD imaging in a separate set of
experiments. Acquisition parameters were: TR/TE �
2000/28 ms (16), bandwidth � 62.5 kHz, and slice thick-
ness � 5 mm without gap. A flip angle of 90° was used to
replicate the RF uniformity of the ASL data. This would
cause a �3% reduction in raw signal intensity compared
to that acquired using the Ernst angle of 75°, assuming a
gray matter T1 of 1.4 s at 4.0T. Twenty-one slices were
acquired from inferior to superior in an interleaved order.
Six experimental conditions were tested on another six
subjects (five males and one female, 22–40 years old, mean
28.0 years) within one scanning session. Each of the ex-
perimental conditions consisted of an 8-min scan of
240 acquisitions in which the alternating time period be-
tween the motor cortex stimulation and resting state was
0.5, 1, 2, 4, 8 min, and 1 hr, respectively. The scanning
session consisted of a 4-min baseline scan followed by four
8-min scans using the paradigms of 0.5, 1, 2, and 4 min of

FIG. 1. Skeletal diagram depicting the experi-
mental designs for perfusion fMRI. While the
designs of the four conditions with alternating
periods of �5 min are relatively straightforward,
those of the other four conditions with alternat-
ing periods of �5 min require concatenation of
separate scans of rest and activation, with cor-
responding intervals in between.
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OFF/ON finger tapping, respectively, and another 8-min
baseline scan at the end. The 8-min and 1-hr (approximate)
period conditions were formed by concatenating the last
4-min finger-tapping scan with the last and first 4-min
baseline scans, respectively. To enable all the experimen-
tal conditions to be compared within one scanning ses-
sion, a scan time of 8 min was used, which would cause an
approximately 10% reduction in functional sensitivity as
compared to a scan time of 10 min used in perfusion fMRI
experiments. During all the above experiments, a 3D in-
version-prepared spoiled GRASS sequence was used for
T1-weighted anatomical images.

Data Processing

Data were reconstructed offline and realigned to the first
image for each experimental condition, followed by spatial
smoothing using a 3D 8-mm FWHM Gaussian kernel. For
perfusion, the series of label images were shifted in time
by one TR using linear interpolation (average of the two
adjacent label images). Perfusion and BOLD contrast im-
ages were generated by pairwise subtraction and summa-
tion between the time-matched label and control images,
respectively (15). CBF, f, can be calculated by (14)

f �
��M

2�M0TI1exp(� TI2/T1a)
[1]

where �M is the difference image between label and con-
trol acquisitions, M0 is the equilibrium brain tissue mag-
netization, � is the blood/tissue water partition coefficient,
T1a is the longitudinal relaxation time of blood, � is the
inversion efficiency, and TI1 and TI2 are the tagging bolus
duration and image acquisition time, respectively. Conver-
sion to CBF values used assumed values of � � 0.9ml/g,
� � 0.98, T1a � 1.6s, and the M0 image acquired with the
T1 measurement sequence. For concatenated experimental
conditions, this procedure was performed separately for
the resting-state and activation scans. To minimize the
motion artifact between the M0 and functional images, the
M0 images were also realigned to the precedent functional
scan by applying the transformation matrix of the last
image of that scan.

Three data sets of image series were analyzed using the
VoxBo software package (http://www.voxbo.org), i.e., the
simultaneously measured CBF and BOLD data acquired
using the PASL sequence (100 images per condition) and
the optimized BOLD data acquired using the gradient-echo
EPI sequence (240 images per condition). Voxel-wise anal-
ysis of the functional data was carried out to identify
voxels with a significant response to the motor cortex
stimulation for each experimental condition in each sub-
ject. This analysis employed the modified general linear
model (17) and used an appropriate single covariate func-
tion of resting state and activation associated with each
experimental condition. t-Tests were performed to evalu-
ate the significance of the variance in the data explained by
the model. To account for the temporal autocorrelation of
the BOLD data, a 1/frequency (1/f) function was fit to the
(square root of the) average BOLD power spectrum from
each experimental condition for each subject, ignoring
those frequencies at which power attributable to task

might be expected. The time-domain representation of the
1/f curve was placed within the K matrix (the convolution
matrix representing all assumed temporal autocorrelation)
(5,17) along with a “notch” filter designed to remove the
low-frequency confounds and high-frequency noise at the
Nyquist frequency, and a low-pass kernel representing the
standard hemodynamic function. This procedure was car-
ried out independently for each experimental condition,
and the notch filtering was not necessary for conditions
with only one cycle of baseline and activation. For exper-
imental conditions with concatenated scans, the BOLD
data were normalized (scaled) by the global mean signal
from each scan to account for the difference in scanner
condition.

