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Abstract

Purpose—Velocity-selective arterial spin labeling (VSASL) is theoretically insensitive to transit
delay (TD) effects. However, it uses saturation instead of inversion, resulting in compromised
signal to noise ratio (SNR). In this study we explore the use of multiple velocity-selective
saturation (VSS) modules in VSASL (mm-VSASL) to improve SNR.

Methods—Theoretical SNR efficiency improvement and optimized parameters were calculated
from simulations for mm-VSASL. VSASL with two VSS modules (VSASL-2VSS) was
implemented to measure cerebral blood flow in vivo, compared with conventional VSASL
(VSASL-1VSS), Pulsed ASL and Pseudo-Continuous ASL. TDs and bolus durations (BDs) were
measured to validate the simulations and to examine the TD sensitivity of these preparations.

Results—Compared with VSASL-1VSS, VSASL-2VSS achieved a significant improvement of
SNR (22.1 + 1.9%, P = 1.7 x 107%) in vivo, consistent with a 22.7% improvement predicted from
simulations. The SNR was comparable to or higher (in GM, P = 4.3 x 1073) than that using
PCASL. VSASL was experimentally verified to have minimal TD effects.

Conclusion—Utilizing multiple VSS modules can improve the SNR efficiency of VSASL. Mm-
VSASL may result in an SNR that is comparable to or even higher than that of PCASL in
applications where long PLDs are required.

Keywords

Velocity-Selective ASL; Arterial Spin Labeling; Velocity-Selective Saturation; Transit Delay;
Perfusion

Introduction

In arterial spin labeling (ASL), magnetically labeled water in arterial blood is employed as
an endogenous contrast agent to measure local tissue perfusion. In conventional ASL (1-6),
it is required to have a spatial gap between the labeling and imaging regions to avoid any
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undesired perturbation of the tissue magnetization. This gap results in a transit delay (TD)
for the labeled blood to reach the destination tissue and a necessary wait time before
perfusion-weighted images can be acquired. Due to the complex vasculature and the
distribution of arterial blood velocities, the TDs are heterogeneous and are the main source
of error in local cerebral blood flow (CBF) quantification (7-9), especially in cases where
slow or collateral flow conditions exist (10-13). To tackle these problems, Velocity-
Selective ASL (VSASL) (14-16) globally labels spins on the basis of flow velocity,
eliminating the gap as well as the associated heterogeneous TDs in conventional ASL.

Eliminating the heterogeneous TDs in ASL guarantees that a single optimal post-labeling
delay (PLD) is always available to measure perfusion with both accuracy and maximized
SNR efficiency (see Methods). This is because: 1) the condition of PLD = TD can be always
satisfied, so potential inaccuracy of perfusion quantification due to violation of this
condition can be avoided; and 2) TD no longer limits the choice of PLD, so an optimal PLD
can be used to maximize the ASL signal, considering both the amount of labeled blood
delivered and the signal loss due to longitudinal relaxation. However, due to the saturation-
based labeling in VSASL, the labeling efficiency is compromised, resulting in compromised
signal to noise ratio (SNR) compared to inversion based labeling methods such as Pseudo-
Continuous ASL (PCASL) (6). In this study, we introduce a novel strategy of utilizing
multiple Velocity-Selective Saturation (VSS) modules in VSASL (mm-VSASL) to improve
SNR efficiency.

VSASL acquires images under two preparation conditions: label and control. Under the
label condition, the arterial blood is labeled by VSS modules consisted of radio frequency
(RF) pulses and flow-weighting gradients, and the spins moving above a chosen cutoff
velocity (V) are saturated. Under the control condition, the VSS modules are applied
without the flow-weighting gradients, leaving the spins unperturbed. The difference between
the two conditions is a bolus of labeled spins that is moving above the V. at the time of
labeling. After a delay, perfusion-weighted images are acquired with flow-weighting
gradients of the same V,, generating a VSASL signal that consists of blood that has
decelerated through V.. Note that it is essential to match the V. in the image acquisition and
that in the preparation, so that the VSASL signal is directly proportional to the PLD, or
equivalently, so that the TD is effectively eliminated (16).

In conventional VSASL (Figs. 1a and 1c), at the time of imaging, the ASL signal is given by
(following (16)):

_TR—TI

TI
S, yeg=e TE/MTa . CBF . My - (1—e Tra ).e‘m “TI, ()

1VSs ™

where €TE is the effective echo time (TE) of the VSS module, T4 the transverse relaxation
time (T>) of arterial blood, CBF the cerebral blood flow under investigation, Mg the fully
relaxed magnetization, TR the repetition time, Tl the interval between the VSS module and
the image acquisition, and Ty the longitudinal relaxation time (T;) of arterial blood. The
term Tl is used here for consistency with previous VSASL literature, but is equivalent to
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PLD. Note that the arterial blood signal recovers from zero due to a global saturation applied
immediately after image acquisition, whose purpose is to reset the magnetization (16).

