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Abstract

Objective In this perfusion magnetic resonance imaging study, the performances of different pseudo-continuous arterial
spin labeling (PCASL) sequences were compared: two-dimensional (2D) single-shot readout with simultaneous multislice
(SMS), 2D single-shot echo-planar imaging (EPI) and multishot three-dimensional (3D) gradient and spin echo (GRASE)
sequences combined with a background-suppression (BS) module.

Materials and methods Whole-brain PCASL images were acquired from seven healthy volunteers. The performance of
each protocol was evaluated by extracting regional cerebral blood flow (rCBF) measures using an inline morphometric
segmentation prototype. Image data postprocessing and subsequent statistical analyses enabled comparisons at the regional
and sub-regional levels.

Results The main findings were as follows: (i) Mean global CBF obtained across methods was were highly correlated, and
these correlations were significantly higher among the same readout sequences. (ii) Temporal signal-to-noise ratio and
gray-matter-to-white-matter CBF ratio were found to be equivalent for all 2D variants but lower than those of 3D-GRASE.
Discussion Our study demonstrates that the accelerated SMS readout can provide increased acquisition efficiency and/or a
higher temporal resolution than conventional 2D and 3D readout sequences. Among all of the methods, 3D-GRASE showed
the lowest variability in CBF measurements and thus highest robustness against noise.

Keywords ASL - Perfusion - Simultaneous multi-slice - Multiband - Brain - Cerebral blood flow

Introduction

Stroke is a major global public health issue and the third
leading cause of death in industrialized countries; early
detection and treatment play important roles in limiting
brain damage and improving patient outcomes. Thus, there
is a need to improve both the timely identification of stroke
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patients eligible for accessible therapies and the evaluation
of the benefit-risk ratio for patients. Longitudinal studies on
cerebral blood flow (CBF) evaluation after stroke initially
exhibited a reduced CBF response followed by an increased
CBF after a month, which then progressively approximates
the normal CBF response pattern over the next 3 months [1,
2]. In this clinical context, noninvasive, noninjected, fast and
robust perfusion measurement techniques are essential to
efficiently and sequentially monitor blood supply perturba-
tions longitudinally in the brain and to broaden our under-
standing of how they relate to the resulting neurological defi-
cits. The need for and the impact of a quick medical response
in stroke cases have clearly been restated in a comment by
von Kummer and colleagues [3].

Arterial spin-labeled (ASL) perfusion magnetic reso-
nance imaging (MRI) uses magnetically labeled arterial
blood water as an endogenous tracer to obtain quantitative
regional Cerebral Blood Flow (rCBF) measures [4, 5]. ASL
is a repeatable and completely noninvasive technique that
has a wide range of clinical applications and advantages
over exogenous contrast-based methods. This technique is
particularly useful in pediatric and renal failure patients, in
whom the use of external tracer is restricted [6, 7]. ASL
preparations can be combined with both two-dimensional
(2D) and three-dimensional (3D) readout approaches.

Currently, the main challenges of ASL techniques that
limit its widespread use in routine evaluations of brain tis-
sue viability are as follows: (1) long acquisition times due
to the intrinsically low signal-to-noise ratio (SNR), which
requires the accumulation of a sufficient number of control-
label image pairs to obtain perfusion maps of diagnostic
quality; (2) a decreased SNR for high-resolution perfusion
images when 2D ASL images are acquired with increased
in-plane and through-plane resolution (i.e., those with a
greater number of slices covering the same brain volume);
and (3) increased susceptibility to patient motion-induced
artifacts due to the long scan time. These limitations are
addressed and mitigated by continued innovations in the
image 2D and 3D readout [4, 8—11] and labeling [7, 8, 12,
13] and background suppression [14—18]components of ASL
sequences, which have recently enabled the technique to be
employed in clinical routines.

Simultaneous multi-slice acceleration (SMS) uses
multiband radiofrequency (RF) pulses to simultaneously
excite multiple spatially distributed slices and to read out
these images in a single echo train. The superimposed
signals that are acquired from multiple slices are further
unwrapped by unaliased image reconstruction [19]. This
technique was further developed to reduce the acquisition
time in diffusion or functional studies based on 2D single-
shot EPI readouts [20, 21]. The simultaneous acquisition
of multiple slices enables a coupled reduction of the total
acquisition time and accelerated through-plane coverage,
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if desired, or is improved through-plane resolution with-
out a time penalty for whole-brain applications (although
the SNR/contrast-to-noise ratio (CNR) reduction in con-
trol/label pairs will be proportional to the slice thickness
reduction). SMS imaging appears to be an attractive solu-
tion for whole-brain ASL to increase the spatial resolu-
tion in the slice direction using a 2D EPI readout. Indeed,
SMS has recently been implemented to improve the cover-
age of data acquisition within a given repetition time in
pulsed ASL (PASL). 2D SMS-PASL was compared to the
standard single-band (SB) 2D EPI reference technique [22]
and to 3D GRASE [23] for brain perfusion imaging using
the flow-sensitive alternating inversion recovery (FAIR)
[24] labeling technique with a standard low image resolu-
tion. These studies found that perfusion signal differences
between the SB and SMS readouts were minimal. More
recently, Li et al. [25] also investigated PCASL combined
with an SMS factor of six for high-resolution whole-brain
applications. In this study, by combining simulations and
experimental validation, the authors demonstrated that the
amplified noise (which was given by the coil geometry
factor, i.e., the g-factor) and slice leakage (i.e., slice-to-
slice contamination which was expected to be more pro-
nounced from the high through-plane acceleration factor
used) had a minimal impact on CBF quantification. They
demonstrated that 2D EPI with SMS greatly benefited to
high-resolution whole-brain PCASL studies in terms of
improved spatial SNR and temporal SNR (tSNR) efficien-
cies. It also showed an increased compliance with the
assumptions of the commonly used single-blood compart-
ment model, which resulted in improved CBF estimates.

