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By comparing hemodynamic signals acquired immediately before and during activation, functional
magnetic resonance imaging (fMRI) is well suited for mapping acute changes in brain function.
However, it remains unclear whether fMRI can map functional changes over longer periods. Here, we
address this issue by empirically testing the feasibility of arterial spin labeling (ASL) fMRI to detect
changes in cerebral blood flow (CBF) with baseline and task separated by 1 month. To increase the
sensitivity of the method, we applied an algorithm that yielded flow density (CBFd) images that were
independent of tissue content. To increase the accuracy, we developed a technique that generated
arterial transit time at each voxel, independently. Results showed that activation changes in CBFd
during the same session were statistically the same as across 30 days. The activation CBFd
on day-30 was 34% (motor) and 25% (visual) higher than the respective baselines of 83 and 107 mL/
100 g/min obtained on day-1. Furthermore, the signal-to-noise ratio of the CBFd measurement
was 2.1 and 2.9 times higher than that of the conventional CBF for within-subject and across-
subjects comparisons, respectively (n = 9 healthy young subjects). Taken together, these results
indicate that CBFd measure could be better suited than net CBF to map long-term changes in
brain function.
Journal of Cerebral Blood Flow & Metabolism (2010) 30, 1721–1733; doi:10.1038/jcbfm.2010.89; published online
21 July 2010

Keywords: ASL; arterial transit time; baseline drift; CBF; fMRI; 1/f noise; PVE

Introduction

Functional magnetic resonance imaging (fMRI) has
emerged as an important tool for mapping the brain’s
response to external stimuli, disease, and various
behavioral and pharmacological interventions. Cur-
rently, the pervading technique is blood oxygenation
level-dependent (BOLD) fMRI, whose contrast relies
on local changes in magnetic field that are induced
by the brain’s hemodynamic response to a local
change in neuronal activity (Ogawa et al, 1993).
Consequently, the BOLD signal reflects a complex
interaction of several physiological parameters and is
generally expressed as a unitless relative measure.

Because of baseline drift effects, BOLD fMRI is
unsuitable for detecting slow-varying changes in
brain function (Aguirre et al, 2002; Wang et al,
2003; Zarahn et al, 1997) such as those due to
chronic and gradually progressive disorders, and for
mapping interventions the purported effect of which
emerges over a longtime (e.g., physical exercise,
Pereira et al, 2007). The power spectrum of the BOLD
signal shows higher amplitudes at low frequencies
due to what has been described as the 1/f noise
(Zarahn et al, 1997). This temporal autocorrelation
makes BOLD fMRI unfeasible for experimental
designs with fundamental frequency below 0.01 Hz;
that is, for task events more than B90 seconds apart
(Zarahn et al, 1997).

More recently, perfusion-based techniques such
as arterial spin labeling (ASL) fMRI have been
developed to map brain function during rest and
activation. ASL measures cerebral blood flow (CBF)
directly by working on an entirely different principle
from BOLD. In ASL, the proton spins of the arterial
blood water are ‘labeled’ before they perfuse into the
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tissue (Williams et al, 1992). Depending on the method
used for labeling, ASL techniques are commonly
classified as continuous ASL (CASL), pulsed ASL,
or velocity-selective ASL. Herein, we present results
from CASL. However, the methodology and conclu-
sions should be applicable to other ASL techniques.

In CASL, the ‘labeled’ image is acquired after the
inversion of the arterial water spins by an adiabatic
sequence consisting of a relatively long off-resonance
radiofrequency pulse and a constant gradient in the
direction of the flow (Williams et al, 1992). A ‘control’
image is also acquired after the same sequence but
with a sine-modulated radiofrequency pulse to ideally
produce no net magnetic inversion of the spins
(Alsop and Detre, 1998). A CBF image is computed
by subtracting the labeled from the control image and
then applying a set of measured or assumed physio-
logical and MRI parameters to obtain voxelwise flow
values in absolute units (e.g., mL/100 g/min).

Because the ASL signal originates from the differ-
ence between two images, it is spared the baseline
drift effects present in BOLD — that is, the noise
power spectra of the ASL signal is approximately
flat across the entire sampling frequency range.
Consequently, in contrast to BOLD, ASL can, at least
theoretically, be used to map slow-varying changes
in brain function without a time restriction in the
spacing of the events.

Another advantage of ASL versus BOLD is that the
ASL signal is expressed in physiologically mean-
ingful units and provides a direct measure of a
physiological correlate of brain activation, namely,
CBF. Thus, ASL fMRI allows for direct comparison of
both baseline and activation CBF across subjects,
scan sessions, and other imaging modalities that
measure CBF such as 15O PET (Golay et al, 2004).

The primary aim of this study was to empirically
investigate the feasibility of ASL fMRI for detecting
absolute changes in CBF due to motor–visual activa-
tion with baseline and task images acquired
1-month apart (corresponding to a task frequency of
B3.7� 10�7 Hz).

