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Abstract: Memory encoding is a critical brain function subserved by the hippocampus (HP) andmesial tempo-
ral lobe (mTL) structures. Visualization of mTLmemory activationwith BOLD fMRI is complicated by the pres-
ence of static susceptibility gradients in this region. Arterial spin labeled (ASL) perfusion fMRI offers an alterna-
tive approach not dependent on susceptibility contrast that instead suffers from lower intrinsic signal-to-noise
ratio. An improved ASL perfusion fMRI approach combining pseudo-continuous ASL and a T2*-insensitive
sequence (GRASE) with background suppression was compared to BOLD fMRI at 3 T during a scene encoding
task known to activate the HP. Overall, an approximate sixfold sensitivity increase of ASL fMRI was achieved,
with improved coverage in the anterior mTL, while suppression of the static tissue enhanced the stability of the
ASL series by a factor of 2.4. Perfusion fMRI using this approach with 4 mm isotropic resolution yielded better
localized and stronger group activation maps than BOLD fMRI at a standard resolution of 3 mm isotropic vox-
els. Increasing the resolution for BOLD to 2.5 mm isotropic produced stronger mTL and hippocampal activation
in the group and individual subjects than the ASL technique, due to superior temporal resolution and reduced
partial volume effects. Future improvements in ASL spatial and temporal resolution would allow the benefits
of both approaches to be combined to further enhance the sensitivity for detecting mTL activation during mem-
ory encoding.Hum BrainMapp 28:1391–1400, 2007. VVC 2007Wiley-Liss, Inc.
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INTRODUCTION

Memory encoding is a critical brain function that is pri-
marily subserved by the hippocampus (HP) and adjacent
mesial temporal lobe (mTL) structures [Squire, 1992] and
may be affected by a variety of brain disorders. The ability
to localize and quantify memory encoding has several
potential clinical applications, including presurgical assess-
ment for temporal lobectomy performed for medically re-
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fractory temporal lobe epilepsy [Rabin et al., 2004] and for
preclinical diagnosis of Alzheimer’s disease [Bookheimer
et al., 2000]. The most common approach for preclinical
memory localization is the intracarotid amobarbital (Wada)
test [Milner et al., 1962; Wada and Rasmussen, 1960], but
this test has numerous shortcomings, most notably its inva-
siveness. Accordingly, the development of a noninvasive
approach for assessment of memory encoding has been one
of the major potential clinical applications of functional MRI
(fMRI). However, although encoding tasks have successfully
demonstrated functionally relevant activation of the mTL
region [Brewer et al., 1998; Stern et al., 1996; Wagner et al.,
1998], it has been much more difficult to reliably obtain acti-
vation in the HP proper. While some of this difficulty may
be attributed to challenges in effectively modulating memory
activity [Stark and Squire, 2001], much of the difficulty is
thought to relate to challenges in obtaining good fMRI signal
from this relatively small region in the presence of high
static susceptibility gradients.
Several methods have been proposed to reduce signal

loss due to susceptibility induced field gradients in gradi-
ent-echo imaging sequences such as EPI, the most common
sequence of choice for BOLD experiments. The simplest
approach to implement is increasing voxel resolution,
thereby reducing intravoxel dephasing [Young et al., 1988].
This approach has been shown to improve hippocampal
activation at 1.5 T Fransson et al., 2001 and 3 T [Szaflarski
et al., 2004]. Another method uses multiple refocusing gra-
dients (z-shim) to compensate for field inhomogeneities
[Constable, 1995; Frahm et al., 1988; Ordidge et al., 1994].
High-order field compensations can be achieved through
specially tailored RF pulses [Cho and Ro, 1992]. Most of
these approaches require pulse sequence modifications,
which eliminate one advantage of BOLD, the easiness of
implementation. In addition, some of these approaches
reduce signal drop off in areas of high susceptibility con-
trast but decrease signal-to-noise ratio (SNR) in the regions
of homogeneous field. Finally, some of these methods
require multiple repetitions to obtain a uniform image,
thus significantly increasing the acquisition time.
An alternative approach for fMRI in regions of high

static susceptibility contrast is the use of arterial spin label-
ing (ASL) to directly measure changes in cerebral blood
flow (CBF) during task activation. ASL does not depend
on susceptibility contrast and offers several theoretical
benefits for fMRI [Detre and Wang, 2002]. Although most
ASL applications have still relied on echoplanar imaging,
alternative approaches with reduced T2* sensitivity now
also exist [Fernandez-Seara et al., 2005]. While changes in
CBF with task activation can be large, ASL techniques gen-
erally suffer from intrinsically low SNR when compared to
the widely adopted BOLD contrast due to the small frac-
tion of arterial blood to tissue in the human brain (1–2%)
[Blinkov and Glezer, 1968]. Further, since the ASL signal
change is typically less than 1% of the background signal
intensity, physiological noise introduced by motion or
other instabilities can have detrimental effects on the

