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Purpose: In velocity-selective (VS) arterial spin labeling, strategies using multiple
saturation modules or using VS inversion (VSI) pulse can provide improved SNR
efficiency compared to the original labeling scheme using one VS saturation (VSS)
module. Their performance improvement, however, has not been directly compared.
Methods: Different VS labeling schemes were evaluated by Bloch simulation for
their SNR efficiency, eddy current sensitivity, and robustness against B, and B, vari-
ation. These schemes included dual-module double-refocused hyperbolic secant and
symmetric 8-segment B -insensitive rotation (sSBIR8-) VSS pulses, the original and
modified Fourier transform-based VSI pulses. A subset of the labeling schemes was
examined further in phantom and in vivo experiments for their eddy current sen-
sitivity and SNR performance. An additional sBIR8-VSS with a built-in inversion
(sBIR8-VSS-inversion) was evaluated for the effects of partial background suppres-
sion to allow a fairer comparison to VSI.

Results: According to the simulations, the SBIR8-VSS was the most robust against
field imperfections and had similarly high SNR efficiency (dual-module, dual-
sBIR8-VSS) compared with the best VSI pulse (sinc-modulated, sinc-VSI). These
were confirmed by the phantom and in vivo data. Without additional background
suppression, the sinc-VSI pulses had the highest temporal SNR, closely followed by
the sBIR8-VSS-inversion pulse, both benefited from partial background suppression
effects.

Conclusion: Dual-sBIR8-VSS and sinc-VSI measured the highest SNR efficiency
among the VS labeling schemes. Dual-sBIR8-VSS was the most robust against field
imperfections, whereas sinc-VSI may provide a higher SNR efficiency if its immu-

nity to field imperfections can be improved.
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1 | INTRODUCTION

Arterial spin labeling (ASL) is a powerful technique to mea-
sure perfusion without the use of contrast agents.l’2 Many
variants have been developed since its inception to overcome
many technical challenges it exhibits. Whereas pseudo-
continuous ASL (PCASL)® is the dominant technique ac-
cepted by the community for perfusion imaging in the
brain,4 it still faces some challenges such as bolus arrival
time effects’® and variability in labeling efficiency.g’lo New
developments in velocity-selective (VS) labeling pulses rep-
resent a viable alternative to pseudo-continuous labeling.“'17
Primarily, VS pulses are much less sensitive to variations in
bolus arrival times, and they do not require a specific location
in the vasculature for labeling. VS pulses also allow for faster
repetition times and are thus beneficial for perfusion-based
functional MRL.'®'®

Velocity-selective pulses fit into 2 categories: VS satura-
tion pulses (VSS) and VS Inversion (VSI) pulses. VSS pulses
tip the magnetization into the transverse plane briefly before
tipping it back to the longitudinal axis. A combination of RF
and gradient pulses can be used to dephase the magnetization
of spins traveling above a given cutoff velocity (V) during
the process. These fast-moving spins are effectively saturated
through the mixing effect given a laminar flow distribu-
tion. The last segment in a VSS pulse tips the magnetization
back to the longitudinal axis.'*!*!” Under the control con-
dition, all the spins are tipped down to the transverse plane
and then back to the longitudinal axis without dephasing;
thus, the magnetization remains unperturbed except for the
same relaxation effects as under the label condition. Fourier
transform—based VSI pulses consist of velocity encoding RF
and gradient pulses that will only invert the spins traveling
at the selected velocity (typically near 0). Under the control
condition in VSI, all spins are inverted.'"'>"°

In theory, VSI pulses should yield nearly twice as much
ASL signal as VSS pulses; however, they are more sensitive
to imperfections in B, By, and to eddy current (EC) effects
than BIR8-based VSS pulses. On the other hand, multiple
VSS modules can be concatenated to produce a larger bolus
of label and hence a stronger ASL signal while being less sen-
sitive to B, By, variations, and EC effects'” than VSI pulses.

In this work, we aim to compare the performance of mul-
tiple variants of VSASL pulses and labeling schemes. Among
these variants, we explore the original Fourier transform-—
based VSI pulses as well as 3 new variants with improved
velocity profiles. Our analysis also included the double-
refocused hyperbolic secant (DRHS-) VSS pulse,12 the orig-
inal symmetric BIRS (sBIR8-) VSS pulse,'” a sBIRS vari-
ant that inverted the stationary spins,13 and a combination of
2 consecutive sBIR8 VSS pulses.13 We compare the perfor-
mance of these pulses to PCASL, which is the accepted stan-
dard ASL technique.

