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ABSTRACT

The purpose of this study was to quantitatively correlate the change of flow velocity and signal voiding in
TOF-MRA. We made our phantom to control the flow velocity, and changed the flow velocity in 16 steps from
8.0 to 127.3 mc/s. The TOF-MRA test was performed using a 3.0T MRI system and the signal intensity was
measured by classifying the signal voiding length and image into the In flow, Mid flow, and Out flow. The
length of signal voiding was the longest when the flow velocity was 127.3 cm/s and the signal intensity decreased
with increasing flow velocity(p<0.05). In flow(-.547) and Mid flow(-.643) were negatively correlated with flow
velocitys(p<0.05). In conclusion, it was confirmed that the increase in flow velocity was a major factor causing
signal voiding in TOF-MRA. In the future, this study will provide basic data when studying sequences and
parameters to reduce signal voiding in models with a high flow velocity.
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[. INTRODUCTION

in 2018,

cerebrovascular disease was the second highest cause

According to the Statistics Korea
of death in South Korea after cancer''. The causes of

cerebrovascular diseases are classified into sclerosis

and hemorrhagic factors, which are caused by
narrowing or blockage of blood vessels’™’!. Once a
cerebrovascular  disease  occurs, the  patients'

neurological symptoms make it difficult for them to
lead their lives and the social cost increases, such as
increase in the pain of family members to support the
patient”. Therefore, prevention is the best method for
cerebrovascular disease, and the tests wused for
Conventional

preventive  diagnosis are  CT,

Angiography, MRI, and MRA. Here, since CT and
conventional angiography uses X-rays, there may be a
problem with radiation exposure, and since a contrast
agent is required for vascular imaging, there are

507, In

problems with side effects of contrast agents
particular, contrast agents can cause minor side effects
such as itching and hives to serious ones such as
cardiac arrest, and according to a report by Korea
Consumer Agency, there were 7 cases of deaths from
side effects of contrast agents in South Korea between
2014 and 2016, so careful administration is required™.
However, the vascular imaging of the MRI tests uses
radio frequency, so it can be free from exposures'”.
In addition, the Time of Flight(TOF) MRA, which

enables vascular imaging without contrast agent using
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the hemodynamic physiological mechanism of the
human body, is safe from contrast agents!'®'",
TOF-MRA makes a difference in contrast between
blood vessels and surrounding tissues using the inflow
effect of arteries and saturation of the surrounding
tissues and reconstructs the image with Maximum
Intensity Projection(MIP)!'"?l, However, several studies
have reported the loss of vascular signal of TOF-MRA,
and the signal loss occurs due to various complex

problems!"*!4,

However, studies that analyzed the
signal change pattern of TOF-MRA in hypertensive
patients, a major cause of cerebrovascular disease, are
insufficient compared to its necessity. An increase in
blood pressure means that the blood flow rate increases
in the same lumen and that a phantom model that can
reflect various blood flow rates is needed. Therefore,
in this study, a phantom model made of nonmagnetic
material that can control the flow rate of a conduit
through pressure control was manufactured to
quantitively analyze the TOF-MRA signal pattern

according to various flow rates.

II. MATERIALS AND METHODS

1. Manufacturing of the Phantom

For the phantom body, a cylindrical container made
of polyethylene terephthalate with a diameter of 70
mm and a height of 230 mm was used. For the
vascular model, a tube that is 2mm in diameter and
3.14 mm’ made of polyethylene resin penetrated the
phantom body through the center of both bottom
surfaces. At one end of the vascular model tube, a
pressure line was connected to the auto injector, and
on the other end, the outlet was made by extending
the tube, realizing a vascular model through which
blood can flow. In order to create the environment
similar to blood vessels, H,O, a tissue equivalent
material, was filled inside the phantom body. Holes
were made on the side of the phantom body to
prevent susceptibility that may be caused by the

generation of air bubbles, and using a lcc syringe, the

air bubble was removed from the point where the air

bubbles occurred upon sealing it [Fig. 1].

Auto injector

Phantom Body

Material : polyethyleneterephthalate
(filled with water)

Diameter : 70 mm

Height : 230 mm

Tube
Material : polyethylene resin
Diameter: 2 mm

Fig. 1. Flow Phantom is an auto injector with a
saline connected to it for quantitative measurement.