Toward this goal, we began by improving the
sensitivity and accuracy of the ASL measurement.
First, we applied a recently developed algorithm that
corrects for partial volume effects (PVEc) in ASL
imaging (Asllani et al, 2008a). An advantage of PVEc
ASL is its ability to yield tissue-specific ‘flow density’
(CBFd) images that are independent of voxels’ tissue
content (Asllani et al, 2008a). That is, for each voxel
and a given tissue, CBFd is the amount of flow the
voxel would have if it were comprised entirely of
that tissue (Asllani et al, 2008a). We hypothesized
that because CBFd is less affected by spatial and
inter-subject variability in tissue content, it would be
more sensitive for detecting changes in CBF than the
conventional ASL method (Asllani et al, 2009b).

Second, to increase the accuracy of the quantifica-
tion of CBF, we combined the PVEc method with
a multiple labeling duration acquisition to obtain
whole-brain voxelwise arterial transit time (ATT)

images in standard space. At each voxel, ATT
represents the time it takes the labeled water to cross
the arterial distance from the labeling plane (com-
monly positioned in the carotids) to the vasculature
system within that voxel (Alsop and Detre, 1996).
Arterial transit time can be estimated via a para-
metric fit of the curves representing the fractional
ASL signal versus time (Alsop and Detre, 1996;
Asllani et al, 2008b; Parkes and Tofts, 2002; Wong et
al, 1997; Ye et al, 1997). However, because this step
requires relatively long scanning times, ATT is not
routinely measured in ASL imaging. Instead, when
computing the CBF, ATT values are generally
assumed to be either homogeneous throughout the
brain or uniformly distributed within an acquisition
slice and varying linearly with the ascending slice
positions (Asllani et al, 2008a; Asllani et al, 2008b;
Hermes et al, 2007; Parkes et al, 2004; Rashid et al,
2004). In a study by Wong et al (1997), voxelwise
fitting of ATT data was obtained but restricted
only to voxels with high gray matter (GM) content,
which, however, was not specified. More recently,
Hendrikse et al (2008) obtained voxelwise maps of
ATT that revealed regional heterogeneity of blood
arrival times even within a slice. However, the ATT
maps represented only partial coverage of the brain
and no correction was performed for the mixing of
the signals because of PVE. Here, by combining PVEc
algorithm with a more efficient acquisition method,
we estimated ATT for each tissue and at each voxel,
independently.

The work presented herein shows the unique
versatility of the ASL perfusion fMRI for detecting
changes in CBF with very low task frequency, and
offers important insights on the accuracy, reprodu-
cibility and sensitivity of the CBF and the ATT
measurements with ASL.

Materials and methods

Subjects

ATT experiment: Arterial transit time images were
obtained on seven healthy young subjects (age = 26±6
years, 4 men) as described below. Five of these subjects
(age = 23.6±5 years, 2 men) were also part of the functional
activation study.

Activation experiment: Arterial spin labeling CBF images
were obtained from a group of healthy young subjects
(n = 9, age = 24±4 years, 4 men) on two separate imaging
sessions, 1-month apart, referred to as D1 and D30. In four
of the subjects, the activation paradigm was repeated twice,
for two different values of the postlabeling delay (PLD), as
described below.

There was no significant age difference between the
subjects who participated in the ATT experiment and
the activation experiment (P = 0.42, a= 0.05).

All subjects were instructed to keep similar daily and
sleeping routines throughout the study and were asked to
avoid food for 2 hours, caffeine for 8 hours, and alcohol for
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48 hours before each scanning session. Written informed
consent was obtained from all participants according to
Columbia University’s Institutional Review Board guidelines.

Image Acquisition

All imaging was performed on a 3T scanner (Philips
Achieva, Best, Netherlands) using a transmit–receive head
coil provided by the manufacturer. To obtain tissue content
information, a high-resolution magnetization prepared
rapid gradient echo (MPRAGE) was acquired on each
subject with the following parameters: repetition time/
echo time = 6.7/3.1 ms, inversion time = 0.8 s, flip angle = 81,
spatial resolution = 0.9� 0.9� 0.9 mm3, 180 image slices.

ATT measurement: For each subject, CASL baseline
images were acquired at 13 different labeling durations
(LD), ranging 100 to 1000 ms, step of 100 ms, and 1000 to
1600 ms, step of 200 ms.

For each LD value, 15 ASL control/label pairs were
acquired with: field of view = 240� 210 mm2, in plane
resolution = 3.75� 3.75 mm2, slice thickness/gap = 8.0 mm/
1.2 mm, PLD for the 1st acquired slice, henceforth referred
to as PLDmin, was 50 ms, number of slices = 15, slice
acquisition time = 72 ms.