2 | METHODS

2.1 | Bloch simulations

Fourier transform-based VSI pulses can be sensitive to By
and B, errors,15 similar as some earlier VSS based pulses,lz’20
except for the BIR-based pulses.'*!”*! We simulated the evo-
lution of an isochromat experiencing each of the velocity-
selective labeling pulses over —100 and 100 cm/s and recorded
the longitudinal magnetization response. The pulses included: 1)
single-module VSS with DRHS pulse (DRHS-VSS) as im-
plemented in Ref. 12; 2) dual-module VSS with DRHS (dual-
DRHS-VSS)'"; 3) single-module VSS with sBIR8 pulse
(sBIR8-VSS)'”; 4) dual-module VSS with sBIR8 (dual-sBIR8-
VSS)"; 5) original VSI sequence with rectangular small flip-
angle RF pulses (rect-VSI)'”; 6) a modified VSI pulse using
maximum-phase sinc modulation (mp-sinc-VSI)22; and 2 new
modified VSI pulses using 7) a segmented sinc pulse as the
small flip-angle RF pulses (segmented-sinc-VSI); and 8) a reg-
ular sinc modulation (sinc-VSI) on the rectangular small flip-
angle RF pulses (Figure 1). The 2 new modified VSI pulses
were designed to provide improved velocity profiles and B,
robustness. Specifically, the segmented-sinc-VSI pulse was
constructed by subdividing a 180°, single-lobed sinc pulse
into 9 pieces of equal duration. In contrast, the sinc-VSI pulse
was constructed by concatenating 9 rectangular pulses with a
single-lobed sinc modulation (the amplitude of the nth pulse is
given by sinc(nn/5 -n), where n = 1, 2, ..., 9). The flip angles
of these 9 rectangular pulses add up to 180°. Some of the tim-
ing parameters of the VS pulses can be found in Table 1. Under
the control condition, the VS gradients were set to 0 so that the
V.. was effectively infinity. The longitudinal magnetization
under both labeling and control conditions was simulated and
subtracted to yield the ASL signal.

2.1.1 | Calculation of the cutoff velocity

The V,, refers to the minimum velocity of the blood required
for labeling to occur. It plays a crucial role in VS labeling
because 1) it determines the amount of arterial spins available
for labeling, that is, the size of the labeling bolus; 2) it deter-
mines the weighting of tissue perfusion versus intravascular
signal in the measurement; 3) it also determines how close
the label is to the destination tissue (or capillary bed). Given
that the velocity profiles of these techniques are so differ-
ent, we need a definition of V_ that is equivalent to have a
fair comparison for both the saturation- and inversion-based
labeling methods.

In order to define V,, we assume that the arterial spins
of interest have a laminar flow pattern and their longitudinal
magnetization is a function of the mean velocity after experi-
encing a VS pulse.'** We define the V.. as the point where
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FIGURE 1 The pulse diagrams of DRHS-VSS pulse, sSBIR8-VSS pulse, rect-VSI, segmented-sinc-VSI, mp-sinc-VSI, and the modified sinc-

VSI. DRHS, double-refocused hyperbolic secant; mp-sinc-VSI, maximum-phased sinc modulation on the amplitude of the small flip-angle pulses;

rect-VSI, original VSI pulse using hard RF of same small flip angle; sBIR8, symmetric 8-segment B,-insensitive rotation; segmented-sinc-VSI,

modified VSI pulse with a regular sinc-shaped inversion pulse of 9 segments; VSI, velocity-selective inversion; VSS, velocity-selective saturation

ASL signal (defined as the magnetization difference between
the signals in the selective and nonselective cases, relative to
the relaxed magnetization) equals 1 in both the saturation and
inversion schemes. Note that this is the first zero-crossing
point under the label condition for saturation as in its original
definition.

With this definition, the population of labeled spins is
matched for both VSS and VSI. The same V_, can be used
in vascular crushing in the imaging, enabling accurate quan-
tification and reducing contamination from venous contribu-
tion. A V, of 2 cm/s was used throughout this study. The
ASL signal versus V.., profiles and corresponding V are
demonstrated in Figure 2A for both VSS and VSI.

To provide more realistic estimation on the overall label-
ing efficiency, we used the measured population distribution
of arterial blood moving at different mean velocities at label-
ing from a previous brain perfusion study24 (linearly interpo-
lated within 2-96 cm/s with a step size of 2 cm/s, shown in
Figure 2B) to weight the ASL signals at different mean veloc-
ities, for example, those in Figure 2A. The overall ASL signal
was calculated by summing up the ASL signal at different
mean velocities with such weights to account for the effective
population available for labeling and its SNR efficiency (ie,
SNR per unit time, defined as Sig,g; / \/ﬁ) was then calcu-
lated accordingly.

2.1.2 | B, and B, sensitivity simulation

In a series of simulations, B; was scaled by a factor from 70%
to 130% of its nominal value with an interval of 10%, and
B, (off-resonance) was varied from —200 to +200 Hz with
an interval of 50 Hz. For simulating the overall performance
on a labeling volume in practical scenarios, the variation of
B, and B was assumed to have a 2D Gaussian distribution
(ug; = 100%, o, = 30%, pugo = 0, o5y = 200 Hz, p = 0). The
results were then averaged across the B, and B, variation
with the Gaussian weighting.

