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Abstract

Purpose: In velocity-selective arterial spin labeling (VSASL), strategies using multiple
saturation modules or using VS inversion (VSI) pulse can provide improved signal-to-
noise ratio (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 (EC) sensitivity and robustness against B; and By variation.
These schemes included dual-module double-refocused hyperbolic secant and
symmetric 8-segment B4-insensitive rotation (sBIR8-) 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 EC sensitivity and SNR
performance=An additional sBIR8-VSS with a built-in inversion (sBIR8-VSS-inv) was
evaluated for the effects of partial background suppression (BGS) 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 BGS the sinc-VSI pulses had the
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highest temporal SNR, closely followed by the sBIR8-VSS-inv pulse, both benefitted
from partial BGS effects.

Conclusion: Dual-sBIR8-VSS and sinc-VSI measured the highest SNR efficiency
among the VS'abeling schemes. Dual-sBIR8-VSS was the most robust against field
imperfections while sinc-VSI may provide a higher SNR efficiency if its immunity to field

imperfections can be improved.

Keywords: arterial spin labeling, velocity selective, velocity selective saturation, velocity

selective inversion, SNR efficiency, eddy current sensitivity

1. Introduction

Arterial Spinslzabeling (ASL) is a powerful technique to measure perfusion without the
use of contrast agents (1, 2). Many variants have been developed since its inception to
overcome many technical challenges it exhibits. While pseudo-continuous ASL (PCASL)
(3) is the dominant technique accepted by the community for perfusion imaging in the
brain (4)yitsstill-faces some challenges such as bolus arrival time effects (5-8) and
variability in labeling efficiency (9, 10). New developments in velocity-selective (VS)
labelingpulses represent a viable alternative to pseudo-continuous labeling (11-

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
MRI (16, 18):

Velocity-sélective pulses fit into two categories: VS saturation pulses (VSS) and VS
Inversion (VS1)pulses. VSS pulses tip the magnetization into the transverse plane
briefly beforetipping 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 distribution. The last segment in
a VSS pulse tips the magnetization back to the longitudinal axis (12, 14, 17). Under the

control condition, all the spins are tipped down to the transverse plane and then back to
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the longitudinal axis without dephasing, so the magnetization remains unperturbed
except for the same relaxation effects as under the label condition. Fourier-transform
based VSI (FT-VSI) pulses consist of velocity encoding RF and gradient pulses that will
only invert the spins traveling at the selected velocity (typically near zero). Under the

control condition in VSI, all spins are inverted (11, 15, 19).

In theory, VSI pulses should yield nearly twice as much ASL signal as VSS pulses, but
they are more sensitive to imperfections in B4, By and to eddy current (EC) effects than
BIR8-based VSS pulses. On the other hand, multiple VSS modules can be

concatenatedo produce a larger bolus of label and hence a stronger ASL signal while

being less sensitive to B4, By variations and EC effects (13) than VSI pulses.

In this work we aim to compare the performance of multiple variants of VSASL pulses
and labelingssechemes. Among these variants, we explore the original FT-VSI pulses as
well as three.new variants with improved velocity profiles. Our analysis also included the
double-refocused hyperbolic secant (DRHS-) VSS pulse (12), the original symmetric
BIR8 (sBIR8-)VSS pulse (17), a sBIR8 variant that inverted the stationary spins (13),
and a combination of two consecutive sBIR8 VSS pulses (13). We compare the

performance of these pulses to PCASL, which is the accepted standard ASL technique.

