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= Abstract=

In order to observe the pattern of a flow image on multisection MR imaging technique, a
flow phantom experiment was performed using a superconducting high field 2.0 Tesla MRI
scanner.

The pattern of the first section images was homogeneous round at all flow velocities until
the turbulence forming level. The patterns of the second section images, however, changed
into a homogeneous round shape, a ring shape, a target shape, and a small round shape as
the velocity increased. When scanned at velocities higher than the turbulence forming level,
the images become distorted and irregular, and eventually disappeared after the cut-off velocity.
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The homogeneous round image seen at the lower velocity levels is thought to be due to

the overwhelming effects of fully magnetized spins influxed into the imaging section during
the prior repetition time(TR). Later in the highr velocity levels the effects of the partially
saturated spins and fully magnetized spins influxed during the section transit time(TR/slice

number) are added, and result in ring, target, and small round patterns in the second section

image.

KEY WORDS : Magnetic resonance, experimental * Blood vessels, MR studies * Blood, flow

dynamics.

INTRODUCTION

In MR imaging, it is well known that rapid flow
shows signal loss that induces the natural contrast
of blood flow in the cardiovascular system with nei-
ghboring anatomical structures"®. In addition to the
high velocity signal loss, other flow phenomena
such as flow related enhancement, even-echo re-
phasing and pseudogating were also reported”™.

In multisection imaging of flow, paradoxical enha-
ncement can be seen at the slow flow velocity levels
in the entry slice”, and the pattern of the transaxial
flow image is known to change with regards to the
flow velocity in each slice of multisection MR ima-
gingﬂ)!o)‘

We performed an experimental phantom study to
see the changes in patterns of MR flow images
in transaxial multisection MR imaging especially
at the first and the second slices. Theoretical inter-
pretations for the various image patterns were atte-
mpted.

MATERIALS AND METHODS

1. Flow phantom

Three parallel soft PVC tubes, with 0.96cm inner
diameter each, were used as the flow phantom.
Each tube has its own flow adjuster connected to
a water tank. The central tube was filled with sta-
tionary water in order to get the control image.
The length of the straight portion of each tube was

2.0cm ; long enough to eliminate the chance of tur-
bulence formation due to the curvature of the tube.
Plain tap water (T;=1536msec, T,=297msec) was
used as the flowing material. The flow velocities
were adjusted to get nine different levels from 0.5
cm/sec through 42.3cm/sec.

2. MR Imaging

A superconducting 2.0 Tesla MRI scanner develo-
ped by the Korea Advanced Institute of Science
was used. The applied field gradient was 0.2G/cm
and the matrix number was 256X 256. All the ima-
ges were obtained from the two dimensional Fou-
rier Transformation method. All the scans were
performed using a spin-echo technique in which
a 90° excitation pulse was followed by a 180° refo-
cusing pulse. The applied TR was 400msec and
800msec and the TE was 27msec. Transaxial multi-
section images of 5 slices were taken with lcm
of slice thickness at 9 different velocity levels.

3. Image analysis

The signal intensity was obtained from the circular
region of interest(ROI) in each transaxial flow
image at the first slice of the multisection images.
The ROI was composed of 8 or 14 pixels according
to the size of the images. The signal intensity (1)
of each flow image was compared with that of the
stationary water(lo).

The changes of the image patterns in relation to
the flow velocity were analysed in the first and
the second section with a particular interest on
the characteristics of laminar flow.
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RESULTS

The first slice

The transaxial MR imaging of the flow phantom
showed a homogeneous round pattern throughout
all velocity levels until turbulence formation(Fig.
1). As the velocity increased above the level of
turbulence formation, the image became distorted
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Fig. 1. Changes of flow appearance in relation to the
flow velocity, TR, and location of imaging sec-
tion in multisection imaging technique. First
section images show homogeneous round pat-
tern at velocity range of 0.5cm/sec-14.3cm/sec
in both TRs. Second section images show
more variable patterns by different velocity
levels and TRs : homogeneous round, ring
shape, target shape, and small round images.
Images are distorted and irregular at velocity
28.8cm/sec due to turbulence formation regar-
dless of TR and location of imaging section.
TR ° Repetition time.

TE : Echo time. 1st . First section image. 2
nd : Second section image.

and irregular, and eventually was lost.