The sBIR8-VSS pulse with a nominal B; (100%) and
no off-resonance was considered as the reference for com-
parison due to its insensitivity to B; and B, variation."”
The results were normalized to this reference. To exam-
ine the VS pulses’ sensitivity to B, and B, variation, and
thus the labeling efficiency loss, an additional labeling
efficiency term [ was calculated by dividing the average
signal across the B, and B, variation by that without any
variation. Other parameters used in the simulations in-
cluded: T; = 1660 ms, T, = 150 ms, TR = 4500 ms, TI
(single-module) = 1300 ms, and TI,/TI, (dual-module) =
1150/820 ms. Imaging time was ignored. Additionally, for
the dual-module case, the condition TI; + TI, < bolus du-
ration was assumed. "
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preceded by any labeling pulses and was used as the refer-
ence image (proton density). A sBIR8 VSS pulse with the
same V_, in labeling was applied 100 ms prior to readout in
order to suppress the arterial compartment’s contribution to
the ASL signal.

We tested a subset of the labeling schemes simulated in the
above section. The labeling schemes were: 1) PCASL: pseudo-
continuous ASL as recommended in the consensus paper
(label duration = 1800 ms and post-label delay = 2000 ms)*
following a quick phase calibration scan to compensate for
off-resonance effects in the labeling regiong’lo; 2) rect-VSI; 3)
segmented-sinc-VSI; 4) sinc-VSI; 5) sBIR8-VSS: a single-mod-
ule sBIRS-VSS pulse; 6) sBIR8-VSS-inv: identical to the
sBIR8-VSS pulse but with an additional phase of x on the last
RF segment in the sBIR8 scheme to invert the magnetization of
stationary spins13 for a fairer comparison to the VSI pulses with
partial BGS effects; and 7) dual-sBIR8-VSS: the dual-module
sBIR8-VSS pulse with TI,/TI, = 1150/820 ms. The pulses were
identical to those in the Bloch simulation.

The velocity-encoding gradient amplitude in all velocity-
selective pulses was chosen such that the V_, was 2 cm/s
along the superoinferior direction, and the post-label delay
was 1400 ms unless otherwise specified.

2.4 | Invivo data processing

Two subjects were excluded in the in vivo analyses due to
overall poor image quality with multiple labeling schemes,
especially with PCASL. The control and labeled images were
pairwise subtracted and averaged over the time course for
each scan. Diffusion attenuation correction' was performed
on the VSASL signals. The b values of the sBIRS-VSS
pulse were calculated to be 0.37 s/rnmz, and the b values of
0.2 s/mm’ were used for the VSI pulses.15 Images of the
percentage signal change relative to the spin density image
were then calculated. The temporal SD of the ASL subtraction

images was calculated and used to calculate temporal SNR
(tSNR) images. The resulting images were evaluated for
quality and the presence of obvious artifacts.

Cerebral blood flow (CBF) maps were computed from
the ASL difference images using a single-compartment
kinetic model®’ adapted for each respective labeling
scheme. Specifically for VS labeling methods, the labeling
efficiency term was adjusted for the T, relaxation during
labeling, a@ =e~¢"5/T2, and an additional labeling efficiency
term P (Table 1) for the labeling efficiency loss due to B, and
B, variation.

Gray matter (GM) masks were constructed based on the av-
erage ASL signal maps across all the modalities in each subject.
The mean ASL signal, tSNR, and CBF in the GM region of in-
terest were calculated and compared between different labeling
schemes. We also investigated the agreement in ASL signals
between each VS labeling scheme and PCASL by fitting a lin-
ear model and calculating the correlation coefficient, slope, and
intercept over each subject’s voxels in the whole brain.

2.5 | Statistical analysis

Jarque-Bera tests were carried out on the mean ASL signal,
tSNR, and CBF in the GM region of interest across subjects
and confirmed the normality of the distribution. One-way
analysis of variance and multiple pairwise comparison tests
(Bonferroni corrected) were then performed to detect if there
was any significant difference between any pair of the labe-
ling schemes with P < .05, and similarly, on the results of the
correlation analysis.