While constituting important initial findings, none of
these studies evaluated the impact of accelerated techniques
using the statistical analysis that is generally used in clinical
practice to address clinical issues and, specifically, using
PCASL preparation and comparing the results to those of 3D
GRASE with the same preparation. It has been shown in the
past that slightly different combinations of ASL parameters
can ultimately produce regional differences between ASL
sequences that are acquired on the same scanner and from
the same subjects [26]. These results highlight the need for
preclinical studies to verify and validate a chosen technology
and protocol before large-scale clinical trials are designed.

The goal of this study was thus to evaluate the perfor-
mance of a 2D SMS single-shot PCASL sequence by apply-
ing (i) 2D EPI without any slice acceleration, (ii) 2D EPI
with three different levels of increasing SMS acceleration
factors and correspondingly increasing through-plane reso-
lution, and (iii) 3D GRASE with BS in healthy volunteers
prior to decision making for a larger clinical trial. To this
end, the analysis pipeline that would be used to statistically
produce and mine CBF data in clinical or preclinical studies
was tested for all PCASL variants.
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Materials and methods

This study was conducted in seven healthy human subjects
(mean age, 38 + 7 years; one female). We obtained the
approval from local ethical committee (French IRB, CPP
Lyon Sud-Est II, IRB No: 2015-A01802-47) and performed
in compliance with the Code of Ethics of the World Medi-
cal Association (Declaration of Helsinki) and the standards
that were established by the Institutional Review Board
and National Institutes of Health. All subjects provided
informed written consent for this study. MRI was per-
formed using a 3-Tesla MAGNETOM Prisma MRI scan-
ner (Siemens Healthcare, Erlangen, Germany) equipped
with a 64-channel head/neck coil. The body coil was used
for RF transmission, and the 64-channel phased-array coil
was used for signal reception. The total acquisition time
for the protocol was ~ 40 min. Individual sequence dura-
tions and the main MRI parameters of interest are listed
in Table 1. All ASL methods were performed during the
same scanning session.

Table 1 Main MR acquisition and ASL preparation parameters

The multiband technique allows the acquisition of more
slices within a given volume coverage at higher SMS factors,
enabling each slice to be thinner than the slices acquired
using the SB technique. This feature was utilized to increase
the number of slices per volume when increasing the accel-
eration factor and reducing the slice thicknesses (4-6 mm)
and partial volume in the slice direction. A prototype 2D EPI
sequence was used with SMS factors of 1, 3, 4 and 6, lead-
ing to the optimized number of slices and hence the achiev-
able slice thickness and brain coverage, as shown in Fig. 1.
Detailed MRI parameters are listed in Table 1.

To achieve a fair comparison, the prototype 3D GRASE
sequence was optimized to achieve a spatial resolution
comparable to that of 2D EPI with the maximum accel-
eration factor used in this experiment (Table 1) while to
being in line with the recommended implementation of 3D
PCASL [4]. The labeling parameters for the 3D sequence
were identical to those for the 2D EPI sequences, except
for the insertion of two-pulse BS with the timing optimized
to suppress static tissue signals [10]. This setup yielded

Sequence 1 Sequence 2 Sequence 3 Sequence 4 Sequence 5

Labeling approach 3D-GRASE-PCASL 2D-EPI-PCASL 2D-EPI-PCASL  2D-EPI-PCASL  2D-EPI-PCASL
Parallel imaging(grappa P2 (No Slice Acceleration) P1S1 (No Slice P1S3 P1S4 P1S6

factor(P))/Slice Acceleration Acceleration)

factor(S)
Number of Slices 42 21 21 28 30
Slice thickness 3 mm 6 mm 6 mm 5 mm 4 mm
TE (ms) 15.62 22 24 24 26.0
TR (ms) 4600 5400 4600 4600 4500
Echo Spacing (ES) 0.50 ms 0.49 ms 0.51 ms 0.51 ms 0.55 ms
Total scan duration 6 min 02 s 7 min 19 s 6 min 20 s 6 min 20 s 6min 12 s
Turbo Factor 14 NA
GRAPPA Accelerationwith iPAT 2 Not Used
Partial Fourier OFF OFF
Flip Angle (degree) 180 90
Bandwidth (Hz/pix) 2694 2442

Multi-Shot GRASE: Turbo
Factor 14—EPI Factor
21—6 Segments (phase res

Readout approach Slices

Single-Shot EPI

98%)
Background suppression On (2 pulses) off
Label-control pairs 6 40
Labeling position Fixed 3 cm below bifurcation~ 10 cm below ACPC
Labeling duration 1800 ms
Post-Label Delay 1800 ms
Matrix size 64 x 64
Field of view 192x192
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3D-BS-P2 2D-P1S1 2D-P1S3 2D-P1S4 2D-P1S6
Number of slices 42 21 21 28 30
Slice Thickness 3mm 6mm 6mm 5mm 4mm
TR/TE (ms) 4600/15.62 5400/22 4600/24 4600/24 4500/26

Brain Coverage

Control Images
2D-P1S1 &

2D-P1S3
2D-P1s4
2D-P1S6 S E¥
3D-BS-P2

CBF Maps
2D-P1s1

2D-P1S3
2D-P1s4
2D-P1S6

3D-BS-P2

CBF (Central Slice)

Fig.1 Summary of study design illustrating brain coverage and
acquisition strategies using optimized protocols exploiting differ-
ent simultaneous-multi slice acceleration factors (SMS). Number
of colors in brain coverage indicates the SMS acceleration factor

a calibration factor of 70% for 3D GRASE and 85% for
2D EPI, with no BS [4, 10, 14]. For the 3D protocol, an
in-plane parallel acceleration factor of 2 was used to mini-
mize the ETL, as recommended [4]. Inline MO-weighted
images were acquired without the ASL preparation before
the control/label series and with TR =4000 ms in all ASL
protocols. The same acquisition order was used for every
subject: the 2D techniques were sequentially scanned first,
with an increasing acceleration factor, followed by the 3D
sequence.

