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Compatibility and Validation of a Recent Developed Artificial
Blood through the Vascular Phantom Using Doppler Ultrasound
Color- and Motion-mode Techniques
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Background: Doppler technique is a technology that can raise the predictive, diagnostic, and monitoring abilities in blood flow and suitable
for researchers. The application depends on Doppler shift (shift frequencies), wherein the movement of red blood cells away from the
probe is determined by the decrease or increase in the ultrasound (US) frequency. Methods: In this experiment, the clinical US (Hitachi
Avious [HI] model) system was used as a primary instrument for data acquisition and test the compatibility, efficacy, and validation of artificial
blood (blood-mimicking fluid [BMF]) by color- and motion-mode. This BMF was prepared for use in the Doppler flow phantom. Results: The
motion of BMF through the vessel-mimicking material (VMM) was parallel and the flow was laminar and in the straight form (regular flow of
BMEF inside the VMM). Moreover, the scale of color velocity in the normal range at that flow rate was in the normal range. Conclusion: The
new BMF that is being valid and effective in utilizing for US in vitro research applications. In addition, the clinical US ([HI] model) system
can be used as a suitable instrument for data acquisition and test the compatibility, efficacy, and validation at in vitro applications (BMF, flow

phantom components).
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INTRODUCTION

Doppler ultrasound (US) supplied an instrument which
measures the blood speed and flows.!'3] Furthermore, it
utilized in the research field and clinical field investigations
to quantify the range and influence of arterial disease.**! In
Doppler imaging of blood, the constant object is the probe,
and the moving or shifting reflectors that produce the
returning signal echoes are initially the blood. The Doppler
frequency (Doppler-shift) is known as the variation between
the frequencies of transmitted and received of US waves
echoes.[*®1 The shade of gray refers to the amplitude of each
speed part. The higher the amplitude, the brighter the speed
shown on the screen. By agreement, the flow toward the probe
is presented above the zero-speed baseline, whereas the flow
far away from the scrutiny is displayed below the zero-speed
baseline. Similarly, color Doppler is shown as a red color
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indicated flow toward the probe, while the other blue color
stated the flow far away from the scrutiny.l'?

Blood that precisely mimics real human blood systems in
all its properties is often referred to as blood mimicking
fluid (BMF). It consists of chemical fluid and powder materials
are occasionally mixed to mimic physical, acoustical, and
chemical properties.!'*) The advantage of items used in a BMF
preparation that they can construct it with general acoustic,
particles, and physical properties. Furthermore, BMF is applied
to compare the act of US systems for the practice of Doppler
US technicians, to allow comparison of backscatter properties
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of Doppler US and to evaluate it in a Doppler flow test object
or diagnostic techniques.’>'42!

Flow phantoms constitute a significant appliance for the
development of the Doppler US mechanism for examining the
blood flow. Generally, wall-less vessels are preferable to be
used in preventing mismatch problems in acoustic properties
between tissue-mimicking material (TMM) and the vessel wall.
It allows vessel-mimicking material (VMM) to be suitable
since the TMM direct link to the BMF, and reduce or remove
the Doppler artifacts.[!+122225]

There are two ways for color-mode (C-mode) ultrasonic
imaging estimation: PW-mode (spectral Doppler) and C-flow
modes. The spectral model is testing the blood speeds of
arteries at a specific site. Whereas, C-flow mode utilizes
C-Doppler signals overlie on a B-mode scan image of the
artery to evaluate its vascularity. Both ways depend on the
Doppler-shift frequencies. Thus, when the signal wave of
blood cells (source) is constant, or there is no variation between
transmitted and received frequencies, and in this case, the color
Doppler signals undiscovered. The positive Doppler frequency
occurs when the source flow approaches toward the probe, and
the receiving signal frequency wave is higher than the emitting
frequency. While, a negative Doppler signal frequency occurs
when the blood cells move away from the probe, or in other
words, when the frequency of the emitting signal is higher
than returning frequency.[¢26:27]

