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Abstract

Arterial Spin Labeling (ASL) can be implemented by combining different labeling schemes and

readout sequences. In this study, the performance of 2D and 3D single-shot pulsed-continuous

ASL (pCASL) sequences was assessed in a group of young healthy volunteers undergoing a

baseline perfusion and a functional study with a sensory-motor activation paradigm. The evaluated

sequences were 2D echo-planar imaging (2D EPI), 3D single-shot fast spin echo with in-plane

spiral readout (3D FSE spiral), and 3D single-shot gradient-and-spin-echo (3D GRASE). The 3D

sequences were implemented with and without the addition of an optimized background

suppression (BS) scheme. Labeling efficiency, signal-to-noise ratio (SNR), and gray matter (GM)

to white matter (WM) contrast ratio were assessed in baseline perfusion measurements. 3D

acquisitions without BS yielded 2-fold increments in spatial SNR, but no change in temporal SNR.

The addition of BS to the 3D sequences yielded a 3-fold temporal SNR increase compared to the

unsuppressed sequences. 2D EPI provided better GM-to-WM contrast ratio than the 3D

sequences. The analysis of functional data at the subject level showed a 3-fold increase in

statistical power for the BS 3D sequences, although the improvement was attenuated at the group

level. 3D without BS did not increase the maximum t-values, however, it yielded larger activation

clusters than 2D. These results demonstrate that BS 3D single-shot imaging sequences improve

the performance of pCASL in baseline and activation studies, particularly for individual subject
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analyses where the improvement in temporal SNR translates into markedly enhanced power for

task activation detection.
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INTRODUCTION

Arterial Spin Labeling (ASL) (Detre et al., 1992; Williams et al., 1992) utilizes magnetically

labeled arterial blood water as an endogenous tracer, enabling repeatable non-invasive

quantification of cerebral blood flow (CBF) in units of mL/min/100g of tissue.

ASL MRI has a broad range of applications in basic and clinical neuroscience, including the

evaluation of brain perfusion in disease states and its use as a means of monitoring regional

brain function based on the tight coupling between regional CBF and neural activity

(Raichle, 1998). Experimental evidence suggests that ASL fMRI could provide several

advantages over Blood Oxygenation Level Dependent (BOLD) contrast as a biomarker of

regional neural activity, though for most studies of evoked activity BOLD is still much more

sensitive. One such advantage is its superior low-frequency sensitivity, which allows ASL to

be used to monitor brain function over much longer intervals than BOLD (Aguirre et al.,

2002; Wang et al., 2003). CBF changes have also been shown to provide superior spatial

(Silva et al., 2000) and temporal (Huppert et al., 2006) resolution for detecting task effects,

but these benefits have not been widely realized in practice due to the relatively poor

sensitivity of most ASL methods.

ASL can be considered as a form of magnetization preparation. There are two main

approaches to ASL, known as continuous and pulsed ASL (CASL and PASL, respectively).

CASL methods generally provide higher SNR, but are more difficult to implement since

Radio-Frequency (RF) hardware found in most current clinical MRI systems is not designed

to give prolonged RF pulses (Detre et al., 2012). Pulsed-continuous ASL (pCASL) (Dai et

al., 2008; Wu et al., 2007) overcomes this difficulty using a train of pulsed RF pulses for

labeling, achieving both higher efficiency and compatibility with standard MRI hardware.

The effects of ASL are measured by comparison with control labeling, and this difference

can be modeled with additional assumptions or measurements to derive CBF (Detre et al.,

1992; Williams et al., 1992). At 3 Tesla, pCASL can label approximately 1% of brain water.

The ASL contrast can be sampled with any imaging sequence, though high sensitivity

sequences are most desirable to optimally measure the subtle effects of ASL. Much of the

existing literature on ASL MRI is based on the use of echo-planar imaging (EPI) due to its

high sensitivity and rapid acquisition of volumetric data that allows label and control images

to be interleaved every few seconds. EPI also adds little additional RF deposition to ASL

MRI, though this is generally not a limitation at field strengths up to 3 Tesla.
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However, some drawbacks of 2D multi-slice acquisitions (such as the slice dependence of

the obtained perfusion SNR, due to the different slice acquisition times) have encouraged

the use of 3D readouts (Duhamel and Alsop, 2004; Fernandez-Seara et al., 2005; Gai et al.,

2011; Gunther et al., 2005; Nielsen and Hernandez-Garcia, 2012). In addition, background

suppression (BS) of static tissue signal (Garcia et al., 2005; Ye et al., 2000), which is

optimally combined with 3D acquisitions (Fernandez-Seara et al., 2008; Gunther et al.,

2005), has been shown to improve the sensitivity of ASL by reducing physiological noise

(Wu et al., 2009), further increasing the interest in the utilization of 3D single-shot readout

sequences such as 3D gradient-and-spin-echo (GRASE) (Gunther et al., 2005) and 3D fast

spin echo (FSE) with in-plane spiral trajectory (Dai et al., 2008).