High-resolution sagittal T1 images were collected using
a 3D magnetization-prepared 2 rapid acquisition gradi-
ent echo (MP2RAGE) sequence [29]. This sequence pro-
vides T1-weighted 3D brain images, as well as automated
brain segmentation, quantitative T1 maps, quality control
and morphometric reports generated directly on the scan-
ner during image reconstruction. High-resolution T2 maps
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12.6cm

(ml1/100g/min)

used and lines represents total number of slices acquired in each case:
for every excitation one slice in each color group is acquired simulta-
neously in an ascending order

were obtained using the prototype GRAPPATINI multi-TE
[30] sequence. Parameters details used for structural image
acquisition are described in Annexes.

The evaluation of the respective performance of each
method was conducted by extracting regional absolute CBF
values using an inline morphometric segmentation prototype
(MorphoBox) [27] and the commonly used Montreal Neu-
rological Institute (MNI) structural atlas [28] implemented
within the postprocessing platform FMRIB Software Library,
www.fmrib.ox.ac.uk/fsl) (FSL), enabling comparisons at the
regional and subregional levels. Details of brain segmenta-
tion, pre-processing steps motion correction and Partial Vol-
ume Correction (PVC) using the spatially regularized method
[31] can be found in supplementary material (Annexe). PVC
was particularly essential in this study, because the slice thick-
nesses across methods varied and was twice as large for some
acquisitions compared to others.


http://www.fmrib.ox.ac.uk/fsl
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Comparison of the tSNR

A voxelwise tSNR was classically calculated for each
approach using the mean CBF divided by a standard devia-
tion (SD) across time points according to [10]:

e <CBFup>
(i) (D
! SD;,
with
N
' CBF,,
< CBF; >= Zimt OBFajo 2)

N

as the mean temporal CBF at each pixel coordinate (i,j), and

(CBF,, — CBF;)’ 3)

M=

1
SD. =1l =
((8)]
Ntl

as the standard deviation at each pixel coordinate (i, j).

In order to offer a fair comparison of the tSNR between
2D and 3D sequences, a second tSNR calculation method
was required for optimal matching of the temporal resolution
of the two series. To do so, every 5 consequent CBF images
of the 2D time series were averaged (subset-averaged CBF)
prior to Eq. 1 was applied. The whole-brain mean classical
tSNR and corrected tSNR were thus calculated for each ASL
method. Spatial tSNR maps were produced to allow qualita-
tive and visual comparisons.

Statistical analysis

The results from the statistical analysis were labeled accord-
ing to the readout dimension (2D or 3D), followed by the
use of BS, parallel acceleration and SMS factor. 3D-BS-P2
indicates the 3D PCASL sequence with BS acquired with
iPAT 2 and no SMS. Likewise, 2D P1S1 refers to a 2D EPI
sequence with no BS, no iPAT and no slice acceleration;
2D P1S3, SMS factor 3; 2D P1S4, SMS factor 4; and 2D
P1S6, SMS factor 6. Indeed, for every subject, five CBF
maps corresponding to each image acquisition approach
were obtained, with CBF values extracted in 29 regions of
each maps for comparison.

CBF obtained using each ASL method is provided as the
mean =+ standard deviation (M = SD) after normality testing
with the Shapiro-Wilk test. To compare the CBF values
that were obtained by each ASL method while account-
ing for grouping factors (segmentation masks, GM/WM
subregions), we used a linear mixed-effects model (Stata
mixed package, Stata College Station, Texas). We applied
this model with the grouping factors, and their interactions
were set as fixed effects, while the subject variable was set

as arandom effect. A similar linear mixed-effects model was
applied separately to the data with the MNI atlas mask but
without the GM/WM grouping factor. Pairwise compari-
sons of the estimates were adjusted for multiple compari-
sons using the Bonferroni correction. Bland—Altman plots
were generated for pairwise comparisons of the global CBF
values that were obtained by the different methods, and the
pairwise correlations were also computed and reported. To
test the significance of differences in the correlation coef-
ficient, we applied the method that was proposed by Lee and
Preacher, 2013 [32], whereby each correlation coefficient is
converted into a z-score using Fisher’s r-to-z transforma-
tion, and the asymptotic covariance of the estimates is com-
puted. Calculation for a test of the difference between two
dependent correlations with one variable in common was
conducted using QuantPsy software (available from http://
quantpsy.org.).

The mean CBF within GM and WM was extracted from
the mean CBF maps in native space, and their ratio was
computed. Contrast differences among the methods were
compared with a mixed linear model, with the methods
defined as fixed effects and the subjects defined as random
effects. Pairwise comparisons of the estimates were adjusted
for multiple comparisons using the Bonferroni correction.

The mean tSNR values were compared using a linear
mixed model, with the methods defined as fixed effects and
the subjects defined as random effects. Post hoc comparisons
were carried out using Bonferroni correction. Data analysis
was conducted using Stata 15.1 (StataCorp, College Sta-
tion, TX, USA). For all analyses, significance was accepted
at p<0.05.