Let a represent the saturation efficiency of VSS module (16):

a=e °TE/Ta (3
and AM;, the longitudinal magnetization difference between the label and the control
conditions (see Fig. 1¢):

_ TR-TI _TI
AM,=Mj - (1 —e T ) ce T (3)

Eqg. 1 then becomes:

Sivss=a- CBEF -AM, - TI. ()

1Vss

In this study, a novel labeling strategy using multiple VSS modules is proposed to improve
the SNR of VSASL, based on two effects: 1) additional VSS modules create larger
magnetization difference between the label and the control conditions; 2) additional VSS
modules can label the arterial spins that were outside of the scope of RF coil at the
application of the first VSS module as they move in later, so the available bolus duration
(BD) is effectively increased.

For simplicity, the case of using two VSS modules (Figs. 1b and 1d) is analyzed to
demonstrate the SNR gain. Based on the magnetization states at the time of imaging, the
spins that contribute to the ASL signal can be categorized into two groups: 1) one that is
labeled only by the first VSS module (lab.1 in Fig. 1d), and 2) one that is labeled at least by
the second VSS module (lab.2 in Fig. 1d).

For the first group of spins, at the application of the second VVSS module, it has decelerated
below V¢, and is therefore not labeled by the second VVSS module. The magnetization under
the label condition follows the dashed lines in Figure 1d. The magnetization difference
between the label and the control conditions, AM4, is given by:

_ TR—TI{—TIy ) _ TI;+TIy
e

AJ\IZ]:]\IO . (1 —e Tia Tia )

and the corresponding ASL signal is:

S

TR—TIl—TIQ) TI| 4TIy
e

:a2~C’BF~J\IO~<1—e_ Tra Tia  -TI=a* CBF-AM,-TIy, ()

2VSS, tagl

where Tl is the interval between the application of the first and the second VSS modules,
and Tl the interval between the second VSS module and the imaging (Fig. 1b). Note that
though the magnetization of the first group is not labeled by the second VSS module, it is
still affected by the T relaxation during the second VVSS module, resulting in the a? term.
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The second group of spins consists of two subgroups: 1) one that is created only by the
second VSS module, i.e., the spins entering the scope of the RF coil after the first VSS
module (dot-dashed lines in Fig. 1d); and 2) one that is labeled by both the first and the
second VSS modules, i.e., the spins that are labeled by the first VSS module and remain
above V. at the application of the second VSS module, but eventually decelerate below V
at the time of imaging, whose magnetization follows dashed lines before and dot-dashed
lines after the application of the second VSS module in Figure 1d. Let the relative
proportions of the two subgroups’ boluses be P, and P, respectively (P + P> = 1). P4 can
then be estimated using:

0 TI+TI, < BD
P=1-P=~{ 1— BDT;hTh TI, < BD<TIi+TI2, (7)
1 BD<TI,

where BD is the maximal BD created by one VSS module.

The first subgroup is not affected by the global saturation, so the magnetization under the
control condition is fully relaxed (not shown in Fig. 1d), and the ASL signal of subgroup 1
is:
_Iip
S =a-CBF -My-e Tia - TIy-P;. (8)

2VSS,tag 2,sub 1

The ASL signal of subgroup 2 is:

_ TR—TIy Ty
S a®- CBF - My - (l—e Tia ) e T -TIy- Py (9)

2VSS,tag 2,5ub2

Combining Egs. [7] and [8], and the fact that P; + P, = 1, the ASL signal of the second

group is:
S =S S —a?. CBF - My-¢ T - Tl |4 Py
2VSS,tag 2~ 2VSS‘tag2,s'u,b1+ 2VSS,tag 2,sub 2 =« 0-€ @ 2 a+ 2
_ TR—TIy _ TR—TIy _Tiy
<1 —e T )} =a?.- CBF - My - (1 —e T > e Ta Tl S 14+P; - —’}“R—TQ
a~<176 Tia >

1} =a?. CBF-AM.y- T - (14+P])

where AMy, is the magnetization difference of the subgroup 2 of the second group:

_ TR—TIy ) _TIy

AM o=My - <]. —e T ce T, (11)

and
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1

— TR—TIy 1]' (12)
a~<1—e Tia > J

|
P=P; - |
I

With properly chosen imaging parameters Tlq/, such that Tl; + Tl, <BD, P; =0 and pl/:().
The total ASL signal generated by two VSS modules then simplifies to:

S S

2VSS,tag 1+

S a?- CBF - (AM,; - TIi+AM,5 - TI2). (13)

2VSs — 2VSS,tag2

The contribution of groups 1 and 2 to the total bolus of labeled blood is weighted (and can
be adjusted) by Tl and Tl respectively.

However, as shown in Egs. 7 and 12, if the condition Tl + Tl, < BD is not satisfied, then

p{>0, using Eg. 13 may underestimate the SNR gain or overestimate the CBF. In this case,
Eq. 13 is recommended to quantify CBF with the imaging parameters and the P value
calculated with Eq. 7, given an empirical or measured value of BD. In case of unknown
BDs, the potential range of CBF overestimation can be estimated by comparing the values
obtained by Egs. 10 and 13, given an assumed range of P; values.

The labeling process utilizing three or more VSS modules follows the derivation above.
However, for N VSS modules, the labeling efficiency term is aN, and more modules are
beneficial only when the SNR gain by application of additional VSS modules is larger than
the additional T relaxation during labeling.