The purpose of this work was to compare the standard 2D EPI to the 3D pCASL sequences

with and without BS by evaluating their performance in baseline perfusion measurements

and functional activation studies. The three imaging sequences mentioned above were

selected due to their prevalence in the literature: 2D EPI, 3D GRASE and 3D FSE spiral.

Single-shot versions of these sequences were chosen to allow for evoked activation studies.

Both 3D sequences were implemented and tested with and without an identical optimized

BS scheme. All five sequence variants were compared in a group of ten young healthy

volunteers, during a baseline perfusion measurement and a functional study with a sensory-

motor activation paradigm.

MATERIAL AND METHODS

Subjects

A total of 10 young healthy volunteers (5 females; mean age ± standard deviation (SD) = 29

± 3 years) participated in the study, after signing a written informed consent.

Pulsed-Continuous Arterial Spin Labeling sequences

Five pCASL sequence variants with different readout schemes were subjected to testing: a

standard 2D EPI sequence, a 3D single-shot FSE with in-plane spiral readout (3D FSE

spiral), and a homologous 3D single-shot GRASE with Cartesian readout (3D GRASE).

Both 3D sequences were tested with and without the addition of an optimized BS scheme.

The pCASL pulse consisted of 1520 selective RF pulses (Hanning window, B1 average =

1.8 μT, duration = 500 μs, spacing = 500 μs, Gaverage = 1 mT/m, Gmaximum/Gaverage =

8) with a labeling duration of 1527.6 ms and post-labeling delay (PLD) of 1500 ms. For the

control, the RF phase alternated from 0 to 180°. Identical G waveforms were used for label

and control acquisitions. The inversion plane was offset 8 cm from the center of the field-of-

view (FOV) in the head-foot direction, so that it was located at the base of the cerebellum to

achieve good labeling efficiency. The labeling plane was in the same anatomical location for

all sequences tested.

The BS scheme consisted of 4 presaturation pulses played at the beginning of each repetition

time, 500 ms before the start of labeling, a slice-selective Frequency Offset Corrected

Inversion (FOCI) pulse (duration = 15.36 ms, bandwidth (BW) = 3.4 kHz, μ = 12.6, A = 2,

C-shape) immediately before the labeling pulse, and two non-selective hyperbolic secant

Vidorreta et al. Page 3

Neuroimage. Author manuscript; available in PMC 2014 May 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



inversion pulses (duration = 15.36 ms, BW = 3.4 kHz, β = 763) played during the PLD with

inversion times (TI) optimized to suppress the static tissue signal to 10% of its original value

(TI1/TI2 = 1258.6/350 ms referred to the beginning of the readout) (see Figure 1).

The nominal resolution of all three sequences was kept constant at 4×4×6 mm3. The

repetition time (TR) was 4 s. The readout parameters were selected as follows:

• 2D EPI: TR = 4000 ms, echo time (TE) = 18 ms, excitation flip angle = 90°, in-

plane resolution = 4×4 mm2, matrix = 64×64, slice thickness = 6 mm, 16 slices

with 1.5 mm gap acquired in ascending order, BW = 2790 Hz/px, FOV = 256×256

mm2, phase-encoding direction = anterior-posterior (A-P), total readout time (for

all 16 slices) = 700 ms.

• 3D GRASE: TR/TE = 4000/29 ms, excitation flip angle = 90°, refocusing flip angle

= 180°, resolution = 4×4×6 mm3, matrix = 64×57×11, 16 partitions in the slice-

encoding direction with 12.5% oversampling acquired with a centric encoding

scheme and slice partial Fourier (PF) = 5/8, BW = 2790 Hz/px, FOV =

256×224×96 mm3, in-plane phase-encoding direction = A-P, total readout time (for

the entire 3D volume) = 330 ms.

• 3D FSE spiral: TR/TE = 4000/10 ms, excitation flip angle = 90°, refocusing flip

angle = 160°, resolution = 4×4×6 mm3, matrix = 64×64×11, 16 nominal partitions

with 12.5% oversampling acquired with a centric encoding scheme and slice PF =

5/8, 2 stacks of interleaved spirals, maximum slew rate = 120 mT/(m·ms),

maximum gradient amplitude = 36 mT/m, FOV = 256×256×96 mm3, total readout

time (for the entire volume) = 360 ms.