To avoid saturation effects, slices were acquired in an
interleaved (step of 2) descending order (superior to
inferior) in three separate slice-packages; the repetition
time/echo time per package was 3600/29 ms.

Activation experiment: Both D1 and D30 sessions con-
sisted of 5 OFF-ON blocks, 2 minutes each (that is, 13 ASL
CBF images per condition). OFF denotes the baseline
acquisition, during which the subject fixated on a small
white cross presented at the center of the subject’s field of
view, whereas ON represents activation, during which
subjects performed simultaneous motor and visual tasks.
The visual stimulus consisted of an 8 Hz reversing black/
white checkerboard generated with E-prime (Psychology
Software Tools, Sharpsburg, PA, USA) and was presented
using MRI-compatible video goggles (VisuaStim Digital, Reso-
nance Technology, Los Angeles, CA, USA). The motor task
consisted of self-paced right-hand sequential button pressing
(Current Designs fORP button box, Philadelphia, PA, USA).
The visual stimulus provided the cue for the motor task.

The CASL CBF acquisition was similar to that of
ATT measurement with the exception of the following
parameters: repetition time = 4300 ms, LD = 1920 ms,
PLDmin = 500 ms, 13 slices in ascending acquisition order,
1 package. To check for the effect of PLD on CBF
quantification, the activation experiment was repeated on
four subjects using PLDmin = 1000 ms.

Image Processing

CASL EPI images were motion corrected separately for
each imaging session (D1, D30, and ATT measurement)
using statistical parametric mapping (SPM5) (Friston
et al, 1996). Each subject’s MPRAGE was segmented
(Ashburner and Friston, 2005) to obtain voxelwise GM,

white matter (WM), and cerebrospinal fluid (CSF) content
images as posterior probability maps, PGM, PWM, and PCSF,
respectively (Asllani et al, 2008a).

Voxelwise ATT measurement: The following proce-
ssing steps were performed to obtain the ATT images:
(1) For each LD value, GM ASL fractional signal images
(computed as percent change between control and label
images, were obtained using the PVEc algorithm as
detailed in Asllani et al (2008a). A regression kernel
size = 5� 5� 1 voxels was applied. It is important to
emphasize that for each voxel, the GM fractional signal
represents the ASL signal per unit GM volume and is,
therefore, theoretically independent of the voxel’s GM
content (Asllani et al, 2008a; Asllani et al, 2009b).

(2) A voxelwise parametric fitting of the fractional signal
versus LD was performed using the Levenberg–Marquardt
least squares algorithm. The CBFd values were constrained
to vary within the (107±40) mL/100 g/min range, repre-
senting mean±2 s.d. of the estimated CBFd for this
population (Asllani et al. 2009b). The remaining para-
meters, such as arterial and tissue T1, were set to the values
listed in the ‘CBF computation’ section below. The one-
compartment theoretical model was assumed for the fit
(Golay et al, 2004).

(3) For each subject, the voxelwise ATT values
obtained from the parametric fit in step (2) were used to
construct the ATT image that was then normalized to the
MNI space for subsequent group analysis. The normal-
ization was performed using the SPM5 unified segmenta-
tion and normalization algorithm (Ashburner and
Friston, 2005).

Activation experiment: ASL images were analyzed using a
slightly modified version of the PVEc algorithm reported in
Asllani et al (2008a). To avoid the oversmoothing of the
data at the border of the activated and nonactivated
regions, the shape of the linear regression kernel was
modified as follows: if a given voxel was hypothesized
as activated, then only the other hypothesized activated
voxels in its neighborhood would contribute to its linear
regression kernel. Conversely, if a given voxel was hypo-
thesized as non-activated, its activated neighbors were
excluded from its regression kernel (Asllani et al, 2009a). A
voxel was hypothesized as activated if its DCBFd = 15 mL/
100 g/min, representing 1 s.d. from the average baseline
CBF. It is crucial to emphasize that hypothesizing a
voxel as ‘activated’ will not in itself cause it to appear
activated post-analysis; these steps only modifie the
regression kernel to minimize its smoothing effect (Asllani
et al, 2009a).

CBF computation: GM and WM CBFd images were
obtained as detailed in the study by Asllani et al (2008a).
Postlabeling delay was adjusted to account for
the inter-slice acquisition time, PLD = ((acquisition slice
#�1)� 72 + PLDmin) ms. To check for the effect of PLD on
CBF quantification, CBF images were also acquired with
PLDmin = 1000 ms as described above.

Gray matter ATT at each voxel was assigned based on the
group average GM ATT computed across the seven subjects
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who participated in the multi-LD experiment. Tissue transit
time (TTT) was modeled to vary linearly with ATT with an
additional exchange time assumed to be 500 and 700 ms for
GM and WM, respectively (Asllani et al, 2008a).

