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Abstract

Purpose: To apply velocity selective arterial spin labeling (VSASL) combined with a navigator-based (NAV) prospective

motion compensation method for a free–breathing liver perfusion measurement without contrast agent.

Methods: Sinc-modulated Velocity Selective Inversion (sinc-VSI) pulses were applied as labeling and control pulses. In

order to account for respiratory motion, a navigator was employed in the form of a single gradient-echo projection read-

out, located at the diaphragm along the inferior-superior direction. Prior to each transverse imaging slice of the spin-echo

EPI based readouts, navigator and fat suppression were incorporated. Motion data was obtained from the navigator and

transmitted back to the sequence, allowing real-time adjustments to slice positioning. The sinc-VSI without velocity-

selective gradients during the control condition but with velocity-selective gradients along all three directions during label-

ing was chosen for the VSASL. The VSASL was compared with pseudo-continuous ASL (pCASL) methods, which selectively

tagged the moving spins using a tagging plane placed at the portal vein and hepatic artery.

Results: The motion caused by respiratory activity was effectively computed using the navigator signal. The coefficients of

variation (CoV) of average liver voxel in NAV were significantly decreased when compared to breath-hold (BH), with an

average reduction of 29.4 ± 18.44% for control images, and 29.89 ± 20.83% for label images (p < 0.001). The resulting

maps of normalized ASL signal (normalized to M0) showed significantly higher perfusion weightings in the NAV-

compensated VSASL, when compared to the NAV-compensated pCASL techniques.

Conclusions: This study demonstrates the feasibility of using a navigator-based prospective motion compensation tech-

nique in conjunction with VSASL for the measurement of liver perfusion without the use of contrast agents while allowing

for free-breathing.
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Introduction

The human liver receives blood from two sources,
namely the portal vein and the hepatic artery, which together
constitute its dual blood supply. The portal vein supplies
approximately 75% of the blood to the healthy liver, while
the hepatic artery provides around 25% of the blood [1–2].
Relative contributions from each vessel are altered distinctly
in hepatic diseases, including primary and metastatic liver
tumors, liver cirrhosis, and hepatic-renal syndrome [3–4].

Perfusion techniques including contrast agent-based
dynamic contrast-enhanced (DCE) and non-contrast based
ASL are usually used to access the alteration of these ratios.

Arterial spin labeling (ASL) is a noninvasive and
contrast-agent free MRI technique that is gaining popularity
for studying liver perfusion. It allows for quantitative assess-
ment of microvascular blood flow or perfusion by utilizing
magnetically labeled blood water as a natural tracer [5]. It
can be used in patients with contraindications to
gadolinium-based contrast agents such as severe renal
impairment and allergies to contrast agents, and also avoids
potential contrast-agent-related issues such as tissue accumu-
lation of gadolinium [6]. Finally, gadolinium-based contrast
agents have a serum elimination half-life on the order of
hours even in healthy subjects and a maximum dose,
because of which quantitative DCE measurements are not
repeatable in short time-frames, nor are they applicable to
multiple organs in one examination [7].

ASL, which utilizes magnetically labeled blood water as a
naturally occurring tracer, has already gained widespread use
in cerebral MRI [8]. Recent developments in ASL technolo-
gies, such as pseudo-continuous ASL (pCASL) [9], have pro-
vided reliable assessments of cerebral blood flow, e.g., when
comparing with H2O

15water PET [10]. However, when apply-
ing ASL in liver imaging, respiratory and cardiac motion is a
major problem that limits reliability and validity of the
acquired perfusion parameters [11]. The B0 and B1 inhomo-
geneities are challenging for pCASL. The selection of the
labeling plane, which should be aligned perpendicular to the
portal vein is difficult due to the complicated structure of the
hepatic vasculature. The portal vein forms at the point where
the superior mesenteric vein and splenic vein meet. From there,
the portal vein travels upward and toward the right, behind the
hepatic artery, until it reaches the liver. pCASL has to label in
organ feeding arteries, and the imperfect position of a labeling
plane may result in decreased labeling efficiency.