Auto injector was used to control the amount of
fluid injected to the completed phantom per unit time,
and the velocity of the fluid flowing in the conduit
was controlled. The fluid velocity flowing through the
conduit can be expressed as Equation (1), because the
amount of fluid can be expressed as the amount of

volume flowing per unit time.

V = Q/A (1)
V : Flow velocity(m/sec)

Q :  Volumetric flow rate//Quantity of ﬂow(m3/sec)
A : Conduit area(mz)

For the fluid, physiological saline, which has
negligible viscous effect and has only a small
difference in viscosity from blood, was used. When
calculating the fluid velocity, the friction in the tube
was not taken into account. The pressure loss was
neglected by placing the tube horizontally to eliminate
the effect of gravity as well as the change in the
average flow velocity. The fluid was kept in laminar

flow with Reynolds number <2100.

2. Methods

In this study, 3.0 Tesla whole-body MRI (Achieva
TX, Philips, Netherlands) was used, and the pulse
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sequence used for TOF-MRA was 3D fast field echo.
The parameter was TR : 20 ms, TE : 3.5 ms, Matrix
: 400 x 200, Voxel : 0.45 x 0.9 x 0.5 mm’ , NEX :
1, Slice : 30, Chunk : 1, Scan time : 22.4 s, Flip angle
: 20° , Phase encoding direction : R - L, and FOV :
180 (AP) x 180 (RL) x 15 (FH) mm’. The phantom
was placed on the 32-channel SENSE head coil, and
the injection site was connected with the auto injector,

and the scanning was done at the center of the

Table 1. Flow velocity in the tube

phantom. Fluid was injected into the phantom with an
auto injector at a constant speed, and the amount of
fluid injected was 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75,
2.0, 2.25, 2.5, 2.75, 3.0, 3.2, 3.5, 3.7, and 4.0 m*/sec.

At this time, the flow velocity through the conduit
was calculated as 8.0, 15.9, 23.9, 31.8, 39.8, 47.6,
55.7, 63.7, 71.6, 79.6, 87.5, 95.5, 101.9, 111.4, 117.8,
and 127.3 cm/sec by substituting in Equation (1).
[Table. 1].

(n?ll/:s) 0.25 0.5 0.75 1 1.25 1.75 2 2.25 2.5 2.75 3 32 3.5 3.7 4
(cljn\;s) 8.0 15.9 239 31.8 39.8 47.8 56.7 63.7 71.6 79.6 87.5 95,5 1019 1114 1178

3. Data Analysis

Signal intensity of the image obtained after
examination was analyzed using Image J (v.1.52a Java
1.8.0_112(64-bit)), and voiding length at which signal
loss occurs was measured in 4 steps. The whole part
of the blood flow was set as ROI, and the average
value of the signal intensity was derived through the
histogram of ROI. Then, a signal intensity value that
was 20% reduced from the average value was
calculated, and after setting a plot profile of ROI, the
length of the previously calculated point of 20%

reduction was measured [Fig. 2].

QF : Quantity of Flow, FV : Flow Velocity
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Fig. 2. ROI setting (A) Mean in histogram (B) 20%
reduction point of Mean (C) and Length
measurement(Arrow).

8.0 159 239 31.8 39.8 47.8 56.7 63.7 71.6 79.6 87.5

95.5 1019 1114 117.8 1273

Fig. 3. Signal Loss Length in Experimental Images According to Flow Velocity(cm/s).
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In order to obtain the signal intensity value of the
blood flowing regions, the area was divided into three
sections: In flow section where the blood flows in, mid
flow section in the middle, and out flow section where
the blood flows out. Each part divided the same ROI
into a total of 90 sections, where ROIs numbered 1 to
30 were set as Out flow, those from 31 to 60 were set
as Mid flow, and those from 61 to 90 as in-flow. A
total of 4,320 data were obtained by measuring three

repetitive tests for 16 different speeds.