2. Methods

2.1 Bloch Simulations

FT-VSI pulses.can be sensitive to By and B4 errors (15), similar as some earlier VSS
based pulses(12, 20), except the BIR-based pulses (14, 17, 21). We simulated the
evolution 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 implemented
in (12); 2) dual-module VSS with DRHS (dual-DRHS-VSS) (13); 3) single-module VSS
with sBIR8 pulse (sBIR8-VSS) (17); 4) dual-module VSS with sBIR8 (dual-sBIR8-VSS)
(13); 5) original VSI sequence with rectangular small flip-angle RF pulses (rect-VSI) (15);

6) a modified VSI pulse using maximum-phase sinc modulation (mp-sinc-VSI) (22); and
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two new modified VSI pulses using 7) a segmented sinc pulse as the small flip-angle RF
pulses (segmented-sinc-VSl); and 8) a regular sinc modulation (sinc-VSI) on the
rectangular small flip-angle RF pulses (Figure 1). The two new modified VSI pulses
were designed to provide improved velocity profiles and B4 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 pulsetis given by sinc(nTi/5 -1), where n =1, 2, ..., 9). The flip angles of these
9 rectangular pulses add up to 180°. Some of the timing parameters of the VS pulses
can be foundgn,Table 1. Under the control condition, the VS gradients were set to 0 so
that the V yfwas effectively infinity. The longitudinal magnetization under both labeling

and control conditions were simulated and subtracted to yield the ASL signal.

2.1.1 Calculation of the cutoff velocity

The V. refersito the minimum velocity of the blood required for labeling to occur. It
plays a cruciakrole in VS labeling because 1) it determines the amount of arterial spins
available for labeling, i.e., the size of the labeling bolus; 2) it determines the weighting of
tissue perfusion vs. 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 different, we need a definition of V. that is
equivalentgto*have a fair comparison for both the saturation- and inversion-based

labeling metheods.

In orderto-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
experiencing a VS pulse (12, 23). We define the V as the point where ASL signal
(SigasL, definedsas the magnetization difference between the signals in the selective
and non=selective 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.
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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
quantification and reducing contamination from venous contribution. A V¢ of 2 cm/s
was used throughout this study. The Sigas. VS. Vimean profiles and corresponding V¢ are
demonstrated,in Figure 2A for both VSS and VSI.

To provide more realistic estimation on the overall labeling efficiency, we used the
measured‘population distribution of arterial blood moving at different mean velocities at
labeling fram a“previous brain perfusion study (24) (linearly interpolated 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 velocities, e.g., those in Figure 2A. The overall ASL signal was
calculatedsbyssumming up the ASL signal at different mean velocities with such weights
to account-forthe effective population available for labeling and its SNR efficiency (i.e.,

SNR per unit time, defined as Sig,s;/~/2TR) was then calculated accordingly.

2.1.2 B, and By sensitivity simulation

In a series'of'simulations, B4 was scaled by a factor from 70% to 130% of its nominal
value with ansinterval 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 practicalscenarios, the variation of B; and By was assumed to have a 2D Gaussian
distribution (ug1 = 100%, 01 = 30%, Peo = 0, 0gg = 200 Hz, p = 0). The results were then

averaged across the B1 and By variation with the Gaussian weighting.

The sBIR8-VSS pulse with a nominal B4 (100%) and no off-resonance was considered
as the reference for comparison due to its insensitivity to B4 and By variation (17). The
results were'nermalized to this reference. To examine the VS pulses’ sensitivity to B4
and B, variation thus the labeling efficiency loss, an additional labeling efficiency term 3
was calculated by dividing the average signal across the B4 and By variation by that
without any variation. Other parameters used in the simulations included: T4 = 1660 ms,
T, =150 ms, TR = 4500 ms, Tl (single-module) = 1300 ms, TI4/Tl, (dual-module) =
1150/820 ms. Imaging time was ignored. Additionally, for the dual-module case, the

condition Tl4 + Tl, < bolus duration was assumed (13).
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2.1.3 Eddy current effects simulation

Typically, strong velocity-sensitive gradient pulses are used in combination with short
delays between RF and gradient pulses to reduce the T, relaxation during the labeling
process. Eddy.currents are generated by these gradient pulses, and can interfere with
the labeling,pulses, having different effects on the spins under the labeling and control
conditions™fnot properly accounted for, the EC effects can generate spurious “ASL”
signals and eompromise the quantification accuracy in VSASL (14, 17). To investigate
the sensitivity to the EC effects, Bloch simulations were performed for these different VS
pulses following the methods in (14, 17) with EC amplitude of 0.25% and time constants
of 0.1 to 1000 ms. A nominal By and By = 0 Hz and gradient pulses with a ramp time of
0.3 ms and a maximum amplitude of 30 mT/m were used. No relaxation effect was

considered.