Other parameters used for CBF quantification were:
arterial spin-lattice and spin-spin relaxation times,
T1a = 1740 ms (Greenman et al, 2003; Stanisz et al, 2005)
and T2a = 275 ms (Stanisz et al, 2005), respectively; blood/
tissue water partition coefficient, l= 0.98 and 0.82 mL/g for
GM and WM, respectively (Herscovitch and Raichle, 1985);
tissue T1 in the absence of RF, T1ns = 1540 and 1009 ms for
GM and WM, respectively (Bandettini, 2001; Ethofer et al,
2003; Stanisz et al, 2005; Wansapura et al, 1999); T1 in the
presence of RF, T1s = 1078 and 706 ms for GM and WM,
respectively (Wang et al, 2002); tissue T2 = 110 and 80 ms
for GM and WM, respectively (Bandettini, 2001; Gelman et
al, 1999; Stanisz et al, 2005). Labeling efficiency for 3T was
assumed = 0.7 (Wang et al, 2005).

At each voxel, PVE-corrected net CBF images were
computed as: CBFnet = ((PGM �CBFdGM) + (PWM �CBFdWM)),
where PGM and PWM represent the fractional tissue content
of GM and WM in a given voxel, respectively (Asllani et al,
2008a).

To compare signal-to-noise ratios (SNR) across
methods, ASL CBF images were also computed using the
conventional, PVE-uncorrected, method (Asllani et al,
2008a).

Data Analysis

Computation of SNR for the voxelwise ATT measure-
ment: To evaluate inter-subject variability in regional ATT,
average (m) and s.d. (s) GM ATT were computed at each
voxel across the seven participants of the multi-LD
experiment. This process yielded a m and a s image for
the entire group.

The primary motor and visual cortices were identified
using Pickatlas (Maldjian et al, 2003; Maldjian
et al, 2004), and were based on a composite of Brodmann
areas 1, 2, 3, 4 for the motor regions of interest (ROI), and
17, 18, 19 for the visual ROI. To include any anatomical
variability across subjects in these ROIs, they were dilated
by five voxels (motor) and three voxels (visual).

Assessment of the effect of ATT on CBF quantification:
The ATT measurement of this study incorporated two
novel aspects: (1) It used the PVEc algorithm for separating
the WM ATT from the GM ATT. (2) It fitted the data for
each voxel independently, thus making no assumptions
about the voxel’s position.

To show the advantage of this method, GM CBFd images
yielded based on it were compared with those acquired
based on: (1) ATT maps obtained from fitting of the
conventional, PVE-uncorrected data, and (2) slice-wise
fitting of the average fractional signal from voxels with
high GM tissue content (PGM > 0.7) (Asllani et al, 2008b;
Hirohiko et al, 2004; Parkes and Tofts, 2002). This step
assumes ATT to be homogenously distributed within a
slice with an initial value given to the first slice, which is
then linearly incremented with superior slices. Here, this
step was modeled as: ATTn = ATT1 + 112 (n–1) ms, where:

n = slice number, ATT1 = ATT of the first slice = 200 ms
(Parkes and Tofts, 2002), and 112 ms = the ATT increment
per slice computed as the average of findings of Parkes and
Tofts (2002) and Asllani et al (2008b).

Functional activation experiment: Data were analyzed
using both voxelwise and ROI wise approaches.

Voxelwise analysis: First level, subject-wise SPM analysis
was performed using GM CBFd images for four
different contrasts: (D1ON�D1OFF), (D30ON�D30OFF),
(D1ON�D30OFF), (D30ON�D1OFF). It is to noted that the
first and the second contrasts compare activation and
baseline images acquired within the same scanning
session, which we refer to as ‘within session’ comparison,
whereas the third and fourth contrasts compare activation
and baseline images acquired 1-month apart, and is thus
referred to as over-1-month comparison.

As a check for the test-retest reliability of the ASL signal,
baseline contrasts (D1OFF�D30OFF and D30OFF�D1OFF)
were also compared.

ROI analysis: At the subject level, the activation ROIs were
defined as the collection of voxels that survived the statistical
threshold (T = 2.6, Puncorrected < 0.005) for subject’s first level
analysis. Group activation ROIs were obtained by conjoining
all the voxels that survived the statistical threshold from
each subject. A paired t-test (auncorrected = 0.05) analysis was
run to determine if the difference in D1 and D30 baseline
CBFd and the difference in D1 and D30 DCBFd were
statistically significant.

Comparison of PVEc with the conventional ASL
method: To show the advantage of the PVEc method over
the conventional ASL, we compared the SNR of three
measurements: net CBF obtained with the conventional,
PVE-uncorrected, method; net CBF obtained using PVEc;
and GM CBFd, which is a novel parameter yielded by the
PVEc method. Signal-to-noise ratio was defined as the
inverse of coefficient of variation, which is denoted as
(s/m)inter-subject and (s/m)intra-subject for across-subjects and
within-subject computations, respectively.

