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Abstract

Flow phantoms with anatomically realistic geometry and high acoustic compatibility with real vessels are
reliable tools in vascular ultrasound studies. We present a multi-lumen diameter common carotid artery (CCA)
wall-less phantom for ultrasound studies of relationship between lumen diameter and flow velocity. The
phantom was constructed with 8 lumen diameters from 4.5 mm to 8.0 mm with an acoustic depth of 7.5 mm all
within normal human carotid geometry. The tissue mimicking material (TMM) consists of konjac, carrageenan
and gelatin as basic components mixed with other suitable components. The blood-mimicking fluid (BMF) was
prepared by mixing propylene glycol, Glucose and poly 4-methystyrene scatterers in distilled water. The
constructed phantom was scanned using ultrasound machine to measure flow velocities through the lumens and
to test the quality of the phantom. The phantom was found to be robust and strong with a speed of sound and
attenuation of 1548+0.07 m/s while the attenuation was 0.5+0.02 dB/cm at 5 MHz frequency. An inverse
relationship was established between the CCA diameter with the peak systolic velocity (PSV), end diastolic
velocity (EDV) and average velocity of the BMF. The relationship between carotid diameter and flow velocities
can be used to estimate the degree of stenosis in the CCA for much narrowed vessels.
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I.  Introduction

Training of Sonographers and researches in ultrasound imaging can be essentially carried out with
phantoms as clinical tools. They are useful for the development of Doppler ultrasound (DU) techniques for
investigating blood flow. These phantoms mimic flow characteristics within blood vessels both for clinical
ultrasound studies whose frequencies are from 2MHz to 15MHz and for preclinical ultrasound where higher
frequencies between15MHz to 60MHz are used [1, 2, 3,4]. For compatibility between ultrasound images of
phantoms and those from human or animal body, it is important to make sure that the relevant physical and
acoustic properties of these flow phantoms match the properties of human/animal tissues [5]. Flow phantoms for
DU studies are made up of Tissue Mimicking materials (TMM) to match the acoustic properties of soft tissues, a
blood mimicking fluid (BMF) to match the acoustic properties of viscous blood, and a Vessel Mimicking
material (VMM) to match the acoustic properties of the vessel wall. A pump is always required to circulate the
BMF in a flow loop. For wall-less phantoms, the TMM is in direct contact with the BMF [6]. It has the
advantage of avoiding mismatch problems in acoustic properties [7, 8] over walled phantoms. However, its
properties may be affected when the TMM is exposed to air or water [9].

Assessment of the severity of plaques is primarily centered on the values of peak systolic velocity
(PSV) and narrowing of the lumen mostly in the internal carotid artery (ICA). This leaves the common carotid
artery (CCA) PSV with more research to find out how it can be useful in categorizing percentage stenosis [10,
11, 12]. In vitro researches using carotid artery phantoms for studying the degree of stenosis have also put their
concentration on the use of PSV in the ICA as one of their primary considerations for plaque assessment [13, 14,
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15, 16, 17, 18, 19, 20]. Therefore, there is a need for a single wall-less flow phantom with several lumen
diameters to establish a relationship between CCA diameter and flow velocity. It is in this light that we have
constructed a wall-less CCA phantom with 8 different lumen diameters representing the normal range for 8
healthy arteries from 4.5 mm to 8.0 mm. A relationship between the carotid diameter with flow velocity using
this phantom helps in estimating the values of the PSV, end diastolic velocity (EDV) and average velocity of
narrowed lumens of even 1.0 mm or large lumen of up to 10.0 mm or more. The diameters of a healthy human
CCA, ICA and external carotid artery (ECA) are 6.0 mm, 4.2 mm and 3.5 mm respectively with a normal range
of 4.3 mm — 7.7 mm for the CCA, but women have higher artery diameters compared to men [21, 22, 6, 23, 24].

Il.  Materials and Methods
The procedures for the construction of this phantom spans from the design and construction of the
phantom box, preparing the TMM, casting of the TMM in the phantom box, BMF preparation, testing of the
phantom using a gear pump to pump the BMF and a DU machine to measure the flow velocities.