2.2 Phantom'experiments

The EC sensitivity of different VS labeling pulses was evaluated in a spherical phantom
filled with"agar (25) on a 3.0 Tesla, MR750 scanner (General Electric, Milwaukee, WI,
USA) using'a 32-channel receive coil (Nova Medical, Wilmington, MA, USA). Four VS
labeling schemes with the same parameters as in the Bloch simulation were tested:
sBIR8-VSS, rect-VSI, segmented-sinc-VSI and sinc-VSI. The images under the label
and controlieonditions were collected 400 ms after the application of the VS pulses. The
VS gradientspulses were applied along the S/I direction. The signals under the control
condition were used as the reference. The signal difference between the label/control
conditions,was calculated and then normalized to the reference signal to give a
subtraction.error as an indicator for the EC sensitivity. Note that the T, relaxation was

compensated.in this process.
2.3 In vivo'experiments

Healthy participants (N=9) were scanned on the same scanner, according to the

guidelines of the University of Michigan’s Internal Review Board, including informed
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consent. Each participant received seven ASL scans using the same readout module,

but different labeling schemes.

The readout maodule consisted of a multi-echo, stack-of-spirals 3D readout. The imaging
parameters.can be found in the Supporting Information. No additional background
suppression (BGS) (26) pulses were used with any of the schemes, because we
intended'to"directly compare the ASL signal intensity without the confounding effects of
BGS pulses’(please see discussion). The first pair in the series was not preceded by
any labeling pulses and was used as the reference image (proton density). A sBIR8
VSS pulsewithythe 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
consensusspaper (label duration = 1800 ms and post-label delay (PLD) = 2000 ms) (4)
following a‘quick phase calibration scan to compensate for off-resonance effects in the
labeling region (9, 10); 2) rect-VSI; 3) segmented-sinc-VSI; 4) sinc-VSI; 5) sBIR8-VSS:
a single-module sBIR8-VSS pulse; 6) sBIR8-VSS-inv: identical to the sBIR8-VSS pulse,
but with an additional phase of 1 on the last RF segment in the sBIR8 scheme to invert
the magnetization of stationary spins (13), for a fairer comparison to the VSI pulses with
partial BGS'éeffects; 7) dual-sBIR8-VSS: the dual-module sBIR8-VSS pulse with TI4/Tl,
= 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¢t was 2 cm/s along the S/l direction and the PLD was 1400 ms, unless

otherwise specified.

2.4 In vivo'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
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attenuation correction (13) was performed on the VSASL signals. The b-values of the
sBIR8-VSS pulse was calculated to be 0.37 s/mm?, and the b-values of 0.2 s/mm? (15)
was used for the VSI pulses. Images of the percentage signal change relative to the
spin density image were then calculated. The temporal standard deviation (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:

CBF maps were computed from the ASL difference images using a single-compartment
kinetic model«(27) adapted for each respective labeling scheme. Specifically for VS
labeling methods, the labeling efficiency term was adjusted for the T, relaxation during
labeling, @ = e ¥7£/T2e and an additional labeling efficiency term B (Table 1) for the

labeling efficiency loss due to By and By variation.

GM masks'were constructed based on the average ASL signal maps across all the
modalities in each subject. The mean ASL signal, tSNR and CBF in the GM region of
interest (ROI). 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 linear model and calculating the correlation coefficient, slope and

intercept over each subject’s voxels in the whole brain.

2.5 Statisticalanalysis

Jarque-Bera tests were carried out on the mean ASL signal, tSNR and CBF in the GM
ROI across subjects and confirmed the normality of the distribution. One-way ANOVA
and multiple-pairwise comparison tests (Bonferroni corrected) were then performed to
detect if there.was any significant difference between any pair of the labeling schemes

with p < 0.05; and similarly, on the results of the correlation analysis.