Recently, Velocity Selective Arterial Spin Labeling
(VSASL) has been developed, which tags blood according
to its speed and produces a magnetic bolus right near the
microvasculature in the imaging area. [12]. In contrast to
spatially selective pulsed and pCASL approaches, VSASL
is insensitive to transit delay effects and no labeling plane

was used. Moreover, recent technical advancements have
enhanced the labeling efficiency and robustness of VSASL
and could increase its potential suitability in various applica-
tions where transit delays are a significant concern [12].

The application of pCASL for liver perfusion imaging has
been investigated in only a few studies [11,13–14]. To mit-
igate the issue of motion artifacts during the readout process,
images were obtained by implementing a synchronized
breathing protocol [11,13]. During this procedure, partici-
pants were instructed to follow a breathing pattern in which
they took breaths in and out over a period of approximately
4–5 s between two consecutive scans. Additionally, they
were asked to hold their breath for approximately 3–6 s
while the pCASL spin preparation and data recording took
place. The research involved the exploration of liver perfu-
sion imaging without breath-holding, utilizing a navigator-
gated balanced steady-state free precession (bSSFP)
sequence. Nonrigid image registration was then conducted
offline to further enhance the results [14]. However, this
technique was limited to acquisition of a single coronal slice.
Free-breathing 3D liver ASL has been studied by using
prospective motion correction with 2D-EPI navigator and
2D retrospective elastic registration [15]. However, this
method suffers from residual fat signal and can not avoid
motion during the long 3D acquisition.

To address motion problems, a navigator-based slice
tracking technique (NAV) has been incorporated into an
Echo-Planar Imaging (EPI) based sequences to prospectively
compensate the respiratory motion in renal vascular architec-
ture imaging [16–17] and ASL imaging [18]. Before acquir-
ing each transverse imaging slice in the 2D SE-EPI readouts,
navigator and fat suppression were incorporated [19]. In
order to determine motion information, the navigator signal
saturation caused by EPI excitations was eliminated. The
obtained motion information was subsequently incorporated
back into the sequence, enabling real-time adjustments of the
slice position [19].

In this study, sinc-modulated Velocity Selective Inversion
(sinc-VSI) was first applied in healthy volunteers in compar-
ison to pCASL to improve the hepatic perfusion signal. We
then investigated the feasibility of this navigator-based
prospective motion compensation method in free-breathing
VSASL in healthy volunteers for quantification of global
perfusion of the liver.

Methods

Subjects

A total of six healthy volunteers (2 women, 4 men) with a
mean age of 33 ± 6 years participated in this prospective
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examination. The imaging was conducted using an 18-
channel body and 16-channel spine receive RF coil on a
1.5T Aera scanner (Siemens Healthineers AG, Erlangen,
Germany). The study obtained approval from the institu-
tional ethics committee, and all participants provided written
informed consent.

Liver velocity selective ASL and pseudo-continuous ASL

imaging

As a navigator, a single gradient-echo slice selection and
projection readout were acquired along the inferior-superior
(IS) direction through the edge of the diaphragm on the right
side. Prior to acquiring each transverse imaging slice in both
the 2D SE-EPI based VSASL and pCASL sequences, navi-

gator and fat suppression techniques were applied (Fig. 1).
With 50 measurements each, including 32 training naviga-
tors (8 measurements) at the beginning of each measurement
a whole measurement can be obtained in 5 minutes.
Sequence parameters were as follows: TE = 14 ms, FoV =
400 � 240 mm2, in-plane iPAT factor = 3, partial Fourier
= 6/8, matrix size = 120 � 72 � 8, resolution = 3.3 �
3.3 � 8 mm3, slice gap = 4 mm. For VSASL: labeling/con-
trol duration = 64 ms, cutoff velocity Vcut=2.8 cm/s. For
sinc-VSI, the amplitude of the nth pulse was given by sinc
(n/5), where n = �4:1:4. The flip angles of these 9 rectangu-
lar pulses add up to 180�. The sinc-VSI was played without
VS gradients during control conditions, but with VS gradi-
ents along all three directions during labeling as described

