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Abstract

Purpose To investigate the feasibility of selective arterial and
portal venous liver perfusion imaging with spin labelling (SL)
MRYI, allowing separate labelling of each blood supply.
Methods The portal venous perfusion was assessed with a
pulsed EPISTAR technique and the arterial perfusion with a
pseudo-continuous sequence. To explore precision and repro-
ducibility, portal venous and arterial perfusion were separately
quantified in 12 healthy volunteers pre- and postprandially
(before and after meal intake). In a subgroup of 6 volunteers,
the accuracy of the absolute portal perfusion and its relative
postprandial change were compared with MRI flow measure-
ments of the portal vein.

Results The portal venous perfusion significantly increased
from 63422 ml/100g/min preprandially to 132+42 ml/100g/
min postprandially. The arterial perfusion was lower with 35+
22 preprandially and 22430 ml/100g/min postprandially. The
pre- and postprandial portal perfusion using SL correlated
well with flow-based perfusion (r*=0.71). Moreover, post-
prandial perfusion change correlated well between SL- and
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flow-based quantification (r*=0.77). The SL results are in

range with literature values.

Conclusion Selective spin labelling MRI of the portal venous

and arterial blood supply successfully quantified liver perfu-

sion. This non-invasive technique provides specific arterial

and portal venous perfusion imaging and could benefit clinical

settings where contrast agents are contraindicated.

Key Points

* Perfusion imaging of the liver by Spin Labelling MRI is
feasible

o Selective Spin Labelling MRI assessed portal venous and
arterial liver perfusion separately

* Spin Labelling based portal venous liver perfusion showed
significant postprandial increase

* Spin Labelling based portal perfusion correlated well with
phase-contrast based portal perfiision

 This non-invasive technique could benefit settings where
contrast agents are contraindicated

Keywords Liver - Magnetic resonance imaging -
Perfusion imaging - Arterial Spin Labelling

Abbreviations

PVSL portal venous spin labelling
ASL arterial spin labelling

SL spin labelling

DCE-MRI  dynamic contrast-enhanced magnetic
resonance imaging

BMI body mass index

SNR signal-to-noise ratio

SE-EPI spin-echo echo-planar imaging

TI inversion time

VOI volume-of-interest

TR repetition time

PLD post labelling delay
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4 Fig. 1 Geometry and overview of the spin labelling sequences. a
Geometry of the PVSL and ASL sequences: a transverse read-out
(blue) centered around entry of the portal vein into the liver; an oblique
label/control slab caudal of the liver for PVSL, labelling the portal vein
and its feeding vessels; an oblique label/control slab transverse just above
the diaphragm for ASL (red), labelling the arterial blood in the
descending aorta. b An overview of pulsed PVSL and pseudo-
continuous ASL protocols with the breathing signal. Scan parameters:
TR of 6500 ms; TI of 2500 ms for PVSL; labelling duration and post-
labelling delay of 1650 ms and 1500 ms, respectively, for ASL. Subjects
were instructed to inhale and exhale after completion of each read-out and
keep the expiratory breath-hold until the end of the corresponding read-
out. Label/control excitations, labelling delay, and read-out took place
during the breath-hold.

Introduction

Magnetic resonance imaging (MRI) of the liver plays a major
role in the diagnosis and treatment monitoring of liver disease,
where enhancement characteristics are evaluated after admin-
istration of a contrast agent [1]. Quantification of arterial and
portal venous perfusion has aroused interest for characterization
of perfusion patterns in focal and diffuse liver disease [1, 2].

Spin labelling MRI (SL-MRI) is a perfusion imaging tech-
nique using labelled protons in blood as an endogenous con-
trast for noninvasive quantification of blood flow [3].
Subtraction of images acquired in a labelling experiment from
those in a control experiment allows estimation of the tissue
perfusion. SL-MRI was initially introduced for brain perfu-
sion imaging [4, 5]. Its application has been extended to
organs other than the brain and oncological imaging. In ab-
dominal organs, SL-MRI is almost exclusively performed in
the kidneys [6-9]. Abdominal SL-MRI is especially chal-
lenged by possible misalignment between the control and
label images. Furthermore, hepatic SL-MRI is challenged by
the relatively low blood flow compared to the brain and its
dual inflow.