3. Results
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The Bloch simulation results are shown in Figures 3 and 4. Between the two VSS
pulses, the sBIR8-VSS pulse gave robust cosine-shaped responses vs. velocity across
the large ranges of B4 and By variation examined, and showed less sensitivity to EC
effects, as_reported previously (17). Among the four VSI pulses, the rect-VSI and the
segmented-sinc-VSI pulses showed significant sensitivity to both By and By variation,
demonstrated by the degraded magnetization response when B4 was off from the
nominal*value and the tilted inversion bands when the off-resonance increased. Both of
them also 'showed considerable EC sensitivity. In addition, the rect-VSI pulse showed
oscillating'magnetization response in the velocity passband as reported previously (15);
while the segmented-sinc-VSI pulse had smooth response in the velocity passband,
though the ‘performance degraded quickly when the off-resonance increased. The mp-
sinc-VSI showed improved performance against B; and By variation (22) and EC effects,
with slight oscillations in the velocity passbands. The sinc-VSI demonstrated the most
robust performance against B4 and By variation among the four VSI pulses, as well as
having smoothimagnetization response across the velocity passbands. The sinc-VSI
pulse also showed the least sensitivity to EC effects among all the six VS pulses studied
by simulatien. Note that though 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 interesting finding was that all the VSI pulses showed
spatially oscillating EC sensitivity, while the VSS pulses had relatively smooth EC

sensitivity across space.

After weighting-the ASL signal profiles (with T, relaxation) with the measured arterial
blood meansvelocity distribution (Figure 2B), the SNR efficiencies of the labeling pulses
were calculated at different By and By offsets and are shown in Figure 5. The dual-
sBIR8-VSS pulse showed excellent robustness to both By and By variation as expected,

especially with.a strong B field.

All the VSI pulses studied showed various sensitivities to B4 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 By variation. Both mp-sinc-VSI and sinc-

VSI pulses improved the overall performance, with the sinc-VSI pulse being slightly
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better. Comparing to the sinc-VSI pulse, the dual-sBIR8-VSS pulse provided very good
insensitivity to B4 and By variation, though the maximal SNR efficiency was lower than

that with the sinc-VSI pulse under ideal conditions.

Averaged‘across the B4 and By variation with the aforementioned 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, the mp-sinc-VSI and the
sinc-VSI pulses,gained over 30% SNR efficiency increase. The dual-sBIR8-VSS had
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-module DRHS pulse, in agreement with the results reported previously (15).
The sinc-V/Skperformed the best with a 37.8% overall increase in SNR efficiency among
all the labeling methods, though with a relatively large SD value. sBIR8-VSS reported
the highest 3 of 0.983 among all, followed by 0.922 with DRHS; while sinc-VSI reported
the highest 3 0f0.881 among the VSI pulses and closely followed by the mp-sinc-VSI,
and the segmented-sinc-VSI had the lowest 8 of 0.609.

The subtraction error maps on the phantom are shown in Figure 6 to demonstrate the

EC sensitivity of the VS labeling pulses. The root mean squared 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 wererobust against the EC effects, showing similar and negligible subtraction
errors; while the rect-VS| and segmented-sinc-VSI pulses had much higher subtraction
errors, or EC sensitivity. In addition, 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 vive,results are shown in Figure 7 and Table 2. The ASL signal is the voxelwise
difference between selective and non-selective images, expressed as a percentage of
the spin density image. The temporal SNR is the voxelwise time-averaged signal

difference divided by its SD. Comparing to PCASL, most of the VS labeling produced
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similar blood flow patterns. However, there were errors with the segmented-sinc-VSI
and the rect-VSI labeling. As demonstrated by the example shown in Figure 7A, the
ASL signals in the right frontal regions with the segmented-sinc-VSI pulse were
spuriously reduced; the rect-VSI showed strong “artificial” ASL signal in some regions
while having.reduced ASL signal in others. These errors were likely due to the By or EC
sensitivity of these pulses, and were consistent with the simulation and phantom results
reported’earlier.’ Note that the ASL signal artifacts from the ASL signal maps were
carried into thetSNR maps, e.g., the erroneous ASL signal with rect-VSI artificially
increased the tSNR regionally. There were artifacts shown as negative ASL signals
close to the:base of brain, likely due to flow fluctuation or motion in general, and should
be reducedbyBGS.