Methods

Simulations

To examine the SNR gains by applying multiple VSS modules, the SNR efficiencies of
VSASL with 1, 2 or 3 VSS modules (VSASL-1VSS, VSASL-2VSS and VSASL-3VSS
respectively) were simulated in MATLAB 2012a (The Mathworks, Nantick, USA). The

SNR efficiency is defined as s, ., / V2 TR, where Spg is the ASL signal measured in 2 TRs
(a pair of label/control acquisitions). For comparison, the SNR efficiencies of PASL and
PCASL were also simulated. For all the labeling methods, the maximal SNR efficiency was
calculated at each TR (from 1 to 8 s, with a step size of 0.05 s), and then normalized to that
of the VSASL-1VSS at TR of 1s. AT, of 1.66 s and a T, of 0.15 s were assumed for
arterial blood. An imaging time of 0.3 s was assumed.

In VSASL simulations, an eTE of 20 ms (a ~ 0.88) and a maximal BD of 2.0 s (compared
with an unlimited BD) were used for each VSS module. At each TR, the maximal ASL
signal and the SNR efficiency were calculated using Eq. 13 by searching through the
available range of Tls. At the optimized point, the potential effect of CBF overestimation
using Eq. 13 was simulated with Py ranging from 0 to 0.5.

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.
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In simulations using PASL and PCASL, scenarios of TDs being 1.5 and 2 s were
considered, so the corresponding PLDs of 1.5 and 2 s were used to obtain the maximal SNR
efficiency. For PCASL, a TD of 2.5 s was also considered, as this scenario may be relevant
in practice (see Discussion). For PASL, a labeling efficiency of 0.97 (9) was used. In PASL
and VSASL, the maximal BD is limited by the spatial extent of the transmit RF coil. We
have measured a value of 1.3 s for PASL, and a value of 2.0 s for VSASL, and used these
for our simulations. For PCASL, a labeling efficiency of 0.80 (6,17) was used, and the BD
was assumed to be TR minus the imaging time and the TD.

In Vivo Experiments

All the in vivo scans were carried out on a 3-Tesla GE scanner (Discovery MR750, GE
Healthcare, Waukesha, W1, USA) with a commercial 8-channel receive-only head coil under
an IRB-approved protocol.

CBF measurements—Seven young, healthy volunteers (6M, 1F, age 33.4 + 3.8 y/0)
were scanned to measure CBF in gray matter (GM) and white matter (WM).

VSASL: VSASL-1VSS and VSASL-2VSS were tested. To minimize erroneous labeling of
static tissue from eddy current effects, the symmetric BIR-8 (sym-BIR-8) design (18) was
used as the VSS module, where the RF sub-pulses of BIR-8 are evenly spaced with flow-
weighting gradient pulses with a ramp time of 0.5 ms and a maximum amplitude of 20
mT/m. A delay of 0.1 ms before and a delay of 2 ms after each gradient pulse were also
inserted to further reduce eddy current effects (18). The V. was 2 cm/s in the S/I direction in
both labeling and imaging. The eTE of each VSS module was determined to be 21.4 ms
through Bloch simulations with assumed T, of 1.66 s and T, of 0.15 s for arterial blood.

From the simulations to maximize the SNR efficiencies at the TR of 4.5 s, optimized Tls
were determined to be 1.3 s for the VSASL-1VSS scans and T11/T1, of 1.15/0.82 s for the
VSASL-2VSS scans. Given a measured BD value of 2.0 s (see below), the Tls used in the
VSASL-2VSS scans satisfied that Tl + Tl, < BD, so CBF could be quantified using Eq. 13
without bias. To improve the SNR, two global background suppression (BGS) pulses (19)
were applied at 1290 ms and 320 ms prior to image acquisition in VSASL-1VSS scans, and
790 ms and 190 ms prior to image acquisition in VSASL-2VSS scans. Another set of
VSASL-2VSS data was collected with a modified second VSS module and one BGS pulse
at 190 ms prior to image acquisition (VSASL-2VSS-1BGS). This modified VSS module had
an additional phase of 7 on the last BIR sub-pulse to tip down instead of up spins at the end
of the module, effectively serving as a combined VSS and BGS module with reduced
specific absorption rate (SAR) and SNR loss due to imperfection of the BGS pulse, without
compromising the overall BGS efficiency. Alternative implementations include: 1) addition
of phase of 71/4 to the 214, 3, 6t and 7t segments of the BIR-8 pulses; or 2) addition of
phase of 37/2 to the 2"d and 3" segments; or 3) addition of phase of 37/2 to the 6 and 7th
segments. All these modifications can achieve the same performance with regards to the
velocity sensitivity and off-resonance effects, according to Bloch simulation.

Other parameters included: seven 6 mm-thick slices with 6 mm gaps, field of view (FOV) =
220 x 220 mm, spin echo with matched-phase RF pulses (20), TR/TE = 4.5 s/ 17.9 ms, fat
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saturation before excitation, spiral readout with a matrix of 64 x 64, 30 pairs of label and
control following 2 dummy repetitions, global saturation pulses at the end of image
acquisition.