However, SL-MRI has advantages of interest for liver
imaging. Since SL-MRI is non-invasive, drug-related risks
of exogenous contrasts are of no concern. In addition, SL-
MRI allows for repeated imaging in the same session. This
technique could therefore be helpful when administration of
contrast agents is contraindicated or impractical, for example
during minimally invasive treatments of focal liver lesions.
During and after ablation treatments, MRI is increasingly used
for assessment of the viable and non-perfused tissue and
repeated contrast administration is thereby impossible.
Regarding the dual inflow, the arterial and portal venous
inflow could be selectively labelled and therefore be separate-
ly imaged and quantified.

Very few studies have described SL-MRI of the liver in
humans, with promising results [10—13]. Only the study by
Katada et al. [12] was published in a peer-reviewed journal.
Katada et al. [12] examined selectively portal perfusion (5
healthy subjects) and compared the results with computed

tomography (CT) portography in the same patients. Only
Gach et al. [10] have studied selective arterial and portal
venous perfusion, but in just a single healthy subject. In
conclusion, selective arterial and portal SL-MRI perfusion
imaging has been sparsely explored.

The aim of this study was to assess the feasibility of liver
perfusion imaging with selective SL-MRI in healthy volun-
teers to separately quantify arterial and portal venous perfu-
sion. Additionally, to explore the precision and reproducibility
of the selective SL-MRI technique, two different perfusion
conditions were evoked by scanning pre- and postprandially
(before and after eating). Finally, to probe the portal SL-MRI
accuracy, MRI flow measurements in the portal vein were
performed in a subgroup.

Materials & methods
Study concept

For this feasibility study, the portal venous and arterial perfu-
sion were assessed by pulsed portal venous spin labelling
(PVSL) and pseudo-continuous arterial spin labelling (ASL)
techniques, respectively, in healthy volunteers. For evaluation
of the SL-MRI technique, the arterial and portal venous per-
fusion were imaged pre- and postprandially. By scanning
every individual before and after ingestion of a high-calorie
solid and high-sugar liquid meal, two different perfusion
conditions were evoked and postprandial perfusion changes
were evaluated. A postprandial increase in the portal blood
flow is expected and primarily related to meal-induced
splanchnic vasodilation and subsequent flow increase in the
superior mesenteric vein [14]. Postprandial scans were
planned around the time of expected portal venous peak flow.
In a subgroup (N=6) the perfusion values were quantitatively
compared to mean perfusion obtained via MRI flow measure-
ments in the portal vein.

Subjects

Twelve healthy volunteers (seven male, five female) with no
history of liver disease were enrolled in this study. Subjects
were imaged in supine position ona 1.5 T MR Ingenia system
(Philips Healthcare, Best, The Netherlands) equipped with an
anterior and posterior 28-channel coil. Mean age and body
mass index (BMI) were 28+4 years and 23+2 kg/m?, respec-
tively. Written informed consent was obtained from all
subjects.

Experiments

For each subject, the imaging protocol was as follows: pre-
prandial images were obtained in an imaging session of
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30 minutes; then, the meal was ingested during a 30-minute
break; then a 30-minute postprandial imaging session follow-
ed. All subjects were instructed to fast for at least two hours
before the start of the measurements.

Pre- and postprandial imaging sessions included
respiratory-triggered transverse T1-weighted acquisitions, a
pulsed portal venous spin labelling (PVSL) sequence, and a
pseudo-continuous arterial spin labelling (ASL) sequence. In
the latter 6 of the 12 subjects, a phase-contrast flow sequence
of the portal vein was added pre- and postprandially. The flow
measurements (Q-flow software, Philips Healthcare, Best,
The Netherlands) in the portal vein served as a comparison
for portal venous perfusion by scaling the measured bulk flow
with the liver volume and density.