4. Statistical Analysis
SPSS(18.0v, IBM, USA) was used for statistical

processing. The Kruskal wallis test was used to
compare the average value of the voiding length for
each flow rate change. ANOVA test was used to

analyze the average of the signal intensity in the

in-flow, mid flow, and out flow sections, and Dunnett's
test was wused for post-test. Pearson's correlation
coefficient was used to confirm whether the change in
signal intensity was related to the flow velocity, and
statistical significance was determined when the p

value was less than 0.05.

II. RESULT

The imaging test results according to the parameters and

changes in blood flow velocity are shown in [Fig. 3].

1. Voiding Length according to the blood flow

velocity
The voiding length was the shortest at 8.0 cm/sec

with 0.16 £ 0.08 mm and longest at 127.3 cm/sec with
2.70 £ 0.07 mm (p < 0.05).

Table 2. Rol’s signal intensity and signal voiding length according to flow velocity with TOF-MRA

Flow velocity

(cm/s) Voiding Length (mm) In flow Mid flow Out flow
(8.5\2}11/5) 0.16 + 0.08 58.4 + 6.4 59.9 + 2.3 54.0 + 4.6
(lsgvéfn/s) 0.68 + 0.05 527 + 7.9 59.6 £ 1.9 60.0 = 3.6
(23.}?9V£n/s) 0.96 + 0.08 493 + 8.5 589 + 2.1 602 £ 29
(33?’::11/5) 1.17 £ 0.15 472 + 9.0 583 + 2.3 60.7 + 2.7
(392Vé?n/s) 1.47 + 0.04 424 + 9.1 544 + 33 59.0 = 3.4
(472Vé?11/s) 1.49 + 0.03 42.8 + 9.7 554 £ 2.8 604 + 29
(55.1:7\’5;/5) 1.66 + 0.06 39.1 + 94 523 + 45 57.1 + 45
(63.F7Vé§n/s) 171 = 0.05 392 +97 52.1 + 4.4 575 + 53
(71.}2\/6?11/5) 1.80 + 0.08 36.7 + 9.7* 49.5 + 2.8* 552 + 4.5%
(791?6\1611(1)1/5) 2.06 £ 0.13 35.8 + 9.5% 49.5 + 2.8% 55.8 + 4.3%
(87F_5\"01IL/S) 2.19 + 0.13 35.7 + 9.7* 49.6 + 3.8% 563 + 5.1
(95}?5\/ ‘Cli/s) 222 + 0.07 34.9 + 9.2% 492 + 4.0% 553 + 5.2%
(105\9]'1;11/5) 2.53 + 0.10 35.1 + 8.9 513 + 4.0 57.1 + 3.8
(llf.xgn/s) 2.50 £ 0.11 365 + 8.8 522 + 32 582 + 34
(”;\g‘lcfn/s) 2.54 + 0.17 369 + 8.2 51.5 + 33 573 + 3.4
(1;}‘&/5) 2.70 + 0.07 350 = 7.6 494 + 4.0 545 £ 5.1

P1, P1* .000 000 pl* 000 pl* 000 pl*

P2 N/A -.547 -.643 -192

FV : Flow Velocity, Signal intensity result : actual signal intensity/1000, P1 kruskal-walistest, P1* ANOVA test, *post-hoc test(Dunnett), P2 pearson's correlation test,
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2. Signal Intensity for each ROI

In the in-flow region, signal intensity was the
highest at 8.0 cm/sec with 58.4 + 6.4 and lowest at
95.5 cm/sec with 34.9 = 9.2, and there was a negative
correlation in which the signal intensity decreased as
the blood flow velocity increased (p < 0.05). In Mid
flow, signal intensity was the highest at 8.0 cm/sec
with 59.9 £ 2.3 and lowest at 95.5 cm/sec with 49.2
+ 4.0. In the out-flow region, signal intensity was the
highest at 31.8 cm/sec with 60.7 + 2.7 and lowest at
8.0 cm/sec with 54.0 = 4.6 (p < 0.05)[Table. 2].