The spiral readout trajectory was generated numerically (King et al., 1995). The spiral

calculation code was derived from Dr. Brian Hargreaves’ code (http://mrsrl.stanford.edu/

~brian/vdspiral/). Gradient raster time and ADC sampling time were 10 and 2.5 us,

respectively. FOV limit was applied along the radial direction. Spiral imaging data were

reconstructed using the standard regridding method with a Kaiser-Bessel window kernel

(Nuttall, 1981), and a Voronoi diagram to correct non-uniform sampling density. The Fastest

Fourier Transform in the West (FFTW) package (Frigo, 2005) was used to transform the

regridded data into the image space.

Scanning Protocol

The study was carried out on a 3-Tesla Siemens Trio (Siemens, Erlangen, Germany) using a

12-channel head array, and consisted of two consecutive sessions in which baseline and

functional perfusion data were acquired, respectively.

At the beginning of the first session, an anatomical T1-weighed image of each subject was

acquired with a MPRAGE sequence, with the following imaging parameters: TR/TE =

1620/3.09 ms, TI = 950 ms, flip angle = 15°, FOV = 192×256×160 mm3, resolution = 1 mm

isotropic, matrix = 192×256×160, 160 axial slices, scan-time = 5.2 min.

Next, Phase Contrast (PC) velocity MRI was used to calculate total incoming CBF, as

described in (Aslan et al., 2010), for the purpose of estimating a calibration factor needed for
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absolute CBF quantification from the pCASL data. The calibration factor represents the

percentage of labeled blood spins that are present at sequence readout time. This value not

only depends on the efficiency of the labeling pulse, which was identical for all sequences,

but also on the BS scheme, since non-ideal inversion pulses employed to suppress the

background signal interfere with the longitudinal magnetization created during labeling,

decreasing its amplitude.

To this end, a Time-Of-Flight (TOF) angiogram was acquired to visualize the Internal

Carotid Arteries (ICAs) and the Vertebral Arteries (VAs), for correctly positioning the PC

velocity MRI slice.

Then, subjects underwent five scanning runs. During each run, baseline perfusion images

were acquired with one of the five pCASL sequence variants, in pseudo-randomized order.

Baseline perfusion was assessed with the acquisition of 100 scans (50 pairs of label-control

images) while the subjects were resting with their eyes open. In the case of BS 3D

sequences, 10 additional scans were acquired without BS to obtain control images necessary

for CBF quantification.

The second session consisted again of five scanning runs, in which functional data were

acquired with the different sequences, in pseudo-randomized order, during a sensory-motor

activation paradigm. Each run had a total duration of 120 scans (60 pairs of label-control

images), divided into 6 alternating task and rest blocks of 20-scan duration each. In the task

blocks, subjects were presented with a black and white checkerboard flashing at a frequency

of 10 Hz, and were asked to perform a fingertapping task with their right hand while looking

at the center of the board. In the rest blocks, subjects were presented with a fixation cross

and asked to remain still, with eyes open.

Data Processing

Data processing and statistical analysis were conducted using SPM (version 8, Wellcome

Trust Center for Neuroimaging, University College London, UK) and custom scripts in

Matlab (Mathworks, MA, USA). Raw label and control images were realigned and co-

registered to the anatomical dataset, and then surround subtraction was applied to obtain

perfusion-weighted images with minimal BOLD signal contamination (Aguirre et al., 2002;

Wang et al., 2008). CBF maps were calculated from the perfusion-weighted images using

the single-compartment model (Wang et al., 2005), where the control magnetization was

computed from the average control images obtained without BS. A mean baseline perfusion

image and CBF map were computed by averaging the 50 pairs acquired during the baseline

scan.

The anatomical images were normalized to the Montreal Neurological Institute standard

template brain and the resulting normalization parameters were used to normalize the CBF

maps acquired during the task-related activation paradigm. Normalized CBF maps were

spatially smoothed with a 3D Gaussian kernel of 8 mm Full-Width at Half-Maximum

(FWHM), to perform group-level analyses. Anatomical grey matter (GM), white matter

(WM) and whole-brain masks were created for each subject, to extract mean GM, WM and

whole-brain CBF values. All masks were obtained from the segmented tissue maps
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generated upon individual T1-weighted image segmentation. To avoid partial volume

effects, only the inner voxels located in deep GM/WM were kept for the calculation of

GM/WM mean CBF values (van Gelderen et al., 2008). To avoid the inclusion of possible

susceptibility related artifacts found in ventral slices, only slices superior to the corpus

callosum were included.

Baseline Perfusion Analysis

The performance of the five modalities of pCASL during baseline measurements was

characterized by evaluating the following parameters: PC-MRI derived calibration factor,

temporal signal-to-noise ratio (SNR), spatial SNR, and GM-to-WM contrast ratio.