Results

Using SMS acceleration, the image acquisition window was
reduced from 1131 ms for 2D P1S1 to 386 ms for 2D P1S3
and 2D P1S4 and 288 ms for 2D P1S6. Representative con-
trol images for each protocol variant and the corresponding
absolute CBF color maps from one subject are shown in
Fig. 1.

Comparison of the mean CBF values obtained using
each ASL method

Individual analyses (subject-by-subject) were first conducted
for quality control and to illustrate the variability between
subjects (data not shown); then, using all seven subjects,
the mean CBF maps per method were calculated. The MNI-
registered triaxial color-rendered mean CBF maps (ml/
min/100 g) that were calculated from all seven subjects are
shown in Fig. 2. The absolute mean rCBF values that were
calculated using subject-specific T1 and T2 pairs from all
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2D-P1S4

(ml/100g/min)

3D-BS-P2

Fig.2 Triaxial color rendered Mean CBF maps (ml/min/100 g) for
each PCASL acquisitions obtained after post-processing (Mean of the
7 Subjects)

five methods are listed in Tables 2 and 3. The mean CBF
values for the whole-brain global GM or global WM did not
differ significantly across the 2D methods and were slightly
higher for the 2D methods than the 3D BS-P2 method, mar-
ginally either due to a higher noise level or vascular signal in
the absence of BS in 2D. The subject-specific mean regional
T1 and T2 values (used for the T1 and T2 corrections) are
also offered in Supplementary material in Table a and b.
Figure 3 shows the MNI-registered mean CBF maps
across the subjects, separately for each acceleration fac-
tor, and the mean differences from the reference. One can
appreciate the mean regional differences in the relative
CBF between the acquisition protocols. 2D EPI showed a
higher relative CBF in most regions. Slightly lower perfu-
sion was observed for 2D P1S1 (SMS=1) in the frontal
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lobes than for all other acceleration factor protocols. Lower
perfusion was also noted in the frontal WM for 2D P1S6
than for the 2D reference protocol. Moreover, the variance
distributions (Fig. 3, column SD) showed different spatial
patterns between 2D and 3D acquisitions. 2D sequences
displayed a higher SD in the structures with field inhomo-
geneity (orbitofrontal cortex, gyrus rectus, lower parts of
the inferior and the middle frontal gyri), likely because of
susceptibility-induced signal dropout in the 2D EPI images.
On the other hand, the spatial variance of the 3D acquisi-
tion was more concentrated in deep brain structures. Con-
sequently, the tSNR of 3D BS-P2 was reduced in the deep
gray nuclei and surrounding structures compared to that of
the 2D sequences, whereas the opposite behavior (3D BS-P2
superior to 2D) was observed in other brain regions.

The linear mixed-effects model analysis showed a sys-
tematic and significant effect of the ASL method on the
estimated CBF value (p <0.001), as shown in Fig. 4. There
were no interactions between the effect of the ASL method
on the CBF value for other terms of the model, including
the method used to obtain segmentation masks (FSL vs.
MorphoBox) and/or the ROI position (GM/WM, frontal,
temporal, etc.).

When considering the GM regions, all 2D ASL methods
produced higher CBF values than the 3D BS-P2 method.
The largest difference in CBF was observed with 2D P1S3,
reaching 9.5 ml/100 g/min, 95% CI [7.8, 11.3] (p <0.001).
The difference in CBF with 2D P1S6 was 7.9 [6.2, 9.7]
ml/100 g/min (p <0.001), whereas that with 2D P1S4 was
5.2 [3.4,5.9] ml/100 g/min (p < 0.001). The smallest differ-
ence in CBF was that of 2D P1S1, at 2.5 [0.7, 4.2] m1/100 g/
min (p=0.005), as compared to 3D BS-P2 method.

Figure ¢ and d provides as supplementary material
(see Annexes) are showing the linear regressions and the
Bland—Altman analysis comparing the mean CBF values
obtained in all brain regions for all subjects enrolled in the
study. As a statistical indicator, the reproducibility coeffi-
cient for each acquisition scenario shows identical trends
that can be observed for both CBF extraction methods. The
mean CBF values for whole GM and WM regions in the
brain that were obtained using all the methods were highly
correlated, with #>=0.998/0.990/0.980/0.916 for the 2D
P1S3/2D P1S4/2D P1S6/3D BS-P2 methods, respectively.
The values and correlation coefficients, corroborate the find-
ings of previous studies that compared 2D and 3D strategies
[33].

Figure c (Supplementary material) shows that the global
variability had the same order of magnitude for all methods.
The Bland—Altman analysis also shows that the difference
in CBF obtained using 2D P1S6 had a higher coefficient of
variance (7.9%) than that obtained using lower acceleration
factors, i.e., 4.8% for 2D P1S3 and 7.1% for 2D P1S4. Nev-
ertheless, as shown in Fig. 3, the regional variability in CBF
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Table2 Mean CBF obtained
from 7 subjects and regional
CBEF values extracted using the
MorphoBox mask

Table 3 Mean CBF obtained
from 7 subjects and regional
CBF values extracted using the
MNI Atlas Mask

Brain regions

Mean Cerebral Blood Flow (CBFy;oph0p0x) (Units of all values is ml/

min/100 g)