Effect of PLD on activation measurement: To investigate
the effect of the relatively short PLDmin=500ms on the
quantification of both baseline and activation GM CBFd, on
four subjects, the activation paradigm was repeated for
PLDmin=1000ms. In all cases, the PLDmin= 1000 ms acqui-
sition followed the PLDmin =500ms. A paired t-test was used
to compare the D30 baseline CBFd measured using
PLDmin=500ms and PLDmin =1000ms acquisitions.

Results

Quantification of CBF and Regional Heterogeneity of ATT

Blood arrival times were shortest (200 to 300 ms) in
the circle of Willis and the deep middle cerebral
artery (MCA) and anterior cerebral artery (ACA)
territories (Figure 1, second row). Subject-wise
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average ATT in the motor and visual ROIs were
1037±108 and 875±88 ms, respectively. Impor-
tantly, there was substantial within-slice heteroge-
neity (Figure 1, second row) with longer ATT values
(800 to 1500 ms) found in the cerebellum, occipital
lobe, and watershed regions. The inter-subject s.d.
throughout most of the brain was < 200 ms with focal
specks of higher s.d. found mostly in the brain
edges and regions with high CSF content (Figure 1,
third row).

To give a qualitative sense of flow images, net
CBF and GM CBFd images from a randomly
selected subject are shown in Figure 1, fourth and
fifth rows, respectively. Note that while the net
CBF images contain tissue contrast, the signal
intensity of the CBFd images is uniformly distrib-
uted as it mainly reflects the tissue-independent
flow density values.

Owing to scanning time restrictions, ATT images
are not routinely acquired in ASL studies. Instead,
ATT is modeled based on two main assumptions:
(1) within-slice homogeneity, and (2) linear increase
with superior slices (Asllani et al, 2008a; Asllani
et al, 2008b; Kimura et al, 2004; Parkes et al, 2004).
The effects of these assumptions on quantification
of CBF are shown in Figure 2A, in which CBFd
images obtained based on modeled ATT were
compared with those experimentally acquired at
each voxel, independently. On average, the largest
effect was observed in the occipital lobe, thalamus,
cerebellum, and the deep ACA and MCA territories
(Figure 2A).

The advantage of the PVEc method versus
the conventional ASL method is shown in Figure
2B. As expected, the largest discrepancy was

Figure 1 Arterial transit time (ATT) measurement and cerebral blood flow (CBF) quantification. Subject-wise mean (m) GM ATT
(second row) and s.d. (s) of ATT (third row). For anatomical reference, the group-averaged GM posterior probability maps are shown
in the first row. Fourth and fifth rows show net CBF and CBFd images from a randomly selected subject. Slices correspond to the MNI
z-coordinates (�42 to 68) mm, with a 10 mm increment. Only voxels with PGM > 1.5% are shown.

Figure 2 Advantage of the new method for estimation of arterial
transit time (ATT). (A) The difference images between the GM CBFd
obtained experimentally from the partial volume effect-corrected
(PVEc) method developed here (by voxewise fitting of the multiple
labeling duration (LD) data) and the GM CBFd based on the modeled
ATT (by linearly incrementing it with each slice and assuming it to be
homogenous within the slice). Note the effects in occipital lobe,
cerebellum, thalamus, and the vascular territories. (B) The difference
images of GM CBFd computed with ATT based on the PVEc method
and ATT based on conventional ASL method. Note that the largest
effect is in the areas with high tissue heterogeneity. The motor and
visual ROIs are delineated with a white line. The shown slices were
located at MNI coordinate=(22, �44, 6 mm). Only voxels with GM
content >1.5% are shown.
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found in the areas with high tissue heterogeneity
(Figure 2B).

ASL fMRI can Detect Changes in CBF when Baseline
and Activation are Separated by 1 Month
(ftaskE3.7�10�7 Hz)

Voxelwise analysis: As a measure of test-retest
reliability of the ASL CBF measurement, the
group-averaged baseline CBFd images obtained
on D1 (Figure 3C) were compared with those from
D30 (Figure 3D). No voxels survived the statistical
threshold (ttwo-tailed = 4.5, Puncorrected < 0.001, extent
threshold k > 50 voxels) for either (D30OFF�D1OFF)
or (D1OFF�D30OFF) contrasts.

The activation DCBFd images, computed as:
(CBFdactivation�CBFdbaseline), are shown in Figures
3E and 3F for the within-session (D1ON�
D1OFF) and over-1-month (D30ON�D1OFF) compari-
sons, respectively; the corresponding T-maps
overlaid on a glass brain are shown in Figure 4.