The calibration factor was computed as the ratio between the whole-brain mean pCASL

CBF value to the total incoming CBF measured with PC velocity MRI, divided by the total

intracranial mass (g) to be in units of mL/min/100g. Note that here the whole-brain mean

pCASL CBF is the value calculated without taking into account the labeling efficiency and

the effect of the BS pulses on the ASL signal. The total incoming CBF was estimated from

the PC velocity MRI images by manually drawing masks of the ICAs and VAs of each

subject in the magnitude images, and measuring the mean intensity inside each mask in the

corresponding phase images. This value was then converted to cm/s, and multiplied by the

area covered by the arteries (cm2) to have a final estimator of the incoming blood flow in

cm3/s, i.e., mL/s. The total intracranial mass was then employed to convert the measure to

units of mL/min/100g. The total intracranial mass was calculated from the total intracranial

volume, assuming a brain density of 1.06 g/ml, based on the GM and WM segmented maps

(Aslan et al., 2010). It is important to note that quantification of absolute CBF from pCASL

data, after applying the calibration factor obtained for each sequence, will yield the same

whole-brain mean CBF for all sequence variants, equal to the PC MRI derived mean CBF

value.

Temporal SNR (tSNR) was computed as the mean of the whole-brain perfusion signal in the

time series, divided by its standard deviation.

Three spatial SNR (sSNR) values were computed: the sSNR in the gray matter (sSNR-GM),

the sSNR in the white matter (sSNR-WM) and the sSNR of the global perfusion signal

(sSNR-Global). They were calculated as the ratio between the mean perfusion signal in the

corresponding regions and the background noise level. The background noise level was

estimated by manually drawing two spherical Regions-Of-Interest (ROI) of 10 mm radius, in

regions well outside the brain, and calculating the standard deviation of the noise signal. The

value obtained was corrected for averaging effects (Reeder, 2007). The GM-to-WM contrast

ratio was estimated as the ratio between the mean CBF values measured within the two

regions.

Statistical differences in these parameters among sequences were assessed by means of one-

way repeated measures ANOVAs (RM-ANOVA) with factor sequence, and post-hoc

comparisons were carried out using Bonferroni correction.
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Functional Activation Analysis

The functional activation data were assessed for each sequence, first at the subject level,

using the general linear model (Henson, 2004) by fitting the data into a block-design with

two alternating conditions, rest and task. Individual contrast maps of the comparison

between task and rest were obtained for each subject, and entered into a second level

analysis for group level assessment. Group t-maps were calculated by means of a one-

sample t-test and thresholded at p < 0.05 (family-wise error (FWE) corrected at cluster-level,

cluster-defining threshold p = 0.001). Map-wise analysis at this corrected level of

significance failed to identify activated areas in the maps obtained with the unsuppressed

sequences. Thus, statistical significance was also assessed at an uncorrected threshold of p <

0.005.

Maximum voxel t-values were extracted at both the subject and group levels within two

ROIs: an ROI located in the hand area of the left primary motor cortex (M1, Brodmann area

(BA) 4), and an ROI in the primary visual cortex (V1, BA 17) (Figure 2). Within each ROI,

the maximum t-values were identified in each sequence activation map. As the anatomical

location of the hand motor area has been well established in the literature (Yousry et al.,

1997), defined to have an inverted omega shape on the precentral gyrus, this shape was

identified in every subject for the subject-level analysis, and in the left hemisphere of the

MNI standard template for the group-level analysis, following the procedure in (Pimentel et

al., 2011), and its center-of-gravity (COG) was calculated in order to estimate the distance

between the voxel of maximum t-value within each M1 ROI and its corresponding

anatomical M1 COG. At the subject level, percent CBF (% CBF) changes between task and

rest conditions were also measured in M1 and V1, in spherical ROIs of 6 mm radius,

centered at the voxels of maximum significance in the group maps. % CBF changes were

calculated as the CBF increment observed within the sphere during the sensory-motor task

compared to the rest period, relative to the CBF value during rest.

The individual activation maps were finally entered in a one-way within-subject ANOVA

with factor sequence to assess voxel-wise differences between sequences.

Simulation of the Point Spread Function in the Slice Encoding Direction

To assess the effect of signal decay in the slice encoding direction due to T2 on the effective

resolution of the 3D sequences, the Point Spread Function (PSF) of both 3D GRASE and 3D

FSE spiral readouts was computed by Fourier transforming the modulation transfer function,

which was obtained by simulating the evolution of the signal during the readout time after

the 90° excitation RF pulse, including stimulated and spin echoes, assuming blood T1 and T2

values of 1500 and 200 ms, respectively.

