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ARTICLE INFO ABSTRACT

A 2D gradient-echo EPI is commonly employed for arterial spin labeling (ASL) readout to achieve fast whole
brain coverage measurements. However, such a readout suffers from susceptibility artifacts induced by magnetic
field inhomogeneities. To reduce these susceptibility effects, single-shot spin-echo EPI was proposed to be used
for acquisitions in continuous ASL (CASL). To minimize functional and physiological variations, a gradient-echo
(GE)/spin-echo (SE) dual-echo EPI readout of the CASL sequence is needed for a comparison between GE- and
SE-based determination of cerebral blood flow (CBF). In this study, we employed a simultaneous GE/SE mul-
tiband EPI as the readout of a pseudo-CASL (pCASL) sequence. Motor cortex activations derived from a finger-
tapping task and functional networks from resting state fMRI were compared for both GE and SE contrasts. Direct
comparison of SE and GE contrasts revealed that GE ASL provides an improved sensitivity of functional activity
in finger-tapping and in resting-state imaging. SE ASL, on the other hand, suffered less from susceptibility ar-
tifacts induced by magnetic field inhomogeneities and pulsatile flow artifacts.
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1. Introduction

Cerebral blood flow (CBF) has been widely demonstrated to be
coupled with brain function as well as brain metabolism [1], including
during resting states [2-4]. Changes in CBF can be measured non-in-
vasively with the method of arterial spin labeling (ASL) [5,6]. In ASL,
the perfusion contrast in the images arises from the subtraction of two
successively acquired images: one with, and one without a labeling of
arterial spins after a small delay time. The subtracted signal is on the
order of 1% of baseline signal, and the resting-state fluctuations cause
only an additional fractional change [7]. The main challenges for using
ASL to observe resting-state CBF fluctuations are the low signal-to-noise
ratio (SNR), low temporal resolution, and possible contamination from
blood oxygenation level dependent (BOLD) fluctuations [7]. Con-
tinuous ASL imaging, which provides higher SNR compared to pulsed
ASL, has been used to investigate resting-state brain activities in rela-
tion to BOLD imaging [7-9]. High-pass filtering of the ASL signal allows
for CBF oscillations to be isolated with reduced BOLD contamination
[7]. Contamination of the perfusion estimate by BOLD can also be

minimized by using either sinc subtraction or surround subtraction
[10,11]. Connectivity maps from CBF and BOLD signals were demon-
strated to be regionally similar [8,9,12,13].

A 2D gradient-echo (GE) EPI is commonly employed for ASL readout
to achieve fast whole brain coverage measurements [14]. However,
such a readout suffers from susceptibility artifacts induced by magnetic
field inhomogeneities [14]. To reduce these susceptibility effects, spin-
echo (SE) EPI was proposed to be used for acquisitions in perfusion
fMRI [15]. The SE CASL technique was compared with a regular GE EPI
sequence with the same slice thickness, as well as other imaging
methods using thin slices and SE acquisitions. The results demonstrate
improved functional sensitivity and efficiency of the SE CASL approach
as compared with GE EPI techniques, and a trend of improved sensi-
tivity as compared with the SE EPI approach in the brain regions af-
fected by susceptibility artifacts. ASL images provide a robust alter-
native to BOLD methods for activation imaging in regions of high static
field inhomogeneities [15]. To minimize functional and physiological
variations, a simultaneous GE/SE EPI readout of the CASL sequence is
needed for comparison.
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Fig. 1. Sequence diagram of the simultaneous GE/SE EPI sequence. Several
slices are excited simultaneously using multiband RF pulse. An additional
gradient blip scheme in slice direction with each phase encoding step shifts the
slices in the PE direction and reduces the high g-factor penalties and effectively
reduces the noise amplification in the reconstructed images. The rephasing
gradient (in red) was inserted after GE readout to return the data acquisition to
the k-space center. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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We make further use of the multiband EPI method in ASL, a recently
proposed technique to improve the temporal resolution and efficiency
of ASL data acquisition to eventually obtain high-resolution images of
the whole brain, see e.g. [16] and references therein. While multiband
ASL has been developed for single shot and multi time-point ASL to
increase SNR to achieve a more accurate CBF estimation [17-21], we
here adapt it for a dual GE/SE multiband EPI-based pCASL readout to
allow for a simultaneous comparison of two whole brain perfusion
images. The phases imprinted by the first EPI readout are thereby
canceled by the rephasing gradients just before the refocusing pulse to
easily enable in-plane partial Fourier imaging (Fig. 1). Motor cortex
activations derived from a finger-tapping task were compared for both
GE and SE contrasts. Whole brain quantitative cerebral blood flow maps
and resting state networks were compared.