MeTtHoDS

Preparation of new blood mimicking fluid

In this experiment, a BMF consisting of small particles
that mimic US scatterers, such as red blood cells was
used, which is essential in wall-less flow phantoms.
The laboratory-made BMF was composed of scattered
particles (poly [4-methyl styrene]) material of 3—8-um
diameter mixed with distilled water (70.0%), propylene
glycol PG (5.0%, Sigma-Aldrich, Germany), and polyethylene
glycol PEG (25.0%, Sigma-Aldrich, Germany). Before each

Figure 1: Appearances of the blood-mimicking fluid sample in
transparence glass

use, BMF was filtered through a paper sieve with 30 um
pores (laboratory sieve, USM) to remove clots that could
block the phantom channels. However, more details about this
laboratory-made BMF were explained in the previous literature
review [Figure 1].011:12

Fabrication of wall-less flow phantom

The vascular wall-less flow phantom and its measurements
were done and published in the previous research study.!'”!
The fabrication of Konjac Carrageenan (KC are two organic
items that become robust and flexible form when added
together in H,0), and gelatin-based TMM done.["* In addition,
the gelatin (bovine skin) helped to increases the strength of
TMM. Thus, the phantom made of transparent acrylic, with
the box opened from the top side of a house for the KC and
gelatin-based TMM. The length, width, and height of this box
are (260 mm x 120 mm x 90 mm), respectively, with plastic
pipe connectors and connected to flexible tubing to a container
of BMF. A hard metallic rod (8.0 mm) supplied a phantom
mold for the artery (vessel) which was placed horizontally
15 mm beneath the scanning surface, because the ideal depth
of real human common carotid artery (CCA) was achieved with
pulsatile flow, with a depth of 15 mm, and due its significant
to ensure that the relevant physical and acoustical features
of this TMM which correspond to the features of real human
tissues."” The diameter of the metal rod for the core was
measured utilizing a Vernier caliper before the cooking and
pouring of the TMM. To the extent that when the TMM placed
in the acrylic container and then, the metallic rod immediately
is removed, an artery bore is left in the TMM and allowed
the BMF to pump through it. The diameter of the metallic
rod determined the artery bore diameter, while the size of the
container discovered the size of the phantom. The reticulated
foam was used as a set factor of the TMM to the plastic pipe
connectors to avoid leaking of the BMF [Figure 2].

Dynamic viscosity was measured immediately using an
electronic rotational viscometer (ERV) in NOR Lab School
of Physics, Universiti Sains Malaysia. The density was
directly measured using DMA35 in Energy Lab School of
Physics, Universiti Sains Malaysia. The speed of sound,
backscattered power, and attenuation coefficient (o) were
measured by applying the pulse-echo technique through the
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Figure 2: Schematic image of wall-less flow phantom, showing the use
of reticulated foam to seal the channel and prevent blood-mimicking
fluid leakage
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ultrasonic (GAMPT) technique in Medical Physics Lab School
of Physics, Universiti Sains Malaysia.

Clinical (Hitachi Avious) ultrasound unit for data acquisition
A digital clinical US scanner (Hitachi Avious [HI]) connected
with linear array transducer EUP-L74M with focal clinical
frequencies ranging from 5 to 13 MHz was utilized to collect
US information and data from the vascular wall-less flow
phantom [Figure 3]. The probe (transducer) was placed in
an adaptable probe stand and the flow phantom on a suitable
flat table [Figure 4]. The probe was constant at a required
angle (diagonal) and lowered near mostly to the surface of
the flow phantom to prevent pressing the probe into the TMM.
As the CCA tube vessel is a straight and long tube, the BMF
flow direction will be linear with the CCA tube axis, parallel
direction to the tube vessel wall. The angle marker that appears
on the keyboard was arranged with the direction of the BMF
flow. This angle is the angle between the beam produced by
the US probe and the direction of BMF flow, as utilized in
the US Doppler equation. The BMF velocity was measured
with the HI clinical US scanner acting in PW-mode. The
gate (sample) length adjusted to a suite with the entire vessel.
The maximum velocity (V) in both the steady and pulsatile
flow was measured by calculating the average maximum trace
of the PW US Doppler signal utilizing HI clinical US scanner
keyboard software. In addition, the resolutions (contrast,
lateral, and axial) of TMM images were scanned by using
Weasis Medical Viewer 1.2.7 program.