MRI technique

The PVSL sequence was performed as a pulsed spin labelling
experiment (EPISTAR [15]) benefiting from a high labelling
efficiency [16] and adaptable bolus width [17]. An oblique
labelling slab of 150 mm was used, positioned caudal of the
liver covering the portal vein and its feeding vessels (see
Fig. la). After empirical optimization (see Fig. 2) of the
inversion time, a TT of 2500 ms (similar to [12]) was used in
the PVSL experiments to achieve optimal signal-to-noise
ratios (SNRs). Image read-out was a multislice 2D spin-echo
echo-planar imaging (SE-EPI) sequence with SPIR fat sup-
pression (TE=18.4 ms, EPI factor 53, manual TR=6500 ms,

flip angle 90°, matrix 128 x 128, voxel size 2.9%2.9 mm, slice
thickness 8.0 mm, slice gap 0.8 mm, parallel imaging factor 2,
slices acquired in ascending order). The transversal read-out
slice-stack was centred on the insertion level of the portal vein
into the liver.

The ASL sequence was performed as a pseudo-continuous
labelling experiment [18]. A pseudo-continuous labelling
strategy was chosen, with consequently a thin labelling slab,
to avoid re-tagging of spins after incomplete relaxation in the
lungs and the heart which would occur in a pulsed
labelling strategy such as the EPISTAR technique. A
nearly transverse labelling slab of 10 mm was placed
cranial to the diaphragm, labelling the arterial blood in
the descending aorta (see Fig. la).

Labelling duration and delay were based on its parallels to
the brain with comparable arterial blood flow velocity and
distance from labelling slab to organ. After empirical optimi-
zation to reach a high SNR, these were set to 1650 ms and
1500 ms, respectively. Image read-out was similar to the
PVSL experiment, although employing a gradient echo EPI
instead, since our system unfortunately did not allow SE-EPI
in combination with pseudo-continuous labelling (TE=
18.4 ms, EPI factor 53, manual TR=6500 ms, flip angle
90°, parallel imaging factor of 2). The read-out was performed
with the same geometry as the PVSL read-out.

All spin labelled sequences were performed with 20 label-
control pairs and took 4 min 20 sec each. The geometry of the
spin labelling experiments is illustrated in Fig. 1a, with an
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Fig. 2 Initial transit time. Multiple PVSL-experiments were performed in
one healthy volunteer with varying inversion times (TI) (200, 600, 1000,
1800, and 2500 ms). The percentage signal change changed significantly
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Table 1  Parameters of spin labelling sequences
PVSL
Method pulsed, EPISTAR
Readout SE-EPI, 9 transverse slices, 8 mm, 0.8 mm spacing
Label 150 mm, oblique caudal of liver
TR 6500 ms, fixed
TI 2500 ms
ASL
Method Pseudo-continuous
Readout GRE-EPI, 9 transverse slices, 8 mm, 0.8 mm spacing
Label transverse above diaphragm
TR 6500 ms, fixed
Labelling time 1650 ms
PLD 1500 ms

PVSL=portal venous spin labelling, ASL=arterial spin labelling, SE=
spin echo, EPI=echo planar imaging, TR=repetition time, TI=inversion
time, GRE=gradient echo, PLD=post-labelling delay

overview of the PVSL and ASL protocol in Fig. 1b. An
overview of the most important imaging parameters of the
PVSL and ASL sequences is given in Table 1.

The flow measurements in the portal vein were performed
using a single-slice, spoiled gradient echo phase contrast se-
quence during an expiratory breath-hold (TR/TE=6.3/4.1 ms,
flip angle 12°, 4 averages, velocity encoding=50 cm/s). The 8-
mm slice was placed perpendicular to the portal vein, close to
the insertion of the portal vein into the liver.

Breathing synchronization

An overview of the timing of the PVSL and ASL se-
quence with respect to the breathing cycle is shown in

Table 2  Quantification models and parameters for image analysis

Fig. 1b. As spin labelling acquisitions are sensitive to
motion between the control and labelling experiments,
careful breathing instructions were provided to image in
expiratory state. Subjects were instructed to inhale and
exhale in one go after completion of each read-out,
which was easily recognised as an acoustic trigger.
They were instructed to stay in expiratory breath-hold
shortly until the next read-out was finished. During the
breath-hold there was sufficient time for label or control
excitations, labelling delay, and read-out. Since the rep-
etition time (TR) was set to 6500 ms, there was 3640 ms
for PVSL and 2990 ms for ASL reserved in each repe-
tition for comfortable inhalation and exhalation.