accuracy and precision of ASL measurements. High field
strength has improved the SNR of ASL methods [Wang
et al., 2002], but there is evidence suggesting that the phys-
iological noise also increases, leading to no net gain in
functional activation studies when compared to 1.5 T.
Suppression of the background (i.e. static tissue) signal

can improve the sensitivity and reproducibility of the ASL
signal, by reducing physiological noise at high field
strengths [Duyn et al., 2001; Garcia et al., 2005b; Ye et al.,
2000]. Background suppression (BS) is achieved by imple-
mentation of additional inversion pulses after the labeling
of the arterial spins, during the postlabeling delay. The
number of inversion pulses and their timing need to be
optimized in order to achieve maximum suppression of
the static signal with a minimal attenuation of the ASL sig-
nal. It has been recently shown that careful selection of the
type of inversion pulses, their number, and their timing is
crucial for efficient inversion in background suppressed
ASL sequences [Garcia et al., 2005b]. After optimization,
the efficiency of the inversion appears to be limited by a
magnetization transfer process in blood, which causes the
attenuation of the ASL signal. Although a slight decrease
of the signal is expected, there is a net gain of stability and
sensitivity in background suppressed ASL sequences.
Implementation of BS in 2D multi-slice acquisitions is

hampered by the different acquisition time of each slice.
The use of a 3D single shot sequence for read-out elimi-
nates this problem, since the k-space center is sampled
simultaneously for the whole imaging volume. In addition,
3D sequences have intrinsically higher sensitivity than 2D
multi-slice sequences, since the signal from the whole vol-
ume is sampled for every excitation. We have previously
shown [Gunther et al., 2005] that single shot 3D GRASE
ASL images have higher spatial SNR than 2D EPI ASL.
The multiple 1808 RF refocusing pulses in GRASE main-
tain signal coherence for less signal decay and allow for a
longer duration of signal readout, which gives several
times as many signals in a longer echo train. Image recon-
struction with this larger number of signals using 3D FT
produces higher SNR than 2D FT EPI images. We have
also demonstrated [Fernandez-Seara et al., 2005] that a
continuous ASL (CASL) sequence with a single shot 3D
GRASE readout generates perfusion images that have less
susceptibility artifact and signal drop out than those
obtained with the 2D EPI readout, with better coverage in
the orbito-frontal cortex.
Continuous flow driven adiabatic inversion produces

the largest ASL signal change [Wong et al., 1998], but the
multi-slice implementation of CASL with amplitude modu-
lated control [Alsop and Detre, 1998] has an efficiency of
approximately 70% due to imperfections of the control
pulse. A more efficient pseudo-continuous ASL (pCASL)
approach for flow driven adiabatic inversion was recently
described [Garcia et al., 2005a]. The pseudo-continuous
approach for flow driven adiabatic inversion has several
advantages with respect to the amplitude modulated con-
trol technique. Since it is a pulsed approximation to CASL
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(i.e. it employs repeated RF pulses instead of continuous
RF), it does not require continuous wave RF transmit capa-
bilities. Thus, it permits the use of the body coil as trans-
mitter and a phased-array head coil as receiver, which
increases the SNR of the raw images. Moreover, the
pCASL approach increases the efficiency of the inversion
for multi-slice acquisitions, while controlling for magnet-
ization transfer effects.
The goal of this study was to assess the performance of

an optimized ASL perfusion fMRI sequence incorporating
pCASL, BS, and single shot 3D GRASE and its utility for
visualizing activation in the mTL and HP. The perform-
ance of the pCASL BS 3D GRASE sequence for detecting
mTL activation was evaluated by comparison with BOLD
fMRI during a well-established memory encoding task,
which we have previously used to activate mesial tempo-
ral structures [Detre et al., 1998] including the HP
[Narayan et al., 2005]. For this comparison, BOLD fMRI was
carried out at a ‘‘standard’’ resolution of 3 � 3 � 3 mm3 (3
mm isotropic) and at a ‘‘high’’ resolution of 2.5 � 2.5 � 2.5
mm3 (2.5 mm isotropic). The single shot 3D GRASE
sequence used for imaging the effects of ASL provided a re-
solution of 4 � 4 � 4 mm3 (4 mm isotropic).