Figure 1. Diagram of the liver VSASL and pCASL sequence. In VSASL, the spins were tagged with Fourier transform based velocity-
selective inversion (FT-VSI) label/control pulse trains, combined with slab-selective saturation pulses (PreSat), nonselective background
suppression (BGS) pulses during the post labeling delay, and a VS saturation (VSS) for suppressing large-vessel signal followed by the
readout. To track motion, a navigator was utilized via a solitary gradient-echo slice selection and projection readout, situated at the position
of the diaphragm in the inferior-superior direction. Before acquiring each transverse imaging slice in the spin-echo 2D EPI sequence, the
navigator was acquired, and fat suppression was applied. During the systolic period, the pulse signal triggered the labeling pulse train and
readout. In order to target the hepatic blood flow, a tagging plane was positioned at both the portal vein and hepatic artery in the case of
pCASL (colored in red). The navigator was positioned at a perpendicular angle to the diaphragm (highlighted in yellow), while the imaging
volume was adjusted to encompass the kidneys (depicted in blue).
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in a previous study [20]. The advantage of this setting is that
they show good resistance to B0 and B1 inhomogeneity.
Delay between the pre-saturation and the labeling modules
= 2 s, post-labeling delay (PLD) =1200 ms, TRNAV/ TRBH

= 5/7 s, timing for background suppression (BGS) =
444 ms, 719 ms and 1118 ms; For pCASL: labeling duration
= 1650 ms, PLD = 1500 ms, TR = 5 s, TI for SPAIR (SPec-
tral Attenuated Inversion Recovery) fat suppression = 90 ms,
FoVnav = 200 � 200 � 10 mm3, resnav = 64, flip anglenav =
15�, TRnav = 4.22 ms (Fig. 1). The blood pulse signal served
as the trigger for the labeling pulse train and readout, occur-
ring exclusively during the systolic period as recommended
[21]. The pulse signal was acquired at the fingertip. In order
to label the global liver blood flow, the tagging plane was
positioned almost perpendicular to the portal vein (PV)
and hepatic artery (HA), as illustrated in Fig. 1.

To evaluate the characteristics of pulse trains using Four-
ier transform based velocity-selective inversion (FT-VSI),
numerical simulations were conducted using matrix rotation
based on the Bloch equations using MATLAB (MathWorks,
Inc., Natick, MA, USA). The Mz profile in the presence of
B1 of 1 and B0 of 0, with arterial T1 (1500 ms) and T2

(200 ms) relaxation were simulated.
In the following sections, we referred to the reference

method as “breath-hold” (BH), which involved performing
VSASL scans with a timed breathing protocol. During the
BH procedure, we conducted VSASL labeling and incorpo-
rated PLD and 2D SE-EPI readout. The participants were
instructed to inhale deeply and subsequently maintain
breath-holding until the attainment of a repetition time
(TR) of 7000 ms. With such a TR, each repetition provided
2870 ms for deep inspiration and expiration.

Motion analysis

We utilized the initial 32 acquired navigator signals as
navigators for training purposes. Since eight slices were
acquired in each TR, this corresponds to the navigators from
the first four repetitions. Due to the signal saturation caused
by the transverse imaging excitation of SE-EPI there would
be signal voids (negative peaks) in the navigator signal.
First, we truncated the signal after identifying the peaks from
the averaged training navigators. To enhance the signal-to-
noise ratio (SNR), we combined the signals from multiple
coils located near the diaphragm. Coil clustering [22] was
implemented on the training navigator data to identify the
appropriate coil elements. For a comprehensive description
of the motion analysis, please refer to previous studies
[19]. Only motion in the up-down direction was derived
from the navigator signal.