2. Methods

16 healthy young volunteers (8 male, 8 female) were scanned using
a 64-channel head receive radiofrequency (RF) coil on a 3T Prisma
Siemens scanner (Siemens Healthcare, Erlangen, Germany). Written
and informed consent was obtained from all subjects and the study was
approved by the Ethics Committee of the Medicine Faculty of
Heidelberg University Hospital. The study was conducted according to
the Declaration of Helsinki.

Table 1

Correlation coefficients between GE and SE CBF signal time courses in different networks for each subject.
Sub. Sensorimotor Auditory Primary visual Higher visual Default-mode Salience Left ECN Right ECN
1 0,22 -0,18 0,42 0,56 0,31 0,53 0,73 0,21
2 0,08 0,29 0,29 0,77 0,35 0,29 0,68 0,30
3 0,69 0,44 0,68 0,67 0,39 0,44 0,64 0,48
4 0,64 0,47 0,66 0,75 0,41 0,49 0,47 0,48
5 0,57 0,34 0,48 0,84 0,64 0,31 0,85 0,42
6 0,52 0,27 0,51 0,84 0,45 0,59 0,70 0,65
7 0,59 0,56 0,53 0,76 0,47 0,55 0,69 0,79
8 0,12 0,23 0,47 0,83 0,29 0,11 0,79 0,46
9 0,01 0,35 0,52 0,65 0,59 0,77 0,70 0,65
10 0,66 0,55 0,70 0,45 0,50 0,47 0,48 0,55
11 0,61 0,62 0,67 0,50 0,44 0,44 0,70 0,55
12 0,67 0,64 0,60 0,63 0,43 0,71 0,03 -0,34
13 0,89 0,49 0,70 0,77 0,50 0,38 0,71 0,61
14 0,43 0,38 —0,01 0,41 0,21 0,26 0,58 0,62
15 0,23 0,16 0,51 0,40 0,34 0,26 0,53 0,40
16 0,55 0,22 0,52 0,82 0,44 0,55 0,68 0,49

Table 2

P-values of the correlations between GE and SE CBF signal time courses in different networks for each subject. If p-values are < 0.001, the correlation is highly

significant.
Sub. Sensorimotor Auditory Primary visual Higher visual Default-mode Salience Left ECN Right ECN
1 0,014 0,045 0,000 0,000 0,000 0,000 0,000 0,017
2 0,379 0,001 0,001 0,000 0,000 0,001 0,000 0,001
3 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
4 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
5 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
6 0,000 0,002 0,000 0,000 0,000 0,000 0,000 0,000
7 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
8 0,158 0,009 0,000 0,000 0,001 0,204 0,000 0,000
9 0,912 0,000 0,000 0,000 0,000 0,000 0,000 0,000
10 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
11 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
12 0,000 0,000 0,000 0,000 0,000 0,000 0,777 0,000
13 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
14 0,000 0,000 0,924 0,000 0,017 0,002 0,000 0,000
15 0,010 0,066 0,000 0,000 0,000 0,003 0,000 0,000
16 0,000 0,013 0,000 0,000 0,000 0,000 0,000 0,000
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Fig. 3. CBF maps acquired by simultaneous GE/SE EPI readouts. Both GE and SE CBF maps are shown in the range of 0-120 mL/100 g/min. GE ASL maps showed
increased susceptibility artifacts at the region of frontobasal cerebrumand frontal lobe (white arrows), and increased pulsatile flow artifacts from superficial cranial
arteries around the brain (yellow arrow), when compared to SE ASL. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