PASL : CBF maps using PASL (PICORE QUIPSS 11 (5,9)) were collected with the same
imaging parameters as in VSASL. Other parameters were: hyperbolic secant inversion pulse,
inversion slab thickness = 200 mm, 20 mm gap between labeling and imaging slabs, TI/Tl;
=2.45/0.8s (PLD = 1.6 s) and two BGS pulses applied at 1190 ms and 310 ms prior to
image acquisition, TR/TE and flow crushing gradients matched to that of the VSASL scans
to minimize any potential contamination from intravascular signals. Note that the TI was
longer than that typically used to ensure a complete delivery of labeled blood and an
accurate quantification of CBF.

PCASL : PCASL scans used the following labeling parameters: 375 us Hamming shaped
pulses with a maximal B, of 10 uT (a nominal flip angle of 31.1°) and 1 ms spacing,
labeling gradients with 16 mT/m amplitude and 0.9 mT/m mean value, 2 s label duration, 2 s
PLD, 46.7 + 2.8 mm (mean + standard deviation (STD)) gaps between labeling (on a
relatively straight part of the internal carotid arteries and vertebral arteries) and imaging
slabs, two BGS pulses applied at 1190 ms and 310 ms prior to image acquisition, and TR/TE
and flow crushing gradients matched that in the VSASL scans.

For CBF quantification, four reference images were collected to estimate the receive-coil
sensitivity map and the conversion factor between MR signal and the amount of arterial
blood from fully relaxed cerebrospinal fluid (CSF) signal. High-resolution anatomical
images were collected to generate partial volume ratio maps (Fig. 2a) of GM, WM and CSF
using AFNI (21), and then were down-sampled (Fig. 2b) to generate GM and WM regions
of interest (ROIs, Fig. 2c).

ASL signals were calculated and averaged across repetitions. The signal attenuation from
BGS was compensated with an inversion efficiency of 0.97 for each inversion pulse used.
Note that because the b-values of the VSS preparations were non-zero in the label condition
but zero in the control condition, a diffusion attenuation difference between these two
conditions was expected. To avoid CBF overestimation from this cause, the amount of
attenuation difference, p,Me=b"D0, was estimated and removed, where py is the partial
volume fraction of tissue t (GM, WM or CSF), M is the magnetization of the voxel at the
time of application of the VSS module, b is the b-value of the VSS module and D; is the
diffusion coefficient of tissue t (8.9 x 1074 mm?/s, 7.0 x 107 mm?/s and 2.9 x 1073 mm?/s
for GM, WM (22) and CSF (23), respectively). Note that the diffusion attenuation correction
was applied on each VVSS module used. The acquisition time for each slice was accounted in
the calculation of the actual TI for each slice and the CBF values were then calculated using
a modified dynamic ASL model (24).

Averaged ASL signals and CBF values were calculated across the GM and WM ROls for
each subject. The ASL signal was treated as direct indicator of SNR, as the noise levels were
comparable with similar BGS levels. The temporal STDs (tSTDs) of CBF were also
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reported. Note that the tSTDs of ASL signal were not reported because they are simply the
tSTDs of CBF scaled by an ASL-CBF conversion constant in each subject.

Multi-Tl ASL experiments—In order to validate the timing parameters used in mm-
VSASL and to verify the TD insensitivity of VSASL, the BDs and TDs using VSASL were
measured by collecting ASL data at multiple TIs. For comparison, TDs and BDs using
PASL and PCASL were also measured. Five young, healthy volunteers (4M, 1F, age 30.2 +
1.9 y/o) were included in these experiments. The imaging parameters were the same as in
the previous CBF measurements, except that: TR/TE =5 s/ 14.7 ms, the readout matrix = 48
x 48, 16 pairs of label and control following 2 dummy repetitions, no BGS. Note that the
flow-crushing gradients with V¢ = 2 cm/s along the S/I direction were necessary to remove
intravascular signals, especially in the acquisitions with short Tls. The labeling parameters
are listed below.

VSASL: VSASL-1VSS with V. = 2 cm/s along the S/I direction, and Tls = [0.6, 1.2, 1.8,
2.4,3.0,3.6,4.2]s.

PASL : PICORE without QUIPSS II, inversion slab thickness = 200 mm, a 20 mm gap
between labeling and imaging slabs, and Tls =[0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2] s.

PCASL : The gaps between the labeling and imaging slabs were 47.2 + 5.4 (mean + STD)
mm, label durations = [0.55, 1.15, 1.75, 1.75, 1.75, 1.75, 1.75] s at corresponding Tls = [0.6,
1.2,1.8,24,3.0,3.6,4.2] s, with PLDs = [0.05, 0.05, 0.05, 0.65, 1.25, 1.85, 2.45] s. Note
that instead of using one fixed (and small) value in all the scans, the label durations were
adjusted at different Tls. This should improve the SNRs in the scans with long TIs while
retaining the capability of detecting short TDs with ASL signals measured at short Tls.

High-resolution anatomical images were also collected to generate partial volume ratio maps
of GM, WM and CSF, and GM ROls.