3 | RESULTS

The Bloch simulation results are shown in Figures 3 and 4.
Between the 2 VSS pulses, the SBIR8-VSS pulse gave robust
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cosine-shaped responses versus velocity across the large
ranges of B and B variation examined, and showed less
sensitivity to EC effects, as reported previously.17 Among
the 4 VSI pulses, the rect-VSI and the segmented-sinc-
VSI pulses showed significant sensitivity to both B, and
B, variation, demonstrated by the degraded magnetization
response when B, was off from the nominal value and the
tilted inversion bands when the off-resonance increased.
Both also showed considerable EC sensitivity. In addition,
the rect-VSI pulse showed oscillating magnetization re-
sponse in the velocity passband, as reported previouslyls;
whereas the segmented-sinc-VSI pulse had smooth re-
sponse in the velocity passband, although the performance
degraded quickly when the off-resonance increased. The
mp-sinc-VSI showed improved performance against B,
and B, variation?? and EC effects, with slight oscillations
in the velocity passbands. The sinc-VSI demonstrated the
most robust performance against B; and B, variation among
the 4 VSI pulses, as well as having smooth magnetization
response across the velocity passbands. The sinc-VSI pulse
also showed the least sensitivity to EC effects among all
the 6 VS pulses studied by simulation. Note that, although
the magnetization response in Figure 3 showed different
velocity profiles under the label condition, they all had the
same matched V,, as defined previously. Another interest-
ing finding was that all the VSI pulses showed spatially

oscillating EC sensitivity, whereas the VSS pulses had rela-
tively smooth EC sensitivity across space.

After weighting the ASL signal profiles (with T, relax-
ation) with the measured arterial blood mean velocity dis-
tribution (Figure 2B), the SNR efficiencies of the labeling
pulses were calculated at different B, and B, offsets and are
shown in Figure 5. The dual-sBIR8-VSS pulse showed ex-
cellent robustness to both B; and B, variation as expected,
especially with a strong B, field.

All the VSI pulses studied showed various sensitivities
to B, and By, variation. The segmented-sinc-VSI pulse had
slightly improved B, insensitivity compared to the rect-VSI
pulse; however, it was more susceptible to B, variation.
Both mp-sinc-VSI and sinc-VSI pulses improved the overall
performance, with the sinc-VSI pulse being slightly better.
Comparing to the sinc-VSI pulse, the dual-sBIR8-VSS pulse
provided very good insensitivity to B; and B, variation, al-
though the maximal SNR efficiency was lower than that with
the sinc-VSI pulse under ideal conditions.

Averaged across the B, and B, variation with the aforemen-
tioned Gaussian distribution, the overall SNR efficiency was
calculated for each labeling strategy and is listed in Table 1.
Please note that the SD was calculated without the Gaussian
weighting. Using the sBIR8-VSS pulse as the reference, the
dual-sBIR8-VSS, mp-sinc-VSI, and sinc-VSI pulses gained
over 30% SNR efficiency increase. The dual-sBIRS-VSS had
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FIGURE 4 The simulation results showing the performance of the VS labeling pulses: (A) magnetization versus mean velocity response under
the labeling condition showing the sensitivity to B, variation (ranging from 0.7 to 1.3 of the nominal value) without off-resonance; (B) magnetization
versus mean velocity response under the labeling condition showing the sensitivity to B, variation (ranging from —200 Hz to 200 Hz) when B, = 1;
and (C) magnetization of the static tissue (V = 0) under the label condition showing EC sensitivity of the VSS and VSI pulses to EC components with
different time constants (ranging from 0.1 ms to 1000 ms) at different distance to the iso-center of the magnet, where the magnetization under the
control condition can be referred to the center line at distance = 0. Please note the different color scales for VSS and VSI pulses. The sBIR8-VSS pulse
demonstrated strong immunity to B, and B, variation and EC effects, whereas the sinc-VSI pulse had the highest robustness among the VSI pulses.
Note that the response in panels A and B was generated before taking laminar flow effects into account. EC, eddy current
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FIGURE 5 The overall SNR efficiency maps of different VS labeling strategies from simulation, showing their sensitivity to the B, and
B, variation averaged over the arterial velocity distribution in the brain. Note that the sBIR8-VSS pulse had an excellent immunity to B, and B,
variation, and the sinc-VSI pulse had the best performance among the VSI pulses. The sinc-VSI pulse also had higher SNR efficiency when the B,

and B, variation was not too large

the most consistent SNR efficiency with the smallest SD. The
rect-VSI pulse only showed a 18.1% increase compared to the
sBIR8-VSS, or 26.4% when compared with the single-mod-
ule DRHS pulse, in agreement with the results reported
previously.15 The sinc-VSI performed the best with a 37.8%
overall increase in SNR efficiency among all the labeling
methods, although with a relatively large SD value. sBIRS-
VSS reported the highest p of 0.983 among all, followed by
0.922 with DRHS; whereas sinc-VSI reported the highest
of 0.881 among the VSI pulses and closely followed by the
mp-sinc-VSI; and the segmented-sinc-VSI had the lowest
of 0.609.

The subtraction error maps on the phantom are shown in
Figure 6 to demonstrate the EC sensitivity of the VS label-
ing pulses. The RMS percentage signal difference over the
whole volume was 0.19% for sBIR8-VSS, 0.44% for rect-VSI,
0.35% for segmented-sinc-VSI, and 0.23% for sinc-VSI. Both
the sBIR8-VSS and the sinc-VSI pulses were robust against
the EC effects, showing similar and negligible subtraction
errors, whereas the rect-VSI and segmented-sinc-VSI pulses
had much higher subtraction errors, or EC sensitivity. In ad-
dition, the concentric ring patterns of the errors demonstrated
the spatial oscillation of the EC sensitivity of the VSI pulses,
confirming the Bloch simulation results shown earlier.