In the motor cortex, the average DCBFd was 22 and
30 mL/100 g/min for the within-session and over-1-
month comparisons, respectively. In the visual cortex,
the mean DCBFd was 25 mL/100 g/min for the within-
session and 34 mL/100 g/min, for the over-1-month
contrasts. In both motor and visual ROIs, the number
of voxels that survived the statistical threshold
(T = 3.0, Puncorrected < 0.001) was B50% higher for the
within-session contrast.

To give a qualitative sense of the subject-wise
activation patterns, DCBFd images for both within-

session and over-1-month comparisons are shown in
Figure 5 for each subject. Visual inspection indicates
that both the magnitude and the spatial extent of
DCBFd vary across subjects and task frequency.
In the following section, we quantify these results
at the ROI level.

Regions of interest analysis: For each subject, base-
line and activation CBFd values are shown in Figures
6A and 6B for the motor and visual cortex ROIs,
respectively. At the group level, there was no effect
of day on the reproducibility of the baseline GM
CBFd for either ROI (P > 0.9, a= 0.05, for both ROIs).
The group-average activation DCBFd in the motor
cortex was 30±6 and 28±7 mL/100 g/min for D1
and the D30, respectively, corresponding to a 35%
increase in CBFd relative to the baseline. In the
visual cortex ROI, these values were 30±7 and
27±6 mL/100 g/min for D1 and D30, respectively,
corresponding to 26% increase in GM CBF. There
was no effect of day on DCBFd values in either ROI
(P > 0.4, a= 0.05, for both ROIs).

Partial Volume Effect-Corrected ASL has Higher
Sensitivity in Detecting Activation Changes in CBF
than the Conventional ASL Method

The net CBF inter-subject coefficient of variation,
(s/m)inter-subject, images obtained using the conven-
tional, PVE-uncorrected method are compared with
those yielded by PVEc in Figure 7A, first and second
rows, respectively; the (s/m)inter-subject image for the

Figure 3 Comparison of baseline CBFd and activation DCBFd across sessions. Panels A and B show the diagrams of the
comparisons used for within-session and over-1-month contrasts, respectively. To get a sense of the images used, subject-wise
average baseline gray matter (GM) CBFd (mL/100g/min) are shown in panels C and D for D1 and D30 acquisitions, respectively.
Panel E shows the within-session difference in GM CBF, DCBFd (computed as (D1ON�D1OFF)) for D1, whereas panel F shows over-
1-month DCBFd (computed as (D30ON�D1OFF)) for D30. Note the increase in GM DCBFd in primary visual and motor cortices,
supplimentary motor area (SMA) and the cerebellum, with the remaining brain regions being relatively spared. Slices shown were
chosen to depict both motor and visual activation and were located at the MNI coordinates = (10, �20, 56 mm).
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CBFd measurement is shown in the third row.
Overall, (s/m)inter-subject for the CBFd measurement
was B30% and B45% lower than that of net
CBF measured with PVEc and conventional ASL
methods, respectively. There was no effect of ROI
location on s/m for either method—the PVEc method
yielded (s/m)inter-subject = 0.27 and 0.25 in the motor and
visual ROIs, respectively, whereas for the conventional
method these values were 0.57 and 0.51.

The intra-subject coefficient of variability (s/m)intra-subject

in the motor cortex was 0.47±0.15 versus 1.36±0.74
for the CBFd and net CBF measurements, respectively;
for the visual cortex, these values were 0.37±0.10
and 1.06±0.84. Overall, (s/m)intra-subject was B65%
lower for the PVEc CBFd measurement as compared
with the conventional net CBF. In contrast to the inter-
subject coefficient of variation, the intra-subject was
dependent on the location of the ROI and was higher
in the motor cortex for both PVEc and the conven-
tional method. The difference, however, was only
statistically significant when PVEc CBFd images
were used (P = 0.0004), whereas for the conventional
net CBF images the difference did not reach
significance (P = 0.17).

The effect of SNR differences on detecting activa-
tion is shown in Figure 7B, where activation-baseline
SPM{T}-maps obtained using conventional net CBF,
PVEc net CBF, and PVEc CBFd images are shown.

The number of voxels that survived the statistical
threshold (T = 3.6, Puncorrected < 0.001) was B60%
higher for the PVEc CBFd measurement compared
with the net CBF yielded by the conventional
ASL method (4630 versus 2004 voxels and 7686
versus 3863 voxels in the motor and visual ROIs,
respectively).

Effect of PLD on CBF Quantification

In the motor cortex, there was no effect of PLD on the
baseline CBF — the subject-wise average baseline GM
CBFd was 97±11 mL/100 g/min and 94±18 mL/100 g/
min for PLDmin = 500 ms and PLDmin = 1000 ms
acquisitions, respectively. In the visual cortex, how-
ever, the difference was substantial—the average
baseline CBF for PLDmin = 1000 ms was B24 mL/
100 g/min lower than that for the PLDmin = 500 ms
acquisition.