The VSASL signals measured in multi-TI experiments were corrected for diffusion
attenuation effects as done previously. The ASL signals collected with PASL, PCASL and
VSASL were spatially smoothed by a 3x3 Gaussian kernel with a o of 0.65, and then fitted
to a kinetic ASL signal model (24) for the TDs and BDs per voxel. For the data collected
with PCASL, only TD maps were calculated from the model with assumed BDs equal to the
labeling durations used in the experiments. Note that in the process of fitting the VSASL
data, the TDs were allowed to be negative, so the effects of noise and/or artifact that may
shift the TDs to below zero can be observed. Fitted BDs associated with negative TDs were
modified by BDoytput = BDfit + TDpegatives SO the BDs in these voxels were correctly
estimated. To minimize potential bias from noisy pixels, only the middle 95% (i.e., from
2.5% to 97.5%) of fitted TDs and BDs were analyzed. To demonstrate the goodness of the
fits, R2 maps were also calculated for each preparation method.

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.
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Normalized SNR efficiencies of PASL and PCASL and VSASL are shown in Figure 3. The
Tl and TI4/Tl, used to reach the maximal SNR efficiencies in VSASL-1VSS and
VSASL-2VSS at each TR are shown in Figure 3b and c respectively. The SNR efficiencies
of VSASL using an unlimited BD and a BD of 2.0 s were identical. As shown in Figures 3b
and 3c, a BD of 2.0 s is more than sufficient to achieve optimal SNR efficiencies at TR € [1,
8] s. Compared with VSASL-1VSS at the same TR, using 2 VSS modules improved the
SNR efficiency by a minimal value of 18.1% at TR of 1 s and a maximal value of 26.0% at
TR of 8 s. The maximal SNR efficiency of VSASL-1VSS was reached at TR = 4.9 s and Tl
= 1.4 s. The maximal SNR efficiency of VSASL-2VSS was reached at TR = 5.1 s and
TI/Tly = 1.3 5/0.9 s, with an improvement of 24.4% compared to VSASL-1VSS. Potential
CBF overestimation was estimated to be less than 7.6% with these imaging parameters and
the P; values ranging from 0 to 0.5. However, adding the third VSS module only improved
the SNR efficiency marginally, with an improvement of 26.9% compared to VSASL-1VSS
(the dotted red line in Fig. 3a). This is because the ASL signal gain introduced by the third
VSS module was mostly canceled by the additional attenuation from T relaxation.

For PASL, the maximal SNR efficiency was reached when the TR was just long enough to
include the designated BD, PLD and the imaging time. This is because the maximal ASL
signal available is determined once the BD is fixed, so the maximal SNR efficiency will be
achieved when the minimal TR (with minimal T, relaxation) is used: TR = 3.1 s with PLD =
1.5sand TR = 3.6 s with PLD = 2 s. For PCASL, long TRs allow long labeling durations to
be used, which increase ASL signals; however, the signal attenuation from T, relaxation is
also increase as the image acquisition is delayed. So its maximal SNR efficiencies will be
achieved when these two competing factors reach balance — in the simulation, they were
achieved at TR =5, 5.7 and 6.4 s with PLD = 1.5, 2 and 2.5 s accordingly.

VSASL was capable of acquiring ASL signal at very short TRs (< 2 s, Fig. 3a), where PASL
and PCASL were typically not, due to the TD effect, unless the timing of labeling and
acquisition is arranged so that the ASL signal acquired is from previous instead of current
TR, e.g., as in (25). With a short TD/PLD (1.5 s), PCASL gave the highest SNR efficiency
and VSASL-2VSS had higher SNR efficiency than PASL at TR > 4 s. For both PASL and
PCASL, the SNR efficiencies were compromised when the PLD increased, due to increased
T4 relaxation. At PLD = 2 s, the SNR efficiency of PASL was the lowest among the three;
while the SNR efficiency of VSASL-2VSS was higher than that of PCASL at TR <4 s, but
lower at TR >4 s. At TD/PLD = 2.5 s, VSASL-1VSS gave comparable maximal SNR
efficiency with PCASL, while VSASL-2VSS provided significantly higher SNR efficiency
than PCASL.

CBF Measurements

The ASL signal and quantitative CBF maps of one representative slice calculated from
PASL, PCASL, VSASL-1VSS, VSASL-2VSS and VSASL-2VSS-1BGS data are shown in
Figure 4 for all the seven subjects. Averaged ASL and CBF values within the GM and WM
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ROls are reported in Table 1. GM/WM CBF ratios were also calculated. Pair-wise t-tests
were performed on the ASL, CBF values and the GM/WM CBEF ratios, and the P-values are
tabulated in Table 2. Note that the significance detection level was set at 0.005 for the
multiple comparisons with Bonferroni correction applied.