Relative signal intensity(I/lo) increased as the
velocity increased at slow velocity levels. The maxi-
mum value of I/lo was 2.39, and it was given at
the flow velocity 1.85cm/sec (Vmax), when scanned
with TR 800msec. When scanned with TR 400msec,
the maximum value of I/Io and the Vmax was 3.42
and 2.5cm/sec respectively. After reaching a peak,
the signal intensity decreases at the velocity increa-
sed(Fig. 2).

The second slice

With TR 800msec, the image pattern was homoge-
neous round at slow velocity levels (0.5cm/sec and
1.2cm/sec) as seen in the first section image. As
the velocity increased the image pattern showed
variable shapes ; a thick ring shape at 1.8cm/sec,
a thin ring shape with a faint central intensity at
2.5cm/sec, and small round shape at the high velo-
city levels (4.5cm/sec, 6.3cm/sec, and 4.3cm/sec).
At the velocity 28.8cm/sec, the image became disto-
rted and irregular just as seen in the first section
image. No signal was seen at the velocity 42.3cm
/sec(Fig. 1).

With TR 400msec, homogeneous round shape was
seen at slow velocity levels through 2.5cm/sec. The
image pattren changed as the velocity increased : a
thin ring shape with a faint central intensity at 4.5
cm/sec, a target shape at 6.3cm/sec, and a small
round shape at 14.3cm/sec. At the velocity above
the turbulence forming level, the images become
distorted and finally disapperared as in the scans
with TR 800msec(Fig. 1).

DISCUSSION

The signal intensity of the first section image was
influenced by the influx of fully magnetized spins
into the imaging section during the repetition time
and wash-out of excited spins from the imaging
section during the time between 90° pulse and 180°
pulse.

In the plug flow model, the postion of a spin along

— 667 —



40}
1/70

o: TR z2400msec
«: TR =800 msec

30

20 L

i i I A !

s A
0% 1.0 20 5.0 100 200 300

Velocity (cm/sec)

Fig. 2. Change of signal intensity with regards to the flow velocity and TR. Relative intensity(I/Io) is
initially increased as velocity increase.
After reaching peak, intensity decreases as velocity continues to increase. Enhancement of signal
intensity is more accentuated with scanned with short TR. I : Intensity of flowing water. Io : Intensity
of the stationary water. TR ’ Repetition time.
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Fig. 3. Difference of profile between plug flow and laminar flow explaining inflow signal enhancement.
A ! Plug flow. Effect of inflow enhancement at first section becomes maximum when velocity is
L/TR.
B Laminar flow. Amount of influxed fully magnetized spin at first section is less than that seen
in plug flow, because spins at central portion of laminar flow start to leave imaging section when
mean velocity becomes higher than L/2TR. L Slice thickness. 1-5 ! Slice number in multisection

imaging. 224 . Fully magnetized spins. . Patially saturated spins.
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Fig. 4. Comparison of the effect of inflow signal enha-
ncement between plug flow and laminar flow.
In Plug flow, effect of inflow signal enhance-
ment increases linearly as velocity increases
until reaching peak at velocity V=L/TR. In
laminar flow, the effect increases linearly as
velocity increases until mean velocity reaches
L/2TR. After that velocity, it converges to the
maximum value. o Intensity of stationary
water. L ! Slice thickness. TR : Repetition
time.

- Change in plug flow.
e . Change in laminar flow.

the axis of the flow, X, is represented as a equa-
tion
X=V- T, .................................... (1)

When V is the velocity of flow and T is the time
lapsed. According to the equation(1), the influx
of fully magnetized spins into the imaging section
reaches the maximum value when V is L/TR(L 3
slice thickness, TR 3 repetition time).

In the laminar flow model, as the velocity phase
shows the parabolic pattern(Fig. 3), the position
of a spin along the axis of the flow, X, can be repre-
sented as a equation

X= 12(\2/ : (Rz_Yz) T, ..................... (2)

When V is the mean velocity, R is the half radius
of the conduit, Y is the distance from the central
axis of flow along the perpendicular direction, and
T is the time lapsed'’.

