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Abstract
Aim: Simulators for aortic dissection diagnosis are limited by complex anatomy influencing the accuracy 
of point-of-care ultrasound for diagnosing aortic dissection. Therefore, this study aimed to create a healthy 
ascending aorta and class DeBakey, type II aortic dissection simulator as a potential point-of-care ultrasound 
training model. Material and methods: 3D mould simulators were created based on computed tomography 
images of one healthy and one DeBakey type II aortic dissection patient. In the next step, two polyvinyl 
alcohol-based and two silicone-based simulators were synthesised. Results: The results of the scanning 
electron microscope assessment showed an aortic dissection simulator’s surface with disorganised surface 
texture and higher root mean square (RMS or Rq) value than the healthy model of polyvinyl alcohol (RqAD 
= 20.28 > RqAAo = 10.26) and silicone (RqAD = 33.8 > RqAAo = 23.07). The ultrasound assessment of diameter 
aortic dissection showed higher than the healthy ascending aorta in polyvinyl alcohol (dAD = 28.2 mm > 
dAAo = 20.2 mm) and Si (dAD = 31.0 mm > dAAo = 22.4 mm), while the wall thickness of aortic dissection 
showed thinner than the healthy aorta in polyvinyl alcohol, which is comparable with the actual aorta 
measurement. The intimal flap of aortic dissection was able to replicate and showed a false lumen in the 
ultrasound images. The flap was measured quantitatively, indicating that the intimal flap was hyperechoic. 
Conclusions: The simulators were able to replicate the surface morphology and echogenicity of the intimal 
flap, which is a linear hyperechoic area representing the separation of the aorta wall.
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Introduction

Aortic dissection causes propagated damage (proximally or distally) 
due to blood entering the intima-media space(1). The mortality 
associated with aortic dissection (AD) is high; in Malaysia, the 
number of cases of aortic aneurysm which can cause AD is 
predicted to reach 15,299 cases among the total population of 23 
million people(2). The two most common anatomic classification 
systems for AD are the Stanford and the DeBakey. The Stanford 
system is further classified into two affected areas, type A is in the 
ascending aorta, which is the case for most patients, but there are 
exceptions, as in type B, which involves the descending area. The 
DeBakey classification is divided into type I, type II, and type III. 
Type I dissection is affecting the entire aorta, type II involves the 
ascending area only, while type III is usually found in the descending 

area, excluding the ascending and aortic arch(3). Stanford type A and 
DeBakey type II, which include ascending areas in the affected area, 
are associated with higher mortality rates than type B. Symptoms 
such as chest pain have been reported in a higher percentage (85%) 
of type A than type B (67%) patients, but hypertension in type 
A patients’ condition occurs in fewer cases than type B. It causes AD 
patients type A to increasingly be transferred to the aortic specialist 
department for further assessment to determine emergent surgery 
needs(4).

Several types of imaging modalities are employed to diagnose AD, 
with US typically used in emergency departments because it is non-
invasive and can diagnose disorders in a short time(5). The utility of 
ultrasound (US) encompasses a wide range of medical conditions 
involving the cardiovascular, respiratory, and vascular systems. 
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US also shows high accuracy for the detection of aortic aneurysm 
(100%) if the diameter size is 3 cm(6). The advantage of US to utilise 
as a point-of-care ultrasound (PoCUS) is that it is easy for handheld 
devices, easy to perform the assessment, and not time-intensive(7).

Physicians lack practical experience and have fewer opportunities to 
acquire expertise in clinical settings directly in patients due to safety 
reasons(8). Therefore, nowadays, simulators are used for training and 
education purposes(9). The training simulation method can produce 
clinical scenarios, help physicians to encounter and respond 
to abnormal conditions, and reduce the potential for provider 
deficiencies during the assessment(8). Training simulators rely on 3D 
printing technologies for rapidly prototyping and converting digital 
objects into physical objects which were applied in this study to 
extrude a mould(10). In medical and clinical research, tissue mimicking 
materials (TMM) are usually used, including biopolymers (agarose, 
gelatin, and gellan gum) and synthesised polymers (polyvinyl alcohol 
(PVA), silicone, and polyvinyl chloride). The advantages of PVA 
include non-toxicity, biocompatibility, and biodegradability(11). The 
purpose of aluminium oxide (Al2O3) in tissue mimicking is to act 
as a scatterer during ultrasound assessments(12). Glycerol (C3H8O3) 
serves as a plasticiser and simulates better mechanical properties(13). 
Silicone owes its benefits to durability, stability over time, and 
strongly hydrophobic properties. Additive materials such as graphite 
have roles as a scattering agent, thinner to reduce viscosity, and 
slacker to provide a human tissue-like self-sealing property(14).