In both ROIs, the activation DCBFd was substan-
tially lower, B38%, for PLDmin = 1000 ms acquisi-
tion as compared with the PLDmin = 500 ms. It is
important to note that the ROI-based SNR (defined as
the inverse of the coefficient of variation) of the
PLDmin = 1000 ms was B50 and 20% lower than that
of PLDmin = 500 ms acquisition in visual and motor
ROIs, respectively.

Figure 4 Group statistical parametric mapping{T} maps (Puncorrected >0.005), for the within-session contrast (A) and over-1-month (B).
Note the similarity of the activation patterns between the two contrasts.
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Figure 5 DCBFd images obtained from each subject for the within-session (first column) and over-1-month (second column).
Colored regions include only voxels that survived the statistical threshold (T = 2.6, Puncorrected < 0.005) of the first level analysis.
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Summary of Results

1. We found substantial variability in ATT values
across the brain with the occipital lobe and
the cerebellum having similar ATT with the
superior regions. For the motor and visual ROIs,
subject-wise average ATT was 1037±108 and
875±88 ms respectively.

2. There was no significant difference in baseline
CBF across the two time points, D1 and D30, 30 days
apart. Subject-wise average GM flow density was
83±19 mL/100 g/min and 108±21 mL/100 g/min in
motor and visual regions, respectively, representing
on average a 30% higher baseline GM flow density
in the visual ROI versus the motor.

3. There was no significant difference in activation
DCBFd across the two time points, 30 days apart,
in either motor or visual ROI. Also, there was no
statistical difference in DCBFd across activated
regions; for both motor and visual ROIs group-

averaged DCBFd was B29±7 mL/100 g/min,
representing a 35% and 26% increase compared
with their respective baseline values.

4. The PVEc method was found more sensitive in
detecting changes in CBF than the conventional,
PVE-uncorrected, method.

Discussion

This is the first study to empirically show the
feasibility of ASL for detecting longitudinal changes
in CBF due to functional activation with very low
task frequency (ftaskB3.7� 10�7 Hz), that is, with task
and baseline acquired 1-month apart. The activation
paradigm consisted of a motor–visual stimulation,
which was chosen because it induces an increase in
CBF in several distinct and well-established anato-
mical regions, thus ensuring that the detected change
was indeed due to functional activation and not

Figure 6 Regions of interest (ROI) analysis. For each subject, baseline (solid colors) and activation (stripes) gray matter (GM) CBFd
for D1 (red) and D30 (blue) are shown for the motor ROI (A) and visual ROI (B). The rightmost columns on each panel show the
corresponding subject-wise mean values.
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spurious noise. Importantly, the test-retest reliability
of the ASL signal in the primary motor cortex may be
of particular interest in longitudinal studies of motor
recovery after stroke (Feydy et al, 2002).

We showed that the CBFd, which is the CBF
correlate obtained with the PVEc ASL method, is
more sensitive in detecting functional changes in
CBF than the net CBF, which is affected by the
variability in voxel tissue heterogeneity across sub-
jects, as we all as the difference in voxel location
across sessions of the same subject. Compared with
the net CBF obtained with the conventional, PVE-
uncorrected method, the SNR of the GM CBFd
measure across the entire brain was B2 times higher.
This higher SNR of the PVEc method should lead to
higher statistical power for experimental designs of
ASL studies (Asllani et al, 2008b).

In addition to yielding a more accurate measure-
ment of CBF than the conventional ASL method

(Asllani et al, 2008a), the PVEc CBFd measurement
was found to have a lower inter- and intra-subject
variance, thus increasing the sensitivity of detecting
changes in CBF over time. In this study, we used
healthy young volunteers. In studies involving
populations with more considerable inter-subject
differences in tissue content, and populations
in which longitudinal changes in tissue content can
occur (e.g., elderly and Alzheimer’s disease patients),
the CBFd images are expected to have an even more
substantial impact on improving the sensitivity of
ASL for detecting long term perfusion changes.
Importantly, for studies of elderly populations, CBFd
measure has the potential for detecting functional
changes in the brain before structural differences
occur.

To increase the accuracy of the CBF quantification,
we combined the PVEc method with an acquisition
protocol that was based on varying the length of the

Figure 7 Comparison of signal-to-noise ratio of the partial volume effect corrected (PVEc) and conventional ASL methods. (A) Inter-
subject coefficient of variation (s/p)inter-subject, for conventional net cerebral blood flow (CBF) (first row), PVEc net CBF (second row)
and GM CBFd measurement (third row). Note that while the GM CBFd (s/p)inter-subject is relatively uniform throughout, it varies
substantially for the conventional net CBF, especially in regions with high tissue heterogeneity. (B) The effect of coefficient of variation
on activation T-maps obtained with conventional net CBF (first row), PVEc net CBF (second row) and GM CBFd (third row) images.
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labeling radiofrequency pulse to obtain ATT for GM
at each voxel, independently. This novel approach
yielded voxelwise ATT images that showed marked
regional heterogeneity in ATT values even for voxels
equidistant from the labeling plane. For example, the
ATT for the cerebellum was about the same as for
the more superior slices. The circle of Willis and the
deep MCA and ACA regions had the shortest ATT
(B200 to 300 ms), whereas the occipital lobe, the
cerebellum, and the watershed territories had the
longest (B800 to 1500 ms).