The in vivo results are shown in Figure 7 and Table 2.
The ASL signal is the voxelwise difference between selective

Subtraction Error (%)

0.8
0.6
0.4
0.2

-0.2
-0.4

sBIR8-
VSS

rect- segmented- sinc-

VSI sinc-VSI VSI

FIGURE 6 The subtraction error maps obtained from phantom
scans, demonstrating EC sensitivity of the pulses. The velocity
sensitive gradient pulses were applied in the S/I direction and the maps
were normalized to the reference spin density image. The sBIR8-VSS
and the sinc-VSI pulses showed comparable and low errors, whereas
the rect-VSI and segmented-sinc-VSI had stronger sensitivity to EC
effects with a spatially varying pattern. S/I, superoinferior
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FIGURE 7 (A) Comparison between labeling schemes on 4 slices from a representative subject, showing the relative signal change due to
the label (left panel, normalized to the spin density image), the corresponding temporal SNR images for each of the techniques (middle panel), and
the corresponding quantitative CBF maps (right panel); and (B) averaged ASL signal per voxel across subjects (left panel, normalized to the spin
density image), averaged temporal SNR per voxel across subjects (middle panel), and averaged CBF values per voxel across subjects (right panel).
Red bars indicate the median values. The dual-sBIR8-VSS showed the greatest amount of signal. Note that the rect-VSI and the chopped VSI
schemes contained artifacts with “spurious ASL signals” (black arrow heads) and “ASL signal void” (white arrow heads), likely from eddy current
effects and/or inefficient labeling, whereas the images acquired with sBIR8-VSS or sinc-VSI pulses were free of such artifacts. CBF, cerebral
blood flow

TABLE 2 The normalized ASL signal, tSNR, and CBF in GM, averaged across subjects (mean + SD)

Segmented- Dual-sBIRS-
PCASL rect-VSI sinc-VSI sinc-VSI sBIR8-VSS sBIR-VSS-inv  VSS

Averaged signal 0.648 +0.062  0.630+0.097 0578 +0.102  0.620 +0.093 0.497 +0.096 0.472+0.092 0.618 +0.111
(%) in GM

Averaged tSNRin 0989 + 0232  3.188+0.814 2798 +0.763  2.874+0.772 0.926+0.291 2258 +0.645 1207 + 0.547
GM

Averaged GM CBF  51.5+5.0 49.6 +7.7 55.1+9.7 41.6 + 6.3 55.6 +10.7 52.8 +10.3 56.1 +10.1
(ml/100g/min)

Note: Significant differences in tSNR between the labeling schemes were detected and labeled in Figure 7B. No significant difference in ASL signal or GM CBF was

detected between the labeling schemes.

Abbreviations: ASL, arterial spin labeling; CBF, cerebral blood flow; GM, gray matter; PCASL, pseudo-continuous arterial spin labeling; rect, rectangular small flip-
angle RF pulses; sBIR, symmetric 8-segment B1-insensitive rotation; tSNR, temporal SNR; VSI, velocity-selective inversion; VSS, velocity-selective saturation.

and nonselective images, expressed as a percentage of the spuriously reduced; the rect-VSI showed strong “artificial”
spin density image. The temporal SNR is the voxelwise time- ASL signal in some regions while having reduced ASL signal
averaged signal difference divided by its SD. Comparing in others. These errors were likely due to the B, or EC sensi-
to PCASL, most of the VS labeling produced similar blood  tivity of these pulses and were consistent with the simulation
flow patterns. However, there were errors with the segment- and phantom results reported earlier. Note that the ASL sig-
ed-sinc-VSI and the rect-VSI labeling. As demonstrated by nal artifacts from the ASL signal maps were carried into the
the example shown in Figure 7A, the ASL signals in the tSNR maps; for example, the erroneous ASL signal with rect-
right frontal regions with the segmented-sinc-VSI pulse were VSI artificially increased the tSNR regionally. There were



GUO ET AL.

2036 . . o o
—I—Magnetlc Resonance in Medicine

artifacts shown as negative ASL signals close to the base of
brain, likely due to flow fluctuation or motion in general, and
should be reduced by BGS.