The present study aimed to create an ascending aorta (AAo) and 
DeBakey type II AD simulator synthesised by polyvinyl alcohol 
(PVA) and silicone (Si), and study its surface morphology and 
ultrasound features (diameter, wall thickness, and echogenicity) as 
a potential PoCUS training model. 

Methodology

Materials and equipment

The chemical materials used included PVA with a molecular weight 
of 89,000–98,000 and 99+% hydrolyzed (Sigma-Aldrich), aluminium 
oxide (Al2O3) (Sigma-Aldrich), glycerol (QRec), silicone eco flex 00-10 
(Smooth-On), slacker (Smooth-On), thinner (Smooth-On), graphite 
(Sigma-Aldrich), and agarose (Promega). The equipment utilised 
included a 3D printer machine (ender3pro), TM3000 TableTop SEM 
(Hitachi), and ultrasound Toshiba Aplio 300. The software used 
included Blender, Cura, IBM SPSS statistic 27, and ImageJ.

Mould extrusion

The 3D image of healthy AAo and AD was acquired from an anonymous 
patient who was examined through CT scan provided by open source 
in embodi3d.com/files/file/55961-aortic-arch/ for healthy AAo and 
3d.nih.gov/entries/3DPX-005015 for AD in the stereolithography 
(STL) format, and then imported to Blender software to create the 
mould. The 3D design was split into the sagittal plane, with three main 
parts for each AAo and AD design, including the medial side, the core, 
and the lateral side. Two cubes were added, and the 3D image of the 
aorta was divided into half. Next, the size was modified to make sure 
that the core of the aorta was precisely in the middle of the mould. 
The complete 3D design of the mould boxes in the STL format was 

imported to the Cura software for slicing purposes, as shown in Fig. 1. 
The layer and the thickness of the filament were set at 0.1 mm and 
0.8 mm, and the estimation time of the 3D printing process took 
approximately four to six hours for each part of the mould.

Simulator fabrication

The first simulator of PVA composition was made up of 5% (2.5 g) 
and then dissolved in 50  mL of distilled water. Aluminium oxide 
(2%) and glycerol (12%) were also added to the PVA solution(11). 
The mixed solution was then poured into the mould and solidified 
by using a freeze-thaw process. The freeze-thaw cycle was done by 
putting the mould into the freezer with a temperature -20oC for 12 
hours and continuing to thaw in the room temperature for 12 hours. 
Then, the procedure was repeated for three cycles, which made up 
a total of 72 hours for the whole process(12). The second solution was 
composed of part A and part B of silicone in a 1:1 ratio. Then, 53% of 
part A + part B silicone, 15% thinner and 7% of slacker was added to 
reduce the viscosity of the silicone and as the property of self-sealing 
process(14). To enhance the echogenicity during US evaluation, 5% 
graphite was added as well. The solution was allowed to solidify at 
room temperature after mixing homogeneously. The demoulding 
process of the simulator was done manually to remove the simulator 
from the mould. To evaluate the simulator by US, a low-fidelity agar-
based simulator was fabricated. A low-fidelity simulator was prepared 
by using distilled water (250 mL) and agarose (1%), then stirred for 
30 minutes at 180oC until it completely dissolved. The agarose was 
allowed to cool down for three to five minutes before being poured 
into the container containing the simulators in order to prevent the 
melting of the PVA simulator. Finally, the agarose was allowed to 
solidify for an hour, and the simulator was ready for further testing.