According to the equation?, the amount of the fully
magnetized spins influxed into the imaging section

Relative Intensity
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g. 5. Comparison of the effect of outflow signal loss
between plug flow and laminar flow. In pulg
flow, signal intensity decreases linearly from
maximum value “1.0" (at V=0) to “0"(at V=
2L/TE). In laminar flow, signal intensity dec-
reases linearly as seen in plug flow until mean
velocity reaches L/TE. Thereafter it converges
to “0". L : Slice thickness. TE : Echo time.

. Change in plug flow.

: Change in laminar flow.
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Fig. 6. Sum of the effects of inflow signal enhance-
ment and outflow signal loss. Note the fact
that small TR gives small lo value and, in turn,
small lo gives large I/Io value  and that Vmax
takes larger value in laminar flow than in plug
flow. Io ! Intensity of stationary water. TR :
Repetition time. Vmax @ Velocity that gives
maximum intensity. L . Slice thickness.

: Change in plug flow.
: Change in laminar flow.
mumemess . Sum of the effects in laminar flow.
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Fig. 7. Diagrams explaining the diversity of flow profile in the second section image with regards to flow
velocity. A © Dominant effect of fully magnetized spins influxed primarily during prior TR results
in homogeneous round image. B . Combined effect of fully magnetized spins influxed primarily
during prior TR and partially saturated spins influxed from the first section during section transit
time (TR/number of slices s TT) result in ring shape image. C : Additional effect of fully magnetized
spins influxed secondarily during TT results in target shape image. D | Dominant effect of fully
magnetized spins influxed secondarily during TT results in small round image.
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during the time TR increases linearly as a function
of time until the velocity reaches L/2TR, and after
then, it converges to the maximum value(Fig. 4).
The wash-out of the excited spins during the time
TE/2 shows the same pattern s a linear relation
until the velocity of L/TE, and a convergence to
the maximum value after then(Fig. 5). Figure 6
shows the sum of the effects of flow relates signal

¢ Fully magnetized spins influxed primarily during prior TR.
. Spins that experienced RF pulse at the first section.
> Fully magnetized spins influxed secondarily during TT.

Spins that experienced RF pulse during prior TR.

enhancement and the high velocity signal loss in
the laminar flow model represented by the intensity
curve as a function of time. The intensity curve
shows the fact that a small TR value gives a small
Io value, and in turn, a large I/Io value ; and that
the Vmax takes a larger value in the laminar flow
than in the plug flow.

In the first section imaging, although a decrease
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in the size of the image due to the peripheral signal
loss according to the dephasing effect of spins could

be expected at high velocity levels™"

, no significant
changes in the size of the image were appreciated
in this experiment. In the second section imaging,
however, the size of the image become smaller at
high velocity levels. From these facts, it is sugges-
ted that the time of flight effect plays a more impor-
tant role in the construction of the image pattern
than the odd echo dephasing effect does.

In the second slice, the flow image is influenced
not only by the fully magnetized spins influxed into
the imaging section during TR, which is the main
factor for the homogeneous round shape of the first
and second section images at the slow velocity le-
vels(Fig. 7-A), but also by some other additional
factors. As the first additional factor, we can think
about the influx of the partially saturated spins,
received RF pulse at the first slice, into the imaging
section during section transit time. This effect re-
sults in loss of signal intensity in the central portion
of the transaxial image, and hence comes the ring
shaped image(Fig. 7-B). At the higher velocity le-
vel, there occurs a secondary influx of fully magne-
tized spins during the section transit time.

The combined effects of fully magnetized spins
infulxed primarily during TR, partially saturated
spins influxed during the section transit time, and
fully magnetized spins influxed secondarily during
the section transit time form the target shaped
image(Fig. 7-C). As the velocity increases more,
the portion of the imaging section relplaced by the
fully magnetized spins influxed secondarily during
the section transit time becomes greater, and con-
sequently the image shows a homogeneous round
pattern again, however, with a smaller size than
the round image seen at the slow velocity levels
(Fig. 7-D).

In this experiment the turbulence of flow was ex-
pected at the velocity higher than 21.9cm/sec (Rey-
nolds number>2100)*. The distorted and irregu-
lar images obtained at the velocities above that level
are thought to be the result of turbulence formation.

The understanding of the characteristics of lami-
nar flow and variable flow image patterns seen on
the multisection MR imaging technique will be hel-
pful to the correct interpretation of clinical MR
images and further experimental works as well.
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