This study is the first to report on whole-brain
regional differences in ATT, including the cerebel-
lum. The ATT values obtained here are consistent
with observations from a recent study by Hendrikse
et al (2008), which is the only other study to
explicitly reveal regional heterogeneity in ATT in a
healthy young population. An earlier study by Wong
et al (1997) also reported longer ATT in the occipital
lobe, but lacked information on differences in ATT
across other brain regions. Neither study corrected
for the PVE in the ASL fractional signal change
images used for the parametric fitting which, as our
results show (Figure 2), can lead to a miss-estimation
of ATT and, consequently, to a miss-estimation of
CBF. In contrast, by using PVEc ASL, we were able
to isolate the GM signal at each voxel and thus
reduce the effect of WM and CSF, which have
lower perfusion SNR and longer ATT values (Wong
et al, 1997).

Another difference between this study and others
that have sought to estimate ATT is that here we
opted to vary the length of the labeling pulse rather
than the length of the PLD; an approach similar to
that adopted by Ye et al (1997). This was performed
to lower the scanning time (as the PLD was kept at a
minimum); ceteris paribus, the multiple-LD ap-
proach would be B20% shorter. Perhaps more
importantly, the multiple-LD approach should yield
higher SNR as the inflection point in the curve is
detected at an earlier time, before substantial
attenuation of the signal has occurred. However, this
statement is conjectural at this point as we did not
directly compare the two methods.

One limitation of the ATT study presented
herein is that the CASL pulse sequence used to
acquire the multi-LD data did not include crusher
gradients to separate the arterial and tissue
signals. By isolating the arterial and tissue signal
contributions, it should be possible to obtain a
voxelwise template for tissue transit times, as well
as to further improve the accuracy of the ATT
estimation.

The ASL sequence used here has a short PLD, and
was thus heavily weighted toward the vascular
compartment (Figures 4 and 5). We opted for a
relatively short PLD for two main reasons: First,
because we sought to detect changes in CBF with
task frequency B30 times lower than previously
published data (Wang et al, 2003), we wanted to
boost the SNR (Detre and Alsop, 2000; Gonzalez-At

et al, 2000). However, to compensate for the low PLD,
we applied a relatively long radiofrequency pulse
(1.9 seconds) thus keeping the PLD + LD value
comparable with other studies (Parkes et al, 2004;
Rashid et al, 2004; Wang et al, 2004).

Second, because ATT are known to shorten during
activation, using a short PLD would result in a
larger ASL signal change between the baseline and
activated states (Gonzalez-At et al, 2000). Gonzalez-
At et al (2000) report a 250 and a 150 ms change in
ATT because of activation in motor and visual
cortex, respectively. However, the fitting of the data
was performed on only 5 time points and no
correction was done for the mixing of GM and WM
signals. More research is needed to investigate
regional dynamics of blood flow during activation
and its effects on the estimation of both ATT
and TTT.

The average baseline CBFd values, as well as within-
session DCBFd, showed good reproducibility and were
nearly identical for D1 and D30 sessions, in both the
visual and motor cortex ROIs. On the subject level,
however, there existed some variability in the
measured perfusion across 1 month (Figure 6), which
was more pronounced in the visual cortex. One
possible explanation for this could be that, because
the visual cortex is located lower in the brain, it is
acquired with lower effective PLD and is thus more
sensitive to any variation in the subject’s ATT
between the two imaging sessions. This explanation
is consistent with the results from the PLD= 1000ms
data, in which, although the difference in DCBF in
the motor cortex between the PLD = 500 ms and
PLD = 1000 ms acquisitions was negligible, in the visual
cortex it was B24 mL/100 g/min, corresponding to a
15% lower DCBF for PLD = 1000 ms, relative to
PLD = 500 ms acquisition.

To date, fMRI has been most effective in mapping
acute functional changes that typically occur
over seconds and minutes, and has proven very
useful in identifying brain regions that briefly
respond to transient stimulation. However, many
stimuli, even if their external source is transient,
trigger a long-lasting neural response that is func-
tionally meaningful. Furthermore, the pathophysiol-
ogy of disease can be considered an internal
stimulus, and most brain disorders cause brain
dysfunction chronically not transiently. The technol-
ogy introduced here is particularly well suited
for mapping these long-term changes in normal and
abnormal brain function.
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