Image analysis

Quantitative arterial and portal perfusion was derived from the
spin labelling acquisitions. Label images were subtracted from
their corresponding control images. The mean of subtractions
was computed after manual exclusion of a few pairs with
major artefacts caused by differences in breathing levels.

Portal venous perfusion was calculated voxel-wise from
the PVSL acquisitions using the standard model as described
by Buxton et al. (Eqn. 3, [19]). The arterial perfusion was
calculated similar to the ASL experiments using Eqn. 5 for
continuous labelling from [19]. See Table 2 for the quantifi-
cation models and parameters.

The T;-weighted images were manually segmented to
include the entire liver, excluding the inferior caval vein,
to define the volume-of-interests (VOI) for the perfusion
measurements. As we targeted quantification of the paren-
chymal perfusion, we excluded large vasculature from the
analysis.

Quantification models

PVSL AM(t) = 2Mopf (--At)ae” ' Ting, (1) See Eqn. 3 in [19]
ASL AM(t) = 2Mopf Ty ae " True " 20 (1—e‘T/ T") See Eqn. 5 in [19]
with 1 L
[
Parameters Value
AM(?) the signal difference after an inversion time #
Mop Equilibrium magnetization of blood, estimated from average control image
o4 labelling efficiency, estimated to be 0.90 for PVSL and 0.85 for ASL 0.90 for PVSL, 0.85 for ASL
T\s T of blood 1.58 s [34]
At initial transit time 800 ms for PVSL, 1 s for ASL
T1 of liver 0.586 s [35]
Liver density 1060 kg/m? [36]
A Tissue-blood ratio 0.95 [31]

PVSL=portal venous spin labelling, ASL=arterial spin labelling

@ Springer



1534

Eur Radiol (2015) 25:1529-1540

For comparison, portal venous flow velocity values were
derived from the phase-contrast based quantitative flow mea-
surements of the portal vein. Mean flow was measured
by manually placing an elliptical region-of-interest
(ROYJ) in the portal vein. The flow-based perfusion was

mean_portal velocity * cross sectional area
liveryorme *  liver gensiyy ’

estimated by

The bolus arrival time for PVSL was estimated with
additional PVSL experiments in one volunteer postpran-
dially with varying inversion times (200, 600, 1000,
1800, and 2500 ms). As a significant signal change
was reached between 600 and 1000 ms, an initial transit
time of 800 ms was used for the portal venous perfusion
analysis (Fig. 2). For ASL Af was set to one second,
based on the longer transit time from labeling localiza-
tion in the descending aorta into the liver.

All post-processing was done using in-house
developed software based on the MeVisLab medical image
processing and visualization environment (version 2.5, MeVis
Medical Solutions, Bremen, Germany).

Statistical analysis

Assuming normality of hepatic perfusion rates [20], the paired
samples Student’s t-test was applied to assess differences in
pre- and postprandial quantitative perfusion. A p-value of <
0.05 was considered significant. Bland-Altman plots were
constructed to provide information about the distribution of
agreement between flow-based and SL-based perfusion and
perfusion change. Statistical analyses were performed using
SPSS software (version 20 for Windows, IBM statistics,
Chicago, IL, USA).

Fig. 3 Typical example of
PVSL- and ASL-based perfusion.
Portal venous (top row) and
arterial perfusion (bottom row)
with our spin labelling MRI
experiments pre- (left) and
postprandially (right)

PVSL
preprandial

preprandial

postprandial

Portal venous perfusion [ml/100g/min]
0 50 100 150 200 250 300 350 400 450 500

postprandial

Arterial perfusion [ml/100g/min]
0 50 100 150 200 250 300 350 400 450 500
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Results
Experiments

All PVSL, ASL and Q-flow experiments were successfully
performed. A typical example of the PVSL and ASL results is
shown in Fig. 3. Breathing instructions were successfully
followed by all subjects. On average, one (maximum of five)
label-control pair per spin labelling scan were removed after
visual examination due to breathing-related motion artefacts
and EPI distortions, corresponding with an acceptance rate of
95 % (46 of the total 960 pairs were rejected).

