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Abstract

Background: Assessing portal vein (PV) hemodynamics is an essential part of liver disease manage-

ment/liver surgery, yet the optimal methods of assessing intrahepatic PV flow have not yet been

established. This study investigated the usefulness of 7-Tesla MRI with hemodynamic analysis for

detecting small flow changes within narrow intrahepatic PV branches.

Methods: Flow data in the main PV was obtained by two methods, two-dimensional cine phase

contrast-MRI (2D cine PC-MRI) and three-dimensional non-cine phase contrast-MRI (3D PC-MRI). He-

modynamic parameters, such as flow volume rate, flow velocity, and wall shear stress in intrahepatic PV

branches were calculated before and after a meal challenge using 3D PC-MRI and hemodynamic

analysis.

Results: The hemodynamic parameters obtained using 3D PC-MRI and 2D cine PC-MRI were similar.

All intrahepatic PV branches were clearly depicted in eight planes, and significant changes in flow volume

rate were seen in three planes. Average and maximum velocities, cross-sectional area, and wall shear

stress were similar between before and after a meal challenge in all planes.

Conclusion: 7-Tesla 3D PC-MRI combined with hemodynamic analysis is a promising tool for

assessing intrahepatic PV flow and enables future studies in small animals to investigate PV hemody-

namics associated with liver disease/postoperative liver recovery.
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Introduction

Portal vein hemodynamic parameters such as flow pressure, flow
volume rate, and wall shear stress (WSS) are critical factors in
liver disease management and liver surgery, as they are closely
associated with liver function and liver damage. The progression
of chronic liver disease and liver fibrosis causes portal hyper-
tension, which contributes to the development of ascites and
gastrointestinal varices. Surgical interventions such as partial
hepatectomy, liver transplantation, and preoperative portal vein
embolization can lead to portal vein hyperperfusion, which in-
creases the mechanical stress on PV endothelial cells, triggering
dramatic liver hypertrophy.1 Excessive endothelial stress, in
contrast, is reported to impair postoperative liver regeneration
and functional recovery, requiring portal vein modulation
HPB xxxx, xxx, xxx © 2021 International Hepato-P

Please cite this article as: Oshima Y et al., Fluid dynamics analyses of the intrah
j.hpb.2021.04.005
strategies to prevent liver insufficiency after hepatectomy and
liver transplantation.2–4

Although the accurate assessment of portal vein hemody-
namics is essential to correctly understanding these values’ as-
sociation with liver disease and liver function, methods of
monitoring and analyzing changes in intrahepatic portal vein
perfusion have not been well established. To date, Doppler ul-
trasound (DUS) has been the gold standard modality for
assessing PV hemodynamics; yet it yields flow velocity data for a
two-dimensional scanning area only, and is often blocked by
bowel gas. Magnetic resonance imaging (MRI) is a good alter-
native to the conventional modalities, as it enables noninvasive
anatomic and hemodynamic measurements; MR angiography
(MRA) for morphologic data and cine phase contrast (PC) MRI
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for time-resolved flow velocity data. In addition, 7-T (7T) MRI
possess higher spatial resolution than current standard of 3-T
MRI, and three-dimensional (3D) PC-MRI provides hemody-
namic data of three-dimensional PV flow.5 in any vessel of in-
terest.6 while 2D PC-MRI provides that within a single plane.
Hemodynamic analysis, meanwhile, allows us to calculate PV
flow parameters such as intravascular streamlines, pressure
gradients, and WSS, which is the friction stress between the
vascular wall and the blood, calculated from the velocity of blood
flow near the vascular wall.7 This study explores a new method
combining 7T MRI with hemodynamic analysis to obtain ac-
curate and detailed hemodynamic data within the intrahepatic
PV branches. This tool will improve our ability to study the
important and complex relations between liver and portal vein
hemodynamics.
Material and methods