Real-time adjustments were made to the sequence and
slice positioning by sending the motion information directly

back to the system. The motion analysis and real-time feed-
back were carried out on the scanner using ICE (Image Cal-
culation Environment, Siemens Healthineers AG, Erlangen,
Germany).

Data processing

For VSASL evaluations, the hepatic blood flow (HBF)
was calculated by [12]:

HBF ¼
6000 � k � DM � exp TI=T 1bð Þ

2a � s �M0 � SIB
;

SIB ¼ 1� exp �T sat=T 1bð Þ;

with DM being the difference between the control and label,
M0 representing equilibrium magnetization, which was mea-
sured separately without saturation and labeling scheme, a
as the tagging efficiency (a ¼ 0:95) [23], TI as the time
between labeling pulse and readout, which was 1.2 s, T1b

=1.2 s as the longitudinal blood relaxation rate [24], k as
the blood/tissue water partition coefficient (k ¼ 0:9 ml/g),
s as the bolus duration (1.176 s), and saturation duration Tsat

as 2 s.
For pCASL evaluations, the hepatic blood flow (HBF)

was calculated as:

HBF ¼
6000 � k � DM � exp PLD=T 1bð Þ

2a�T 1b �M0 � 1� exp �s=T 1bð Þ½ �
;

with a as the tagging efficiency (a ¼ 0:86), PLD = 1.5 s, and
labeling RF duration time s as 1.65 s.

For comparison of normalized ASL signal and HBF, the
M0 map was segmented (masked) by thresholding and regis-
tered to the first time point of each ASL measurement.

Evaluation of PMC impact

In order to assess the effects of prospective motion cor-
rection on image quality, we calculated the coefficients of
variation (CoV) as follows: for each voxel in every slice
of the liver region of interest (ROI), we derived a series of
time-dependent signal intensity values, and determined the
corresponding mean and standard deviation values for each
time series. The CoV was calculated by dividing the stan-
dard deviation of the time series by the mean value of the
corresponding voxel [25]. Subsequently, for each volunteer,
we computed the average CoV value across all voxels within
the liver ROIs for both the control and label images.

Statistical analyses

For assessing the normality of voxel intensity distribu-
tions, we utilized the one-sample Kolmogorov-Smirnov test
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in MATLAB. When comparing distributions in pairs, paired
t-tests were conducted if both distributions followed a stan-
dard normal distribution; otherwise, a signed Wilcoxon rank
test was employed. The significance level for all tests was
set at p < 0.05. The reported results indicate the mean value,
with the standard deviation denoted by the symbol ±.

Results

We simulated velocity response of rect-VSI and sinc-VSI
under the label (solid red curves) and the control (dashed red
curves) conditions in Fig. 2. Both rect-VSI and sinc-VSI
pulses demonstrated the ability to label spins within a nar-
row velocity range. However, the sinc-VSI pulse exhibited
a smoother response in the “unperturbed” velocity bands.
The supplementary figure Fig. S1 visualizes that navigator
signals can be utilized to calculate respiratory motion.
Motion information of diaphragm were precisely overlaid
on the navigator signals. Furthermore, we generated spatial
CoV maps for liver voxels in control images of a represen-
tative volunteer, as shown in Fig. 3a. The CoV maps in
NAV and BH were comparable, although the top slices of
BH displayed typical ring artifacts caused by respiratory
motion. Moreover, there was a slight reduction in CoV val-
ues in NAV when compared to BH (Fig. 3b, c). The average
CoV values in NAV were considerably lower than those in
BH, with an average reduction of 29.4 ± 18.44% for control
images and 29.89 ± 20.83% for label images (p < 0.001).