Portal venous perfusion

Postprandial PVSL imaging was 4543 min after the start of
meal ingestion, with a minimum of 41 and a maximum of
52 min. The relative signal change AM (¢) was 0.99+0.35 %
preprandially and 2.07+0.66 % postprandially. The corre-
sponding preprandial perfusion was 63+23 ml/100g/min and
significantly increased to 132+42 ml/100g/min in the post-
prandial session (p<0.001). See Fig. 4a.

Portal perfusion was estimated using both PVSL and Q-
flow measurements in the subgroup of six subjects. See
Fig. 4b. The pre- and postprandial portal perfusion differed
significantly for both PVSL- (»=0.018) and flow-based
measurements (p=0.011). The PVSL perfusion values of
55+22 preprandially and 133+42 ml/100g/min postpran-
dially correlated well (r*=0.70) with the flow-based perfu-
sions of 57412 and 124432 ml/100g/min, respectively, for
the subgroup (Fig. 5a). The Bland-Altman plot (Fig. 5b)
showed a mean difference between the two techniques of
3.1 ml/100g/min with 95 % limits of agreement (LOA) of
[-56, 62]. Moreover, the postprandial perfusion change
correlated well between PVSL- and flow-based quantifica-
tion (r*=0.77, Fig. 5c). The Bland-Altman plot of the
PVSL- versus flow-based portal perfusion change
(Fig. 5d) showed a mean difference of 11 ml/100g/min
with 95 % LOA of [-44, 65]. An overview of the liver
perfusion results is shown in Table 3.

Arterial perfusion

Postprandial ASL imaging was 3943 min after the start of
meal ingestion, with a minimum of 36 and a maximum
of 47 min. Visual evaluation of the ASL images showed clear
perfusion of the renal cortex, confirming successful labelling
of arterial blood. In agreement with the literature [21], the
relative signal changes of 0.124+0.08 % and 0.08+0.11 % pre-
and postprandially (N=12) were lower than the portal venous
counterparts. The same holds for the corresponding arterial
perfusion values, with no significant difference (p=0.27) be-
tween the preprandial and postprandial values of 35422 and

a PVSL-based portal venous perfusion

180 ** p<0.005
I 1

160 |

140 |
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100 |

PVSL-based perfusion (ml/100g/min)
(2] fos]
o o

B
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N
o

o
L

Preprandial

Postprandial

b PVSL-based versus flow-based portal venous perfusion

** p=0.011
I

1
160 8 Q-flow | , p=0.018 :
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-
N
o

Perfusion (ml/100g/min)
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H
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Fig. 4 Pre- and postprandial portal venous perfusion. a Pre- and
postprandial portal venous perfusion based on PVSL-measurements.
The perfusion rates of mean and standard deviation of 63+23 and 132+
42 ml/100g/min, respectively, differed significantly (»p<0.001). b Flow-
based portal venous perfusion was 57+12 and 124432 ml/100g/min, pre-
and postprandially (N=6). PVSL-based portal venous perfusion was 55+
22 pre- versus 133+49 ml/100g/min postprandially in this subgroup
(N=6). The whiskers denote the 25th- and 75th- percentile values of the
distributions

22430 ml/100g/min, respectively. An overview of the perfu-
sion results is presented in Table 3.

Discussion
This study demonstrates that selective spin labelling MRI
of the portal venous and arterial blood supply can be used