Characterisation of simulators

The characteristics studied included morphology (surface 
roughness and 3D plot surface) and ultrasound features (diameter, 
wall thickness, and echogenicity measurement). The SEM test was 
conducted using a TM3000 TableTop system to evaluate the surface 
morphology of the simulators. The sample was prepared by cutting 
the healthy AAo and the AD simulator into 1 cm × 1 cm pieces with 
a thickness of not more than 5 mm at the ascending part, which 
was the area of interest. The SEM magnification was set to 100×, 
as a standardisation from the previous study, to allow for an ideal 
comparison between the results of this study(15). The samples were 
then coated with gold sputter to improve image quality. 

Surface roughness was evaluated using imageJ, based on the SEM 
images. The roughness parameters were calculated using the root 
mean square (RMS), with (Rq) obtained from Fiji ImageJ and 
evaluated using the SurfCharj tools available in the windows menu. 
The images were converted to the 32-bit format and then sharpened 
to improve clarity. The data was analysed with the SurfCharJ tools 
from the plugins window(16). The RMS value was compared between 
the healthy AAo and AD for the purpose of quantitative analysis. 
The 3D surface plot was measured through a plugin in the windows 
of imageJ menu to analyse the intensity of light from a surface plot of 
each pixel in the SEM images(17). The surface plot profile in the menu 
shows the grey value of each pixel and the raw data used to analyse 
the variance by IBM SPSS statistic 27. 

https://www.embodi3d.com/files/file/55961-aortic-arch/
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The simulators were assessed by using a phased-array cardiac 
transducer type PST-65 AT (6.5  MHz) from the Toshiba Aplio 
300 ultrasound system. The probe was put above the low-fidelity 
simulator and started with the transverse and long-axis view 
assessment. The image was freeze-captured in the transverse view 
to visualise the aortic wall, and the distance between the inner and 
outer walls of the aorta was used to calculate the thickness (t) of the 
aortic wall and measure the diameter (d) using the calliper button in 
the menu table. The probe was set to the transverse and long-view 
to check the intimal flap in the AD simulator. The freeze-captured 
B-mode image of the AD sim in the transverse view was then used to 
measure the echogenicity between the intimal flap and false lumen. 
The echogenicity calculation used imageJ to calculate the average 
grey of the intimal flap (μIF) and the echogenicity index of the false 
lumen (EIFL) in the dissected area of the AD simulator. The two 
areas of interest (intimal flap and false lumen) were selected using 
the polygon section in the command window of imageJ. Then the 
analyze menu was clicked to get the measurement, and the result of 
the mean grey value section appeared. The results of μIF and EIFL were 

then analysed using Fisher’s exact test to determine any significant 
difference between the intimal flap and false lumen between the 
PVA and Si. A p value less than 0.05 was considered as statistically 
significant.

Result

Physical description of the simulator

The simulator synthesised by PVA appeared transparent, and white 
crystalline precipitate of Al2O3 was observed (Fig. 2) on the wall of 
the healthy and AD’s and also in the region of the flap. The rough 
surface on the ascending area of AD was visible due to the design 
of the mould. 

In addition, the synthesised Si was black in colour due to the addition 
of graphite (Fig. 3). The Si simulator had a more precise structure 

Fig. 1.  Final design of the mould in Cura software after the slicing process; the hours indicate the time estimation for completing the printing process and the weight 
mass (g) for the required filament. A. 3D design of the healthy aorta mould. B. 3D design of the aortic dissection mould

B
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than the PVA simulator due to the higher density of silicone, which 
makes it easier to mimic the detailed shape of the mould. 

Morphology analysis

The results of the SEM test in Tab. 1 show the differences between 
the AAo of the healthy aorta and the dissected area. The healthy 
aorta simulator synthesised by both PVA and Si showed a uniform 
line on the surface of the ascending area. The abnormal condition 
in the dissect area of both synthesised simulators was disorganised 
surface structure. The SEM image of an actual aorta was used as 
a reference (healthy AAo from Pasta et al. and AD from Schimitto, 
et al.) for the comparison between synthesised simulators and the 
actual aorta as shown in Tab. 1(18,19).

The RMS result of the healthy AAo simulator synthesised by PVA 
was RqAAo = 10.26 and in the aortic dissection simulator RqAD = 
20.28. Besides, the healthy AAo simulator synthesised by Si yielded 
the result of RqAAo = 23.07, and in the AD simulator RqAD = 33.8. The 
actual organ of SEM images was also measured, and the results show  
RqAAo = 13.11 and RqAD = 38.83 in Tab. 2.