Across subjects, statistically significant difference in the ASL signal was detected by the
ANOVA test (F = 3.22, P = 0.011), but the pairwise comparison tests only detected a
strong trend that the sBIR8-VSS-inv had a lower signal than PCASL (P = 0.052). The
rest of thelpairwise comparisons were not statistically significant (P > 0.126). On
averageyPCASL labeling produced the highest GM ASL signal (0.648 + 0.062%)
among all. Though the rect-VSI reported the second highest GM ASL signal (0.630 +
0.097%, a26.8% increase compared to sBIR8-VSS), some of the contribution was likely
from the erroneous 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=\/SS pulse, though not as much as predicted by the simulation (24.8% vs.
37.8% forsine=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%) (13). Surprisingly, the segmented-sinc-VSI showed a 16.3% increase 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 ANOVA tests of the tSNR across the different

This article is protected by copyright. All rights reserved



labeling schemes yielded significance differences between the schemes (F = 14.74, P =
5.63 x 10-%). 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 >
0.27). The sBIR8-VSS-inv scheme had statistically significantly higher tSNR than the
sBIR8-VSS and PCASL schemes (P = 0.012 and 0.021, respectively), but had
comparable tSNR with the dual-sBIR8-VSS (P = 0.11). We attribute 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 thatithesbuilt-in inversion improved the tSNR by 2.4-fold on average (from 0.926 +
0.291 to 2i258 + 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 10-3), but comparable with the sBIR8-VSS-inv pulse.

Comparingthe CBF maps shown in Figure 7A, in addition 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-sBIR8-VSS labeling in this
subject. The.averaged GM CBF values were in expected range for all the labeling
schemes in each subject. At the group level, no statistically significant difference was
detected in the GM CBF with different labeling schemes by the ANOVA test (F = 2.00, P
= 0.087), 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 = 0.138), consistent

with the observation in the exemplary CBF maps.

The results of.the linear regression and correlation analyses of the ASL signal in the

whole brain.can be found in the Supporting Information.

4. Discussion
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We have compared currently available VS labeling strategies with respect to their SNR
efficiency and robustness against field imperfections, such as By and By and EC effects.
The simulation, phantom and in vivo experiments showed consistent results. Overall,
the dual-sBIR8-VSS pulse were the most robust VS labeling strategy against B4 and By
variation and.EC effects according to the Bloch simulation and phantom experiments,
respectively, while sinc-VSI were slightly more sensitive to B4 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 in both labeling and
imaging forperfusion quantification accuracy, as well as reducing contamination from
the venousscompartment, 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
delivered-andsimaged with VSI labeling. As shown in Figure 3, though the
magnetization.vs. velocity profiles may appear very different for VSS and VSl initially,
after considering the laminar flow mixing effect and correctly setting the flow sensitive
gradient strength, the “cut-off” effect is almost identical (Figure 2A), therefore VSS and

VSI labeling can be compared in a fairer and more quantitatively accurate manner.

The sBIR8-VSS pulse showed excellent robustness against B4 and B, variation, and EC
effects. With the dual-module preparation, the SNR efficiency improvement was
consistently high, as reported previously (13). These benefits are mainly adopted from
the BIR pulsestrain and the symmetric layout of the gradient pulses (17). The VSI pulses,
on the othershand, use hard RF pulses to tip and refocus the magnetization during
velocity encoding. These RF pulses are inherently B4 sensitive. There has been
research showing improved B4 behavior by using composite 180° refocusing pulses, in
combination of MLEV phase cycling pattern, and/or modulation on the small tipping RF
pulses (28-30), including the proposed sinc modulation in this study. These

modifications improved the robustness against B4 and By variation to some extent;
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however, the B sensitivity remains one of the main factors affecting the labeling
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
imperfections (mainly B4), the VSI pulses currently yielded comparable ASL signal with
dual-sBIR8-VSS labeling. Future research should be focusing on improving the B4

insensitivity.for/SI pulses.