Animals
Female Lewis rats (n = 5, aged 8–12 weeks, body weight
180–200g; SLC, Hamamatsu, Japan) were used for PV flow an-
alyses. The rats were maintained on a standard laboratory diet
and water ad libitum, and were housed in a temperature- and
humidity-controlled environment under a constant 12-h light/
dark cycle.
To evaluate the impacts of fasting and eating on PV flow, MR

scans were performed before and after a meal challenge. A first
MR scan (pre-meal) was performed after at least 16 h of fasting
(water was given). After the first scan, rats were given free access
to standard food for 2 h, after which a second MR scan (post-
meal) was performed.
During MRI, each rat was placed in a cradle in the prone

position. The rat’s head was fixed using ear bars and a tooth bar.
The animal’s electrocardiograph (ECG), respiratory rate, and
rectal temperature were continuously monitored using a sub-
dermal needle electrode, pressure-sensitive respiration sensor,
and Thermistor temperature probe, respectively (MR-Compat-
ible Small Animal Monitoring & Gating System, Model 1025, SA
Instruments, Inc., Stony Brook, NY, USA, with PC-SAM software
V.5.12, SA Instruments). Body temperature was maintained by a
flow of warm air supplied into the magnet bore using a heater
system (MR-Compatible Small Animal Heating System, SA In-
struments). Anesthesia was maintained by means of inhalation of
2–3% isoflurane in air at 1.4 L/min through a face mask. Ani-
mals’ heart rates ranged from 360 to 430 beats/min, body tem-
peratures ranged from 34 to 37� C, and respiration rates ranged
from 40 to 80 breaths/min.
After the post-meal MRI scan, the animals were sacrificed

humanely to retrieve the whole liver, and the weight of each lobe
was measured after excess fluid and surrounding tissues had been
removed.
All animal experiments were approved by the Kyoto Uni-

versity Animal Experimentation Committee and were
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performed in accordance with Kyoto University Animal Pro-
tection Guidelines.

MRI acquisition
MR measurements were conducted on a 7-T preclinical scanner
(BioSpec 70/20 USR; Bruker BioSpin MRI GmbH, Ettlingen,
Germany). A quadrature transmit-receive volume coil (inner
diameter 72 mm, T9562; Bruker BioSpin) was used for MR
signal detection. MRI data was acquired with a dedicated oper-
ation software package (ParaVision 5.1; Bruker BioSpin).
In order to obtain morphological data on the PV tree,

respiratory-gated three-dimensional time-of-flight MRA was
performed with the following acquisition parameters: pulse
sequence, flow-compensated gradient echo sequence; repetition
time (TR), 30 ms; echo time (TE), 2.2 ms; flip angle, 25�; field of
view (FOV), 32 × 32 × 16 mm3; acquisition matrix size,
100 × 100 × 50; isotropic spatial resolution, 320 mm; axial
orientation; number of averages, 2; and scan time, ~5 min
(depending on respiration rate).
A respiratory- and cardiac-gated two-dimensional cine phase

contrast MRI (2D cine PC-MRI),8 was used to acquire data on
the flow in the main PV. The image plane of the 2D cine PC-MRI
was placed perpendicular to the direction of blood flow with
reference to the MRA images. The imaging parameters of the 2D
cine PC-MRI were as follows: pulse sequence, flow-compensated
gradient echo sequence with bipolar gradient pulses; TR,
10.5 ms; TE, 2.7 ms; flip angle, 30�; FOV, 32 × 32 mm2; acqui-
sition matrix size, 160 × 160; in-plane spatial resolution,
200 × 200 mm2; slice thickness, 2 mm; number of slices, 1;
number of averages, 8; and scan time, ~5.5 min (depending on
heart and respiration rates). The velocity encoding direction was
set to the slice direction. The velocity encoding (VENC) values
were appropriately adjusted for each scan, i.e., for each indi-
vidual rat and time point, in the range of 35–40 cm/s based on
flow velocity. The number of frames was appropriately adjusted
for each scan in the range of 12–14 frames/cardiac cycle based on
each animal’s heart rate.
A respiratory-gated and non-cardiac-gated three-dimensional

phase contrast MRI (3D PC-MRI) was used to obtain data on the
flow in the whole PV tree, with the following parameters: pulse
sequence, flow-compensated gradient echo sequence with bi-
polar gradient pulses; TR, 30 ms; TE, 2.7 ms; flip angle, 25�; FOV,
32 × 32 × 16 mm3; acquisition matrix size, 100 × 100 × 50;
isotropic spatial resolution, 320 mm; axial orientation; number of
averages, 2; and scan time, ~20 min (depending on respiratory
rate). Four velocity encoding gradient steps comprised of com-
binations of three orthogonal gradients (Hadamard scheme)
were used to derive flow velocities for the three orthogonal
spatial directions. The VENC values were appropriately adjusted
for each scan, i.e., for each individual rat and time point, in the
range of 25–40 cm/s.
Hemodynamic parameters such as flow volume rate,

maximum and average flow velocities, vessel cross-sectional area,
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and WSS were calculated for arbitrary regions using iTFlow fluid
simulation software (Cardio Flow Design Inc., Tokyo, Japan).