2.1 Construction of the Phantom Box

The phantom box was designed with rectangular dimensions of 45 cm x 25 cm x 9 cm and made of
transparent plexiglass (acrylic) material covered at the bottom and opened at the top. Eight different holes were
bored exactly at heights of 5 cm on each side of the box length directly opposite each other to house 8 different
straight metallic rods of diameters 4.5 mm, 5.0 mm, 5.5 mm, 6.0 mm, 6.5 mm, 7.0 mm, 7.5 mm and 8.0 mm to
represent the lumen diameters of the common carotid arteries. The stainless steel rods were machined by a
company (PLC Solutions, 34200 Parit Buntar Perak, Malaysia, using CNC lathe machine) into the required
diameters to ensure that they fit horizontally into the holes. Reticulated foam with a pore size of 1-2 mm was
glued with Araldite to the inside wall and around the pipe connectors in the box. This was done to provide a
fixed structure into which the TMM can set properly to prevent it from contracting away from the connectors
and to ensure that the BMF does not leak during the flow. The rods were inserted through both of the opposite
pipe connectors, which were aligned to make sure that they were straight (figure 1a).

2.2 Preparation and casting of the TMM

The TMM adopted for the wall-less phantom in this research is the Konjac-Carrageenan (KC) and
gelatin based mimicking material [25] because it has the advantage of not being ruptured during fast flow unlike
the KC-based wall-less phantoms that suffers from rupturing [5]. The TMM constituents, percentage
weight/weight (% w/w), manufactories and their uses are summarized in table 1.
Table 1: Constituents of Konjac-Carrageenan and gelatin based tissue mimicking material (TMM) for wall-les
phantom

Name of substance Percentage Manufacturer Function
Composition (Y% w/w)

Distilled water 84.0 - Serves as a solvent

Silicon Carbide (400 grain size) 0.53 Logitec, Glasgow, UK Serves as scatterers

Al,O; powder (3 um) 0.96 Sigma-Aldrich, Germany Serves as scatterers

Al,O3 powder (0.3 um) 0.89 Sigma-Aldrich, Germany Serves as Scatterers

Konjac root powder 1.5 Fiber, Diabetic, USA For gel formation

Carrageenan powder 1.5 Sigma-Aldrich, Germany For gel formation

Potassium Chloride 0.7 Sigma-Aldrich, Germany To adjust the melting and setting
temperatures of the gel.

Glycerol 9.0 Sigma-Aldrich, Germany To mimic the acoustic properties
of the tissue

Gelatin from Bovine skin 0.92 Sigma-Aldrich, Germany To increase the strength and
robustness of the TMM and to
mimic the human/animal tissue

The volume of TMM in this research (7.5 liters) far out grows the amount a beaker can contain (2 liters) making
it difficult to have a suitable beaker, magnetic stirrer or overhead stirrer to mix the content. Therefore, an
aluminum cooking pot (12 liters capacity) and a pressing rotary stainless steel hand held mixer were used to
cook the TMM and continuously mixed the content manually until it was well cooked at about 95°C (figure 1b).
The steps involved in preparing the TMM are discussed as follows:

(1). The required amount of distilled water was measured out and poured inside the cooking pot.

(2). In a fume hood, the amounts of aluminium oxides (0.3um and 3.0 um) and silicon carbide were also
measured out using a chemical balance.

(3). The three powders were then sift together using a domestic sieve to ensure that they mix properly. The
powder mixtures were sifting inside the pot containing the distilled water and mixed thoroughly to remove any
clumps that may be formed.
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(4). The mixture was degassed using a vacuum pump at 4.8 Mpa (700 psi) for about 30 minutes to remove air
bubbles. The process was repeated until all the air bubbles were eliminated.

(5). The entire system of mixture was then placed on an electric hot plate with an improvised water bath. The
plate was switched on to start the cooking process. The content was continually mixed to avoid settling down of
the powders.

(6). Conjac, carrageenan and gelatin powders as well as potassium chloride salt were measured out in a fume
hood, sift together to ensure that they mix properly.

(7). When the temperature of the content was above 60°C, the mixture of conjac, carrageenan, gelatin and
potassium chloride powders was added in small amounts to avoid forming clumps. The system was
continuously mixed to have a homogenous mixture. This process of mixing was done at few minutes interval
after which the content was covered to reduce the evaporation of the TMM.