PASL had the lowest SNRs in both GM (P < 6.6 x 1075) and WM (P < 1.6 x 1074) ROIs
among all the preparations. Compared with PCASL, VSASL-1VSS data had slightly lower
(not significantly in GM with P = 0.013, but significantly in WM with P = 5.1 x 1074).
There was no significant difference between the SNR of the ASL signal measured by
VSASL-2VSS and VSASL-2VSS-1BGS (P = 0.38 and 0.68 in GM and WM, respectively),
so they were averaged together. Overall, VSASL-2VSS provided higher SNRs than PCASL,
significantly so in GM (P = 4.3 x 1073), though not significantly so in WM (P = 0.46).
Compared with VSASL-1VSS, using two VSS modules significantly improved the SNRs in
both GM (19.0 + 2.2%, mean = stand error of the mean (SEM), P = 2.3 x 10™4) and WM
(25.2 + 2.9%, P = 7.1 x 107°). The averaged SNR gain over GM and WM was 22.1 + 1.9%
(P = 1.7 x 1075), matched well with that of 22.7% predicted by simulation using the same
preparation and imaging parameters. This validated our ASL signal model of using two VSS
modules. In addition, the raw tissue signal levels were identical between VSASL-2VSS and
VSASL-2VSS-1BGS scans (data not shown), indicating that the modified VSS module
successfully served as a BGS pulse, with reduced overall SAR.

Averaged CBF values are listed in Table 1. Averaged GM/WM CBF ratio across subjects
and the preparations was 2.37 + 0.04 (mean £ SEM). All the GM and WM CBF values and
GM/WM CBF ratios were in expected physiological range, and were consistent with the
values reported in literatures (11,26,27). There was no significant difference between the
GM/WM CBF ratios measured by different preparations, except between PCASL and
VSASL-1VSS (Table 2), which could likely be caused by residual artifact from diffusion
attenuation. The lowest CBF values in both GM and WM ROIs were reported by PASL,
likely due to the compromised SNRs. However, only GM CBF values measured by PASL
were significantly lower than that by VSASL-1VSS and VSASL-2VSS (Table 2). There was
no other significant difference between the CBF values measured by different preparations
tested, in GM or WM ROls.

Multi-Tl Experiments

Exemplary ASL signal maps acquired from the middle three slices in subject 5 using PASL,
PCASL and VSASL at different Tls are shown in Figure 5a, with the averaged ASL signals
in GM ROls shown in Figure 5b. Corresponding TD, BD and R2 maps are shown in Figure
5c¢ (see supplementary material for results from the other 4 subjects). Note that due to
relatively low SNRs and therefore compromised goodness of the fits in WM ROIs (see R?
maps in Fig. 5¢), only the TDs and BDs within the GM ROIs were analyzed, and their
distributions are shown in Figure 5d. For both PCASL and PASL, the ASL signals in most
GM regions were not detected at Tl = 0.6 s, and delayed delivery of arterial blood in the
posterior and territory boundary regions compared to other regions can be observed at later
Tls, demonstrating the existence of TDs associated with these two labeling methods. The
spatial distributions of TDs fitted from the PCASL and PASL data were consistent with each
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other as expected, suggesting the validity of the fitting process. In contrast, VSASL did not
show strong TD effects in the ASL images, and the fitted TDs in most of the GM were
distributed around zero, as predicted by theory. However, the distribution was skewed
towards negative values (Fig. 5d), likely due to contamination from residual diffusion
attenuation and/or eddy current effects. The voxels with relatively large negative TDs were
found mostly close to vessels or ventricles, suggesting possible presence of double-tagging
effect (28). Both effects may artificially increase the ASL signal measured at short Tls,
resulting in negative-biased TDs. The BDs measured by VSASL in this study were less
likely to be affected by these contaminations, because 1) the two effects should have less
impact on data collected at later Tls, especially that from the double-tagging effect (28); and
2) the increased portion in BDs due to negative TDs was removed (see Methods). The BDs
measured in GM from the PASL and VSASL data were in a reasonable range, and those
from the PASL data were consistent with values reported by others (29,30).

Means, medians and STDs of TDs and BDs in each slice are shown in Figure 6a and b for
each subject. Note that due to the skewed distribution of TDs, the median instead of mean
values should reflect the true values more accurately, therefore they are reported. For both
PCASL and PASL, the TDs increased as the slice moved higher, because it takes more time
for arterial blood to be delivered to more distal locations. On the other hand, the TDs using
VSASL remained relatively constant and close to zero in all the slices, demonstrating the
TD insensitivity of VSASL. PCASL showed longer TDs than PASL (P = 4.4 x 10719),
likely because the gaps between the labeling and imaging regions were bigger in PCASL
than that in PASL (47.2 £ 5.4 mm vs. 20 mm). A Bland-Altman plot of the TDs measured
using PCASL and PASL from different slices and subjects is shown in Figure 6c, with a
mean difference of 0.23 s and a 95% confidence interval (Cl) of [0.03, 0.43] s. The findings
with regards to the TDs using PASL and PCASL were consistent with results reported in
(31). The BDs measured using VSASL were significantly longer than that using PASL (P =
5.2 x 10710). The BD difference was larger in higher slices, indicating the labeling of arterial
blood within the imaging slab using VSASL, as expected. The Bland-Altman plot of the
BDs measured using PASL and VSASL is shown in Figure 6d, with the mean difference and
95% ClI being 0.64 s and [-0.23, 1.52] s, respectively.