3D BS P2 2D P1S1 2D P1S3 2D P1S4 2D P1S6

Mean SD Mean SD Mean SD Mean SD Mean SD
Frontal
1. Left Frontal GM 61.5 99 744 170 763 11.6 70.1 142 73.1 143
2. Left Frontal WM 15.6 2.6 243 6.6 223 45 240 6.7 222 5.2
3. Right Frontal GM 625 127 741 147 744 119 692 13.1 70.7 13.6
4. Right Frontal WM 17.8 52 240 55 220 4.1 240 62 21.7 55
Parietal
5. Left Parietal GM 63.7 92 777 173 825 148 752 17.1 793 15.1
6. Left Parietal WM 15.1 44 236 6.3 21.5 56 238 7.3 223 54
7. Right Parietal GM 684 17.1 775 13.1 81.1 13.7 747 142 787 124
8. Right Parietal WM 17.4 49 243 45 21.7 57 24.1 6.5 22.6 5.1
Occipital
9. Left Occipital GM 546 169 602 140 609 18.6 61.0 179 674 15.6
10. Left Occipital WM 14.7 5.1 23.6 52 229 7.1 285 9.5 255 7.1
11. Right Occipital GM 570 189 636 150 654 194 650 175 73.1 157
12. Right Occipital WM 16.1 34 246 52 245 6.6 30.0 83 27.0 7.1
Temporal
13. Left Temporal GM 59.0 18.0 474 117 476 12.1 457 11.6 477 114
14. Left Temporal WM 19.3 53 23.1 44 214 47 254 6.5 24.1 5.1
15. Right Temporal GM 53.7 205 468 104 4738 93 451 102 478 9.7
16. Right Temporal WM 15.1 50 233 37 225 45 264 6.0 245 52
Cerebellum
17. Left Corpus Callosum WM 24.9 7.7 20.5 7.6 204 72 240 79 25.0 5.1
18. Right Corpus Callosum WM 21.9 42 218 6.8 20.6 6.1 25.0 70 253 6.4
19. Left Deep WM 20.2 6.5 238 54 240 53 239 6.8 263 42
20. Right Deep WM 17.1 50 227 43 23.1 4.0 23.6 62 254 4.1
Whole brain mean 38.2 9.9 445 9.7 44.7 9.6 445 10.8 455 9.6
GM mean 60.1 154 652 142 67.0 139 632 145 672 135
WM Mean 17.9 49 233 54 222 55 252 7.1 243 5.5
GM/WM Ratio 335 083 280 058 3.01 057 251 052 276 0.52

Brain Region

Mean Cerebral Blood Flow (CBF,,,;) (Units of all values is ml/min/100 g)

3D BS P2 2D P1S1 2D P1S3 2D P1S4 2D P1S6

Mean SD Mean SD Mean SD Mean SD Mean SD
Caudata 39.1 10.1  40.0 112 37.6 11.1 419 11.6  39.6 7.7
Cerebellum 323 10.6 379 114 399 11.0 434 9.7 246 10.2
Frontal 47.5 11.0 512 119 471 10.6 478 16.3 492 13.8
Insula 58.4 74  58.8 109 58.6 76 593 9.1 48.1 13.7
Occipital Lobe  48.0 126 51.1 140 517 125 55.1 9.8 449 10.6
Parietal 50.4 10.8 55.2 124 52.1 9.8 537 11.5  53.0 11.5
Putamen 46.4 10.6 452 10.8  45.8 7.8 489 10.8 424 14.5
Temporal 41.2 83 452 93 421 83 433 11.3 435 8.8
Thalamus 41.8 157 439 157 463 11.8  54.1 11.7 340 10.6
Whole Brain 4.1 11.3  45.0 10.8 47.6 12.0  46.8 10.0  49.7 11.3
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CBF(Seq) — CBF(2D-P151) SD SD(Seq) — SD(2D-P151) tSNR

80 40

2D-P1S1

2D-P1S3

2D-P1s4

2D-P1S6

3D-BS-P2

(ml/100g/min) (mI/100g/min) (ml/100g/min) (ml/100g/min)

Fig.3 Cartographies of Mean CBF and Difference between methods, standard deviation of CBF and standard deviation differences between
methods and Mean SNR for all 7 subjects
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a
80 4 § SD
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8 25}
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Fig.4 a CBF values and their 95% confidence interval obtained from T2. b GW/WM ratio for all acceleration factors in 7 subjects derived
the linear mixed-effects model across ASL methods. The modelling based on mean CBF values.From these plots we can infer that there is
has used absolute CBF values obtained using subject specific T1 & no interaction between GM/WM regions and ASL methods
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was higher for SMS methods across the cohort of subjects
than for 3D BS-P2.

Individual Bland—Altman plots reveal some variability
of the CBF per region between subjects for the same accel-
eration factor and confirm the consistency of the analysis,
whether the brain mask was obtained using MorphoBox
or the MNI atlas. Identical trends can be observed for the
two extraction methods, with similar bias and correlations
obtained per subject.

Comparison of the GM/WM CBF contrast ratio

The GM/WM CBEF ratios calculated with all of the methods
are reported in Table 2 and are also illustrated in Fig. 4b.
A higher GW/WM CBF contrast ratio of 3.35+0.83 was
obtained for 3D BS-P2 than for all 2D EPI methods due to
optimized BS. GW/WM CBF contrast ratios of 2.80 +0.58,
3.01+0.57,2.51+0.52 and 2.76 + 0.52 were obtained for
2D P1S1, 2D P1S3, 2D P1S4 and 2D P1S6, respectively.
T test calculations showed that the GM/WM CBF contrast
ratio was significantly higher for 3D BS-P2 than 2D P1S1
(p<0.02), 2D P1S4 (p <0.0007) and 2D P1S6 (p <0.006)
but not 2D P1S3 (p> 0.06). There were no significant dif-
ferences (p <0.05) in the GW/WM CBF ratio among the 2D
EPI sequences.