RESULTS

PC velocity MRI Results

The whole-brain mean CBF estimated for the ten subjects participating in the study from the

PC velocity MRI data was 53.5 ± 7.9 mL/min/100g (mean ± SD across subjects). This result

agrees well with values reported for this age range (for a review, see (Lassen, 1985)).
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Baseline Perfusion Results

Representative perfusion and CBF maps from one subject acquired with the five tested

sequences are displayed in Fig. 3. Table 1 summarizes the main parameters characterizing

the performance of the five sequences. Unsuppressed 3D sequences demonstrated a 2-fold

increase in sSNR compared to 2D EPI, whereas the calibration factor and the tSNR

remained unchanged. GM-to-WM contrast decreased in the 3D sequences, particularly for

the spiral readout, which showed the lowest contrast ratio among all sequences. The addition

of BS to the 3D sequences yielded a 3-fold tSNR increase compared to the unsuppressed

sequences. This tSNR increase was due to a dramatic reduction in the ASL signal variance.

BS sequences presented a reduction in the calibration factor with respect to the unsuppressed

ones, which reflected the attenuation of the ASL signal amplitude caused by the BS pulses.

GM-to-WM contrast ratio was not affected by the use of BS.

The RM-ANOVAs performed over parameters calibration factor, tSNR, sSNR-Global, and

GM-to-WM CBF contrast with factor sequence yielded statistically significant differences (p

< 0.05, Bonferroni corrected), which further confirmed the previous observations. The

following post-hoc pair-wise comparisons between sequences proved significant:

In the calibration factor, significant differences were found between sequences with BS

(BS 3D GRASE and BS 3D FSE spiral) and sequences without BS (2D EPI, 3D

GRASE and 3D FSE spiral).

Similarly, in the tSNR, significant differences were found between sequences with BS

and sequences without BS.

In sSNR-Global, differences were significant between 3D sequences (with and without

BS) and 2D EPI. BS 3D FSE spiral also showed a significant increase over BS 3D

GRASE.

In the GM-to-WM contrast ratio, spiral readout yielded a significantly lower value than

to 2D EPI and 3D GRASE.

Susceptibility induced off-resonance effects were observed in the orbito-frontal region in the

perfusion maps, in the form of signal loss in the case of 2D EPI, and in the form of signal

distortion in 3D GRASE (both with and without BS). In contrast, 3D FSE spiral perfusion

maps showed better coverage in this region (See Figure 4 for a sample from a representative

subject).

Functional Activation Results

Group task activation maps are shown in Figure 5, thresholded at p < 0.005 uncorrected

(Figure 5a) and at p < 0.05 FWE cluster corrected (Figure 5b). Note that no significant

clusters were obtained from the unsuppressed sequences (2D EPI, 3D GRASE and 3D FSE

spiral) data after correction. In some of the uncorrected group maps, clusters of spurious

activation could be observed in certain areas. Nevertheless, none of these clusters survived

the cluster-level correction.

Table 2 shows a summary of the maximum t-values extracted from the individual and group

maps, for each of the sequences under test. At the subject level, unsuppressed 3D sequences
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yielded similar t-values compared to 2D EPI. When BS was employed, 3-fold higher t-

values were obtained in V1 and M1 regions, as a result of the higher signal stability. At the

group level, the maximum t-values obtained with the unsuppressed 3D sequences were again

comparable to those of 2D EPI, however the cluster extent of the significant clusters was

larger in the 3D sequences. BS also yielded higher t-values than the unsuppressed sequences

at the group level, though 2D EPI values approached those of the BS 3D sequences in the

M1 region.

Analysis at M1 region showed that 2D EPI maximum t-values were located more distant to

the anatomically determined M1 COG, compared to the 3D sequences.

The % CBF increases measured at the M1 and V1 group maxima agree well with previous

results in the literature (Aslan and Lu, 2010; Garraux et al., 2005; Tjandra et al., 2005). In

general, larger % CBF changes were found for 2D EPI, in comparison with the 3D

sequences.

Finally, the voxel-wise one-way within subject ANOVA yielded significant differences at a

corrected p < 0.05 threshold. Post-hoc sequence comparisons showed that BS 3D FSE spiral

presented significantly higher activation in V1 than 2D EPI (p < 0.05 FWE corrected for

cluster extent).

Simulated PSF in the Slice Encoding Direction

The simulated PSFs of 3D GRASE and 3D FSE spiral in the slice-encoding direction are

represented in Figure 6. The calculated FWHM of the 3D GRASE PSF was 1.38 voxels,

with the PSF of 3D FSE spiral readout being 3.4% wider.