Across subjects, statistically significant difference in the
ASL signal was detected by the analysis of variance test
(F = 3.22, P = .011); however, the pairwise comparison
tests only detected a strong trend that the sBIR8-VSS-inv
had a lower signal than PCASL (P = .052). The rest of
the pairwise comparisons were not statistically significant
(P> .126). On average, PCASL labeling produced the high-
est GM ASL signal (0.648 + 0.062%) among all. Though
the rect-VSI reported the second highest GM ASL signal
(0.630 + 0.097%, a 26.8% increase compared to sBIRS-
VSS), some of the contribution was likely from the erro-
neous EC effects, as pointed out earlier. The sinc-VSI and
dual-sBIR8-VSS pulses produced artifact-free ASL images
with very similar GM ASL signal (0.620 + 0.093% and
0.618 + 0.111%, respectively), demonstrating improvement
compared to single-module VSS pulse, although not as
much as predicted by the simulation (24.8% vs. 37.8% for
sinc-VSI, and 24.4% vs. 31.5% for dual-sBIR8-VSS). The
measured signal improvement with dual-sBIR8-VSS was
comparable with that in a previous in vivo study (22.1%)."
Surprisingly, the segmented-sinc-VSI showed a 16.3% in-
crease of signal compared to sBIR8-VSS pulse, higher than
the predicted value of —4.2%.

The tSNR maps and averaged values in Figure 7 and
Table 2 showed that the tSNR was significantly higher
with the VSI methods (3.188 + 0.814, 2.798 + 0.763, and
2.874 + 0.772 for rect-VSI, segmented-sinc-VSI, and sinc-
VSI, respectively) due to the built-in inversion on the brain
tissue. One-way analysis of variance tests of the tSNR across
the different labeling schemes yielded significance differ-
ences between the schemes (F = 14.74, P = 5.63 X 10_9).
Multiple pairwise comparison tests (Bonferroni-corrected)
between the schemes showed that difference between each
of the VSI schemes and most of the VSS schemes (except
sBIR8-VSS-inv), as well as PCASL, was significant (P <
1.34 x 10_3). However, the tSNR of the sBIR8-VSS-inv
scheme was not significantly different from any of the VSI
schemes (P > .27). The sBIR8-VSS-inv scheme had statis-
tically significantly higher tSNR than the sBIR8-VSS and
PCASL schemes (P = .012 and .021, respectively) but com-
parable tSNR with the dual-sBIRS-VSS (P = .11). We attri-
bute this improvement in tSNR to the partial BGS produced
by inverting the magnetization of the whole volume prior
to acquisition. Indeed, comparing the sBIR8-VSS labeling
and sBIR8-VSS-inv, we found that the built-in inversion im-
proved the tSNR by 2.4-fold on average (from 0.926 + 0.291
to 2.258 + 0.645) even though the ASL signal is expected to
be identical in theory. The tSNR of dual-sBIR8-VSS (1.207 +
0.547) was significantly lower than those of VSI pulses (P <
1.34 x 107?) but comparable with the sBIR8-VSS-inv pulse.

Comparing the CBF maps shown in Figure 7A, in addi-
tion to the similar spatial variation (including the artifacts)
observed in the ASL signal maps, we also observed lower
values with sinc-VSI labeling and higher values with dual—
sBIRS8-VSS labeling in this subject. The averaged GM CBF
values were in the expected range for all the labeling schemes
in each subject. At the group level, no statistically signifi-
cant difference was detected in the GM CBF with different
labeling schemes by the analysis of variance test (F = 2.00,
P = .087), and the multiple pairwise comparison tests only
found that the sinc-VSI tended to have lower GM CBF values
compared to dual-sBIR8-VSS (P = .138), consistent with the
observation in the exemplary CBF maps.

The results of the linear regression and correlation analy-
ses of the ASL signal in the whole brain can be found in the
Supporting Information.

4 | DISCUSSION

We have compared currently available VS labeling strategies
with respect to their SNR efficiency and robustness against
field imperfections, such as B, and B, and EC effects. The
simulation, phantom, and in vivo experiments showed con-
sistent results. Overall, the dual-sBIR8-VSS pulse were the
most robust VS labeling strategy against B, and B, varia-
tion and EC effects according to the Bloch simulation and
phantom experiments, respectively, whereas sinc-VSI were
slightly more sensitive to B, variation. Both dual-sBIR8-VSS
and sinc-VSI had comparably high ASL signal in vivo.

In this study, we have extended the definition of V
for VSS to the VSI pulses in a practical manner. It is a
critical imaging parameter in VS labeling for the reasons
mentioned earlier. In addition, it is important to match the
V. 1n both labeling and imaging for perfusion quantifica-
tion accuracy, as well as reducing contamination from the
venous compartment, which can be generally filtered out
by the velocity-selective criterion set by the V,, in imaging
due to acceleration. It is clearly defined and matched for
VSS labeling as the flow crushing in imaging relies on the
same dephasing effect. With the extended definition of V
it is now possible to have a matched bolus of label deliv-
ered and imaged with VSI labeling. As shown in Figure 3,
although the magnetization versus velocity profiles may
appear very different for VSS and VSI initially, after con-
sidering the laminar flow mixing effect and correctly set-
ting the flow sensitive gradient strength, the “cutoff” effect
is almost identical (Figure 2A); therefore, VSS and VSI la-
beling can be compared in a fairer and more quantitatively
accurate manner.