Statistical analysis
The hemodynamic parameters are expressed as
median ± interquartile range (IQR). Hemodynamic parame-
ters of the intrahepatic PV branches were compared before and
after the meal challenge using paired Student t-tests. Param-
eters obtained by 3D PC-MRI and those obtained by 2D cine
PC-MRI were compared using paired Student t-tests. Param-
eters by the two methods were also compared using Bland and
Altman analysis by calculating the mean (d) and SD of the
difference. From these data, the limits of agreement (d – 1.96
SD and d + 1.96 SD) were calculated. Values obtained by 2D
cine PC-MRI were averaged at all 12–14 points in a cardiac
cycle. To evaluate heartbeat-associated changes in the main PV
flow, the pulsatility indices (PI) of maximum velocity, average
velocity and flow volume rate were calculated using mea-
surements obtained by 2D cine PC-MRI according to the
following equation: PI = (V’max-V’min)/V’mean (V’max;
maximum parameter in a cardiac cycle, V’min; minimum
parameter in that cardiac cycle, V’mean; average parameter at all
12–14 points in that cardiac cycle). Statistical analysis was
performed using GraphPad Prism for Windows, version 5.0, 8
(GraphPad Software, La Jolla, CA, USA). Statistical signifi-
cance was defined as p < 0.05. The Pearson correlation test was
used to assess the correlation between PV flow volume rate in
Figure 1 Assessment of the main PV using respiratory- and cardiac-g

of assessment, which includes the PV, IVC, and aorta. Representative mag

sequential images during one cardiac cycle with a temporal resolution o

shown, revealing flow volume rates (d) and maximum and average flow v

two-dimensional phase-contrast MRI
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the second-order branches and corresponding liver paren-
chymal weight.
Results

Assessment of flow in the main PV by 2D cine PC-
MRI and 3D PC-MRI
Flow in the main PV was analyzed by means of 2D cine PC-MRI
and 3D PC-MRI, as illustrated in Fig. 1a (2D cine PC-MRI) and
Fig. 2a (3D PC-MRI). First, magnitude images (Fig. 1b) and
velocity images (Fig. 1c) were obtained from five rats using
cardiac-gated 2D cine PC-MRI. Flow volume rate (Fig. 1d),
maximum flow velocity, measured in the center of the vessel as
seen in Fig. 1c, and average flow velocity (Fig. 1e) during a single
cardiac cycle were calculated and plotted. Pulsatility indices for
maximum and average flow velocities were relatively low, at 0.08
and 0.13, respectively, demonstrating that PV flow is fairly
steady.9 Based on this finding, we performed 3D PC-MRI
without ECG-synchronization and with time-averaging in the
following experiments, to shorten data acquisition time as well as
to improve flow data quality.9

Second, flow data for the whole PV tree was acquired from the
same five rats using 3D PC-MRI. The same site assessed by 2D
cine PC-MRI was assessed again using 3D PC-MRI data. Fig. 2a
maps out flow velocity, obtained from magnitude images by 3D
PC-MRI, as color-coded streamlines on a PV tree image, ob-
tained from time-of-flight MR angiography. Average and
ated 2D cine PC-MRI. An MR angiography image (a) shows the plane

nitude images (b) and velocity images (c) of the main PV are shown as

f 10.5 ms. Hemodynamic changes during a single cardiac cycle are

elocities (e). PV, portal vein; IVC, inferior vena cava; 2D cine PC-MRI,
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Figure 2 Assessment of the main PV using 3D PC-MRI. (a) The streamlines are visualized as color-coded lines, overlaid on a PV tree image

obtained from time-of-flight MR angiography. The plane for flow assessment is indicated by the white line. (b) Bland–Altman plot of data

obtained by 2D cine PC-MRI and that obtained by 3D PC-MRI for flow volume rate, average and maximum velocities, cross-sectional area, and

WSS. The dashed lines indicate bias, lower and higher limits of agreement. 2D cine PC-MRI, two-dimensional phase-contrast MRI; 3D PC-MRI,

three-dimensional phase-contrast MRI; PV, portal vein; WSS, wall shear stress. Each bar represents the IQR