The TDs and BDs averaged across slices are summarized in Table 3. Across the five
subjects, the averaged TDs were (mean = SEM): 1.16 £ 0.07 s, 0.93 £ 0.08 s and —0.09 £
0.07 s for PCASL, PASL and VSASL respectively, and the averaged BDs were (mean +
SEM): 1.38 £ 0.09 s, 2.03 £ 0.08 s for PASL and VSASL respectively. Compared to PASL
and PCASL, VSASL was indeed insensitive to TD effects as expected.

Discussion

The SNR improvement using two VSS modules was demonstrated through simulations and
verified in in vivo experiments. The improvement can be explained by combination of
bigger label/control difference created by re-saturation at later times, and lengthened
effective BD. The former was demonstrated to be the dominant source of the SNR gain in
this study. However, in practice, the latter may contribute significantly if the condition Tl +
Tl, < BD is not met, e.g., if the BD is small due to limited coverage of a local RF coil and/or
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fast bulk blood flow. The consistency of SNR improvements through simulations and in
vivo experiments supports the validity of the mm-VSASL model.

As discussed in the Theory, the T, relaxation of VSS module affects the overall achievable
SNR improvement using mm-VSASL: the less T relaxation, the higher SNR improvement.
In this study, sym-BIR-8 VVSS modules were used to trade off some of the SNR gain for
more accurate perfusion quantification with minimized eddy current effects; however, with
the technical development in pulse design and/or hardware to further reduce eddy current
effects, it may allow more efficient (less T, relaxation) and/or more number of VSS modules
to be used to maximize the SNR efficiency gain. For instance, if the eTE is reduced to 10 ms
for each VSS module, then the SNR efficiency improvement will be 33.5% and 45.5% for
VSASL-2VSS and VSASL-3VSS respectively.

As demonstrated in both the simulations and the in vivo experiments, mm-VSASL was able
to achieve SNR efficiencies that were significantly higher than PASL and comparable to
PCASL with reasonable PLDs (~2 s, see Figs. 3 and 4, Table 1). In practice, slightly long/
conservative PLDs (e.g., 2.5 s) may be considered using PCASL, even in healthy subjects,
to accurately measure GM CBF without underestimation in some brain regions, as
demonstrated in (26), where underestimation of GM CBF at border regions was observed in
some subjects with PLD = 1.5 s compared to that with PLD = 2.5 s using PCASL. In cases
of long TDs (e.g., = 2.5 s), VSASL should be the best option among the three ASL
categories with highest SNR efficiency and insensitivity to TD effects, or perhaps in the
worst cases the only option if the TDs are so long that ASL signals are not practically
detectable using PASL or PCASL.

Compared to PCASL, VSASL yielded slightly higher CBFs values, though not significantly
so (Table 2). This may be explained by: 1) possible overestimation of CBF using VSASL
caused by the residual artifact from the diffusion attenuation correction and/or eddy current
effects, or unaccounted ASL signal from labeling of replenished arterial blood; or 2)
possibly some regional perfusion underestimation using PCASL from compromised labeling
efficiency due to off-resonance effects at the labeling planes, and/or TD sensitivity even
with the relatively conservative PLDs used.

The data and fitted results of multi-T1 experiments provided direct experimental evidence to
demonstrate the TD insensitivity of VSASL. However, the artifact from eddy current and
double-tagging effects might have contaminated the data, especially at early TI, resulting in
slightly shifted TDs. Unreliable fitting results were seen in the WM regions in analysis of
PCASL, PASL and VSASL data, where the SNR was relatively low. To accurately measure
the TDs in the WM regions, high SNR data, e.g. with more repetitions or lower spatial
resolution, are required.

Measured BDs validated that used in the PASL and VSASL simulations. For VSASL, a
finite BD of 2 s, as measured in this study, is more than sufficient to achieve maximal SNR
efficiency. There was no evidence that conventional VSASL had inaccurately quantified
CBF due to the actual BD being shorter than the assumed value. On the other hand, mm-
VSASL allows shorter BDs to be used for each VSS module to achieve the maximal SNR
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efficiency at a given TR, so it should be even less likely to inaccurately quantify CBF if
there is discrepancy between the actual and the assumed BD values.

Finally, there are also some potential concerns using mm-VSASL. First, as the VSS modules
are applied more than once, it is possible that the artifacts from eddy current effects may be
more profound, so caution must be taken, e.g., using VSS modules that are insensitive to
eddy current effects. Second, as the diffusion attenuation correction is applied on each VSS
module used, the more VSS modules used the less accurate the correction may be. Third,
though there was no issue concerning SAR at 3 Tesla as in this study, there could be
potential concerns at higher fields using multiple VSS modules.