DISCUSSION

The effect of readout choice in pCASL perfusion MRI sequences was assessed in this work.

To this end, five sequence variants were compared in a group of ten young healthy

volunteers, both during a baseline perfusion measurement and during a functional study with

a sensory-motor activation paradigm. Implementations of 2D EPI, 3D GRASE and 3D FSE

spiral, with the same repetition time, resolution and identical pCASL pulse were compared.

In 2D readouts each slice has a different acquisition time, which complicates the use of BS

because the level of signal suppression will vary from slice to slice. Therefore, in this work

we chose to assess the impact of BS only with the 3D sequence modalities.

The sequences were selected amongst the most commonly employed in the literature. In 2D

EPI, each slice is individually excited. This sequence has been traditionally chosen for ASL

measurements due to its high sensitivity and temporal resolution, despite being prone to off-

resonance effects arising from magnetic susceptibility variations (e.g. tissue-air interfaces).

On the other hand, 3D GRASE and 3D FSE spiral are fast spin echo based sequences, thus

suffering only from T2 decay in the slice-encoding direction, since the refocusing pulses

rephase the spin dephasing caused by inhomogeneities in the B0 field at every spin-echo

time. Note that, as implemented here, only the 3D GRASE sequence takes full advantage of

this effect, since it is the only one in which the center of each k-space plane is sampled at
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precisely the spin echo time, within a Cartesian in-plane trajectory. On the other hand, the

spiral readout provides minimum TE, since the center of k-space is sampled at the beginning

of the readout. In addition, spiral readouts generally offer more flexibility in the trajectory

design, such as variable density sampling and the use of multiple stacks of interleaved

spirals, which shortens the sampling time between refocusing pulses, and thus decreases the

sensitivity to susceptibility variations. Another advantage of the spiral readout design is that

the center of k-space is oversampled, which increases robustness against motion artifacts,

with the inherent refocusing of motion and flow-induced phase errors, due to the shape of

the gradients (Ahn et al., 1986; Delattre et al., 2010; King, 2004; Liao et al., 1997).

Baseline Perfusion Measurements

The calibration factor of pCASL when no BS was applied was found to be 87–92%. This

parameter in the absence of BS is equivalent to the labeling efficiency. The calculated values

are in excellent agreement with the results in the literature (Aslan et al., 2010; Dai et al.,

2008). Moreover, there was no difference between the calibration factor obtained for 2D EPI

and the 3D sequences without BS. This implies that the longer effective post-labeling delays

in 2D EPI particularly for the upper slices, do not affect the CBF quantification, probably

due to the long post-labeling delay of 1.5 s employed in the acquisitions, which is longer

than arrival times measured in healthy young adults, for all vascular territories (Chen et al.,

2012; Wang et al., 2003). The BS scheme was designed to suppress the static tissue signal to

10% of its original value. It is known that the use of BS also produces an attenuation of the

ASL signal, here measured as a reduction in the calibration factor of the BS 3D sequences.

The observed calibration factor when BS was applied was 71–72%, which implies that each

of the non-selective inversion pulses had an inversion efficiency of 90%. This value matches

the results obtained for optimized in-vivo BS schemes (Garcia et al., 2005).

Spatial SNR increased 2-fold in the unsuppressed 3D readouts, compared to 2D EPI. This

increase reflects the higher SNR efficiency of 3D acquisitions (since the signal from the

whole volume is sampled for every excitation) and the larger effective voxel size (in slice

direction) (as shown by the PSF calculations).

The sSNR measurements increased slightly in the perfusion maps acquired with BS 3D

readouts, as compared to unsuppressed 3D. This result is most likely an artifact, since with

BS the perfusion signal is attenuated and therefore the perfusion map sSNR should decrease,

when measured relative to background noise, which should not be affected by BS (Robson

et al., 2009). However, the noise standard deviation appears to be reduced by BS (see Table

1). This most likely means that although the background ROIs were placed in areas

apparently devoid of signal, the noise measurements must be affected by signal artifacts

extending to background areas. These artifacts (ghost images in the phase encoding direction

in the 3D GRASE images or reconstruction artifacts in the 3D FSE spiral images) are

probably attenuated by BS, thus causing an apparent reduction of the noise and an artificial

increase in the sSNR.

In spite of the attenuation of the ASL signal caused by BS, there was a 3-fold increase in the

temporal SNR of BS sequences, compared to the unsuppressed ones. In contrast, no

differences were observed between 2D and 3D readout sequences without BS, despite recent
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work (Nielsen and Hernandez-Garcia, 2012) suggesting that tSNR increases in an optimized

3D sequence with respect to 2D. However, in the data presented here, although the mean of

the ASL signal increased for the 3D acquisitions, its temporal standard deviation increased

proportionally and decreased only when BS was employed (see Table 1). BS data showed

reduced variance due to the higher temporal stability caused by the suppression of

physiological noise, which translated into higher tSNR (Gunther et al., 2005; Ye et al.,

2000).