MATERIALS AND METHODS

All imaging studies were performed on a 3 T Trio
whole-body scanner (Siemens Medical Systems, Erlangen,
Germany), with a maximum gradient strength of 40 mT/m
and slew rate of 200 mT/(m msec), using the product 8-
channel head receiver array. Written informed consent was
obtained prior to the human studies following an Institu-
tional Review Board approved protocol. Thirteen healthy
volunteers (mean age ¼ 28 6 10 [standard deviation], 7
females, 6 males) were scanned using both ASL and BOLD
fMRI during the same session. An explicit memory encod-
ing paradigm was administered as a blocked design con-
sisting of task/control cycles of complex visual scenes or a
scrambled scene control stimulus [Detre et al., 1998], pre-
sented on a back-lit projection screen viewed through a
mirror mounted on the head coil. Subjects were instructed
to remember the task scenes but only attend to the control
scrambled scene. Because the temporal resolution of our
ASL sequence was approximately 7.5 s when compared to
3 s for BOLD, the experimental design was slightly differ-
ent for the BOLD and ASL techniques in that a different
block length was used. It has been previously shown that
the noise characteristics of BOLD and perfusion data are
different [Aguirre et al., 2002], and that ASL perfusion
fMRI does not suffer from longer block durations [Kim
et al., 2006; Wang et al., 2003]. Control and task blocks
were interleaved starting with a control block, with each
block lasting 135 s for ASL and 36 s for BOLD. The total
duration was 9.25 min for both scans. The ASL scan was
performed first, followed by the BOLD scan.

ASL was performed using a pCASL background-sup-
pressed single shot 3D GRASE sequence, shown in Figure 1.
The imaging slab covered the temporal lobes. Imaging
parameters were as follows: resolution ¼ 4 mm isotropic,
FOV ¼ 250 � 204 � 48 mm3, 12 nominal partitions with
33% oversampling, 5/8 partial Fourier, measured parti-
tions ¼ 10, matrix size ¼ 64 � 52, BW ¼ 3,004 Hz/pixel,
gradient-echo spacing ¼ 0.4 ms (with ramp sampling),
spin-echo spacing ¼ 26 ms, total read-out time ¼ 270 m,
effective TE ¼ 52 ms, refocusing flip angle ¼ 1628. A delay
was introduced at the end of the GRASE readout so that
TR was 3.75 s. The pCASL pulse [Garcia et al., 2005a] con-
sisted of 1,280 selective RF pulses, played sequentially, at
equal spacing, for a 1.2 s labeling duration. Each RF pulse
was shaped as a modified Hanning window (peak/aver-
age B1 ¼ 53/18 mG, duration ¼ 500 ms, and peak/average
G ¼ 0.6/0.23 G/cm). For the control pulse, the RF phase
alternated from 08 to 1808. The inversion plane was offset
6 cm from the center of the FOV in the HF direction, so
that it was located at the base of the cerebellum to achieve
good labeling efficiency. The postlabeling delay was 400
ms. Two hyperbolic secant inversion pulses (15.35 ms du-
ration and 220 mG RF amplitude) were added with inver-
sion times of 1,590 and 380 ms, respectively, for BS (see
the Appendix). The first pulse was applied selectively to
the imaging slab while the second pulse was nonselective.
The use of BS allowed an increase in receiver gain by a
factor of 15, thus fully utilizing the dynamic range of the
receiver. The pCASL pulse was placed in between the two
BS pulses. Bipolar gradients (b ¼ 5 sec/mm2) were added

Figure 1.

ASL pulse sequence diagram, showing the BS pulses (u) with

inversion times of 1,590 and 380 ms, respectively, and pCASL

pulse of 1,200 ms duration, added to the single shot 3D GRASE

readout. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]
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between the excitation and the first refocusing pulse of the
GRASE readout to suppress intravascular signal. Seventy-
two perfusion images were obtained by pair-wise subtrac-
tion of tag and control (after discarding four dummy
scans).
Prior to the perfusion fMRI scan, a short resting scan

(five tag/control pairs) was performed with the same
sequence parameters without BS. The acquired pairs were
used to evaluate the performance of the BS pulses. This
was done by comparing the spatial SNR of the control
images and the temporal SNR (tSNR) of the perfusion
images, with the spatial and tSNR of the first five pairs in
the background suppressed series. The spatial SNR of the
control images was computed as the signal mean meas-
ured in a region of interest (ROI) covering the whole imag-
ing volume over the standard deviation of the signal in a
ROI placed in the background. The degree of BS was cal-
culated for every subject as the ratio of the spatial SNR of
the suppressed to the unsuppressed mean control image.
The tSNR of the perfusion images was calculated as the
mean of the global perfusion signal (tag-control) over the
standard deviation of the time course.
The tSNR of the raw control GRASE image and the per-

fusion image time series was computed for the full series
of 72 images, in a region covering the whole HP based on
the Wake Forest Pickatlas utility [Maldjian et al., 2003], as
well as in two hippocampal regions, anterior and poste-
rior, which covered approximately the same percentage of
the total hippocampal volume, 51.3 and 48.7% respectively.
The tSNR was calculated as the mean of the signal in each
region over its temporal standard deviation. The difference
in tSNR between these two regions (anterior and posterior)
was assessed using a paired t-test.
The efficiency of the pCASL pulse was evaluated by

comparison with the single slice version of the CASL tech-
nique [Williams et al., 1992]. Six healthy volunteers were
scanned using a standard transmit-received coil. Perfusion
images were acquired in an axial slice with the single slice
method, in which the label and control were applied prox-
imal and distal to the imaging slice, respectively and with
the pseudo-continuous approach. The efficiency of the lat-
ter was estimated from the ratio of the mean perfusion sig-
nals in the two methods, assuming an efficiency for the
single slice acquisition of 0.92, as estimated from simula-
tions and reported in the literature [Maccotta et al., 1997].
BOLD data were acquired using a 2D GE-EPI sequence.