Comparison of the tSNR

Classical and corrected tSNR values for all ASL methods
are reported in Fig. 5. Detailed tSNR values calculated for
each approaches are reported in Table ¢ and d (Supplemen-
tary material). The mean classical tSNR for the 3D BS-P2
method was 3.32 + 1.62, and that for 2D P1S1, 2D P1S3, 2D

Classical temporal SNR

1111

2D-P181 2D-P1S3 2D-P1S4 2D-P1S6

3D-BS-P2

Fig.5 Temporal SNR (tSNR) for all acceleration factors in 7 sub-
jects derived based on CBF values. a Classical tSNR calculated using
native mean CBF maps directly. b Corrected tSNR calculated from

P1S4 and 2D P1S6 was 1.10+0.65, 1.18 +0.68, 1.18 +0.68
and 1.06 +0.61, respectively. Post hoc comparisons of clas-
sical tSNR values by T-test also showed a significantly
higher tSNR for 3D BS-P2 than for all of the 2D methods
(»<0.001). 3D BS-P2 showed an almost 3-fold greater tSNR
than the 2D EPI methods, while no significant difference
in the tSNR could be proven among all 2D EPI sequences
(p>0.7). Identical tSNR values for 2D P1S3 and 2D P1S4
were found, which could be due to similar image acquisition
parameters, such as the number of slices per band, TE, TR
and echo spacing. The 2D P1S6 method, with the highest
acceleration factor among all 2D methods, showed the low-
est tSNR, which is in line with previous studies [23, 25].
Alternatively, corrected tSNR values calculated from
subset-averaged CBF images (the average of every 5 con-
sequent CBF images of the 2D time series) are reported in
Fig. 5b and Table d (Supplementary material). The mean
tSNR for 2D P1S1, 2D P1S3, 2D P1S4 and 2D P1S6 was
2.48+1.69,2.84+1.92,2.70+1.82 and 2.41 + 1.63, respec-
tively. T-test showed that only non-multiband 2D P1S1 and
2D P1S6 had a tSNR significantly lower than that of 3D
BS-P2, with p<0.003 and p < 0.008, respectively, whereas
the other two 2D EPI methods did not show a tSNR signifi-
cantly lower than that of 3D BS-P2, with p>0.05. Among
the 2D EPI methods, 2D P1S3 and 2D P1S4 showed a tSNR
nonsignificantly higher than that of 2D P1S1 and 2D P1S6.
For every series the MCFLIRT calculate the mean rota-
tion and translation of the brain along the time series enable
to know the level of subject motion. The level of random
motion was very similar along the different time series
acquired and remained lower than 0.82 degree and 0.78 mm
of rotation and translation motion, respectively. The out-
putted rotation and translation parameters of the MCFLIRT

Corrected temporal SNR

3D-BS-P2 2D-P181 2D-P1S3 2D-P1S4 2D-P1S6

subset-averaged CBF maps (the average of every 5 consequent CBF
images of the 2D time series)
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routine used for retrospective motion correction (MCFLIRT)
are reported in Table e and f (supplementary material).

Discussion

The results from the statistical analysis demonstrate that
using SMS excitation in conjunction with PCASL labeling
offers an increased number of slices to acquire per exci-
tation, without major perceived penalties, such as reduced
spatial SNR and tSNR efficiencies of distal slices in cau-
docranial 2D acquisitions [25]. The global CBF (mean of
all subjects) values as well as the CBF values obtained at
individual subject levels for different ASL schemes were
in agreement with those of previous studies [4, 20, 33], and
similar trends were found among different ASL imaging
approaches. Nevertheless, Fig. 4a shows that even if the dif-
ference in CBF between GM and WM remains equivalent
among different strategies, the CBF values cannot be con-
sidered equal. Our results are consistent with those of the
PASL study reported by Kim et al., who concluded that up
to a fivefold SMS acceleration factor and a 3 cm SMS slab
distance, the SMS technique provided whole-brain coverage
with perfusion signals and tSNR values similar to those of
non-accelerated 2D acquisition methods. Furthermore, the
differences across 2D EPI methods did not reach signifi-
cance, which was also demonstrated by Feinberg et al. [23].
Figure 4b shows that the GM/WM CBF ratio obtained
for 3D BS-P2 was higher than that obtained for any of the
2D strategies. These differences in the GW/WM CBF ratio
are likely to be related to differences in imaging, BS and
magnetization transfer (MT) effects that cumulatively impact
the degree of agreement between techniques. In 3D BS-P2,
BS using spatially selective saturation and inversion pulses
helps to minimize signal fluctuations that are induced by
noise and subject motion, which, in turn, improves the ASL
signal. 3D BS-P2 is a segmented k-space readout known to
deliver higher SNR values, and well-timed BS attenuating
static tissue signals would almost certainly be reasons for
obtaining a high GM/WM CBEF contrast ratio. The signal
fluctuations and noise observed in the CBF images obtained
by 2D EPI, especially in WM, might be likely due to MT
effects associated with the application of the multiband RF
pulse. Variations in CBF measurements were more evident
as the acceleration factor increased, which can be observed
in the SD images of 2D P1S6 shown in Fig. 3. However,
future work should probably involve scrutinizing MT effects
in detail, which is of special interest in the case of SMS,
since rCBF values estimated using standard models that do
not account for MT effects can be significantly altered.
The nominal PLD in this study was identical for all
techniques (PLD = 1800 ms) and was set as recommended
in the ASL white paper [4]; thus, it was not optimized
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individually using multi-TT acquisition. A fixed PLD was
chosen to ensure the same decay of the spin label during
the PLD, which directly controlled the loss of sensitivity
associated with the decrease in signal strength. Nevertheless,
in the case of 2D EPI acquisitions without BS, the choice
of a given PLD could influence the CBF results due to the
presence of vascular transit artifacts, resulting in a possible
underestimation of CBF if the PLD is too short compared to
the bolus arrival time (BAT) [34]. We did not observe any
visible transit artifacts when inspecting the mean CBF maps
from each subject, even though the spatial distribution of
CBF was different across protocols. Although all the meth-
ods showed a similar range of CBF in the posterior circula-
tion, 2D methods showed higher CBF values than did the
3D method in the orbitofrontal cortex, the gyrus rectus, and
lower parts of the inferior and middle frontal gyri regions.
Such differences can probably be attributed to the different
BS, labeling and acquisition schemes [26]; differences in
an effective PLD concomitant with a BAT mismatch also
likely contribute to methods for rapid BAT quantification
[11], allowing an improved experimental measure of CBF,
which is likely to better reflect the physiopathology but at
the cost of significant extra acquisition time.