IV. DISCUSSION

Time of Flight(TOF) MRA uses a magnetic field so
there is no radiation exposure, and the test is safe from
problems with contrast agents, as vascular imaging is
possible without them by looking at the difference in
contrast between the artery and the surrounding tissues
using the inflow effect of the artery and saturation of
the nearby tissues!'>'“'’). However, since TOF-MRA
uses hematological information, signal loss due to
various factors is inevitable. Previous studies reported
that signal loss occurs due to changes in blood flow
characteristics such as blood turbulence, circulatory
arrest, and aneurysm, but analysis of individual factors
related to signal loss was insufficient!"™"). In order to
analyze the correlation with signal loss by changing
the controllable blood flow velocity among the various
factors of TOF-MRA, we made a nonmagnetic
phantom that can control the fluid velocity and
measured it with various fluid injection rates. As a
result, as the fluid velocity increased, the signal loss
was observed in the in-flow and the mid flow regions,
which showed that as the fluid velocity increased,
there was a loss of signal at the in-flow and mid flow
regions, and the images changed due to an increase in
blood velocity. Signal intensity decreased from the
in-flow to the mid flow regions as the blood flow
velocity increased, showing a negative correlation.

There was a positive correlation with the increase in

velocity (p<0.5), and when the blood flow rate was
127.3 cm/s, there was a signal loss of 2.70 + 0.07mm

at the in-flow.

The known causes of signal loss are turbulence due
to vascular stenosis, aneurysm which is a vascular
disease, and increase in blood velocity due to pressure

291 There is a

increase caused by vascular stenosis
study that reported that plaque in blood vessels caused
by cholesterol causes arteriosclerosis due to calcification
of blood vessels, which narrows the inner diameter of
blood vessels, resulting in improper circulation of
blood and blood turbulence, leading to blood stasis
and signal loss?". In addition, OSHINSKI** found
that a change in signal intensity occurs due to blood
turbulence. However, there are only reports that signals
cannot be received due to turbulence caused by
changes in the inner diameter of blood vessels and no

analysis of individual factors.

According to Bosmans!®?), Cirillo*" signal loss was
reported in blood vessels where aneurysm occurred.
Aneurysms are caused by swelling due to pressure
applied to a blood vessel in which a stenosis occurred,
and even if RF pulses are applied, the blood cannot
flow so the signal gets lost. Signal loss due to aneurysm
has a similar effect to blood turbulence due to the
slowing of blood flow, and likewise, there are only
findings that signal loss occurs due to blood stasis and
no analysis of blood velocity and signal loss

A study shows that the blood velocity increases due
to an increase in pressure caused by stenosis!®Z°.
Based on the fact that the fluid velocity increases
when the amount of fluid is constant and the inner
diameter decreases, the fluid velocity in the blood
vessels increases. However, there is no analysis of
individual factors for the correlation between increase

in velocity and signal loss.

As the reason for the lack of analysis was
considered to be insufficient phantoms to measure this,
we created a phantom for the study to analyze the

correlation between the increase in fluid velocity and

969



Quantitative Analysis of Fluid Velocity and Signal Loss of the TOF-MRA in a 3.0T MR System: Using the Flow Rate

Control Phantom

signal loss. As a result, signal intensity decreased as the
fluid velocity increased, showing a negative correlation,
and as the fluid velocity increased, signals did not

appear in the in-flow and the mid flow regions.

The injection rate of MRI contrast agents mainly
used in clinical practice is 2-4 ml/sec, which is within
the range of 0.5-4 ml/sec set in this study. In the
TOF-MRA test, injection rate at 2 ml/sec to the
in-flow region led to 80 mm signal loss, and that at 4
ml/sec to the mid flow region led to 127mm signal

loss.

The limitation of this study was that it did not apply
various pulse sequences, and it did not suggest a
method to inhibit the increase in blood velocity using
the parameter. Since the study was only on laminar
blood flow by examining the increase in velocity due
to pressure change, future study on the signal loss due
to decrease in velocity caused by blood turbulence
seems necessary. Nevertheless, this study is significant
in that the correlation between blood flow velocity
and signal loss was analyzed from the signal loss of
TOF-MRA and that the possibility of signal loss
between the in-flow and the mid flow regions when

the fluid velocity increases was observed.

V. CONCLUSION

This study presented a phantom model that can
measure and control the blood velocity and confirmed
that the increase in blood flow velocity was a major
factor in signal loss of TOF-MRA. This study will
provide basic data in a future study that changes the
sequence and parameter of TOF-MRA and inhibits signal

loss in the area where the blood velocity is fast.
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