The resulting maps of normalized ASL signal (normal-
ized to M0) showed higher perfusion weightings in the
NAV-compensated VSASL, when compared to the BH
VSASL and NAV-compensated pCASL techniques, see
Fig. 4 and Table 1. In the case of BH and NAV acquisitions,
a more intricate vascular structure can be observed in the
VSASL signal maps. This can be seen, for instance, in
Fig. 4, specifically in the upper two rows depicting a repre-
sentative subject (Subject 5).

We calculated HBF maps and determined mean HBF val-
ues for six healthy volunteers in the liver, see Fig. 5 and
Table 2. In general, BF values are higher in kidney than in
liver as presented in Fig. 5. HBF values are less noisy in
NAV-compensated VSASL. More homogenous HBF can
be found in NAV-compensated VSASL.

The mean normalized ASL signals across all subjects and
all measurements were 1.78 ± 0.79% in the BH VSASL and
1.47 ± 0.43% in the NAV-compensated VSASL, which
were higher than in the NAV-compensated pCASL (Table 1).
There were significant differences between NAV VSASL
and NAV pCASL (1.47 ± 0.43 vs 0.71 ± 0.52) (Fig. 6a).

Table 2 shows the mean HBF value across all subjects and
all measurements with 78.10 ± 22.78 ml/100 g/min in the
NAV-compensated VSASL, which was lower than the BH

VSASL (95.04 ± 42.23 ml/100 g/min), and larger than
NAV-compensated pCASL values (86.24 ± 64.01 ml/100 g/
min). These differences were, however, not significant
(Fig. 6b).

To compare the intensity distribution of normalized ASL
signal and HBF, the histograms are plotted in Fig. 7, show-
ing the different ASL methods (BH VSASL, NAV VSASL
and NAV pCASL).

Discussion

In this work, a sinc-VSI was played out without VS gradi-
ents during control condition, but with VS gradients along all
three directions during labeling for a higher SNR efficiency.
The developed navigator-based ASL SE-EPI readout slice
tracking technique successfully compensates respiratory
motion in real-time. We specifically found that (i), the mean
CoV values in NAV showed a significant reduction compared
to BH, (ii), the normalized ASL signal showed significantly
higher perfusion weightings in the NAV-compensated
VSASL, when compared to NAV-compensated pCASL tech-
niques, and (iii), that HBF values, on the other hand, were not
significantly different across different methods.

When compared to the case with BH, we could see that
the NAV method provides significantly lower CoV values.
Due to the different depths of each BH during the measure-
ments, the BH method is only of limited use as a reference
for comparison with the NAV method.

Normalized ASL signals showed that BH VSASL and
NAV VSASL provide significantly higher perfusion weight-
ings than the NAV pCASL approach (Fig. 4, Fig. 6a and
Table 1). However, the differences between measurements
using the same method were not significant. HBF values,
on the other hand, were not significantly different across dif-
ferent methods; however, the standard deviations of NAV
VSASL were lower, indicating a more stable acquisition
method for providing HBF values.

Compared to BH VSAL, the NAV VSASL showed a
broader distribution in both normalized signal and HBF
(Fig. 7). This variation might be due to the residue motion
in our navigator technique. The distribution of normalized
signals from NAV pCASL also showed a shift to lower val-
ues compared to BH VSASL, indicating VSASL produces
higher perfusion weightings. According to the histogram
of HBF and Fig.5, BH VSASL delivered the most homoge-
nous perfusion in the liver and thus the most robust evalua-
tion of HBF.