Moreover, for 2D EPI acquisitions, the image readouts
were performed as groups of slices from inferior to supe-
rior, with intrinsic simultaneous and interleaved coverage
of the lower and upper brain regions. The BAT is naturally
longer in watershed regions than in other regions of the
brain, which are supplied by the most distal branches of their
arteries [4]. The most simultaneous coverage offered by the
SMS protocols is hence likely to result in lower sensitivity
to BAT effects and better specificity, i.e., ability to detect dif-
ferences in a population and grades of disease. Indeed, with
SMS techniques, the higher the SMS factor, the shorter the
relative delay time between slices: this property allows for a
more comparable time for labeled spins to perfuse through
the target tissue.

Indeed, SMS excitation has the advantage of reducing the
long PLD time with multiple slices collected simultaneously
at the same PLD time but in different spatial locations. A
necessary condition is that all images should be acquired
after all labeled blood spins pass through the imaging slices,
i.e., when SMS excitation is applied. Therefore, it is possible
that the labeled blood reaches slices of the inferior band,
but not those of the most superior band, if the PLD time
is shorter than the transit time. The aforementioned condi-
tion may not be fulfilled in some categories of patients, and
further work on whether this variability could affect a group
discrimination analysis is needed [35, 36].

The mean CBF and SD maps across subjects are shown
in the left and central columns of Fig. 3; 3D BS-P2 showed
less CBF variability between subjects than the 2D EPI var-
iants. Indeed, the 2D P1S1, selected as the reference for
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comparison, exhibited a higher SD and comparable mean
CBF compared to 2D P1S3 and 3D BS-P2; consequently, the
reference 2D P1S1 had a lower tSNR than its counterparts,
as shown in the right column of Fig. 3. These observed pat-
terns seem to indicate rather regional differences resulting
from different temporal labeling dynamics in SB vs. SMS or
3D methods, rather than typical g-factor-induced SNR leak-
age. The g-factor and induced SNR leakage was not investi-
gated in this study, but has been reported to eventually result
from simultaneously excited slices that are too close and an
inherent incapacity to differentiate similarity in the received
sensitivity profiles [37]. Additionally, as shown in column 3
of Fig. 3, the SD, i.e., arterial signal fluctuations combined
with noise, is by far the highest in the cerebrospinal fluid
and vascular regions, suggesting that the pulsating motion
is a major factor, with a potential impact of this noise on
measures in adjacent cortical regions. In pathologies affect-
ing deep gray nuclei, care should be taken to investigate the
impact of such nonuniform noise distributions.

Another factor that could influence the CBF values
between techniques could be the differences in the recovery
period between the control/label acquisitions due to differ-
ences in the marginal TE and readout duration. For example,
2D P1S1 images were acquired with a TE =22 ms and a total
readout during of 1131 ms, whereas 2D P1S3 images were
acquired with a TE =24 ms and a readout of 386 ms. In this
case, the shorter readout time for 2D P1S3 limits the signal
dropout, thereby increasing the perfusion signal, especially
if CBF is quantified using a fixed value of T1,,,.4 Indeed,
the known variability of T1 could introduce regional dif-
ferences [38—40]. But this shorter readout time could also
potentially increase the vascular signal for upper slices of the
brain. In our study, we carefully used subject-specific (T1,
T2) pairs, as this procedure will be mandatory in patients,
particularly to monitor CBF in longitudinal studies in which
the status of the lesion and brain tissue can vary consider-
ably. The SD of T1 and T2 values in our subjects was 18%
and 6%, respectively. These biological differences show that
interindividual differences in normal subjects are relatively
small, as is their impact on CBF; however, for example, in
stroke patients, the edema in the ischemic area-at-risk cou-
pled with the presence of early/late hemorrhage would result
in large T1 and T2 tissue changes over time. Similarly, in
patients with tumors, in whom imaging will serve for treat-
ment monitoring and follow-up, important tissue remodeling
would most likely and importantly modify the local T1 and
T2 values.

Overall, 2D EPI methods demonstrated lower classical
tSNR values than the 3D BS-P2 method, and the sequence
performance results that were obtained in our control popu-
lation are generally consistent with those that have previ-
ously been reported in other control cohorts [10, 22, 23,
33]. The higher tSNR for 3D BS-P2 could be attributed to

BS, which suppresses static brain tissue signals up to 85%
and, therefore, improves the temporal stability of different
images. However, the similarity of the different 2D results,
also in terms of tSNR is not fully explainable. For exam-
ple, the 2D P1S6 approach has a larger g-factor penalty and
lower SNR from thinner slices, yet it was not proportionally
reflected in the results compared to other variants and it may
be indicative of a physiological noise dominated regime.