(8). The entire system was heated for about an hour when the temperature had reached 95°C after which the
glycerol was added accompanied by the addition of 10 cm® of 50% benzalkonium chloride solution to serve as
an antifungal agent. It was continuously mixed for about 20 minutes after which the hot plate was switched off.
(9). When the container had cooled to about 80°C, the TMM was poured inside the phantom box until it was 7.5
mm above the rods (figure 1c).

Figure 1: Procedures for preparing a vascular wall-less phantom; (a) Phantom box with horizontal rods, (b)
cooking of TMM, (c) casting of the TMM inside the phantom box
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This was done spontaneously not slowly so that it will distribute evenly in the mold and to ensure that it does
not turn solid immediately. The Phantom box was warmed before pouring the TMM to avoid instant
solidification.

(10). As the TMM finally gets cooled and settled, the rods were gradually pulled out of the phantom without
rotating the rods, leaving very clean and fine lumens (holes) through the TMM. A solution of 9% glycerol was
poured on top of it to prevent it from drying out on time. The multi-lumen diameter CCA phantom was then
ready for ultrasound scanning.

2.3 Blood Mimicking Fluid Preparation

The BMF was prepared by a combination of 84 % wi/w distilled water, 5 % w/w Propylene glycol, 11
% wi/w anhydrous D(+)-Glucose as the mixture fluid with 0.8% poly (4-methylstyrene) as scatter particles. This
was followed by adding 2 drops of benzalkonium chloride to serve as a preservative against bacterial
manifestation. The density of the BMF was measured using a portable Density Meter (DMA 35), while the
viscosity was measured using electronic rotational viscometer (Fungilab). The pumping of the BMF was
actualized using a 50130 centrifugal multi-flow pump produced by the German Society for Applied Medical
Physics and Technology (GAMPT), capable of delivering up to 10 liters/minute. Care was taken to ensure that
the BMF was not left inside the phantom after use to avoid settling of the scatter particles. The phantom was
flushed with glycerol solution to remove the BMF completely and avoid changing the composition of the TMM
while it is being stored at room temperature.

2.4 Measurements of speed of sound, Attenuation and Backscatter power

The acoustic properties of the BMF and TMM (speed of sound, attenuation and backscatter) were
measured by pulse echo (PE) method using the A-scan (GAMPT) technique. The backscatter power of the BMF
was measured at different radio frequency signals by calculating the average power spectrum through applying
the Fast Fourier Transform (FFT) generated by the A-scan GAMPT software at 5 MHz. This was done at
different concentrations of the scatter particles poly (4-methylstyrene) to find out if the BMF simulates the real
human blood. The backscatter coefficients were directly read on the screen of the A-mode PE technique.

2.5 Doppler Ultrasound Scanning

A digital clinical Hitachi HI Vision Avius ultrasound scanning machine connected with a linear array
transducer (probe) EUP-L74M with frequencies ranging from 5 to 13 MHz was used to get image information
from the multi-lumen diameter vascular wall-less flow phantom. The phantom was placed on a flat table and
connected to the pump with the aid of plastic tubes to pump the BMF (figure 2).

—

e Hitachi ultrasound machine
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This fluid was pumped through each lumen at a flow rate of 1500 ml/min (for both steady and pulsed
flow) and B-mode images (transverse and longitudinal) of the lumen diameters in the phantom were displayed
on the screen of the scanning machine. The diameters were measured three times at different points within the
lumen (close to first end, at the middle and close to the second end of the lumen) with the aid of the machine’s
caliper after which their averages were recorded to validate their sizes. These measurements of lumen diameter
were done during steady/continuous flow. Measurements of peak systolic velocity (PSV), end-diastolic velocity
(EDV), mean or average velocity (V), pulsatility index (PI1) and resistivity index were carried out by color
Doppler and Pulse- wave (PW) Doppler systems during pulsatile flow. The angle of beam (insonation angle)
was set at the center of the flow at 60° [26, 27] with the required sample volume and entrance length of 4cm
across the 8 different diameters. This was to obtain maximum and correct values of the flow velocities since the
values increased from the walls of the lumen until the peak is reached at the center of the lumen. To ensure
laminar flows, the inlet length was obtained from the equation [28];

L=0.04XD XRE .cocoiniiiriiiiiiiiiiei i 1
Where Re is the Reynolds number, given by;
Re = &2 2

I
With p as the BMF density, v as the viscosity and D is the diameter.