This study is the first study that utilizes VSASL for the
whole liver ASL perfusion assessment. The advantage of
this technique has been observed in a stroke study, since it
is less sensitive to the selection of the labeling delay [26].
Another advantage of VSASL in liver ASL is that it is not
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Figure 2. Simulated velocity response of rect-VSI (a) and sinc-VSI (b) under the label (solid red curves) and the control (dashed red curves)
conditions. The RF pulse, phase of RF pulse and gradient for the FT-VSI labeling (solid) and control (dashed) are plotted. No B1 or B0

inhomogeneity were considered for these simulations.
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Figure 3. (a) Maps of the coefficient of variation (CoV) of the liver in subject 2. The CoV values were calculated based on the temporal
variations in signal intensity of each voxel within the liver during breath-hold (BH) and navigator-based slice tracking (NAV). The mean
CoV values during NAV were significantly lower than those during BH, with an average a reduction of 29.4 ± 18.44% for control images,
and 29.89 ± 20.83% for label images (p<0.001). Typical ring artifacts (red arrow) due to residual respiratory motion can be found in BH.

Figure 4. Comparison of the relative signal change due to the label (normalized to the spin density image) between breath-hold (BH
VSASL), navigator-based slice tracking (NAV VSASL), NAV pCASL from one representative subject (subject5). In the case of BH and
NAV VSASL, more intricate details can be observed in the ASL signal maps. The VSASL signal maps showed a more intricate vascular
structure in both BH and NAV cases. Due to the different slice position of M0 (measured during BH) and the perfusion weighted images,
the BH VSASL is truncated after normalization (right-hand-side in second row).

K. Zhang et al. / Z Med Phys 35 (2025) 87–97 93



sensitive to the selection of the labeling plane and movement
of the labeling plane.

While Vcut recommended in literature was 2 cm/s [12],
we used 2.8 cm/s. Lower Vcut will also result in higher
flow-sensitivity: Only arterial blood decelerated below Vcut

after labeling generates measurable ASL signal [12]. There-
fore, higher Vcut produces a stronger perfusion signal.

The advantage of axial slice acquisitions is that they
allow smaller FOVs, and thus higher image resolution, there-
fore reducing the risk of changes in magnetization used by a
navigator, such as for retrospective image sorting.

To date, only a limited number of ASL studies have been
conducted on human liver perfusion, utilizing various ASL
techniques (continuous and pulsed), tagging planes, and
mathematical models for processing measured signal data.
Consequently, there are variations in the reported perfusion

values [13]. As reported in previous studies, global (90
± 1 ml/100 g/min), arterial (21 ± 5 ml/100 g/min), and
portal-venous (69 ± 5 ml/100 g/min) HBF perfusion values
were acquired in the healthy human liver using a pCASL
technique, and our results of three perfusions and ratios
agree with previous studies [11,13,27]. DCE measurements
can be used in future studies to verify our results.

One limitation of this study is that motion compensation
was only performed in the inferior-superior direction of the
diaphragm using a one-dimensional navigator. Correction
for motion in the anterior-posterior direction could be imple-
mented by incorporating an additional navigator, but this
would result in increased measurement and reconstruction
time. In-plane motion could also be corrected retrospectively
[28], or a two-dimensional navigator could be utilized for
fast and precise motion correction [29]. Inhomogeneity

Table 1
Normalized ASL signal (%) for healthy volunteers (N = 6) during
breath-hold (BH VSASL), navigator-based slice tracking (NAV
VSASL), NAV pCASL.

BH VSASL NAV VSASL NAV pCASL

1 0.96 ± 0.02 1.20 ± 0.03 0.56 ± 0.02
2 3.00 ± 0.03 1.90 ± 0.04 0.53 ± 0.05
3 2.31 ± 0.03 1.08 ± 0.02 0.26 ± 0.02
4 2.00 ± 0.03 1.01 ± 0.02 0.64 ± 0.03
5 1.23 ± 0.02 1.61 ± 0.03 0.50 ± 0.03
6 1.20 ± 0.02 1.99 ± 0.03 1.74 ± 0.04
Mean 1.78 ± 0.79 1.47 ± 0.43 0.71 ± 0.52

Table 2
Hepatic blood flow (mL/100 g/min; mean ± std) for healthy
volunteers (N = 6) during breath-hold (BH VSASL), navigator-
based slice tracking (NAV VSASL), NAV pCASL.