VMM diameter was measured by taking the average of
several diameter measurements specified in B-mode and
Doppler US via using the caliper knob. The KC with
gelatin-based TMM was scanned by using the B-mode US
with different frequencies. Moreover, the VMM diameter
was measured before, during, and after the flow, to check
the change in the TMM while applying the flow, due to
its elasticity. The inlet (cross-sectional) area of the tube
connected to the gear pump and the cross-sectional of the
vessel was measured by utilizing the diameter measurements
while applying the flow.

Figure 3: Hitachi Avious digital color ultrasound scanner

Flow rate and confirming parabolic flow

The measurement values were utilized to evaluate the
actual velocity (mean velocity) of the BMF flow in the
vascular wall-less flow phantom by utilizing the flow rate
formulal®2 (Equation 1).

Qo:Ao>< Vo (1)

where Q_ is the flow rate volume

2
A, is the cross-section area of the VMM =1 7*> =1 d_

4
d is the VMM diameter, 7 is constant value = 3.14, and V_ is

the fluid (BMF) velocity inside the vessel.

To know the type of flow, for instance, turbulent or laminar
flow, the R_must be calculated by measuring the L of VMM,
and it must be <2100. R is the Reynolds number (unitless
number).

To make sure that the developed flow was done completely,
the measurements were turned out far away from the vascular
wall-less flow phantom entrance >2 cm. The investigation was
turned out to be utilizing an 8-mm diameter CCA vessel and
L74M linear probe. The transducer was caught at a constant
angle (53 °) to the vessel, the lower gate (box) length was
chosen (1.5 mm) and V__measurement was done. Note: The
angle and sample length values were chosen regarding normal
CCA measurements.?*32

The mean velocity resulted directly by HI software, and the
PW spectral Doppler resulted by applying flow rate through
a gear pump. This flow rate calculated by using the flow rate
formula with an average of a flow velocity as an average value
of normal velocity 3045 cm/s of CCA velocity.”! However,
the Doppler box (gate) adjusted at several different depths to
confirm whether the BMF behave laminar movement and the
flow pattern is parabolic.

Figure 4: Vascular wall-less flow phantom construction using the clinical
ultrasound scanner (Hitachi Avious Vision) at the Department of Medical
Physics and Radiation Science, School of Physics, University of Science,
Malaysia
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ResuLts anp Discussion

Pattern of scattering particles (poly [4-methyl styrene])
in the vessel mimicking material

The clotting of scattering particles (poly [4-methyl styrene])
inside the VMM was noted by motion-mode (M-mode)
scan [Figure 5] after resting the fluid for a long time (more
than 7 weeks) without pumping throughout. As can be seen
in Figure 6, there was no clotting for 3 weeks, because of the
powder material combined during this time (after 7 weeks). In
other words, the clotting of scattering particles of BMF will
also be inside the vessel.

When the BMF stirred (pumping) again for at least one or
2 h, the clotting was reduced and then disappeared. Thus,
stirring the BMF before using it is a very important factor.
This principle mimics the real blood because if real blood
stop of flow, the clotting of the red cell will occur then many
of the diseases result, while the clotting of the BMF (in vitro)
causes TMM rupture and leakage of blood. Furthermore, the
BMF produced in this research mimic the commercial BMF,
which clots after resting for a long time, and the clotting was
reduced and disappeared after stirred it again.

The scattering particles of BMF (poly [4-methyl styrene]) do
not cause any clotting during both steady and pulsatile flow
at a different flow rate and with long-term (several weeks of
flow). Moreover, it does not cause any obstruction, but it was
mimic the previous commercial scatters particles used in BMF
since both BMF were clotted and aggregated after resting the
fluid for a long time without utilizing [Figure 5].

Moreover, the results found that the BMF should keep it outside
the vessel phantom and should not stay in the vessel phantom
when it is not in use because the particles that used in BMF
cause clotting and settling when not being used. Then, the
clotting leads to obstruction (TMM rupture) and affects the
vessel size when used in future.