4 HPB
maximum velocities and portal cross-sectional area were recor-
ded and hemodynamic analysis was conducted to quantify flow
volume rate and WSS (Table 1). The difference between the
measurements obtained by 3D PC-MRI vs. those obtained by 2D
cine PC-MRI was calculated to be 7.9% for flow volume rate,
10.8% for average flow velocity, 8.3% for maximum flow ve-
locity, 0.9% for cross-sectional area, and 9.6% for WSS (Table 1).
The cumulative results of the 3D PC-MRI/2D cine PC-MRI
comparisons are summarized in the Bland–Altman plots in
Fig. 2b. The five flow parameters of the main PV all demon-
strated good agreements between the newly-adopted 3D PC-
MRI and 2D cine PC-MRI, the previous standard method,
demonstrating that there was no consistent bias and the data
obtained by 3D PC-MRI was valid and reliable.
Table 1 Hemodynamic parameters in the main PV assessed by 2D cin

2D cine PC-MRI 3

Flow Volume Rate (ml/min) 18.6 ± 2.1 1

Average Velocity (m/min) 8.2 ± 1.5 7

Maximum Velocity (m/min) 18.8 ± 4.3 1

Cross-sectional Area (mm2) 2.3 ± 0.0 2

Wall Shear Stress (Pa) 2.5 ± 0.7 2

2D cine PC-MRI, two-dimensional phase-contrast MRI; 3D PC-MRI, three-d
as the median ± interquartile range (IQR).
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Assessment of PV flow in the whole PV tree by 3D
PC-MRI
The flow data for the whole PV tree was acquired by 3D PC-MRI
from five rats before and after the meal challenge. Hemodynamic
analysis was performed to create 3D mappings for streamlines
and WSS on a PV tree image obtained from time-of-flight MR
angiography, showing a complex spatial distribution and subtle
flow changes after the meal challenge (Fig. 3a–d). All the
intrahepatic PV branches, including the branches to the whole
liver (1:main PV), middle and left lateral (2), left median and left
lateral (3), right median (4), left median (5), left lateral (6), right
(7), and caudate lobes (8), were clearly depicted, and hemody-
namic parameters were quantified in eight planes as illustrated in
Fig. 3a. The flow volume rate in each plane and the
e PC-MRI and 3D PC-MR

D PC-MRI Difference 3D – 2D (%) P value

7.1 ± 2.6 −7.9% n.s.

.4 ± 2.3 −10.8% n.s.

6.5 ± 5.4 −8.3% n.s.

.5 ± 0.8 −0.9% n.s.

.2 ± 1.1 −9.6% n.s.

imensional phase-contrast MRI. n.s.; not significant. Data are expressed
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Figure 3 Assessment of PV tributaries by 3D PC-MRI. Representative data of the streamlines (a) and WSS (b) prior to meal intake were

mapped out, overlaid on a PV tree image. The planes of assessment are shown: 1, the main PV; 2, the branch feeding the middle and left lateral;

3, the branch feeding the left median and left lateral lobes; 4, the branch to the right median lobe; 5, the branch to the left median lobe; 6, the

branch to the left lateral lobe; 7, the branch to the right lobe; 8, the branch to the caudate lobe. The streamlines (c) and WSS mapping (d) in the

same animal after meal intake are shown as an indicator of PV flow changes in response to meal intake. The flow volume rate of each PV branch

and the corresponding parenchymal weight are plotted, showing a strong correlation between the two parameters (a correlation coefficient of

0.86, p < 0.0001) (e)

HPB 5
corresponding parenchymal weight are illustrated in Fig. 3e.
These values were significantly correlated with a correlation
coefficient of 0.86 (p < 0.0001), suggesting that the flow data
from the first- and second-order PV branches were valid and
precise.
Table 2 summarizes the hemodynamic parameters, i.e., the

flow volume rate, average and maximum flow velocities, cross-
sectional area, and WSS, in the eight planes before and after
the meal challenge. In the whole liver, as assessed in the main PV
(plane 1), the flow volume rate significantly increased by 13.1%
after meal intake (p = 0.02). Cross-sectional area increased by
4.0%, although this difference was not significant (Fig. 4a, c).
Maximum flow velocity increased by 9.0% (not significant),
whereas average flow velocity was similar before and after the
meal challenge. These data suggest that the increase in flow
volume rate in the main PV is attributable to the increase in
cross-sectional area. WSS was similar before and after the meal
challenge.
As for the first- and second-order PV branches, changes in the

flow volume rate in each tributary are illustrated in Fig. 4a and b.
Flow volume rate increased after the meal challenge in five of the
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seven planes, with a significant increase seen in plane 2 (p = 0.03)
and plane 7 (p = 0.01); this trend was not seen in the other three
lobes (planes 3, 4 and 5). Changes in the other parameters as
calculated in four representative branches are illustrated in
Fig. 4c. WSS was similar before and after the meal challenge in all
branches.
Discussion