BH VSASL NAV VSASL NAV pCASL

1 51.31 ± 1.07 63.72 ± 1.51 68.19 ± 2.28
2 160.07 ± 1.67 101.06 ± 2.13 65.24 ± 6.16
3 123.16 ± 1.62 57.66 ± 1.20 31.85 ± 2.56
4 106.47 ± 1.48 53.89 ± 1.03 77.93 ± 3.28
5 65.47 ± 1.10 85.96 ± 1.74 61.23 ± 3.70
6 63.74 ± 1.21 106.30 ± 1.40 213.00 ± 5.25
Mean 95.04 ± 42.23 78.10 ± 22.78 86.24 ± 64.01

Figure 5. Comparison of quantitative hepatic blood flow (HBF) maps between breath-hold (BH VSASL), navigator-based slice tracking
(NAV VSASL), NAV pCASL from the same representative subject (subject5). In general, HBF values are higher in kidney than in liver, as
shown. HBF is less noisy in NAV-compensated VSASL. More homogenous HBF can be found in NAV-compensated VSASL.
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could affect the perfusion assessment. M0, control and label
images may contain B1 inhomogeneities. But since the inho-
mogeneous subtracted signal DM was normalized using (di-
vided by) similarly inhomogeneous M0, this B1 effect in
normalized signal should be reduced (Supplementary

Fig. S2). Fig.S2b shows the measured signal along an
anterior-posterior projection to demonstrate this: The nor-
malized signal along this line has smaller fluctuation than
that of DM, indicating that the inhomogeneity is reduced
after normalization. Correct for magnetic transfer (MT)
effects and profile issues of excitation and refocusing pulse
could be considered in the readout. The labeling efficiencies
used for the calculation of HBF were defined according to
the values in literature of brain studies [23]. Since no other
adequate values were available in future, these parameters
should be verified by further measurements.

To differentiate between portal-venous and arterial perfu-
sion, it is possible to perform separate measurements for
labeling blood flow into the liver and selective labeling of
arterial blood flow. The venous part can be extracted by sub-
tracting these two measurements. The global liver blood
flow can be labeled using VSASL due to its high SNR effi-
ciency. Furthermore, to selectively tag arterial blood flow in
the hepatic artery, a tagging plane can be positioned cranial
to the diaphragm. This placement allows for the labeling of
arterial blood in the descending aorta using pCASL. Since
the aim of this study is to find the best performance of global
liver perfusion, arterial perfusion was not performed. The
disadvantage of VSASL is that separation of arterial and
venous perfusion of the liver is not possible.

Using an ECG signal could lead to higher accuracy of
cardiac triggering. However, for the proof of concept study,

Figure 6. (a) Comparison of averaged ASL signal per voxel across subjects (normalized to the spin density image; n=6) between breath-
hold (BH VSASL), navigator-based slice tracking (NAV VSASL), NAV pCASL, and (b) comparison of averaged HBF values per voxel
across subjects, see also Tables 1, 2. Red line: median value, green dot: mean value.

Figure 7. Histograms of normalized signal and HBF from different methods including BH VSASL (pink), NAV VSASL (blue) and NAV
pCASL (green).
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the pulse signal was easier to acquire. One simulation [21]
suggests that the optimal moment of triggering lies at the
end-systolic phase, which corresponds to a delay of 0 ms
with the finger pulse-oxy trigger.

For ASL, the short T1 relaxation time in the blood (1.2 s
at 1.5T,) limits the readout time. Thus, a faster readout such
as multiband (MB)-EPI [30–32], which promises multiple-
slices and higher perfusion sensitivity, would be preferable .

Conclusion

To summarize, this study demonstrates the feasibility of
liver VSASL combined with a prospective motion compen-
sation technique for free-breathing liver perfusion measure-
ment without contrast agent.
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