Conclusions

It has been demonstrated through simulations and in vivo experiments that utilizing multiple
VSS modules can increase the SNR efficiency of VSASL to levels comparable to or even
higher than that of PCASL with reasonable PLDs. The TD insensitivity of VSASL, as
experimentally verified in this study, also helps mm-VSASL provide perfusion
quantification with improved accuracy. With these two advantages, mm-VSASL should be
suitable in applications where long/heterogeneous TDs are of concern due to physiological
or pathological reasons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Sequence diagrams and Schematic description of conventional VSASL (g, ¢), and VSASL

using two VSS modules (b, d). In ¢ and d, the solid curves represent the magnetization of
arterial blood under control condition. The dashed curve in (c) represents the magnetization
of arterial blood under label condition. The dashed curve in (d) represents the magnetization
of arterial blood that is labeled only by the first VSS module. The dot-dashed curve in (d)
represents the magnetization of arterial blood that is labeled only by the second VSS
module. The magnetization of arterial blood that is labeled by both VSS modules follows the
dashed curve before and the dot-dashed curve after the application of the second VSS
module.
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(a) (b) (c)

FIG. 2.
Examples of partial volume maps (GM in green, WM in blue and CSF in red) at high (a) and

low (b) resolutions, and generated GM and WM ROls (¢, GM in gray, WM in white).
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Simulation results showing the maximal SNR efficiencies using different ASL preparations
at given TRs (a), and the TIs to achieve the maximal SNR efficiencies using VSASL with
one (b) or two (c) VSS modules. SNR efficiencies of VSASL with one, two or three VSS
modules are depicted with solid, dashed and dotted red curves respectively. SNR
efficiencies of PASL with PLDs of 1.5 s and 2 s are depicted with solid and dashed green

curves respectively. SNR efficiencies of PCASL with PLDs of 1.5, 2sand 2.5 s are

depicted with solid, dashed and dotted blue curves respectively.
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FIG. 4.
Examples of ASL (left panel) and quantitative CBF (right panel) maps measured with

different preparations for all the seven subjects (only one slice is shown). The rows of maps
from top to bottom were acquired with PASL, PCASL, VSASL-1VSS, VSASL-2VSS and
VSASL-2VSS-1BGS respectively.
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Examples of the data and fitted results from the multi-TI experiments on subject 5: (a) ASL
images acquired at different Tls using PCASL (left), PASL (middle) and VSASL (right),
three slices shown at different rows; (b) averaged ASL signals in GM ROls at different Tls;
(c) fitted TD, BD and R2 maps from (a), note the similar patterns between the TD maps
using PCASL and PASL, and the nearly-zero TDs in most regions using VSASL,; (d) the

histograms of TDs and BDs within the GM ROls.
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FIG. 6.
Means and STDs of TDs (a) and BDs (b) in each slice measured using PCASL (square),

PASL (circle) and VSASL (star) for each subject, where the dots on the error bars represent
the median values; (c) the Bland-Altman plot of TDs measured with PCASL and PASL,
showing the TD difference between the two; (d) the Bland-Altman plot of BDs measured
with PASL and VSASL, showing BD difference between the two.
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Guo and Wong

The P-values of the pair-wise t-tests on ASL signal, CBF values within the GM and WM ROls and

Table 2

Page 23

corresponding G/W ratios using PASL, PCASL, VSASL-1VSS, VSASL-2VSS and VSASL-2VSS-1BGS. The

P-values reached significance are labeled by “*” (P < 0.005, with Bonferroni correction applied).

PCASL VSASL-1VSS | VSASL-2VSS | VSASL-2VSS-1BGS
PASL 1.1 x1078 * 6.6 x1076* 22x1076* 1.8 x 1076 *
PCASL 0.013 0.014 7.0x1073
GM
VSASL-1VSS 15x 1074 * 1.0x 1073~
VSASL-2VSS 0.38
ASL
PASL 5.3x1077* 1.6 x 1074 * 1.2 x 1075 * 51x106~*
PCASL 51x10%* 0.71 0.39
WM
VSASL-1VSS 23x104* 6.3x104*
VSASL-2VSS 0.68
PASL 8.8 x1073 20x1074* 21x1073* 0.011
PCASL 6.0 x 1073 0.024 0.062
GM
VSASL-1VSS 0.060 0.18
VSASL-2VSS 0.79
CBF
PASL 9.4 x1073 0.016 0.02 0.063
PCASL 0.37 0.34 0.54
WM
VSASL-1VSS 0.82 0.88
VSASL-2VSS 0.72
PASL 0.73 0.0079 0.42 0.33
PCASL 0.0047 * 0.15 0.075
G/W Ratio
VSASL-1VSS 0.026 0.031
VSASL-2VSS 0.68
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Table 3

Averaged TDs and BDs using PCASL, PASL and VSASL across GM ROIs in each subject (mean £ SEM,
unit s).

Sequence PCASL PASL VSASL

Subject TD TD BD TD BD
1 135+0.11 | 1.11+0.11 | 1.34+0.04 | 0.11+£0.04 | 1.94+0.13
2 131+0.10 | 1.13+0.08 | 1.62+0.09 | -0.15+0.05 | 2.03+0.08
3 1.08+0.08 | 0.77+0.08 | 1.06 +0.05 | —0.28 +0.03 | 2.25+0.11
4 1.03+0.07 | 0.79+0.09 | 1.44+0.06 | -0.12+0.04 | 2.13+0.07
5 1.03+0.09 | 0.84+0.11 | 1.44+0.12 | —0.03+0.03 | 1.78 +0.05

Average | 1.16+0.07 | 0.93+0.08 | 1.38+0.09 | -0.09+0.07 | 2.03+0.08
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