To date, no optimal method of assessing intrahepatic PV flow has
been established. This study describes a novel imaging approach
in which 3D PC-MRI is combined with hemodynamic analysis,
allowing us to acquire flow data for the whole PV tree in rats,
including that within the very narrow first- and second-order PV
branches. In addition, flow imaging method enables us to
measure previously-unmeasurable hemodynamic values such as
streamlines, flow volume rate, and WSS. Our findings demon-
strate that 3D PC-MRI with hemodynamic analysis is a prom-
ising tool for assessing PV flow and that it may lead to a
breakthrough in our understanding of PV flow’s interaction with
liver disease/regeneration in small animal models.
ancreato-Biliary Association Inc. Published by Elsevier Ltd. All rights reserved.
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Table 2 Hemodynamic parameters in the eight planes before and after the meal challenge, and the parenchymal weight corresponding each

plane

Flow volume rate
(mL/min)

Average
velocity
(m/min)

Maximum velocity
(m/min)

Cross-
sectional
area (mm2)

Wall shear
stress
(Pa)

Corresponding
parenchymal
weight
(102 x mg)

Plane 1 pre/post
meal

16.8 ± 1.5/
19.0 ± 1.6

6.7 ± 3.2/
6.8 ± 1.6

14.5 ± 6.7/15.8 ± 4.5 2.5 ± 1.0/
2.6 ± 0.5

2.0 ± 1.5/
1.9 ± 0.7

55.6 ± 5.5

Plane 2 pre/post
meal

12.3 ± 3.9/14.5 ± 2
0.7

5.6 ± 1.9/
5.6 ± 1.0

12.0 ± 3.5/11.4 ± 3.5 2.0 ± 0.5/
2.5 ± 0.9

1.8 ± 1.7/
1.7 ± 0.5

40.7 ± 4.8

Plane 3 pre/post
meal

6.5 ± 4.3/7.7 ± 3.2 3.2 ± 1.5/
4.0 ± 1.6

7.4 ± 2.6/8.3 ± 2.1 1.9 ± 0.6/
1.9 ± 0.6

1.1 ± 0.5/
1.5 ± 0.6

25.0 ± 2.8

Plane 4 pre/post
meal

4.8 ± 0.9/5.7 ± 1.8 3.5 ± 0.9/
3.3 ± 1.3

6.8 ± 2.0/6.6 ± 1.5 1.6 ± 0.4/
1.6 ± 0.3

1.5 ± 0.4/
1.2 ± 0.6

15.1 ± 3.2

Plane 5 pre/post
meal

3.4 ± 4.3/5.7 ± 4.8 1.8 ± 1.2/
2.4 ± 1.1

4.7 ± 2.5/5.5 ± 4.5 1.6 ± 2.1/
2.0 ± 1.3

0.5 ± 0.6/
0.9 ± 0.5

7.3 ± 1.6

Plane 6 pre/post
meal

2.1 ± 2.5/1.8 ± 4.5 1.5 ± 1.2/
1.7 ± 0.7

3.5 ± 2.7/3.1 ± 2.2 2.0 ± 1.6/
1.2 ± 1.8

0.4 ± 0.5/
0.7 ± 0.3

18.9 ± 3.5

Plane 7 pre/post
meal

1.9 ± 1.8/4.2 ± 0.5 1.6 ± 3.2/
3.2 ± 0.7

3.1 ± 2.0/5.3 ± 1.0 1.0 ± 0.6/
1.4 ± 0.2

0.8 ± 1.2/
1.3 ± 0.4

10.9 ± 1.5

Plane 8 pre/post
meal

1.0 ± 1.2/0.6 ± 0.6 1.4 ± 1.1/
0.7 ± 0.6

3.1 ± 1.1/2.5 ± 2.0 0.8 ± 0.3/
0.7 ± 0.4

0.8 ± 0.5/
0.4 ± 0.3

3.6 ± 1.3

6 HPB
Several modalities have been used to evaluate PV flow in small
animals and humans. In humans, Doppler ultrasound has been
the standard modality for this purpose;10 yet it often yields
incomplete or inaccurate hemodynamic data due to the limited
Figure 4 Changes in flow volume rate in response to a meal challeng