2.1. Finger-tapping

For block-designed finger-tapping tasks, 88 measurements with 44
pairs of label-control volumes were obtained, which include five and a
half tapping/rest cycles with 16 measurements (8 pairs) per cycle and 8
measurements (4 pairs) per half cycle. Sequence parameters for the
multiband EPI sequence were taken as follows: TE (GE/SE) = 14.5/
78ms, dim =64 X 64 x 20, multiband factor =2, partial
Fourier = 6/8, resolution = 3.4 x 3.4 x 5mm>, time of la-
beling = 1.4s, PLD = 1s, TR = 3.55s. Here 10 multiband excitations
in EPI were performed which yields full 20 slices. For comparison, we
imaged with a single-band EPI sequence consisting of 10 slices, which
were placed at the same location of the motor cortex as the multi-band
EPI sequence slices. The total measurement time for the finger-tapping
task acquisitions was 5.2 min. CBF was calculated after preprocessing
with realignment, reslicing and smoothing algorithms in Matlab
(R2015a, The MathWorks, Natick, MA, USA). Calculation of CBF was
obtained based on the surround subtraction method [10,11]. Two
sample t-tests were used to compare the CBF time series between on and
off states of finger-tapping tasks.

2.2. Resting-state

For resting-state measurements, 130 measurements were acquired
with the same parameters as for the finger-tapping task. The total
measurement time for resting-state acquisitions was 7:45min. The
resting-state ASL was preprocessed using DPARSF (http://rfmri.org/
DPARSF) with the following steps: motion correction, spatial normal-
ization to the standard Montreal Neurological Institute (MNI) space,
smoothing along three directions with FWHM = 6 mm, temporal fil-
tering (0.07-0.14 Hz), CBF calculation, detrending, regressing out cer-
tain nuisance covariates, including 6 head motion parameters, global
mean signal, white matter signal and cerebrospinal fluid signal. The
functional images were normalized to MNI space by using unified
segmentations on the T1-weighted images of the same patient to
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improve the accuracy of spatial normalization. This process contained
three steps: coregistration, segmentation and writing normalization
parameters. To ensure that CBF values were not contaminated by the
BOLD signal, spatially smoothed ASL raw data was split into a high-pass
filtered series with a cut-off of 1/(4*TR) [7], corresponding to 0.07 Hz
in our case, and a low-pass series obtained as the residuals of the fil-
tering. The high-pass filtering range applied to the ASL signal, to gen-
erate uncontaminated CBF fluctuations, was 0.07-0.14 Hz. The high-
passed filtered series was used to obtain the CBF signal, while the low-
pass filtered series contained the EPI-BOLD signal [7]. Calculation of
CBF was obtained using ASLtbx [22] and the surround subtraction
method on the high-pass filtered series [10,11]. After CBF calculation,
CBF data were detrended and nuisance covariates were regressed out.

Finally, a conventional 3D MP-RAGE sequence of 6 min was per-
formed to acquire T1-weighted anatomical images (resolution = 1 mm?®
isotropic, TE/TR = 4.45/20ms, flip angle = 25°, 256 x 256 x 192,
GRAPPA factor = 2).

2.3. Seed-based functional connectivity analyses

To obtain the corresponding networks in the resting-state, 8 seed
ROIs were placed in the left precentral gyrus (Talairach coordinates:
—53, =7, 29) for the sensorimotor network, left transverse temporal
gyrus (—50, —21, 11) for the auditory network, left cuneus (BA 17:
—6, —76, 11) for the primary visual network, left inferior occipital
gyrus (BA17: —20, —94, —8) for the higher visual network, left pos-
terior cingulate cortex (—12, —54, 10) for the default-mode network,
left dorsal cingulate cortex (—4, 26, 34) for the salience network, left
inferior parietal cortex (—48, —63, 38) for the left executive-control
network (ECN), and right inferior parietal cortex (45, —58, 42) for the
right ECN. The average time course of each seed ROI was extracted as a
reference time course to calculate the cross-correlation coefficient (cc)
map for each individual which was then transformed to z-value maps
with Fisher's z transform. A one-sample t-test was performed on the z-
value maps to obtain significant functional connectivity maps at a
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Fig. 4. (a) GE and SE CBF of a ROI defined at the region of the nasal sinuses,
based on an averaged map from all subjects. (b) GE and SE CBF of a ROI defined
at the region of the inferior temporal gyrus. (c) GE and SE CBF of a ROI defined
at the region of the superficial cranial arteries. Mean values are marked with
circles and standard deviations are shown as error bars.
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group level, which were thresholded at t > 7 with a cluster size re-
sulting in p-value at p < 0.05 (FWE).