Circulation pattern of blood mimicking fluid inside the
vessel mimicking material

The motion process in the VMM is very important to check the
changes in the manifestation of motion goals of VMM since
it affects the accuracy of diagnosis. Figure 7 displays the flow
pattern of BMF, which was scanned by M-mode with a color
image. The circulation of BMF inside the VMM was normal
for several reasons. The image ensured that the motion of BMF
through the VMM is parallel and the flow is laminar and in a
straight form (regular flow of BMF inside the VMM). The flow
was parallel and laminar because there was no spike artifact of
BMF through the VMM since it was degassing well by a vacuum
pump and since its backscatter power was suitable and mimic to
the real human blood. Furthermore, because the wall of VMM was
constant, strong, and there was no leakage of TMM. Moreover,
ultimately, the Reynolds Number R number was <2100.!

First, the flow is in the direction of BMF inside the vessel, and
it was forward (antegrade) not backward. In other words, if the
flow direction is backward, it means that the gear motor pump

Figure 5: A gray-scale image of a longitudinal and M-mode image display
the clotting of the BMM inside the VMM without stirred (pumping) it

b Sl
Figure 6: Appearances of the blood mimicking fluid sample in
transparence glass. (a) After 3 weeks (1-6 weeks). A precipitate or float
did not appear, and the acoustical properties didn’t change. (b) After
7 weeks. The poly (4-methyl styrene) particles were started clotting, but
precipitate or float did not appear too. Liquid density: 1.04 g/ml. Particle

diameter: 3-8 um

Figure 7: Longitudinal color and motion Doppler image showing a color
Doppler map of mean velocity

does not work correctly or there is obstruction of TMM and
VMM. Second, the blood flow during the VMM was red, not
blue (BMF flow against the beam direction) since the beamline
toward the flow.
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Figure 8: Longitudinal color Doppler image shows a color Doppler map
of mean velocity for normal, parallel, and laminar flow of blood-mimicking
fluid in the vessel

Color flow velocity measurements

Figure 8 shows the scale of color velocity which was resulted
and adjusted at a range of &+ 26.3 cm/s, this is mean that it
is in normal range at this flow rate (1125 ml/min), and this
indicated that the flow rate applied is true (normal) and the
motor pump was worked properly. However, in real CCA,
the scale of color velocity must be in a range of 2540 cm/s
as a normal range to prevent miss of the aliasing artifact
when the scale of color velocity is up to the normal range
25-40 cm/s.P*

Furthermore, Figure 8 shows that there was no aliasing artifact
because when the color velocity scale is adjusted below the
level of the mean velocity (V, <25 cm/s) of the blood flow, the
aliasing artifact during the artery vessel lumen will appear.?
Moreover, there was no rupture of TMM or spike of BMF,
because if there were like those obstructions, the color velocity
scale would have adjusted sufficiently higher than the V  of
blood flow (>40 cm/s). In contrast, when the color velocity
scale is adequately adjusted higher than the V_ of blood flow,
the aliasing artifact will disappear, but the stenosis and other
obstructions missed.

As can be seen in Figures 7 and 8, the positive scale of color
velocity (BMF inside the VMM was with normal color and
with normal color speed scale appearance) resulted because the
receiving signal frequency wave was higher than the emitting
frequency and this indicates to the appropriate of scattering
particles during flow. Furthermore, the result of normal color
speed scale appearance, because when the low color speed
scale is applied, the image frame rate may look like slow and
haze (unclear).+3

CoNCLUSION

It can be concluded that all US diagnostic parameters (B-mode,
M-mode, and C-mode) in the vascular wall-less flow phantom
was carried out, and its values were close within a normal
range of CCA. Moreover, the BMF and flow phantom were
valid in utilizing for B-mode and Doppler diagnostic in vitro
research applications. In addition, the clinical US ([HI] model)

system can be used as a suitable instrument for data acquisition
and test the compatibility, efficacy, and validation at in vitro
applications (BMF, TMM, and VMM).
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