Two BOLD experiments were performed. The first one
was run with the following imaging parameters: resolution
¼ 3 mm isotropic, FOV ¼ 192 � 192 mm2, matrix ¼ 64 �
64, 40 axial slices, TR ¼ 3 s, TE ¼ 30 ms, BW ¼ 2,605 Hz/
pixel, flip angle ¼ 908. For the second one the resolution
was increased to 2.5 mm isotropic, by decreasing the FOV
to 160 � 160 mm2 and the slice thickness to 2.5 mm, thus
reducing the voxel size by a factor of 1.728. The BOLD
time series consisted of 168 images (after discarding four
dummy scans). The tSNR of the raw EPI image time series
was computed for the full series of 168 images, in a region

covering the whole HP as well as in the two HP regions
described earlier. The tSNR was calculated as the mean of
the signal in each region over its temporal standard devia-
tion. The difference in tSNR between these two regions
was assessed using a paired t-test.
The performance of the subjects was evaluated following

each scan by testing their ability to discriminate between
pictures shown as part of the task and new pictures. The
difference in recognition scores between the ASL and
BOLD runs was assessed using a repeated measures
within subject ANOVA.
Anatomical images were also acquired with a MPRAGE

sequence, using the following imaging parameters: resolu-
tion ¼ 1 mm isotropic, FOV ¼ 192 � 256 mm2, matrix ¼
192 � 256, 160 axial slices, TR/TE/TI ¼ 1,620/3.87/950
ms, flip angle ¼ 158.
The preprocessing steps, performed using SPM2 (Well-

come Department of Cognitive Neuroscience, London,
England), were the same for perfusion and BOLD data
and included realignment, co-registration to the anatomical
image, normalization to the Montreal Neurological Insti-
tute standard template brain, and spatial smoothing using
a 10 mm isotropic Gaussian kernel. Subsequently, voxel-
wise statistical analysis was performed for each individual
subject followed by a group inference using the random
effects model [Penny et al., 2003]. For BOLD data, the time
series was low-pass filtered and convolved with the hemo-
dynamic response function. Perfusion data, however, do
not have any substantial temporal autocorrelation [Aguirre
et al., 2002], so the analysis of these data did not require
temporal smoothing with a hemodynamic response func-
tion. Contrast maps of parameters (task-control) and t-sta-
tistics maps corresponding to this contrast were obtained.
In addition, random-effects group t-maps were generated
by applying the unpaired t-test for the contrast parameter
values of all the subjects at each voxel.
A ROI analysis was performed to determine the peak T

value and the extent of the activation in the HP, measured
as the percentage of the voxels within the HP that were
activated. At the individual and group level, the strength
of the activation was compared for both techniques
by applying a false-discovery-rate corrected threshold of
pFDR-corr ¼ 0.05 and cluster size of 30. The magnitude of
the evoked hemodynamic response (effect size) in the HP
was also calculated as the ratio of the HP activation signal
amplitude over the HP signal at rest. Using the obtained
value, the factor ‘‘effect size � tSNR per point � HNrep@,
which is proportional to t statistics, was obtained.

RESULTS

ASL Optimization

The use of the 8-channel phased-array coil as receiver
increased the SNR of the raw images by a factor of 2 as
compared to the standard transmit-receive volume coil.
The ratio of the mean pCASL perfusion signal to the mean
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signal obtained with the single slice approach was 0.95 6
0.1 (n ¼ 6), which gives a pCASL labeling efficiency value
of 0.87, an improvement of 30% with respect to the ampli-
tude-modulated control technique [Alsop and Detre, 1998;
Wang et al., 2005].
The timing of the BS pulses was carefully adjusted to

optimize tissue suppression while taking into account the
following constraints: the labeling pulse duration should be
sufficiently long to achieve adequate SNR of the ASL differ-
ence signal, which is proportional to the net amount of label
delivered to the imaging volume [Chuang et al., 2004], and
the postlabeling delay duration should be kept short to min-
imize the reduction due to T1 relaxation in the magnitude of
the perfusion functional activation [Gonzalez-At et al., 2000].
Given these constraints, positioning the pulses before and af-
ter the pCASL pulse was the best solution. This scheme
resulted in inversion times of 1,590 and 380 ms, respectively,
which yielded a suppression of the whole brain signal of
86–94% (90.2% 6 2.9%) of the original signal, as measured
in the experimental data. The suppression of gray and white
matter was close to 95% while CSF was suppressed to 20%
of the original signal. The degree of the BS achieved can be
observed in Figure 2.