In both tSNR and sSNR measures, a trend was observed showing slightly higher SNR values

for the spiral readout. The shorter TE of the spiral readout and some of its intrinsic

advantages, such as its relative insensitivity to movement and flow artifacts (Ahn et al.,

1986; Delattre et al., 2010; King, 2004; Liao et al., 1997), may be contributing to achieve

higher SNR values, but this could also be due to the in-plane blurring observed in the spiral

images.

The GM-to-WM CBF contrast values measured with all the sequences were in the range of

the results found in the literature, although there is a high variability in this measure among

the reported values (Fernandez-Seara et al., 2005; Gunther et al., 2005; Wang et al., 2005;

Xu et al., 2010). A higher GM-to-WM CBF contrast was obtained with the 2D EPI

sequence, compared to the 3D sequences, consistent with previous reports (Fernandez-Seara

et al., 2005). The decrease in contrast observed with the 3D sequences was likely due to

more severe partial volume effects, generated by the additional smoothing in the slice-

encoding direction that appears due to T2 decay. BS demonstrated no effect on this measure,

as contrast did not vary in either 3D GRASE or 3D FSE spiral when adding BS.

The 3D FSE spiral sequences showed lower GM-to-WM CBF contrast, compared to 3D

GRASE. Since both modalities had comparable total readout times (330 ms for 3D GRASE

and 360 ms for 3D FSE spiral), no significant effect due to additional T2 decay was expected

in the spiral readout. A difference between the two readout designs was that the spiral

readout comprised twice the number of refocusing pulses, due to the use of two stacks of

interleaved spirals in every partition, and because of that the refocusing flip angle of these

pulses was decreased to 160° due to SAR limitations. To evaluate the effect of this

difference, we compared the PSFs of both FSE spiral and GRASE readouts in the slice-

encoding direction (Figure 6). The difference between PSF widths was negligible (spiral’s

PSF FWHM was less than 3.5% wider), hence, the influence of the slice-encoding scheme

was ruled out as a possible source of additional smoothing.

Other sources of blurring in the spiral sequence could arise from deviations between the

theoretical and the real gradient waveforms (Delattre et al., 2010; King, 2004), which can

lead to additional blurring in the reconstruction step, due to the use of inexact k-space

trajectories. Likewise, off-resonance effects due to B0 field inhomogeneities or magnetic

susceptibility changes manifest themselves in spiral sequences as blurring, their effect being

more severe in sequences with long readout times (Delattre et al., 2010; King, 2004). Multi-

shot spiral acquisitions are expected to alleviate blurring by reducing the total readout time

and consequently the accumulated phase error, though these sequences are less versatile in

functional activation studies because of their reduced temporal resolution, as several TRs are
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needed for the acquisition of a single image. However, certain activation or pharmacological

paradigms are suitable for monitoring with reduced temporal resolution and for such studies

multi-shot approaches would be attractive.

In future work, implementation of real-time measurement of spiral gradient waveforms prior

to image acquisition as well as B0 field inhomogeneity correction should help reducing

possible sources of blurring (Cheng et al., 2011; Delattre et al., 2010; Tan and Meyer, 2009).

Perfusion maps acquired with the 2D EPI sequence showed signal losses in the orbito-

frontal cortex, attributable to magnetic susceptibility variations (Cho and Ro, 1992). In 3D

GRASE there was no signal loss in this region, but image distortions were observed due to

displacement of the signal in the phase-encoding direction caused by the susceptibility

background gradients (Fernandez-Seara et al., 2005). In contrast, 3D FSE spiral showed no

signal loss or distortion about the orbito-frontal region. Since increased susceptibility

differences have the effect of shortening T2*, it is likely that the shorter TE of the spiral

readout contributes to making this sequence more robust against these off-resonance effects.

Functional Activation Measurements

The functional experiments showed the expected areas of activation at the group level in

contralateral primary motor cortex (M1, hand area) and bilateral primary visual cortex (V1).

These results coincide well with the regions reported by previous studies with similar

activation paradigms (Aguirre et al., 2002; Aslan and Lu, 2010; Buxton et al., 1998; Tjandra

et al., 2005; Yang et al., 1998; Ye et al., 1997). In addition, BS 3D sequences showed

activation in the supplementary motor area (SMA), pre-SMA, putamen and thalamus, which

are known to be involved in the execution of voluntary movements, although only the SMA

cluster of BS 3D FSE spiral survived correction.

