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Abstract

A non-invasive method for measuring portal blood flow by magnetic resonance (MR) phase
contrast was evaluated in a flow phantom and 20 healthy volunteers. In a flow phantom study, the
flow volumes and mean flow velocities measured by MR phase contrast showed close correlations
with those measured by electromagnetic flowmetry. In 20 healthy volunteers, the cross-sectional
areas, flow volumes and mean flow velocities measured by MR phase contrast correlated well with
those measured by the Doppler ultrasound method. Portal blood flow averaged during the imaging
time could be measured under natural breathing conditions by using a large number of acquisi-
tions without the limitations imposed on the Doppler ultrasound method. MR phase contrast is
considered to be useful for the non-invasive measurement of portal blood flow.
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A non-invasive method for measuring portal
blood flow by magnetic resonance (MR) phase
contrast was evaluated in a flow phantom and 20
healthy volunteers. In a flow phantom study, the
flow volumes and mean flow velocities measured
by MR phase contrast showed close correlations
with those measured by electromagnetic flow-
metry. In 20 healthy volunteers, the cross-
sectional areas, flow volumes and mean flow
velocities measured by MR phase contrast cor-
related weli with those measured by the Doppler
ultrasound method. Portal blood flow averaged
during the imaging time could be measured under
natural breathing conditions by using a large
nurmber of acquisitions without the limitations
imposed on the Doppler ultrasound method. MR
phase contrast is considered to be useful for the
non-invasive measurement of portal blood flow.

Key words: portal blood flow, magnetic resonance imag-
ing, phase contrast

P ortal blood flow measurement is considered to be
important for the analysis of hemodynamics in
various liver diseases (1-4). The Doppler ultrasound
method has been used extensively during the past several
years for measuring portal blood flow as a non-invasive
method. In this study, we measured the blood flow in the
main trunk of the portal vein as a novel application of
magnetic resonance (MR) phase contrast (5-7) to the
abdominal region. A comparative study was also conduct-
ed between the MR phase contrast and Doppler ultra-
sound methods.
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Materials and Methods

A flow phantom was used in the basic study. Twenty
normal adult volunteers free from liver disorders were
used as the subjects in the actual measurement of portal
blood flow. A 0.5-T superconducting MR imaging system
(Resona: Yokogawa Medical Systems, Tokyo, Japan)
was used. Images were obtained using the body coil
according to the pulse sequence indicated in Fig. 1 with
a repetition time of 80 msec and a echo time of 42 msec.
The field of view was 350 mm. Image matrix was 256 X
192. The flip angle of the radio frequency pulses was 30
degrees. The number of acquisitions was 16 and the slice
thickness was 10 mm. The flow volumes and mean flow
velocities were measured using the phase images. A
Toshiba SSA-270A (Toshiba Medical, Tokyo, Japan)
was used to measure the portal blood flow by the Doppler
ultrasound method.

Principle.  Gradient echo sequences were used in
which a bipolar flow-encoding gradient was applied in the
direction of the slice. The polarity of the flow-encoding
gradient is inverted for each acquisition of data (5-7). The
pulse sequence is indicated in Fig. 1. Fig. 2 indicates the
relationship between the flow-encoding gradient and the
induced phase shift. The amount of phase shift & for each
pixel is expressed in the manner of equation (Eq.) 1, if the
velocity is taken to be constant (5-7):

8= yAgVT (Eq. 1)

where y is the gyromagnetic ratio, Ag is the area of the
positive lobe of the bipolar flow-encoding gradient pulse
and T is the time between the center of the lobes of the
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Fig. | Pulse sequence used in this study. This pulse sequence was repeated with inverted flow encoding gradients, as shown by the dashed

lines. First-order flow compensation was incorporated in all directions. In this study, flow encoding gradients were in the slice direction.
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bipolar pulse. V is the steady flow velocity.