I11.  Results

3.1. Physical and Acoustic Properties of BMF and TMM

The BMF prepared has a density of 1.04+0.01 g/cm?®, viscosity of 4.30+0.05 mpa.s, speed of sound of
1580.004+0.30 m/s and attenuation of 0.02+0.01 dB/cm at 5 MHz. These results are within the acceptable
ranges for the physical and acoustic properties of a BMF by the International Electrochemical Commission
(IEC) for Doppler ultrasound flow phantoms [29, 30, 31, 32, 33]. Results showed a linear dependence of
backscatter power on increasing the particle concentrations of Poly (4-methystyrene) [34], while the attenuation
increases linearly with increase in frequency as shown in figures 3a and 3b. The average value for the speed of
sound of the TMM was found to be 1548.00 +0.07 m/s while the attenuation was 0.50 +0.02 dB/cm at 5 MHz
frequency.
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Figure 3: (a) Relative backscatter from BMF under uniform flow plotted against particle concentration for Poly
(4-methylstyrene) particles of size 3-8 um, (b) Linear graph of the attenuation at different frequencies.

3.2. Geometry of the TMM Wall-les Phantom Using B-mode Imaging

Brightness-Mode (B-Mode) gray-scale images of the transverse (figure 4) and longitudinal (figure 5)
sections of the multi-lumen diameter CCA phantom revealed that the lumens were well formed with their
average diameters measured during continuous flow to be the same as the original design as shown in table 2.

(9) 7.5 mm (h) 8.0 mm
Figure 4: B-Mode transverse images of the lumen diameters without the BMF
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Carotid Arte

(c) 5.5 mm

(9) 7.5mm (h) 8.0 mm
Figure 5: B-Mode longitudinal images of the lumen diameters without the BMF

Table 2: Measurements of Lumen Diameters during Continuous Flow of BMF

Original Lumen Phantom Lumen Phantom Lumen Phantom Lumen Average Lumen
Diameter (mm) Diameter at one End | Diameter at Middle Diameter at Second Diameter of Phantom
(mm) (mm) end (mm) (mm)

4.5 4.4 4.5 4.6 45

5.0 5.0 5.0 5.0 5.0

5.5 5.6 5.4 55 5.5

6.0 6.0 6.0 6.0 6.0

6.5 6.5 6.5 6.5 6.5

7.0 7.0 7.0 7.0 7.0

7.5 7.5 7.5 75 7.5

8.0 8.0 8.0 8.0 8.0

The image brightness (contrast resolution) for both axial (linear or longitudinal) resolution and lateral
(perpendicular) resolution were seen to increase with increasing the frequency (5-13 MHz) [6]. The Pixel
intensity of the TMM also increased with increasing the frequencies [35].
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3.3. Colour-mode and Pulse-wave Doppler measurements of Flow Velocity

The appearance of the BMF flowing inside the lumens shows a good compatibility in the acoustic
properties of both the two BMF and the TMM allowing a good B-mode (figure 6a) and colour mode (figure 6b)
images of the flowing BMF. The depth of the lumen from the scanning surface is a very important factor to be
considered when constructing a wall-less phantom. Activation of the pulse-wave (PW) Doppler mode on the
ultrasound machine (figure 6¢) automatically measured the PSV, EDV, Vm, Pl and RI values with results shown
in table 3.

Figure 6: Color and PW modes; (a) B-mode appearance of BMF in the phantom, (b) C-mode appearance of the
BMF in the phantom, (c) PW-mode for measuring the BMF flow parameters through the phantom
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Table 3: Blood mimicking fluid (BMF) peak systolic velocity (PSV), end diastolic velocity (EDV), mean
velocity (V), pulsatility index (PI) and resistivity index for different values of lumen diameters (LD)

LD (mm) PSV (cm/s) EDV(cm/s) Vm (cm/s) PI RI
+2.50 +1.50 +3.00 +0.10 +0.10
4.5 134.0 39.1 83.5 1.14 0.71
5.0 127.0 36.6 82.2 1.14 0.71
5.5 123.0 24.1 66.1 1.50 0.80
6.0 121.1 21.6 69.9 1.43 0.82
6.5 106.0 22.6 54.4 1.53 0.79
7.0 97.6 19.5 49.3 1.58 0.80
7.5 84.2 21.6 49.3 1.27 0.74
8.0 74.1 23.2 48.2 1.06 0.69