CBF data were found not to have any substantial tem-
poral autocorrelation in the power spectrum (12). There-
fore, the analysis of these data was able to assume inde-
pendence of the errors, and did not require modeling of
intrinsic temporal autocorrelation, notch filtering, or tem-
poral smoothing. Individual activation maps including the
t- and 	-values were Talairach-normalized through manu-
ally defined landmarks. The random-effects group t-maps
were generated by applying the unpaired t-test for the
normalized 	-values of all the subjects at each voxel for
each condition. The region of interest (ROI) of somatosen-
sory motor cortex related to hand movement was defined
upon the mean normalized anatomical images based on
the “precentral knob” landmark structure (18), and was
consistent across all of the subjects. The functional signal-
to-noise ratio (SNR) was then measured as the mean t-
value within ROI divided by the standard deviation (SD) of
the whole-brain t-values for each experimental condition
from both normalized individual and group t-maps. No
mask, cluster, or threshold was applied on the individual
or group t-maps for the comparison of the relative sensi-
tivities of the ASL and BOLD contrast. An arbitrary thresh-
old of t � 3.5 (P � 0.008, uncorrected) was set on the group
t-maps for display purpose.

For statistical analysis the experimental conditions were
divided into two categories of high (alternating period �
4 min) and low (alternating period � 4 min) task frequency
(see Results). The individual functional SNR values of the
conditions within the definition range of these two cate-
gories were averaged, followed by comparison between the
simultaneously measured perfusion and BOLD data using
a paired t-test, and comparison between the simulta-
neously measured perfusion or BOLD data and the opti-
mized BOLD data using an unpaired t-test.

RESULTS

Figure 2 displays the group t-maps of the perfusion and
BOLD activation induced by bilateral finger tapping ac-
quired using the PASL and EPI sequences, respectively.
The perfusion data shows robust and consistent activation
in the bilateral somatosensory motor cortex in all of the
conditions, even when the resting state and activation
were separated by one day. Supplementary motor cortex
activation was also observed in most of the conditions. By
contrast, the BOLD group t-maps acquired concurrently
using PASL, or separately using EPI, show little activation
when the alternating period was longer than 1 or 2 min,
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respectively. Not suprisingly (given that more images were
acquired and more optimal parameters were used), the
optimized BOLD data showed improved sensitivity com-
pared to the simultaneously measured BOLD data.

The functional SNRs based on the individual/group per-
fusion and BOLD data for each experimental condition are
plotted in Fig. 3. As displayed by the average within-
subject functional SNR (Fig. 3a), the optimized BOLD data
show improved sensitivity compared to the perfusion data
for conditions with relatively short alternating periods
(P � 0.024, see Table 1). However, the BOLD method has
progressively less power to detect ever slower variations in
brain activity, while ASL contrast shows persistent sensi-
tivity throughout all tested frequencies of experimental
design (P � 0.032 and 0.029 for simultaneously measured
BOLD and optimized BOLD data, respectively). The cross-
point of task frequency when ASL contrast becomes supe-
rior to optimized BOLD contrast is around 0.002 Hz, cor-
responding to an alternating period of about 4 min. The
functional SNR measured on the group t-maps of the per-
fusion and BOLD data (Fig. 3b) shows that the across-

subject t-values of the perfusion data are slightly greater
than those of the optimized BOLD data using short alter-
nating periods, and are almost two times greater than those
of the BOLD data with low task frequencies. This observa-
tion adds support to the previous finding of lower inter-
subject variability in ASL contrast compared to BOLD
contrast (12). In addition, the functional SNR of the BOLD
data measured simultaneously using the PASL sequence is
significantly reduced compared to the optimized BOLD
data for conditions with relatively short alternating peri-
ods (P � 0.019), which suggests that the parameters were
indeed suboptimal for detecting functional activation.