The sBIR8-VSS pulse showed excellent robustness
against B and B, variation and EC effects. With the dual-
module preparation, the SNR efficiency improvement was
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consistently high, as reported previously.13 These benefits
are mainly adopted from the BIR pulse train and the sym-
metric layout of the gradient pulses.17 The VSI pulses, on
the other hand, use hard RF pulses to tip and refocus the
magnetization during velocity encoding. These RF pulses
are inherently B,-sensitive. There has been research show-
ing improved B, behavior using composite 180° refocus-
ing pulses, in combination with Malcolm-Levitt phase
cycling pattern, and/or modulation on the small tipping
RF pulses,zg'30 including the proposed sinc modulation in
this study. These modifications improved the robustness
against B, and B, variation to some extent; however, the
B, sensitivity remains a main factor affecting the label-
ing efficiency for VSI. Under ideal conditions, VSI pulses
should provide higher SNR efficiency than dual-module
VSS labeling; however, due to the sensitivity to field im-
perfections (mainly B,), the VSI pulses currently yielded
comparable ASL signal with dual-sBIR8-VSS labeling.
Future research should be focusing on improving the B,
insensitivity for VSI pulses.

Additional BGS pulses were deliberately not applied be-
cause their effects are relatively independent of the labeling
process but would interfere with the measurement of labeling
efficiency. Although BGS is crucial in reducing the noise in
ASL, different number of BGS pulses have to be applied for
the VSI and VSS pulses to reach the same degree of BGS,
such as in Ref. 15 Then the inversion efficiency of the BGS
pulses has to be accurately measured in each subject to cor-
rect for their effects on the ASL signal, which would likely
introduce additional biases.

At the same time, the VSI pulses themselves invert the
tissue magnetization and thus inherently suppress the back-
ground signal to some extent and boost the tSNR. This is
not the case in VSS or PCASL; for example, the tSNR with
PCASL was low due to the absence of BGS. Therefore, the
sBIR8-VSS-inv pulse was used to effectively achieve a simi-
lar partial BGS and thus disambiguate the effects of labeling
efficiency and partial BGS. Indeed, the in vivo results com-
paring the sBIR8-VSS pulse with and without the built-in
inversion clearly demonstrated the importance of BGS in
improving the tSNR, and thus the necessity of using BGS
techniques if possible. For example, if a similar improvement
of tSNR can be realized by a built-in inversion with the dual-
sBIR8-VSS scheme, its tSNR would be about 2.94, compa-
rable with those measured by VSI labeling schemes. In this
study, the effect of BGS on tSNR was not simulated because
this effect is independent of the labeling preparation; that is,
similar levels of BGS can be achieved with additional BGS
pulses for any labeling pulses. Under perfect BGS conditions,
the tSNR is then mainly determined by the ASL signal in-
tensity generated by a given labeling preparation. There are
practical considerations for implementation, such as con-
straints on SAR or timings of BGS pulses. One example is
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that the sBIR8-VSS-inv pulse provided some level of BGS
and a significant tSNR gain without SAR increase.

It was interesting to observe that the EC sensitivity of the
pulses were well matched between the simulation, phantom,
and in vivo experiments. The artificial ASL “signal” (or sig-
nal void) shown in Figure 7A signified the necessity for a
good EC-compensating pulse design in VS labeling.“"17
With the sinc modulation on VSI pulse, the EC sensitivity
was further reduced compared to the sBIR8-VSS pulse. The
2 pulses had similar subtraction error in the phantom ex-
periments. This may be because the subtraction error likely
included B, and B, sensitivity effects, whereas in the EC sen-
sitivity simulation the B, and B, sensitivity was ignored. The
spatial fluctuation of the EC sensitivity of the VSI pulses pre-
dicted by simulation was also reported previously15 and was
observed in phantom experiments in this study. The spatially
smooth EC sensitivity of the SBIR8-VSS pulse was observed
in the phantom experiments, consistent with the simulation
prediction. Only the EC sensitivity data along the superoin-
ferior direction were collected on phantom as this is the most
relevant velocity encoding direction in a typical ASL exper-
iment in the brain.

The effective TE of the VSS and VSI labeling pulses is de-
termined by the time the spins spent effectively on the trans-
verse plane. In turn, it determines the arterial signal relaxation
during the labeling process. The shorter the effective TE, the
higher the labeling efficiency for VS labeling. As shown in
Table 1, the effective TE of the VSI pulses were not dramati-
cally increased even though the total pulse duration increased
by two- to threefold compared with the VSS pulses. This is
a desirable property for the VSI pulses because the small
flip-angle pulses tip the magnetization through the transverse
plane continuously during the entire labeling process. Proper
modulation of these small flip-angle pulses, for example, those
in Refs. 29,30 and the sinc modulation in this study, can be ex-
plored further to find a design with a good B, robustness and a
short effective TE for a high labeling efficiency.