Finally, the motion correction was performed using MCF-
LIRT (FSL) [41] for both 2D and 3D scans in our study with
level of estimated motion reported to be less than 1 degree
rotation and 1 mm translation motion, and very similar range
of retrospectively evaluated random motion between the
different acquired series. Indeed, since the sequences were
always acquired in the same order, there was a potential for
effects of possibly larger motion artifacts related to loss of
volunteer compliance during the entire protocol, with the
potential for better settling at the beginning and tiring at
end. These offline motion corrections enable to compare the
level of motion, and eliminate any possibility of causing
CBF or tSNR variability due to control-label image sub-
traction error. Even though the scans with the highest SMS
factor and the 3D GRASE scans were always performed
last in this study, there is no evidence that they might have
been more affected by increased subject fidgeting toward
the end of the session. Note that between-shot motion in a
segmented 3D GRASE acquisition will manifest not just
as misregistration between imaging volumes but will also
introduce ghosting due to k-space inconsistencies within in
the multiple acquired sub-k-space shots.

Regarding the sensitivity to motion, it is worth noting
that Murphy and Brunberg estimated that to obtain sat-
isfactory images, approximately 14% of subjects require
sedation or general anesthesia, which poses significant
risks [42]. It is ethically impossible to perform such a
preliminary study in the stroke patient population that
we target and get a clear estimation of the expected level
of motion. Nevertheless, it is likely that in such cases,
which necessitate an imaging sequence with high motion
robustness, 2D EPI sequences with a short acquisition
window capable of acquiring more time points for a given
scan time have the edge over their 3D counterparts and
might be more suitable. However, the benefit for bet-
ter motion management offered by SMS has not been
directly studied or evaluated in this work and remains
to be definitely shown in practice. One of the greatest
advantages of the 3D sequence is the ability to achieve
very good BS. 3D GRASE single shot readout with BS
greatly reduces motion sensitivity and is especially val-
uable in patient studies, with benefits that tend to be
greater in less cooperative populations [4]. However,
3D segmented readout having long scan time renders
the sequence inherently more sensitive to motion though
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delivers higher SNR. For multisite and multiplatform
studies using ASL as a biomarker, significant differences
between ASL protocols may result from hardware dif-
ferences that can severely affect the absolute CBF and
should absolutely be considered in addition to previously
reported findings [43].

One limitation but also the originality of the study is
that the voxel sizes of the images across ASL protocols
were different due to different slice thicknesses. This needs
to be taken into account as it could affect the CBF com-
parisons of the methods, even though care was taken using
the same spin labeling (PCASL) scheme in all the acquisi-
tions. Additionally, the analyses was performed on ROIs
that were sufficiently large to yield unchanged mean CBF
values within the ROI, as long as the blood that supplies
the microvasculature arrived within the ROI [44]. Since
our analysis was based on large brain ROIs and not at the
individual voxel level, the mean CBF should be largely
independent of the voxel resolution; however, some residual
effects of the voxel size due to differences in partial volume
contamination and physiological noise cannot be excluded.
However, it is worth noting that testing various approaches
and protocol implementations remains the best way to make
sure that the best implementation is indeed transferred for
further clinical use.

A second limitation of the study is that of no in-plane
parallel imaging acceleration was used in the 2D protocol:
this study was designed to focus on the unique effect of the
simultaneous multiband feature and through-plane accel-
erations. The main reason was motivated by the concern to
warranty the exclusion of any additional spatial variation
of the noise that could results also from iPAT implemen-
tation, further complexifying on the analysis. Note that
in-plane parallel imaging could have allowed us to have
more consistent slice thickness throughout the different
protocols, which was explicitly not our goal here, since we
wanted to explore the effect of different slice thicknesses.
Another reason was also that factor-of-6 SMS accelera-
tion would not have been achievable in combinations with
in-plane acceleration 2. The reader can refer to the study
from Ivanov et al. who investigated the effect of both accel-
eration factors in ASL (in-plane (PAT) and through-plane
(SMS)) at 7T [45].

To summarize, SMS has some important advantages, such
as its ability to increase the slice coverage without substantially
increasing the readout time [23], which is of crucial impor-
tance in cases of whole-brain perfusion measurement with
a high number of slices when using the single-slice 2D EPI
acquisition method. In conventional 2D EPI techniques, the
discrepancy in spin status across slices is high, because the
PLD of the last acquired slice is a few hundred milliseconds
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greater than that of the first slice, which causes a difference in
the longitudinal decay of labeled blood [46]. 2D EPI sequences
with SMS overcome this problem through their capacity to
shorten the acquisition window using higher acceleration fac-
tors; therefore, it would probably be the most suitable tech-
nique by which to implement a multi-TT protocol aimed at
scouting the most accurate BAT.

In conclusion, 3D GRASE showed the lowest variability
and thus the highest robustness for ASL perfusion imaging in
the brain compared to the 2D EPI alternatives in healthy sub-
ject population. All 2D EPI protocols with SMS can probably
be considered equivalent even though regional differences in
the CBF values can be observed from one to the other, which
in turn adds a factor of variability that should be considered
in multicenter studies. Whether motion correction is more
efficient over a 2D longitudinal series than a 3D longitudinal
series with powerful BS still needs to be investigated and will
determine which of the two approaches is the most suitable
technique by which to perform follow-up examinations in a
large cohort of patients who are more likely to exhibit involun-
tary head movements, such as those suffering from brain injury
or patients who are affected by neurodegenerative disorders,
such as Parkinson’s disease.
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