In the above analysis, the SD of the whole-brain t-values
was taken as the index of the noise level that could lead to
potential errors due to the inclusion of the activated vox-
els. The SD of noise was also derived from ROIs that
consisted of prefrontal and temporal lobes that have no
documented relationship with sensorimotor function, and
very similar results were obtained with increased intersub-
ject variance. The mean quantitative CBF values averaged
across six subjects for each condition are displayed in Fig.

FIG. 2. Talairach-normalized group t-maps (N � 6) of the perfusion and BOLD activation induced by bilateral finger tapping acquired using
the PASL and EPI sequences for each of experimental conditions, showing four axial slices through the motor cortex. A color scale of
t-values (7 � t � 3.5, 0.0005 � P � 0.008 uncorrected) is overlaid upon normalized anatomical images of a single subject.
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4, which shows highly reproducible CBF values over var-
ious intervals between task and resting state. The mean
CBF values averaged across eight conditions were 52.8 

1.2 (mean 
 SD) and 66.4 
 1.1 ml/100 g/min during rest
and activation, respectively, with a mean signal change of
25.9% 
 4.3% in the predefined hand motor ROI. The
relatively low fractional signal change reflects the fact that
it is averaged within the ROI rather than across signifi-
cantly activated voxels. Nevertheless, the very small vari-

ance of the CBF values across conditions reflects the sta-
bility of ASL perfusion fMRI.

DISCUSSION

The present study provides experimental confirmation
that ASL perfusion fMRI can reliably detect sensorimotor
task activation at frequencies well below the range at
which BOLD fMRI loses sensitivity due to drift effects.
According to the theoretical calculation by Aguirre et al.
(12), the relative sensitivity of perfusion contrast will be-
come greater than that of BOLD contrast when the task
frequency is lower than 0.006 Hz (an approximately 90-s
period). The present results are in good agreement with the
theoretical prediction (which was derived from a visual
stimulation paradigm with a 31-s alternating period at
1.5T), except that the cross-point between the relative
sensitivities of the perfusion and optimized BOLD contrast
is at the task frequency of 0.002 Hz (an approximately
4-min period). The reduction in BOLD sensitivity at low
task frequency can be understood as a consequence of two
effects. First, appropriate statistical modeling of the in-
creased noise present at low temporal frequencies in
BOLD data reduces sensitivity for slow changes in neural
activity. Second, voxel-to-voxel variability in the degree of

FIG. 3. Functional SNRs based on the individual/group perfusion
and BOLD data for each experimental condition, displaying (a) the
average within-subject functional SNR and (b) the functional SNR
measured on the group t-maps.

Table 1
Values of Functional SNR Associated With High and Low Task Frequency Categories

High task frequency
(alternating period � 4 min)

Low task frequency
(alternating period � 4 min)

Individual Perfusion 1.38 
 0.52 1.37 
 0.49
(0.032 P vs. B)

BOLD 0.77 
 0.96
(0.019 B vs. OB)

0.18 
 0.97

Optimized
BOLD

1.91 
 0.59
(0.024 OB vs. P)

0.77 
 0.42
(0.029 OB vs. P)

Group Perfusion 2.29 1.94
BOLD 0.41 0.33
Optimized
BOLD

1.97 1.07

Statistical significance (P value) is listed in the parenthesis followed by abbreviation representing the pair of data being compared.
P, Perfusion; B, BOLD; OB, Optimized BOLD).

FIG. 4. The mean quantitative CBF values measured from the pre-
defined hand motor ROIs, averaged across six subjects for each of
the eight experimental conditions.
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low-frequency noise decreases the accuracy of noise mod-
eling and causes inflated false-positive rate (6), thereby
increasing intersubject variability and decreasing the
power of group studies. Analysis of our BOLD data indi-
cates that the two effects both contribute to the reduced
power of BOLD contrast in visualizing slow variation in
brain function, which supports previous findings that
BOLD data has substantial temporal autocorrelation (5–7).