As a result, the fractional global perfusion signal
increased from 0.75 6 0.19 (mean 6 standard deviation for
all subjects, expressed as percentage of the control signal)
to 8.19 6 3.14, where the increase in standard deviation is
due to the within subjects variability in the degree of BS.
A small reduction in perfusion signal of approximately 8%
was observed with the use of BS. The BS increased the
tSNR of the perfusion series by a factor of 2.4, from 3.3 6
2.0 (mean 6 standard deviation for all subjects) in the
unsuppressed time series to 7.8 6 3.2 in the background
suppressed time series. Figure 3 depicts perfusion maps,
showing high signal in the region of the HP. Absolute
quantification of CBF values was not carried out for this
study, since an accurate quantification would be precluded
by the reduction in perfusion signal and the use of a short
postlabeling delay.
The tSNR of the control GRASE image signal and the

perfusion signal in the anterior HP was not significantly
different from the tSNR in the posterior region (P ¼ 0.916
and 0.797, respectively), which indicates that the signal
loss due to susceptibility artefacts is reduced by the use of
the GRASE readout (see Fig. 4 and Table I). On the con-
trary, the tSNR of the raw EPI image signal in the anterior
HP was significantly lower than the tSNR in the posterior
region (for both the 3 and 2.5 mm BOLD data), which is
due to signal loss caused by susceptibility effects in this
area.

Memory Encoding Task

There was no difference in recognition scores for mem-
ory encoding during ASL and BOLD scans (F(2,24) ¼

Figure 2.

A slice of the 3D GRASE imaging volume acquired (a) without

BS, (b) with BS. The intensity scale was increased by a factor of

5 for the background suppressed image.

Figure 3.

Perfusion (tag-control) maps. Note the signal decrease in the

edge slices because of the slab profile effect.

Figure 4.

Difference in tSNR (posterior HP – anterior HP), measured in

the raw EPI images (3 and 2.5 mm isotropic resolution), in the

raw GRASE images, and in the perfusion images. The difference

in tSNR for each subject was normalized to the mean tSNR of

the whole HP. The tSNR in the posterior HP is significantly

higher than the tSNR in the anterior HP in the EPI images (**P

< 0.0001, *P = 0.0003).
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0.175, P ¼ 0.84, MS ¼ 0.033), indicating that the order and
timing of the scans did not produce any systematic effect
in subjects’ memory performance.
The average evoked response in the HP was higher for

perfusion than BOLD (see Table II). Conversely, the tSNR
per time point in this region was higher in the BOLD than
in the perfusion time series. As a result, the estimated fac-
tor ‘‘effect size � tSNR per point’’ was similar for both
techniques. However, when the number of data points in
each time series was taken into account, the factor ‘‘effect
size � tSNR per point � HNrep@, which is proportional to t
statistics, was higher for BOLD than perfusion.
At the individual level, 6 of the 13 subjects’ perfusion

activation maps showed significant activity in the HP
(peak T values: 4.26–7.21; extent of the activation: 6.3–
93.4% of the hippocampal volume). Similarly, 6 of the 13
subjects BOLD activation maps, obtained with the 3 mm
BOLD data, showed significant activity in the HP with
higher peak T values ranging from 5.64 to 10.67 and larger
number of activated voxels, from 57.5 to 99.5% of the total
voxels in the HP. The 2.5 mm BOLD data yielded activa-
tion maps with significant activity in the HP in 12 of the
13 subjects (peak Ts: 4.28–11.33; activation extent: 26.7–
95%). When the BOLD time series data was truncated to
match the number of points of the ASL time series, the 3
mm BOLD data showed hippocampal activation in only 4
of the 13 subjects (peak Ts: 4.68–6.49; activation extent:
19.1–92.3%) while the 2.5 mm BOLD data showed signifi-
cant activity in the HP in 7 of the 13 subjects (peak T val-
ues: 4.23–6.99; extent of the activation: 5.6–93.2%) (Table III,
FDR-corrected P < 0.05, cluster > 30).
When directly comparing individual t-statistic maps (by

means of a one-way within-subjects ANOVA), significant
differences (FDR-corrected P < 0.05, cluster size (k) > 30)
were found across the groups in the HP (right HP: Fpeak
¼ 14.49, PFDR-corr ¼ 0.010, k ¼ 38; left HP: Fpeak ¼ 13.90,
PFDR-corr ¼ 0.010, k ¼ 65). T-Contrasts between conditions
revealed that the BOLD high resolution activation was sig-
nificantly higher than the ASL activation (right HP, Tpeak
¼ 5.20, k ¼ 181; left HP, Tpeak ¼ 5.20, k ¼ 156; FDR-cor-
rected P < 0.05, cluster > 30) and the BOLD low resolution
activation (right HP, Tpeak ¼ 2.22, k ¼ 26; left HP, Tpeak