to non-invasively quantify arterial and portal liver perfu-
sion in healthy volunteers.
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We found a significant increase in portal venous per-
fusion after meal ingestion (63+23 versus 132+42 ml/
100g/min, p<0.05) in 12 healthy subjects. Its accuracy
was tested and confirmed by comparison of the change in
liver perfusion with MRI flow measurements of the portal
vein in six of the subjects. Perfusion based on both
techniques was comparable, demonstrated by small differ-
ences between the mean PVSL- and flow-based values for
the portal perfusion (mean 3.1 ml/100g/min with 95 %
LOA [-56, 62]) as well as the postprandial increase (mean
11 ml/100g/min with 95 % LOA [-44, 65]).
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Altman plot of PVSL- versus flow-based portal venous liver perfusion
change after meal ingestion (N=6). Horizontal lines denote the mean
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The arterial perfusion obtained with ASL was lower
than the portal venous perfusion (35422 and 22+30 ml/
100g/min, pre- and postprandially), as is expected in
healthy volunteers. We found a lower mean arterial per-
fusion postprandially than preprandially, but without a
significant difference. The postprandial arterial perfusion
decrease could be explained by the hepatic arterial buffer
response (HABR), which is a mechanism for controlling
hepatic blood flow. If the portal blood flow increases, the
arterial hepatic flow decreases and vice versa [22, 23]. A
postprandial increase in the portal blood flow is primarily
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Table 3  Results
Preprandial Postprandial Perf. Change t-test
mean+SD [min, max] mean+SD [min, max] mean+SD
Portal venous perfusion (N=12)
PVSL 63+23 [28,102] 132+42 [69, 219] 68+48 ** p<0.001
Portal venous perfusion (subgroup, N=6)
PVSL 55+22 [28, 81] 133+49 [80, 219] 78455 **p=0.018
Based on PV flow 57+12 [40, 75] 124+32 [79, 166] 67+42 ** p=0.011
Arterial perfusion (N=12)
ASL 35+£22 [2, 66] 22430 [-15, 84] -14+41 p=0.270

All perfusion values are given in [ml/100g/min]. The paired samples Student’s t-test has been used to test for significant difference (**, p<0.05) between
pre- versus postprandial perfusion measures. The flow-based portal perfusion was calculated with PV flow measurements of 14+4.2 ml/s pre- and 30+ 11
ml/s postprandially. Abbreviations: Perf. = Perfusion, SD=standard deviation, Sign.diff. = significant difference, PVSL=portal venous spin labelling,

ASL=arterial spin labelling, PV=portal vein, HA=hepatic artery

related to a meal-induced splanchnic vasodilation and subse-
quent flow increase in the superior mesenteric vein [14].

Comparison to the literature

In the literature, the arterial, portal, and combined perfusion
values differed between studies and showed large standard
deviations (see Table 4). The selective portal perfusion we
found is in range with the literature, although comparison is
hindered by the wide range of values in healthy subjects.

Our postprandial portal perfusion is comparable to the
studies using other modalities than SL-MRI, e.g. a mean of
102 ml/100ml/min in [24] (CE-CT, unknown prandial status)
and a mean of 126.3 ml/100g/min in [25] (CE-MRI, prepran-
dial status). The preprandial portal perfusion we found is
lower than the literature values, although the PVSL-based
perfusion change correlated well with the flow-based perfu-
sion change (*=0.77). These portal venous flow values, both
pre- and postprandially, are closely comparable to [11, 13, 26],
strengthening the comparison of the PVSL-based perfusion
with the flow-based perfusion.

Portal blood flow peaks around 30-60 minutes after
meal ingestion [27], suggesting we, indeed, scanned
around peak flow.

The postprandial arterial perfusion we found is in line with
the other studies, especially with [24], concerning 24 control
subjects. The preprandial arterial perfusion is slightly higher
than that from the studies using CE-MRI and CE-CT.

Comparison of our results to the SL-MRI literature is
hindered by the low number of peer-reviewed studies [12]
and the concise information in the studies published in
proceedings [10, 11, 13].

Gach et al. [10] pioneered selective arterial and portal
perfusion in one healthy subject, showing perfusion values
in keeping with our results. Katada et al. ([12], N=5) also

addressed selective SL imaging, although only of the portal
venous supply. The reported mean portal perfusion of
254.3 ml/100g/min was an overestimation compared to
portography with CT in the same patients, and is evidently
higher than the other reported perfusion values, including our
results.

Hoad et al. [11] and Cox et al. [13] addressed solely
aselective SL-MRI and calculated combined arterial and por-
tal perfusion, expectedly resulting in higher perfusion values
than our selective perfusion values. Hoad et al. [11] found
perfusion rates with SL-MRI comparable to dynamic contrast-
enhanced (DCE) MRI in 36 chronic liver disease patients and
5 healthy volunteers. Cox et al. [13] presented respectable
perfusion images of liver and kidneys. Their liver perfusion
values, estimated from the bar plots, were higher in healthy
subjects than in compensated cirrhosis patients.

The breathing challenge was tackled by synchronization to
a fixed TR of 6500 ms and fitted the breathing cycle comfort-
ably in all subjects without exception. Due to the easy appli-
cation in healthy subjects and only minor alteration of the
natural breathing cycle, we expect no problems with this
strategy in patients.