Flow volume rate increased significantly in planes 1 (p = 0.02), 2 (p = 0.03)

in all eight planes in all five rats (b). Percentage changes for all measureme

before the meal challenge, p < 0.05)
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size of acoustic windows, which can be compounded by over-
lying gas-filled bowels,11 observer variability,12 the difficulty of
visualizing complex PV branches,11 and the inability to measure
three-dimensionally-variable flow using a 2D scanning
e for all eight analysis planes. (a) (n = 5) Each bar represents the IQR.

and 7 (p = 0.01). The graphs represent the changes in flow volume rate

nts in four planes (c). (* = significant difference compared to data taken
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technique. In small animals, flow meters,13–15 lase specs,16 and
microspheres,17,18 have been used to evaluate PV flow, but these
modalities are too invasive to be used repeatedly, and the flow
velocity data they provide is insufficiently detailed.
Alternatively, several studies have used MRI to evaluate PV flow

in humans and rodents,19,20 concluding that MRI offers several
advantages over the aforementioned modalities, including non-
invasiveness, objectivity as opposed to examiner dependence, and
a three-dimensional scanning area. Yet even 2D cine PC-MRI, the
standard MRI method to date, only detects flow velocity perpen-
dicular to a single cross-sectional scanning plane, and so does not
enable flow assessment of the entire PV tree. In this way, 3D MRI
offers an advantage over 2D cine PC-MRI in that it captures data
related to all flow vectors in all directions over the whole scanning
area,21,22 which enables retrospective flow analyses in any PV
branch of interest using the acquired data. Because this technology
has not frequently been applied to the liver or to PV flow assess-
ment, this study aimed to confirm its usefulness by comparing a
dataset obtained by 3D PC-MRIwith one obtained in the same area
by 2D PC-MRI as well as with previously reported data on the rat
PVobtainedby 2DPC-MRI.20Averageflowvelocity obtained by 3D
PC-MRI, by 2D PC-MRI, and from the reported data,20 was
7.4 ± 2.3, 8.2 ± 1.5, and 7.0 ± 1.7 m/min, respectively; flow volume
rate obtained from these three sources was 17.1 ± 2.6, 18.6 ± 2.1,
and 20 ± 7 mL/min, respectively.
An increase in PV flow after oral intake has been demonstrated

in humans,23–25 but, to date, we have lacked the ability to quantify
this increase with precision in small animals.26 This study detected
small flow changes in the narrow PV branches after a meal
challenge, indicating that, for the first time, small flow changes in
the narrow intrahepatic PV branches of small animals are available
for study. PV flow dynamics can now be accurately and serially
monitored with minimal harm to animals, and complex flow
characteristics can be quantified in terms of previously-
unmeasurable parameters. One research project where this new
method will be particularly useful is the study of PV hyper-
perfusion in advanced cirrhosis and its association with uneven
morphologic changes, whereby PV flow changes non-uniformly as
the liver stiffens, which may cause right liver atrophy with left and
caudate lobe hypertrophy.27 Another potential application of our
novel method is in examining PV flow changes after surgical in-
terventions such as hepatectomy, liver transplantation, or portal
vein embolization, where increased WSS or mechanical stress to
the PV endothelium may trigger liver regeneration after an
intervention.28 It is a critical goal in practice to identify an optimal
range of PV flow that will induce normal liver regeneration and to
elucidate the mechanisms that sometimes limit liver recovery, as in
the so-called small-for-size syndrome, which may be linked to
excessive hemodynamic stress.28

This approach has several limitations inherent to its use of
MRI. First, the anesthesia, which is unavoidable in an MRI study
using rats, could have added more variability and uncertainty to
the measurements. The relatively long duration associated with
HPB xxxx, xxx, xxx © 2021 International Hepato-P
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data acquisition in MRI compared with other modalities such as
CT scan or US may limit the use of our method. The application
of 3D cine PC-MRI, which currently requires much longer data
acquisition time compared with 3D non-cine PC MRI, and an-
alyses of pulsatility changes in the PV flow would be a future task.
Although little has been reported on abdominal MRI using 7T-
MRI, its high expense compared with 3T-MRI and potential
health hazards associated with its superhigh magnetic field could
be hurdles to disseminate the approach, when expanding this
technology to human.
Conclusion

Our imaging method combining 3D PC-MRI at 7T and hemo-
dynamic analysis is a promising tool for noninvasive serial
assessment of intrahepatic portal vein flow. It enables the mea-
surement of previously-unmeasurable hemodynamic parameters
in very narrow branches, which will allow future studies to
investigate portal vein hemodynamics associated with liver dis-
ease/postoperative liver recovery in small animals in detail.
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