The data are acquired for alternating polarities of
flow-encoding gradients and subtracted as indicated in Fig.
3. Thus, as expressed in Eq. 2, the measured phase
shift ¢ is twice as much as that induced by flow by one
scan.

¢ =260=2yAgVT. (Eq. 2)

Actually, since static sites also produce a certain
degree of phase shift mainly due to the effects of eddy
currents, the amount of phase shift from those static sites
is shown to be the mean phase error. As indicated in Eq.
3, the difference between the measured phase shift in the
region of interest (ROI) and the mean phase error in the
static sites is considered to be the phase shift due to flow.
Flow velocity (V) is then determined by Eq. 3:

v= RO IR Rov. @ 9
ROI: Measured phase shift in the region of interest (as
ROI value)

Fig. 2  Relationship between flow encoding gradient and the phase
shift of the spins. 8 is the velocity-induced phase shift. ¥ is the
gyromagnetic ratio. Ag is the area of the positive lobe of bipolar
gradient pulse and T is the time between the center of the lobes of
the bipolar pulse. V is the steady flow velocity.
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Fig. 3

Relationship between vector subtraction of the acquired data sets with inverted flow-encoding gradient and the measured phase shift

¢ in the phase image. 8 is the velocity-induced phase shift. -8 is the phase shift with inverted flow-encoding gradient. Both vectors have a
magnitude of k. Complex subtraction yields the vector whose magnitude is 2ksin 6. ¢ = 26 is obtained from the phase image.

MPE: Mean phase error (as ROI value)

MAX: Maximum value of the phase image (= 5007z in
this study)

ROV: Range of velocity (= 40cm/sec in this study)

In the phase images used in this study, the ROI value
reached the maximum value (= 5007) when the phase
shift was 180 degrees. Range of velocity (ROV) was the
velocity when the phase shift was 180 degrees and was
calculated from Eq. 2. Considering the velocity of portal
blood flow in vivo, ROV was set at 40 cm/sec.

Flow phantom study. A polyvinyl chloride
tube (inside diameter: 10mm) was passed straight
through a water bath filled with degassed water. Physio-
logical saline solution was circulated through the tube with
a pump. The flow volume was adjusted while measuring
with an electromagnetic flowmeter (MEFV3100: Nippon
Koden). The flow volumes and mean flow velocities in the
tube were measured by MR phase contrast at a cross-
sectional slice perpendicular to the tube while changing the
flow volume over the range of 4-22cm?®/sec. Those
results were compared with the values obtained from the
electromagnetic flowmeter.

Measurement of portal blood flow in
healthy volunteers.  All studies on healthy volun-
teers were performed under natural breathing conditions.
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After the main trunk of the portal vein was represented
with a pilot scan using coronal sections, the imaging plane
was set perpendicular to the main trunk of the portal vein.
Imaging was performed using the rapid scan technique (6)
without synchronization to electrocardiogram, pulse wave
or respiration. The cross-sectional areas, flow volumes
and mean flow velocities were measured nearly at the
central level of the main trunk of the portal vein in 20
healthy volunteers. In addition, the cross-sectional areas,
flow volumes and mean flow velocities were measured
while interrupting breathing using Doppler ultrasound
according to the method of Moriyasu et al. (1). Those
results were compared with the MR measurements.

Results

Flow phantom study. The results of measure-
ments of the flow volumes and mean flow velocities using
the electromagnetic flowmeter and MR phase contrast are
indicated in Figs. 4 and 5. The flow volumes and mean
flow velocities measured by the MR phase contrast
showed close correlations with those measured with the
electromagnetic flowmeter.

Measurement of portal blood flow in
healthy volunteers. Typical images are indicated
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Fig. 4 Correlation between the flow volumes measured by MR
phase contrast and electromagnetic flowmeter.
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Fig. 5  Correlation between the mean flow velocities measured by
MR phase contrast and electromagnetic flowmeter.