The 3D surface plot of SEM images shown in Tab. 3 consists of pixels 
or xyz-triples. The uniform line of the sharpening shape in the 3D 
plot of healthy AAo is consistently similar between the simulators 
and the actual aorta. The standard deviation was calculated, showing 
a  small range between the AAo simulators σ = 2.04–2.14 and the 
actual AAo σ = 0.92. In addition, the AD surface showed higher 
dull shape and disorganised structure, as shown by the standard 

deviation results of simulators σ = 5.35–9.59 and the actual AAo σ 
= 13.68. 

The surface plot shows the variance (σ2) of the healthy AAo and 
AD, and compared with the actual aorta. Starting with the healthy 
aorta, σ2

PVA = 4.16, σ2
Si = 4.56, σ2

Actual = 0.84 followed by the aortic 
dissection σ2

PVA = 28.57, σ2
Si = 91.97, σ2

Actual = 11.13, which is shown 
in Tab. 4.

Ultrasound features

The low-fidelity simulators of the healthy aorta and aortic dissection 
were immersed in the agarose, as shown in Fig. 4. The anatomical 
evaluations of both healthy AAo and aortic dissection simulator 
were conducted through the US in the UTM ultrasound clinic. The 
US image visualised the aorta with the echoic that exists around the 
simulator due to the agarose. The simulator itself was able to reflect 
the image and reveal the anatomically ascending area of the aorta in 
the transverse and long-axis views. 

The PVA synthesised simulator was detected in the transverse view 
and shown in the monitor; then the measurement of the diameter 
(d) and wall thickness (t) was performed by using clipper tools. The 
diameter of the healthy AAo synthesised by PVA showed d = 19.7 mm 
– 20.2 mm and t = 2.7 mm. In addition, the diameter of the AD 
simulator showed d = 30 mm – 43.5 mm and t = 1.7 mm. Referring to 
the simulator synthesised by Si, the images showed the healthy aorta 
had a diameter d = 23.5 mm – 26.6 mm and t = 3 mm. Moreover, the 
AD simulator showed d = 31 mm – 33.6 mm and t = 1.6 mm.

Fig. 2.  Synthesised simulator based on PVA. A. Healthy aorta simulator from top view B. Ascending aorta of the healthy aorta (point of interest) C. Aortic 
dissection simulator from top view D. Ascending aortic dissection (point of interest)

Fig. 3.  Synthesised simulator based on silicone. A. Healthy aorta simulator from top view B. Ascending aorta of the healthy aorta (point of interest) C. Aortic 
dissection simulator from top view D. Ascending aortic dissection (point of interest)
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Echogenicity

The B-mode image of the US was analysed to identify the 
echogenicity of the intimal flap. In the transverse and long-axis 
views of the ultrasound image, the AD simulator was able to 
visualise the intimal flap due to the dissection and the false lumen, 
as shown with the arrow in Tab.  5. The intimal flap echogenicity 
was then measured using imageJ to calculate the average grey value 
(μ) of the intimal flap (IF) and average grey in the false lumen (FL) 

Tab. 1.  Surface texture morphology of PVA and silicone simulators in SEM test (healthy AAo and AD compared to the actual aorta)

Simulator synthesised by PVA Simulator synthesised by silicone Actual aorta(17,24)

Healthy aorta 

Aortic 
dissection

Tab. 2.  Root mean square (RMS) value obtained from (Rq) in imageJ between 
the healthy aorta (AAo) and AD simulator synthesised from PVA and 
silicone 

Root Mean Square (RMS) PVA Silicone Actual aorta

Healthy aorta (AAo) 10.26 23.07 13.11

Aortic dissection (AD) 20.28 33.8 38.83

Tab. 3. 3D surface plot of SEM images analysed with imageJ between the healthy AAo and AD simulator (PVA and silicone) and the actual aorta

Simulator synthesised by PVA Simulator synthesised by silicone Actual aorta

Healthy AAo

Aortic 
dissection
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Tab. 4. Surface plot of grey value in each pixel obtained by imageJ between the healthy AAo and aortic dissection, compared by simulators and the actual aorta