An analysis of the results using statistical package for social sciences (SPSS) tool showed an inverse
relationship between the lumen diameter with the PSV (P<0.01), EDV (p<0.05) and Vm (P<0.01). Linear
regression equations connecting phantom lumen diameters (LD) with PSV and EDV for BMF are given as:

PSV = 216.202 — 17.252LD ...cocvveeveiie et 3
EDV = 55.665 — 4.74LD .......ccocoovvvieeie e 4

IV.  Discussion

The speed of sound of the TMM showed no much changes as the frequency was increased but a linear
relationship exists between attenuation coefficients with frequency. This is because the domain of the speed of
sound does not change within the same medium no matter the frequency [4]. The slide differences in some
values of lumen diameter measurements found in table 2 may be as a result of some measurement errors from
the operator. Continuous/steady flow was chosen over pulsatile flow for the measurement of lumen diameter
because it gives the true picture of the lumen since there is no fluctuation in the flow. Apart from overcoming
the problem of rupture, this phantom did not absorb water and glycerol. Therefore, the phantom can be flushed
with glycerol or water to remove particles that may still be attached to the walls of the vessels after being used
with the BMF. Compared to previously fabricated wall-less phantoms, this study differs in its multi-lumen
diameter model but has the same chemical components and methodology of preparation with previous studies
[8, 6, 2, 36]. The BMF employed for this study only differs in its ternary mixture fluid which introduced glucose
as part of the fluid’s component. The presence of glucose gave more accurate values of viscosity and speed of
sound compared to previous BMF with higher speed of sound and viscosity [37].

The clinical application of this study is found in the fabrication and performance testing of diagnostic
ultrasound phantoms which are potentially used in clinical setting especially for quality testing purposes and for
training of operators in the field of ultrasound. The samples prepared can be potentially used as phantom for
diagnostic ultrasonography purposes and for research training. This wall-less phantom has the advantage of
avoiding mismatch problems in acoustic properties [7, 8] over walled phantoms.

The PI and RI values did not have any significant relationship with the lumen diameter, however, their
values as well as the velocity values were within the acceptable range (PSV< 135 cm/s, EDV< 45 cm/s, Pl from
1.5t0 2.0 and RI from 0.5 to 0.9) [38, 39, 40, 37]. By equations 3 and 4, it means that the PSV and EDV of the
BMF increased with reduction or narrowing of the phantom diameter. The average velocities of the samples also
increased as the lumen diameter decreases. In-vivo research has found out that cardiovascular disease such as
atherosclerosis is associated with large lumen diameter and IMT in elderly people, smokers and hypertensive
patients [41, 42, 43]. A slight increase in lumen diameter in diabetic and hypertensive young and old patients,
while a significant increase in IMT, EDV and RI were reported by [44, 45]. Very few in-vitro researches have
been reported on variations between lumen diameter and hemodynamic indices in the CCA. Results of this
research can be used to do more studies on blood flow in the CCA.

The limitation of this research was the large volume of the TMM involved. Because of this large
volume, there was no suitable container and means of stirring the TMM mixture. Even though we improvised a
water bathe for steady distribution of heat, it was a difficult task to mix the content because it was manually
done with a rotary hand mixer leading to having some debris in the TMM. It was not possible to completely
eliminate air bubbles during the manual mixing. Evaporation of the TMM was also a challenge that could not be
avoided, this made the attenuation of the TMM phantom to be a little higher than the required standard. More
research needs to be conducted on wall-less phantoms with smaller thicknesses of 1 mm to 2 mm to test the
robustness of the Konjac- carrageenan and gelatin based phantoms to mimic the arteries of Rats.
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V.  Conclusion
We have described the design of a robust multi-lumen diameter common carotid artery wall-less
phantom with a thickness (scanning depth) of 7.5 mm that was useful in studying velocity of BMF. This value
of thickness is an improvement on the previous phantom of thickness 15 mm by [36]. Even at this smaller
thickness (7.5 mm), the phantom was robust and strong without any rupture at flows up to 1500 ml/min. The
phantom showed very good physical and acoustic properties, B-mode images, C-mode and PW-mode
formations. The lumen diameter was found to be inversely related with the PSV, EDV and V., which gave

useful information on assessing the degree of stenosis in the CCA.
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