Since a simultaneous GE/SE dual-echo EPI sequence was utilized,
the GE and SE signal are expected to be highly correlated. To calculate
the correlations between GE and SE CBF signals, time courses of 8
networks were extracted for each subject. The correlation coefficients
are listed in Table 1 and the p-values of the correlations are shown in
Table 2.

3. Results

The individual activation maps after finger-tapping were super-
imposed upon GE and SE images with a threshold of p < 0.001, see
Fig. 2. Both the perfusion data from GE and the SE EPI scan yielded
robust activation at the region of the motor cortex. The perfusion data
acquired by GE EPI showed more activation than the perfusion data
acquired by SE EPIL

In Fig. 3 we show the quantitative CBF map of a representative
subject, based on both the GE and SE EPI readout, respectively. The CBF
values from both readouts were in the range of 0-120 mL/100 g/min.
The CBF maps exhibited similar contrast, though the SE CBF maps
appeared less distorted at the tissue-air interface regions such as region
at frontobasal cerebrum, frontal lobe and temporal lobe. Signal voids in
the same regions were clearly smaller in the SE CBF maps. Also, we
observed a decrease in pulsatile flow artifacts from superficial cranial
arteries around the brain in SE readouts.

To quantify the effect of magnetic field inhomogeneity on image
quality, we compared mean CBF from a representative ROI in the
frontobasal cerebrum, defined on an averaged GE CBF map from all
subjects. A ROI at the inferior temporal gyrus was defined based on the
respective averaged Anatomical Automatic Labeling (AAL) map [23].
For the region of the frontlbasal cerebrum, we found that mean CBF
signals from the ROI in GE CBF maps were mostly lower compared to SE
CBF maps for the same ROI, due to the increased number of signal
voids, see Fig. 4(a). In contrast, mean CBF in ROIs on the inferior
temporal gyrus were similar in GE and SE CBF maps, see Fig. 4(b). To
compare the pulsatile flow artifacts, a ROI in the region of the super-
ficial cranial arteries was manually defined based on an averaged GE
CBF map from all 16 subjects. We found decreased CBF in this region in
SE CBF compared to GE CBF, see Fig. 4(c).

For comparison, the seed-based functional networks generated from
GE and SE ASL are displayed in Fig. 5. 8 resting-state functional net-
works were generated, including the sensorimotor network, auditory
network, primary visual network, higher visual network, default-mode
network, salience network, left ECN, and right ECN. The perfusion data
acquired by GE EPI showed greater activation than that acquired by SE
EPI: the numbers of active voxels with a t value greater 7 in GE and SE
ASL network maps, as well as the summed t of these active voxels, are
presented in Fig. 6(a) and (b), respectively. It can be seen that, in all
networks, GE ASL has the higher active voxel count and summed t when
compared to SE ASL.

Time courses of GE (1st echo) and SE (2nd echo) CBF signals in the
default-node network (a) and primary visual cortex (b) of a single
subject are shown in Fig. 7. The correlation coefficients between GE and
SE signals are 0.44 (p < 0.001) and 0.67 (p < 0.001) in the default-
node network and primary visual cortex, respectively. As expected, the
correlations between GE and SE CBF signals are high (Tables 1 and 2)
with most of the p-values below 0.0001.

4. Discussion

In this work, a dual GE/SE multiband EPI was developed as a pCASL
readout, to allow for a simultaneous comparison of two whole brain
perfusion images. With a multiband factor of 2, the optimized GE/SE
EPI sequence achieves twice the number of slices while maintaining the
same repetition time as the SB technique. By inserting the rephasing
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Fig. 5. Brain networks detected by the seed-based analysis of the GE (left) and SE (right) contrast, including sensorimotor, auditory, primary visual, higher visual,

default mode, salience and left, right executive control networks.
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Fig. 6. (a) Active voxels with t values > 7 in typical GE and SE ASL networks.
(b) Summed t of these active voxels in the same networks.

gradient after GE EPI (Fig. 1), partial Fourier imaging can be easily
achieved. Without the rephasing gradient, the actual position in k-space
is flipped to the diagonal position of the k-space after application of a
180° pulse. However by using partial Fourier acceleration, the start
point and end point in k-space are not point-symmetric to the k-space
center, so that the k-space position before the second EPI read out train,
which depends on the acceleration factor, needs to be corrected. To
ensure correct data acquisition, and to allow the usage of a standard EPI
module, the phases produced by the EPI readout were canceled just
before the refocusing pulse.