In this study, the ranges of the B, and By, variation were
within the values observed in practice. Unlike pulsed ASL
(PASL) or PCASL, the labeling region in VSASL is “global,”
that is, the full covered volume of the transmitting RF coil.
It is expected to have more variation in both B, and B, fields
than that would be seen for PASL or PCASL in the labeling
region. Therefore, it is more critical to have a VS labeling
pulse with sufficient immunity to field imperfections, includ-
ing the EC effects. We used (arbitrary) Gaussian distribution
of the variation to evaluate the overall SNR efficiency for
these VS pulses under a more practical setting and had de-
rived the additional labeling efficiency term f to summarize
these effects. The simulation results matched relatively well
with the experimental results regarding the ASL signal in
this study, for example, the predicted SNR improvement of
the rect-VSI pulse over the DRHS pulse matched with that
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measured in vivo in another study (26.3% vs. ~30% after cor-
rection for BGS effects).15 However, there were also discrep-
ancies regarding the value of P, especially when applied in
CBF quantification. For example, the sinc-VSI tended to un-
derestimate CBF when compared with PCASL, indicating a
lower § with our current implementation. Similarly, rect-VSI
might also have a lower f than the predicted value of 0.727.
This was consistent with the calculated § of 0.67 in another in
vivo study.15 On the other hand, the p values yielded compa-
rable GM CBF values with PCASL for segmented-sinc-VSI
and sBIRS8-based labeling schemes. These discrepancies call
for further investigation on the  with respect to the imple-
mentation of VS labeling in practice. Although PCASL was
used as the reference method in this study, it can have variable
labeling efficiency in individuals or in different supplying ar-
teries; a labeling method with a more stable labeling effi-
ciency, such as PASL, may be more suitable for this purpose.

There were several limitations of this study: First, the in
vivo scans always followed the same acquisition order. This
might produce some small bias due to habituation effects or
change of alertness levels. However, previous test-retest repro-
ducibility measurements of brain perfusion using ASL?
gest that this bias might not be a significant factor. Second, the
normalized mean velocity population distribution (Figure 2B),
although being the best approximation available at the time,
contains its own uncertainty and thus might affect the accu-
racy of the overall ASL signal estimation. And third, because
additional BGS pulses were deliberately not used, the physio-
logical noise affects the uncertainty (variance) of the in vivo
results, especially for the PCASL- and sBIR8-VSS-based
scans. Alternatively, an ideal comparison could be made be-
tween the VSI pulses and the dual-sBIR8-VSS pulse, with
the second module being sBIR8-VSS-inv, both with the same
number of additional BGS pulses and the same degree of BGS.

sug-

5 | CONCLUSION
In this study, we had compared currently available VS satura-
tion and inversion labeling strategies, including dual-module
VSS and different variants of VSI pulses. Their SNR effi-
ciency and robustness against B, B, and EC effects were
evaluated through Bloch simulation, phantom, and human
experiments. Both dual-sBIR8-VSS and sinc-VSI measured
the highest SNR efficiency in vivo among the VS labeling
schemes investigated. Overall, the dual-sBIR8-VSS pulse
was the most robust VS labeling strategy against field im-
perfections. Whereas the sinc-modulated VSI pulse showed
greater tSNR and was the best among the VSI methods, fur-
ther technical improvement, such as improved robustness
against B, variation, is needed to fully utilize its inversion
labeling advantage for a higher SNR efficiency than the VSS
labeling, as well as a better estimation of {3 in practice for ac-
curate quantification. In addition, a proper BGS is crucial in

improving the tSNR in VSASL scans and should be applied
if possible.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in
the Supporting Information section.

FIGURE S1 Scatter plots of the normalized ASL signal in
the whole brain ROI, measured with PCASL and different
VS labeling schemes from the representative subject (#8)
shown in Figure 7A

FIGURE S2 The boxplots of averaged correlation coeffi-
cients, slopes and intercepts across subjects, calculated from
the voxelwise correlation and linear regression analysis on
the ASL signal within the whole brain ROI for each subject.
No statistical significant difference was detected in these pa-
rameters between any VS labeling schemes by the ANOVA
test

TABLE S1 The imaging parameters used for all ASL scans
in the in vivo experiments. Note that the TR was longer than
that in the simulation to accommodate the imaging time
TABLE S2 The individual and averaged (mean + stan-
dard deviation) parameters from the correlation and lin-
ear regression analysis on ASL signals between different
VS labeling schemes and PCASL. There parameters were
calculated within the whole brain ROI. One-way ANOVA
did not detect any significant difference in the correlation
coefficient, the slope and the intercept (P = .99, .21 and
.88, respectively) between different VS labeling schemes.
The distribution of these parameters across the subjects is
shown in Supporting Information Figure S2. The subject
shown in Figure 7A and Supporting Information Figure S1
was Subject 8
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