¼ 2.18, k ¼ 87; uncorrected P < 0.05), while no significant
differences were found between the low resolution BOLD
and ASL.
BOLD (Fig. 5a,b) and ASL (Fig. 5c) group maps showed

activation in visual association cortex and extending for-
ward to the HP. The ASL activation appears to be slightly
more localized than the BOLD activation, which is possibly
due to the different physiological parameter measured:
perfusion in brain parenchyma instead of the less localized
venous response, which predominantly contributes to the
BOLD activation.
Hippocampal activation was stronger in the group map

obtained from the high-resolution BOLD data, followed by
the ASL activation and less strong for the low resolution
BOLD data (Table III). The extent of the group activation
in the HP was larger for the BOLD data (high and low re-
solution) than for the perfusion data, which activated 96.2,
87.3, and 59.8% of the HP, respectively.

DISCUSSION

Optimization of the ASL technique for perfusion-based
fMRI at high field strength yielded a sixfold increase in
sensitivity with respect to previous implementations
[Fernandez-Seara et al., 2005; Wang et al., 2005]. This was
achieved by improving the performance of the CASL 3D
GRASE sequence with a more efficient pCASL pulse and
by adding inversion pulses to suppress signal from sta-
tionary spins.
The pCASL pulse permitted the use of the body coil as

transmitter and an 8-channel phased-array head coil as re-
ceiver, which increased the SNR of the raw images by a
factor of 2. This novel labeling strategy was initially intro-
duced by Garcia et al. [2005a] and implemented for this
work in the Siemens platform with a slight modification of
the parameters, required by the limitations in duty cycle of

TABLE I. Signal tSNR measured in the posterior and

anterior hippocampal regions, relative to the tSNR

measured in the whole HP (n = 13)

EPI
(3 mm)

EPI
(2.5 mm) GRASE PERFUSION

Posterior HP tSNR 1.075 1.044 0.981 0.963
Anterior HP tSNR 0.805 0.843 0.975 0.950
Mean difference 0.270 0.201 0.006 0.013
Standard error 0.035 0.040 0.050 0.050
t-score 7.704 4.991 0.107 0.263
Prob > |t| <0.0001 0.0003 0.916 0.797

TABLE II. Parameters of BOLD and perfusion signal in

the HP during activation, expressed as mean 6 standard

deviation (n = 13)

BOLD
(3 mm)

BOLD
(2.5 mm) PERFUSION

Effect size (%) 0.21 6 0.14 0.20 6 0.08 5.87 6 5.79
HP tSNR per
point

18.3 6 7.8 18.1 6 5.7 0.80 6 0.19

Nrep 168 168 72
Effect size � tSNR
per point

3.8 3.6 4.7

Effect size � tSNR
per point � HNrep

49.8 46.7 39.8

The effect size was calculated as the ratio of HP activation signal
amplitude to HP signal at rest. The tSNR per point was computed
as the HP signal mean over the standard deviation of the time se-
ries divided by the square root of the number of time points
(Nrep).
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the body coil. Our initial experience with this pulse
yielded an increase of the labeling efficiency when com-
pared to the amplitude-modulated control approach of
30%. Further optimization of the parameters is likely to
improve this value.
The two BS pulses inversion times were chosen by tak-

ing into account sequence timing constraints and achieved
a considerable degree of suppression, which resulted in
increased tSNR of the perfusion series by a factor of 2.4.
The second inversion time was slightly longer than the
value for optimal suppression (as determined by simula-
tions, not shown) in order to avoid uncertainty related to
the polarity of the background signal. This was necessary
because magnitude reconstruction of the data was per-
formed. Alternatively, complex subtraction of tag and con-
trol raw data could be employed, which would allow max-
imizing the degree of suppression.
BS increased the inter-subject variability of the fractional

perfusion signal (when expressed as percentage of the con-

trol signal); however, this has no effect on the fMRI analy-
sis of the individual subjects. Our experimental measure-
ments also showed a small decrease in the magnitude of
the perfusion signal. This is expected since, while ideal
inversion pulses should not attenuate the perfusion signal,
realistic pulses will slightly attenuate the signal due to
pulse imperfections [Duyn et al., 2001; Garcia et al., 2005b;
Ye et al., 2000]. The attenuation of the ASL signal was
minimized by making one of the pulses selective to the
imaging slab. This pulse, placed before the ASL pulse,
should not affect the ASL signal. Thus, the attenuation of
the signal is due only to the nonselective inversion pulse
being used.
The optimization of the timing of the BS pulses yielded

a postlabeling delay of 400 ms. While this short postlabel-
ing delay would not be adequate if an accurate quantifica-
tion of CBF was required, due to the confounding effects
of transit time, it has been previously shown [Gonzalez-At
et al., 2000] that a short postlabeling delay is preferable for

Figure 5.