We subsequently acquired quantitative CBF maps using a 2D EPI
based pCASL sequence. High perfusion sensitivity was achieved using a
long labeling pulse, and surround subtraction was used to achieve a
high temporal resolution and to avoid contamination of BOLD signals.
We also added high-pass filtering into CBF post-processing to suppress
BOLD fluctuations.

According to the number of active voxels and summed t at the re-
gion t > 7, GE ASL showed higher values in all networks when com-
pared to SE ASL (Fig. 6), suggesting that, in these networks, GE ASL
provides a better sensitivity of functional activity in the resting-state
than SE ASL. In comparison with the GE readout, SE active regions were
more confined (Figs. 2, 5 and 6), partially due to reduced contributions
from large vessels [24]. SE signal sensitivity is significantly reduced due
to refocusing of the dephasing effect around large vessels compared to
the GE readout [25]. GE BOLD sensitivity for functional connectivity is
larger with respect to SE BOLD, as demonstrated in prior studies
[26,27]. To-weighted SE sequences have been proposed as a promising
alternative when an increased functional localization to the capillary
bed is desired, because static dephasing effects around larger vessels are
refocused by the 180° radiofrequency pulse [28], therefore trading
sensitivity for a higher spatial specificity for microvasculature [29]. In
addition, the improved sensitivity of functional activity in the resting-
state GE ASL, when compared to SE ASL, may result from a higher SNR
in the GE readout, presumably due to the fact that SE was acquired at a
longer TE and only partial k-space sampling [30]. SE CBF maps also
suffered considerably less from susceptibility artifacts in air-tissue re-
gions such as the region at frontobasal cerebrum, frontal and temporal
lobe (Figs. 3 and 4(a)), in agreement with the literature [15]. In brain
regions affected by macroscopic magnetic field inhomogeneities, the
BOLD sensitivity in SE EPI may be considerably higher compared to GE
EPI. For example, when using SE EPI, additional frontopolar and ventral
frontomedian activations were observed during a Stroop colour-word
matching task, which could not be detected using GE EPI [31]. Similar
results were reported in the hippocampus during a hyperventilation
task [32] and in the inferior temporal lobes during a semantic cate-
gorization task [33]. SE EPI may therefore provide an interesting al-
ternative for fMRI in regions affected by macroscopic magnetic field
inhomogeneities [26,34,35].

We also observed that the SE readout was less prone to pulsatility
artifacts in large vessels (Figs. 3 and 4(c)), likely due to the fact that the
slice-selective 180° pulses after an initial 90° pulse do not refocus ra-
pidly flowing spins and therefore create a signal void where signal ar-
tifacts would occur during GE readout [27]. Another possibility could
be that the crusher gradients around the refocusing pulse serve as weak
flow nulling. However, with the parameters used in the sequence it can
be easily verified that, the second effect is negligible.

To compare the time courses of GE and SE CBF signals, correlation
coefficients and p-values of the correlations were calculated in different
networks for each subject (Tables 1 and 2). Most of the p-values were
below 0.001, which indicates the correlations were highly significant.

One caveat of this study is a relatively short PLD (1 s) in the pCASL
sequence to assess the resting-state activities. A short PLD under-
estimates the perfusion in regions with long blood arrival time such as
white matter [36]. A longer PLD can ensure that the majority of the
voxels are filled with blood; however, it also leads to a decreased SNR
due to signal decay. Higher SNR and temporal resolution due to short
PLD increase the sensitivity of ASL in detecting the resting state net-
works.

In conclusion, a dual-contrast pCASL sequence using simultaneous
GE/SE multiband EPI readout was implemented to investigate the
nature and differences between SE and GE CBF. Motor cortex activa-
tions derived from a finger-tapping task were compared for both GE and
SE contrasts. Whole brain covered quantitative cerebral blood flow
(CBF) and resting state networks were compared. After direct
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Fig. 7. Time course of GE and SE CBF signals in the default-node network (a) and primary visual cortex (b) of a single subject.

comparison of SE and GE contrasts, we found that GE ASL provides a
better sensitivity of functional activity in the finger-tapping task and in
resting-state imaging. From quantitative CBF maps acquired by both
readouts, we further observed that SE ASL suffered less from suscept-
ibility artifacts induced by magnetic field inhomogeneities and pulsatile
flow artifacts than GE ASL.
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