Additional'BGS pulses were deliberately not applied, because their effects are relatively
independent ofithe labeling process, but would interfere with the measurement of
labeling efficiency. Although BGS is crucial in reducing the noise in ASL, to reach the
same degree of BGS, different number of BGS pulses have to be applied for the VSI
and VSS pulses, such as in (15). Then the inversion efficiency of the BGS pulses has to
be accuratelysmeasured in each subject to correct 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 background signal to some extent and had boosted 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 similar partial BGS and thus disambiguate the effects of labeling efficiency
and partial BGS. Indeed, the in vivo results comparing the sBIR8-VSS pulse with and
without the'built-in inversion clearly demonstrated the importance of BGS in improving
the tSNR, 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, comparable with those measured by VSI
labeling schemes. In this study, the effect of BGS on tSNR was not simulated because
this effect issindependent of the labeling preparation, i.e., similar levels of BGS can be
achieved.with additional BGS pulses for any labeling pulses. Under perfect BGS
conditions, thextSNR is then mainly determined by the ASL signal intensity generated by
a given labeling preparation. There are practical considerations for implementation,

such as constraints on specific absorption rate (SAR), timings of BGS pulses, etc. One
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example is 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, the phantom and the in vivo experiments. The artificial ASL
“signal” (or signal void) shown in Figure 7A signified the necessity for a good EC
compensating pulse design in VS labeling (14, 17). With the sinc modulation on VSI
pulse, the EC sensitivity was further reduced compared to the sBIR8-VSS pulse. The
two pulsesthad'similar subtraction error in the phantom experiments. This may be
because the"subtraction error likely included B4 and By sensitivity effects, whereas in the
EC sensitivity simulation, the B and By sensitivity was ignored. The spatial fluctuation of
the EC sensitivity of the VSI pulses predicted by simulation were also reported
previously«(18); 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 S/l'direction were collected on phantom as this is the most relevant velocity

encoding-direction in a typical ASL experiment in the brain.

The effective TE (eTE) of the VSS and VSI labeling pulses is determined by the time the
spins spent effectively on the transverse plane. In turn, it determines the arterial signal
relaxation during the labeling process. The shorter the eTE, the higher the labeling
efficiency for VS labeling. As shown in Table 1, the eTE of the VSI pulses were not
dramatically‘increased even though the total pulse duration increased by two- to three-
fold compared with the VSS pulses. This is a desirable property for the VSI pulses as
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 pulsesye.g., those in (29, 30) and the sinc modulation in this study, can be
explored further to find a design with a good B4 robustness and a short eTE for a high

labeling efficiency.

In this study, the ranges of the B4 and By variation were within the values observed in
practice. Unlike pulsed ASL (PASL) or PCASL, the labeling region in VSASL is “global’,
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i.e., the full covered volume of the transmitting RF coil. It is expected to have more
variation in both B4 and By 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, including the EC effects. We used a (an arbitrary)
Gaussian distribution of the variation to evaluate the overall SNR efficiency for these VS
pulses under aimore practical setting and had derived the additional labeling efficiency
term B t0' 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 measuredrin vivo in another study (26.3% vs ~30% after correction for BGS effects)
(15). Howeverythere were also discrepancies regarding the value of 3, especially when
applied in CBF quantification. For example, the sinc-VSI tended to underestimate CBF
when compared with PCASL, indicating a lower 8 with our current implementation.
Similarly, rect-VSI might also have a lower 3 than the predicted value of 0.727. This was
consistentwithithe calculated 8 of 0.67 in another in vivo study (15). On the other hand,
the B values yielded comparable GM CBF values with PCASL for segmented-sinc-VSI
and sBIR8=based labeling schemes. These discrepancies call for further investigation
on the B.with respect to the implementation of VS labeling in practice. Even though
PCASL was used as the reference method in this study, it can have variable labeling
efficiency in_individuals or in different supplying arteries, a labeling method with a more

stable labelingefficiency, such as PASL, may be more suitable for this purpose.