Advantages of SL-MRI for the liver

Selective SL-MRI has interesting advantages for liver
imaging. Since it is non-invasive, SL-MRI avoids the
risks of nephrogenic systemic fibrosis [28] and is suitable
for patients with impaired renal function. Clinical settings,
in which the use of contrast agents is contraindicated,
could benefit from this technique. Specifically, the per-
fused and non-perfused regions during and after minimal
invasive hepatic tumour ablation techniques such as
radiofrequency ablation (RFA) or high-intensity-focused-
ultrasound (HIFU), could be assessed repeatedly. Due to
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unknown safety profiles of current Gd-based contrast
agents during heating [29], usage is not yet allowed
during these interventions.

Furthermore, selective SL-MRI provides direct imaging of
the arterial and portal venous blood supply, instead of dis-
crimination on different contrast bolus arrival times. The
arterial and portal venous perfusion fraction of focal lesions
could potentially be obtained, although further research is
needed before SL-MRI could be used to identify an increased
arterial blood supply in malignancies [30]. Meanwhile, meta-
static renal cell carcinoma has already been successfully
imaged using the ASL-MRI technique [6], as well as liver
metastases in a mice model [31, 32].

Limitations

This study has several limitations. First, the perfusion quantifi-
cation is susceptible to uncertainties in the required physical
and physiological parameters, such as the bolus arrival time,
labelling efficiency, and the T1 of blood (Table 2). Although the
parameter values were carefully selected from the literature or
experimentally determined, equal parameter values were ap-
plied for all volunteers pre- and postprandially. Subject-specific
and voxel-wise assessment of bolus arrival times could further
improve the quantification accuracy. In future studies, multi-TI
sequences [33] would allow estimation of the initial transit time
and improve model fitting in general. Furthermore, the quan-
tification model described by Buxton et al. [19] was
developed for application to the brain and might not be
optimal for portal venous and arterial hepatic perfusion.

Second, negative perfusion rates were found in larger ves-
sels, but not in the liver parenchyma. As we aimed at imaging
parenchymal perfusion, large vessels were excluded from the
analysis based on a large deviation from the mean signal of the
PVSL images.

Third, determination of protocol parameters (TI, TR, label-
ling duration, and delay) were based on the literature and
preliminary experiments (see Fig. 2), but still lack dedicated
values for the liver. Since this study aimed at feasibility, we
did not perform extensive optimization of the protocol param-
eters, nor development of respiratory-triggered sequences, nor
motion correction during post-processing.

Fourth, this study lacks a gold-standard for the arterial and
portal venous perfusion values measured by selective SL-
MRI. Therefore, we focused on the individual postprandial
perfusion change and compared our results to perfusion values
based on MRI flow measurements of the portal vein and
values from the literature (Table 4).

Future research

This study proves the feasibility of hepatic SL-MRI, but a
thorough investigation of the optimal SL-MRI technique for

the liver was beyond the scope of this study. Since only a few
studies address hepatic SL-MRI, there is yet limited liver-
specific information. However, in this rapidly developing
field, further improvements for the application of SL-MRI in
the liver are reserved for future investigations.

Future research should include elaborate determination of
protocol parameters (TI, TR, pre-saturation, vascular
crushing, etc.) and of quantification parameters (slice-specific
transit times, measurement of AM (¢), T1 value of blood, etc.).
Exploration of other labelling strategies is recommended, as
e.g. pseudo-continuous labelling techniques might be suitable
for portal perfusion examination as well. Standardization of
the experiments (meals, fasting hours) and reproducibility
measurements will help future analysis. We foresee no prob-
lems applying this technique in patients and its non-invasive
nature allows for direct application in clinical settings.

Conclusion

In conclusion, this study shows the feasibility of selective
spin labelling MRI as a non-invasive technique for the
assessment of separate arterial and portal venous liver
perfusion. Spin labelling-based portal venous perfusion
showed a significant postprandial increase and correlated
well with perfusion based on portal venous flow measure-
ments. This non-invasive technique could benefit clinical
settings where use of contrast agents is contraindicated.
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