Two main effects were observed when analyzing the statistical significance of the activation

maps. At the individual level, the use of BS 3D readouts increased the t-values in both left

M1 and bilateral V1, by a factor of 3, with respect to the unsuppressed sequences. This is

likely a consequence of the increased tSNR, i.e. reduced physiological noise, realized by BS,

as has been previously observed employing a different functional task (Ye et al., 2000). This

increase in within-subject statistical power was observed in spite of a reduction in the effect

size (% CBF change) measured with the 3D readouts. The reduction in effect size is

probably attributable to the more severe partial volume effects in the 3D sequences,

reflected as well in the lower GM-to-WM contrast ratio of the perfusion maps.

At the group level, the differences between sequences were reduced, particularly in the M1

region. Although the group activation maps obtained with the unsuppressed 2D EPI did not

survive correction for multiple comparisons, the maximum uncorrected t-values increased

considerably compared to the t-values seen at the subject level (see Table 2). This is

consistent with prior observations obtained using unsuppressed 2D EPI ASL indicating that

group level activation with ASL may be more robust that individual level activation,

presumably due to conservation of task-induced CBF changes (Aguirre et al., 2002; Tjandra

et al., 2005). This effect was not as pronounced in the BS 3D ASL sequences, most probably

due to their already high sensitivity for task activation at the individual subject level
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resulting from increased tSNR, though t-values also increased between individual and group

levels for BS 3D ASL. Taken together, these findings suggest that the sensitivity benefits of

the 3D BS sequences, while dramatic at the individual level, can be offset at the group level

by consistent changes in CBF in response to task.

While unsuppressed 3D sequences presented similar significance values to those of 2D EPI,

the size of activated clusters in these maps was larger, which could be a consequence of the

increased effective voxel size.

In summary, at the subject level, the use of BS 3D readouts resulted in enhanced sensitivity

due to increased tSNR, in spite of the effect size reduction. Improved sensitivity at the

subject level could be particularly important for clinical applications of ASL fMRI or for

studies focusing on individual differences in activation. Further improvements in 3D

imaging, such as accelerated acquisitions or improved k-space trajectories should allow

approaching or exceeding the resolution of 2D EPI, thus eliminating the reduction in effect

size and allowing the full realization of the benefits of combining 3D readouts with BS.

In conclusion, the results of this study demonstrate that the combination of 3D single-shot

imaging sequences with BS techniques considerably improves the performance of pCASL

sequences in baseline and functional activation studies, with the major contribution to the

increase in sensitivity for functional studies coming from the use of BS.
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Highlights

3D pCASL sequences increased perfusion spatial SNR by a factor of 2

The addition of BS to 3D readouts increased perfusion temporal SNR by a factor of

3

2D EPI showed higher GM-to-WM CBF contrast ratio

Statistical power to detect functional activation was higher in 3D BS sequences

3D BS single-shot sequences appear as the preferable readout choice in pCASL

fMRI
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Figure 1.
Background Suppression (BS) scheme implemented in the 3D single-shot imaging

sequences, which consisted of 4 presaturation pulses, a slice-selective Frequency Offset

Corrected Inversion (FOCI) pulse with C-shape, and two non-selective hyperbolic secant

inversion pulses (HS1 and HS2) with inversion times optimized to suppress the static tissue

signal to 10% of its original value. Also shown are the pCASL pulse and the readout start

time.
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Figure 2.
(a) Left M1 (left BA 4) and (b) V1 (BA 17) masks employed to assess the maximum t-

values obtained from the voxel-wise analysis of the task-related activation paradigm results,

at subject and group levels. The BA 4 and BA 17 masks were extracted from the BA

template provided with MRIcron.
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Figure 3.
Representative perfusion (top) and CBF maps (bottom) from one subject acquired with the

five tested sequences. The perfusion maps are displayed in coronal and axial orientation.

The CBF scale bar indicates CBF units in mL/min/100g.
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Figure 4.
Ventral slices of mean perfusion maps from a representative subject obtained with the five

readout sequences. The arrows identify areas of distortion and signal loss. The intensity

scale of each image was individually adjusted to improve visualization.
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Figure 5.
Sensory-motor task group activation maps, superimposed on axial T1-weighted images,

thresholded at (a) p < 0.005 uncorrected; (b) p < 0.05 FWE cluster-wise corrected (cluster-

defining threshold p = 0.001). The color scale represents statistical significance (t) values.
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Figure 6.
Simulated point spread functions (PSFs) in the slice encoding direction for 3D GRASE

(solid line) and 3D FSE spiral (dashed line) readouts. The dashed horizontal line indicates

the location of the PSF half maximum amplitude.
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