(a) BOLD 3 mm, (b) BOLD 2.5 mm, (c) perfusion activation (whole brain FDR-corrected P <

0.05, cluster >30). The yellow box shows the coverage of the perfusion sequence.

TABLE III. BOLD and ASL HP activation, using a memory encoding task (FDR-corrected P < 0.05, cluster > 30)

BOLD
(3 mm; Nrep ¼ 168)

BOLD
(3 mm; Nrep ¼ 72)

BOLD
(2.5 mm; Nrep ¼ 168)

BOLD
(2.5 mm; Nrep ¼ 72)

ASL
(4 mm; Nrep ¼ 72)

Number of
subjects with
HP activation

6 4 12 7 6

Peak T range 5.64–10.67 4.68–6.49 4.28–11.33 4.23–6.99 4.26–7.21
Activation
extent (%
HP volume)

57.5–99.5 19.1–92.3 26.7–95.0 5.6–93.2 6.3–93.4

Group Tpeak 4.66 — 7.96 6.19 6.77
Group
activation
extent (% HP vol.)

87.3 — 96.2 86.3 59.8

For reduced N low resolution BOLD, the activation was not significant at the group level.

r pCASL BS 3D GRASE Perfusion fMRI r

r 1397 r



ASL activation imaging, since it permits to capture task-
correlated signal increases due to the increase in perfusion
and the decrease in arterial transit time to the activated
region. Gonzalez-At et al. also showed that the use of a
short postlabeling delay did not affect the spatial distribu-
tion of the activation. Approximate quantification of CBF
would still be possible using the reference scans acquired
without BS as the control signal intensity and taking into
account the attenuation of the perfusion signal due to the
BS pulses measured empirically.
The increase in perfusion sensitivity achieved with these

modifications facilitated the use of perfusion fMRI for cog-
nitive testing and allowed a comparison with BOLD fMRI
that was performed using an established cognitive task. In
spite of the ASL improvement, BOLD fMRI still yielded
better within-subject sensitivity for hippocampal activation
than ASL in this study, particularly when performed using
an optimized high resolution BOLD sequence. As sug-
gested by the calculated values of effect size and tSNR
obtained with both techniques, this is partly due to the
increased temporal resolution of BOLD with respect to
ASL, a consequence of the fact that perfusion volumes are
obtained as subtraction of image pairs, which reduces the
final number of data points to half the acquired raw data.
Using a truncated BOLD time series, to match the number
of points in the ASL time series, reduced the sensitivity of
the optimized BOLD experiment to that of ASL.
Approaches to speed up the ASL image acquisition have
been previously reported. Turbo ASL [Wong et al., 2000] is
a modification of pulsed ASL that allows the use of
reduced TR by performing the control acquisition immedi-
ately after the application of the labeling pulse. Implemen-
tation of this technique for CASL is complicated due to the
long duration of the labeling pulse, during which labeled
blood may already enter the imaging volume. A CASL
version of turbo ASL [Hernandez-Garcia et al., 2004] has
been realized by shortening the duration of the labeling
pulse and TR, which allows acquisition of a larger number
of time points during the same scanning period but suffers
from a CNR reduction with respect to standard CASL. On
the other hand, acquisition of only labeled images [Duyn
et al., 2001] results in twofold improvement in temporal re-
solution, which would improve the sensitivity by a factor
of 1.4. Although this approach may alter the special noise
characteristics of perfusion fMRI conferred by the pair-
wise image subtraction, it has the potential of increasing
the sensitivity of ASL to the level of BOLD.
The significant improvement in performance provided

by the high resolution BOLD sequence when compared to
the standard resolution BOLD sequence is partly attribut-
able to a decrease in the effects of susceptibility induced
background gradients on the BOLD signal, as demon-
strated by the decrease in gradient between the tSNR of
the anterior and posterior regions of the HP. However,
this effect alone could not explain the improvement in sen-
sitivity of this sequence also found in the posterior region
of the HP and the visual cortex. Another likely factor

contributing to the improvement in sensitivity with im-
proved resolution is a reduction in partial volume effects
that occur when nonactivating white matter present in the
voxel attenuates the activation signal from the gray matter.
These effects have also been observed previously in brain
regions such as primary visual cortex where static suscep-
tibility gradients are not problematic [Jesmanowicz et al.,
1998]. Partial volume effects are also likely to contribute to
reduced sensitivity for ASL in this study despite the lack
of susceptibility artifact, considering the comparatively low
spatial resolution of 4 mm isotropic for the ASL sequence
used here.
At the group level, perfusion and BOLD data showed