The long-term stability of the ASL perfusion technique
and its sensitivity to slow variations in brain function can
be understood in several ways. To a first approximation,
pairwise subtraction of adjacent points results in the first
derivative of a time series f(t), and the Fourier transform of
the first derivative is i� F(�) (where F(�) is the Fourier
transform of f(t)). If the power spectrum of the intrinsic
data is 1/�, the magnitude of the Fourier transform of its
derivative will be one, and the removal of low-frequency
drift is expected. Second, fractional signal change of task
activation is typically in the range of 0.5–5% in the BOLD
signal, while it is on the order of 50% in the ASL signal. A
change by a few percent in raw image intensity that
evolves over a period of several minutes due to subject
motion and scanner instability can overwhelm the real
activation in BOLD signal. However, because the differ-
ence perfusion signal (tag-control) scales with the raw
image intensity, such effects will at most cause a few-
percent change in the ASL signal, and have little effect on
the large percentage signal change with activation (11).
Finally, the approach employed in the present study uses
M0 as a calibration factor for CBF quantification, which
further reduces the effect of variations in raw image inten-
sity between different scanning sessions. In the current
experiment, a steady CBF baseline and robust motor cortex
activation were observed despite the relatively large dis-
placement and signal difference between the raw images
acquired 24 hr apart (sometimes even after motion correc-
tion).

Figure 3 demonstrates the general trend of stable func-
tional sensitivity of perfusion contrast as opposed to de-
creasing sensitivity of BOLD contrast with ever lower task
frequency. A detailed inspection of these data reveals fluc-
tuations, especially in the functional SNR curves of the
simultaneously measured BOLD data that display negative
excursion. Based on analysis of variance (ANOVA) results,
the variation in the perfusion data is most likely due to
noise, since the effect of task frequency is not statistically
significant, whereas the effect of task frequency is signifi-
cant (P � 0.05) in both the optimized and simultaneously
measured BOLD data. Further experiments will be needed
to determine whether the apparent oscillations in the
BOLD data as a function of task frequency reflects partic-
ular temporal characteristics of the BOLD fMRI signal vs.
noise. Previous studies have used BOLD contrast to char-
acterize brain responses to prolonged sensorimotor stim-
uli, with durations of up to about 20 min (19–21), although
the brain regions from which the time courses were de-
rived were actually either determined by a separate scan
using relative high task frequency (19,21) or constrained
by anatomical information (20). It is also possible to im-
prove the sensitivity of BOLD contrast at low task fre-
quency by normalizing the BOLD signal using a global
signal or an external reference—an idea borrowed from

positron emission tomography studies. In the present
study, scaling by the global signal from each separate scan
did not show improved functional sensitivity at low task
frequencies, probably because temporal autocorrelations
in the data may vary spatially. Other possible methods to
improve the functional sensitivity in BOLD fMRI at low
task frequencies include baseline detrending and absolute
measuring of T*2.

The present study also provides additional confirmation
that ASL perfusion fMRI has less intersubject variability
compared to BOLD fMRI, even though the sensitivity for
detecting task activation remains markedly lower in indi-
vidual subjects (12). The reason for this is not yet well
understood. Most likely, the reduced intersubject variabil-
ity reflects the direct measurement of a single physiologi-
cal parameter (perfusion) with ASL. In contrast, the BOLD
signal is not only affected by physiological parameters of
CBF, blood volume, and oxygenation consumption (22–
24), but is also susceptible to biophysical effects, including
small changes in scanner condition (8). These complex
endogenous and exogenous effects may add extra noise to
the intrinsic variance of the CBF, leading to increased
intersubject variability in the BOLD signal. Another pos-
sible explanation may lie in the observation that the mag-
netically labeled blood water is uniformly diffused at the
tissue and capillary sites (25,26) and provides more accu-
rate localization than BOLD activation, which depends on
tortuous venous vasculature (27). When individual activa-
tion maps are normalized and grouped together, the BOLD
activation sites may spread around the corresponding an-
atomical structure, thereby reducing the peak magnitude
seen in the group results. These tentative explanations
await experimental verification.

In conclusion, the temporal characteristic of ASL perfu-
sion contrast makes it suitable for longitudinal studies and
for imaging CBF both at rest and in response to task acti-
vation. This important feature of ASL contrast, along with
other advantages such as superior power in group analysis,
potential for susceptibility-free imaging, and more specific
spatial localization, renders ASL perfusion MRI an appeal-
ing tool for functional neuroimaging applications.
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