Table | Portal blood flow in 20 volunteers measured by MR phase
contrast method and Doppler ultrasound method

MR Phase Doppler Ultrasound
Contrast Method Method
Mean flow velocity(cm/sec) 1.2 1.7 22+ 1.3
Flow volume(cm?/sec) 120£3.3 125+3.2

Cross-sectional area(cm?) 1.07 £ 0.21 1.05+0.21

in Fig. 6. Figs. 6a and 6b were obtained from the same
data set. Fig. 6a is a modulus image which is used for
MR angiography, and Fig. 6b is a phase image which is
used for flow quantification. The cross-sectional areas,
flow volumes and mean flow velocities of the main trunk
of the portal vein which were measured by MR phase
contrast and Doppler ultrasound method in 20 volunteers
(age: 24-55; men: 10; women: 10) are shown in Table
1. Good correlation between the MR phase contrast and
Doppler ultrasound methods are indicated in Figs. 7 and
8.

Fig. 6 Portal blood flow images in a healthy volunteer. a:
modulus image b: phase Image
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Fig. 7  Correlation between the flow volumes measured by the MR

phase contrast and Doppler ultrasound methods in 20 normal volun-
teers.

Discussion

After Dumoulin et al. first reported MR angiography
using MR phase contrast in 1986 (5), research has been
conducted on MR phase contrast with emphasis on the
visualization of flow. However, quantitative measurement
of blood flow is also possible using phase images.
Although studies of flow measurement using flow-induced
phase shift have been reported (8-12), this technique is
advantageous in that it emphasizes the phase shift induced
by flow and minimizes noise components. In addition,
compared to methods not based on phase contrast, this
technique only requires half the amount of flow-encoding
gradient pulses. This is advantageous when measuring
slow flow, which requires comparatively large flow-
encoding gradient pulses. Although there are scattered
reports of the application of the time-of-flight technique to
portal blood flow measurement (13, 14), it requires
breath holding and it is difficult to measure the mean
velocity of blood flow due to its velocity profile.

In our study, portal blood flow could be measured
under natural breathing conditions by averaging the data
from a large number of acquisitions. The MR phase
contrast method has the advantage of being able to
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Fig. 8  Correlation between the mean flow velocities measured by
the MR phase contrast and Doppler ultrasound methods in 20 normal

volunteers.

measure portal blood flow in patients who can not hold
their breath.

The diameter and flow velocity of the portal vein
change due to respiration, and the portal vein trunk
moves as the subject breathes. Furthermore, the pul-
satility of the portal vein is observed in normal adults
(especially young women) and in patients with congestive
cardiac insufficiency (15, 16) on Doppler ultrasound
examinations. A large number of acquisitions averages
these motions and changes of the velocity, and it averages
phase shift errors of static portions of the subject. In
addition, motion artifacts and flow artifacts are suppres-
sed by averaging.

In the basic study using a flow phantom, measured
values obtained from an electromagnetic flowmeter and
measured values obtained from MR phase contrast were
in close agreement. Although there are differences in the
measurement conditions between the MR phase contrast
and Doppler ultrasound methods, a favorable correlation
was demonstrated in actual measurements.

An imaging time of just under 8 min is required to
increase the number of acquisitions. However, averaged
blood flow can be measured and the examination itself is

simple.
While the Doppler ultrasound method has the advan-
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tages of being able to perform examinations comparatively
easy and to measure the velocity of blood flow in real time,
there are certain problems associated with it. First, the
angle of the Doppler ultrasound beam in relation to the
main trunk of the portal vein is critical to obtain accurate
measurement. Second, much intestinal gas and large
amounts of fat (as in cases of obesity) will block the beam.
Third, measurement may not be possible in elderly per-
sons who are not able to hold their breath effectively.
Fourth, it requires a high degree of technical skill. MR
measurements can be performed without these limitations.
In addition, the method employed in this study allows
measurement of the mean blood flow averaged during the
imaging time under natural breathing conditions. This
method is considered to be useful for the measurement of

portal blood flow.
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