activation in visual association cortex and extending for-
ward to the HP. The ASL activation was slightly stronger
in HP than the standard resolution BOLD. This finding
supports the notion that perfusion fMRI provides reduced
intersubject variability than BOLD during a cognitive task,
as was previously shown for sensorimotor tasks [Aguirre
et al., 2002; Wang et al., 2003]. However, this advantage
was no longer present when ASL group activation was
compared to high resolution BOLD. The activation
obtained with ASL appeared more localized than with
BOLD; however, when the group activation maps were
arbitrarily thresholded to produce equivalent activation
volumes (data not shown), these differences were mark-
edly reduced, suggesting that much of the observed differ-
ence is attributable to differences in sensitivity between
these contrast mechanisms. Using these thresholds and
considering activations within the hippocampal head, ASL
yielded predominantly left lateralized activation, low reso-
lution BOLD yielded minimal observable activation, and
high resolution BOLD yielded bilaterally symmetrical acti-
vation. These findings suggest the possibility of hemi-
spheric differences in the sensitivity of ASL and BOLD for
detecting hippocampal activation during memory encod-
ing, though the basis for these differences will need to be
explored further in future work.
Two potential confounds in our experimental design

cannot be addressed by our data. First, ASL and BOLD
data were acquired using somewhat different block dura-
tions that were empirically chosen to match the frequency
sensitivity and temporal resolution of each approach
[Aguirre et al., 2002]. However, although our prior work
suggests that a blocked design produces stronger activa-
tion than an event-related design matched either for time
or number of stimuli [Narayan et al., 2005], it remains con-
ceivable that shorter task blocks somehow increase task
activation when compared to longer blocks. Second, our
imaging protocol used a fixed scanning order for ASL and
BOLD, so a contribution of scan order effects cannot be
excluded.
The results of this study offer two strategies to improve

sensitivity in studies of hippocampal activation: perfusion
contrast and high resolution BOLD fMRI. The ASL tech-
nique provides a reduction of signal loss and distortion
due to susceptibility artifacts. These are exacerbated in the
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anterior HP due to its proximity to the temporal sinuses
and cause significant signal loss in the BOLD images
acquired using the GE-based EPI sequence. The GRASE
images have better coverage in this region, which
increased the tSNR of the measurements and resulted in
improved sensitivity for detecting activation. However, the
ASL sequence still suffered from comparatively poor tem-
poral and spatial resolution. The use of smaller voxels in
the optimized BOLD sequence also reduced susceptibility
artifacts and distortion in the hippocampal region, as well
as partial volume effects, which significantly improved its
performance. At present, high resolution BOLD fMRI at 3
T provides a simple approach to maximizing activation in
the HP and mTL. However, improving the spatial and
temporal resolution of ASL perfusion fMRI by means of
higher field strength and parallel imaging techniques
should allow the benefits of both approaches to be com-
bined to produce even better sensitivity for detecting mTL
activation during memory encoding.
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APPENDIX

The timing of the BS pulses was chosen after analyzing
their effect on the static tissue, using a strategy similar to
that proposed by [Duyn et al., 2001].
The effect of the BS pulses on the brain tissue (gray mat-

ter, white matter and CSF) was calculated as:

Mz ¼ M0 1� 2� 2� e
�TD

T1

� �
e
�Ti1

T1

� �
e
�Ti2

T1

� �
ðA1Þ

where Mz is the z component of the magnetization at
the time of the imaging pulse, M0 is the equilibrium
magnetization, Ti1 is the time between the first and the
second inversion pulses, Ti2 is the time between the
second inversion pulse and the excitation pulse
(imaging pulse), TD is the delay time, TD ¼ TR � (Ti1
+ Ti2), TR is the repetition time.
TR was set to 3.75 s due to SAR limitations. The sum of

Ti1 and Ti2 was fixed as 1.6 s in order to allow for the du-
ration of the labeling pulse and postlabeling delay. In sim-
ulations, Ti1 was varied between 1 and 1.4 s. Ti2 was then
set as 1.6 � Ti1. Mz was computed using Eq. (1) for CSF,
gray, and white matter, assuming T1s of 4.5, 1.3, and 0.8 s,
respectively.
According to this calculations, optimum suppression

would be achieved for Ti1 ¼ 1.250 s and Ti2 ¼ 0.350 s.
The final values implemented in the pulse sequence were
1.210 and 0.380 s respectively, which made the second
inversion time slightly longer than the value for optimal
suppression. This was necessary in order to avoid uncer-
tainty related to the polarity of the background signal,
because magnitude reconstruction of the data was per-
formed. The suppression effect achieved in the experi-
ments was very close to that predicted by the simulations.
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