There weresseveral limitations of this study: 1) 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 reproducibility
measurements of brain perfusion using ASL (31, 32) suggest that this bias might not be
a significant factor; 2) the normalized mean velocity population distribution (Figure 2B),
though being the best approximation available at the time, contains its own uncertainty
and thus might affect the accuracy of the overall ASL signal estimation; 3) since
additional BGS pulses were deliberately not used, the physiological 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 between the VSI pulses
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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.

5. Conclusion

In this study;=we had compared currently available VS saturation and inversion labeling
strategiesincluding dual-module VSS and different variants of VSI pulses. Their SNR
efficiency and robustness against B4, By 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 imperfections. While the sinc-modulated VSI pulse showed greater
tSNR and'was the best among the VSI methods, further technical improvement, such as
improved robustness against B4 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 §'in practice for accurate 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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Table 1
DRHS- dual- sBIR8- dual- rect- |segment| mp- Sinc-
VSS DRHS- VSS sBIR8 VS|l |ed-sinc-| sinc- VSi
VSS -VSS VSi VSi
Pulse 23.8 23.8*2 24 .4 24 .4*2 49.4 67.6 69.1 69.1
Duration
(ms)
Effective 20.6 - 20.7 - 26.8 28.8 27.8 31.3
TE (ms)
Averaged 0118+ | 0.152+ | 0.126+ | 0.165 | 0.149 | 0.120+| 0.169 | 0.173 %
SNR 0.011 0.014 0.003 + + 0.058 + 0.025
efficiency 0.004 0.041 0.024
(a.u.)
Normalized | 0.935+ | 1.209+ | 1.000 1.315 1181 | 0.958 + | 1.3453 | 1.378
SNR 0.084 0.110 0.026 + * 0.465 + 0.202
efficiency 0.035 0.329 0.192
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Additional
labeling

efficiency
term (B)

0.922

0.922

0.983

0.983

0.727

0.609

0.880

0.881

Table 1. The parameters, the signal-to-noise (SNR) efficiencies and the additional labeling

efficiency terms () for the VS labeling schemes. These values were calculated based on Bloch
simulation. The effective TE’s of dual-DRHS-VSS and dual-sBIR8-VSS were not listed because

the two VS8 modules have different effects on different sub-groups of the labeled bolus. The

signal-to-noisefratio (SNR) efficiency of sBIR8-VSS was used as reference for calculation of the

normalized SNR’efficiency. Note that the standard deviation of the averaged SNR efficiency

(and the normalized values) was calculated without Gaussian weighting. The additional labeling

efficiency terms () were used in cerebral blood flow quantification to account for the additional

labeling efficiency loss due to field imperfection.

Table 2
PCASL | rect-VSI | segmen | sinc- | sBIR8- | sBIR- dual-
ted- VSi VSS VSS- | sBIR8-
sinc- inv VSS
VSi
Averaged 0648+ | 0630+ | 0.578+ | 0.620 [ 0497+ | 0472 | 0.618 ¢
signal (%) 0.062 0.097 0.102 + 0.096 t 0.111
in GM 0.093 0.092
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Averaged | 0989+ | 3.188+ | 2.798+ | 2.874 | 0926+ | 2.258 | 1.207 =
tSNR in 0.232 0.814 0.763 + 0.291 + 0.547
GM 0.772 0.645
Averaged 151.5+5.0(496+7.7| 551+ | 416+ | 556+ | 528+ | 56.1+
GM CBF 9.7 6.3 10.7 10.3 10.1
(ml/100g/m
in)

Table 2. The normalized ASL signal, temporal SNR (tSNR) and cerebral blood flow (CBF) in

gray matter (GM), averaged across subjects (mean * standard deviation). 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.

List of Figures

Figure 1: The pulse diagrams of double-refocused hyperbolic secant (DRHS) velocity-
selective saturation (VSS) pulse (DRHS-VSS)), symmetric BIR8 VSS (sBIR8-VSS)

pulse, the original VSI pulse using hard RF pulses of the same small flip angles (rect-

VSI), a madified VSI pulse with a regular sinc-shaped inversion pulse of 9 segments

(segmented=sinc-VSI), a modified VSI pulse with a maximum-phased sinc modulation

on the amplitude of the small flip-angle pulses (mp-sinc-VSI), and the modified VSI

pulse with‘a regular sinc modulation (sinc-VSlI).

Figure 2:°(A) The Sigas.-Vmean profiles for the VSS and VSI labeling after convolving

with a laminar flow distribution, showing the definition of the cutoff velocity (e.g. 2 cm/s);

(B) the arterial blood population distribution obtained experimentally. Linear interpolation
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was used to estimate the population over the range of 2 - 96 cm/s of mean velocity.

Note the well-matched cut-off profiles between VSS and VSI pulses.

Figure 3: Simulated velocity response of the corresponding velocity selective labeling
pulses in Figure-1under the label (solid red curves) and the control (dashed blue
curves) conditions, with T4 (1660 ms) and T, (150 ms) effects taken into consideration.

No B or off-resonance effects were considered for these simulations.

Figure 4: The simulation results showing the performance of the VS labeling pulses: (A)
the magnetization vs. mean velocity response under the labeling condition showing the
sensitivity to*By*variation (ranging from 0.7 to 1.3 of the nominal value) without off-
resonance; (B)the magnetization vs. mean velocity response under the labeling
condition shawing the sensitivity to By variation (ranging from -200 Hz to 200 Hz) when
B4 = 1; (C) the magnetization of the static tissue (V = 0) under the label condition
showing the'eddy current (EC) sensitivity of the VSS and VSI pulses to EC components
with differenttime 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‘torthe center line at distance = 0. Please note the different color scales for
VSS and VSI pulses. The sBIR8-VSS pulse demonstrated strong immunity to B4 and By
variation, and EC effects; while 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.

Figure 5: The overall signal-to-noise (SNR) efficiency maps of different VS labeling
strategies from simulation, showing their sensitivity to the B, and By variation averaged
over the arterial velocity distribution in the brain. Note that the sBIR8-VSS pulse had an

excellent immunity to By and By variation, and the sinc-VSI pulse had the best

This article is protected by copyright. All rights reserved



performance among the VSI pulses. The sinc-VSI pulse also had higher SNR efficiency

when the B4 and By variation was not too large.

Figure 6: Thessubtraction error maps obtained from phantom scans, demonstrating
eddy current{(EC):sensitivity of the pulses. The velocity sensitive gradient pulses were
applied in the S/l 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;
while the rect-VS| and segmented-sinc-VSI had stronger sensitivity to EC effects with a

spatially varying pattern.

Figure 7: (AY Comparison between labeling schemes on four 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);(B) the averaged ASL signal per voxel across subjects (left panel,
normalized tosthe spin density image), the averaged temporal SNR per voxel across
subjects (middle panel) and the averaged CBF values per voxel across subjects (right
panel); where the 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”
(gray arrow'heads), likely from eddy current effects, and/or inefficient labeling; while the

images acquired with sBIR8-VSS or sinc-VSI pulses were free of such artifacts.

List of tables and figures in Supporting Information

Supportinginformation Table 1. 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.
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Supporting Information Table 2. The individual and averaged (mean + standard
deviation) parameters from the correlation and linear regression analysis on ASL
signals between different VS labeling schemes and PCASL. There parameters were
calculated'within the whole brain ROIl. One-way ANOVA did not detect any significant
difference in the correlation coefficient, the slope and the intercept (P = 0.99, 0.21 and
0.88, 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.

Supporting Information 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.

Supporting Information Figure S2: The boxplots of averaged correlation coefficients,
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 statisticalsignificant difference was detected in these parameters between any VS
labeling schemes by the ANOVA test.
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