PVA
(healthy AAo)

PVA
(aortic dissection)

Si
(healthy AAo)

Si
(aortic dissection)

Actual
(healthy AAo)

Actual
(aortic dissection)

Min 40.46     41.78 58.23 60.18 92.89 64.35

Max 52.01 59.62 66.78 91.54 98.23 109.59

σ 2.04 5.35 2.14 9.59 0.92 13.68

σ2 4.16 28.57 4.56 91.97 0.84 187.36

Tab. 5.  Ultrasound images of the healthy aorta and aortic dissection simulators (PVA and silicone) and the actual aorta (comparison of short-axis and 
longitudinal views)

Short-axis view Longitudinal view

Healthy aorta of PVA

 dA = 20.2 mm, dB = 19.7 mm,  tC = 2.7 mm

Healthy aorta of silicone

 dA = 22.4 mm, dB  = 26.9 mm, tC = 23 mm

Aortic dissection of PVA

dA = 28.2 mm, dB  = 33.8 mm, tC = 1.8 mm
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of the dissected area as the echogenicity index (EI). The AD 
simulator synthesised by PVA showed μIF = 170.89 and EIFL = 85.27, 
while the AD simulator synthesised by Si showed μIF = 99.36, and 
EIFL = 77.84. Statistical analysis of the Fisher’s exact value between 
(μIF, EIFL) and (PVA, Si) showed 0.0264, which is below the p value 
(p <0.05). The result of the echogenicity index between PVA and 
silicone summarises in Tab.6.

Discussion

The physical characteristics of the simulator’s surface structure 
imitated the ascending area of the human tissue. It was the results of 
printing a 3D mould that was designed based on the CT scan image 
obtained from the AD’s patient. The aortic dissection simulator 
appeared physically rougher on the separation surface than the 
healthy aorta simulator. To extract information about the surface 
structure and different roughness of the healthy aorta and the AD 
simulator, the RMS value was measured. The total surface roughness 
from the RMS value for the PVA-based AD simulator was (RqAD = 
20.28 > RqHealthyAorta = 10.26) and for the silicone-based AD simulator 
it was (RqAD = 33.8 > RqHealthyAorta = 23.07), indicating the AD high 
rough surface than the healthy aorta simulator, respectively. The 

surface plot showed that the variance of the healthy aorta (σ2
PVA 

= 4.16, σ2
Si = 4.56, σ2

Actual = 0.84) was lower than of the aortic 
dissection (σ2

PVA = 28.57, σ2
Si = 91.57, σ2

Actual = 11.13), indicating that 
the distribution of grey values in the healthy simulator aorta was 
more clumped and spreading of light intensity in dissection. It is 
attributed to the rough and uneven surface texture of the affected 
area caused by the disease.

The material used in this study has an impact on the echogenicity 
of ultrasound image. For example, PVA exhibits a high level of 

Short-axis view Longitudinal view

Aortic dissection  
of silicone

dA  = 31.0 mm, dB = 33.6 mm, tC = 1.6 mm

Actual aortic dissection 
image(25)

dA  = 31.0 mm, dB = 31.5 mm, tC = 0.64–2.31 mm
 

Notes

In the short-axis view, the diameter of the aorta is indicated by the letters A and B, while its thickness by the letter C.  
The arrow marks the intimal flap in the AD images.
In the long-axis view, the healthy aorta images show the ascending aorta in its normal condition with no flap, whereas the 
AD indicated by the arrow shows the presence of the flap.

Tab. 6.  Average grey value of the intimal flap (μIF) and echogenicity index of 
false lumen (EIFL) obtained from imageJ of AD simulator ultrasound 
image between PVA and silicone

Simulator

Healthy aorta

Average Grey Value 
(μIF)

Echogenicity Index  
(EIFL)

PVA 170.89 85.27

Silicone 99.36 77.84

 p <0.05
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hydrolysis and aluminium oxide acts as a scatterer, which helps the 
simulator to reflect during the ultrasound assessment(12). The coated 
bubbles inside polymers that make small air pockets inside result in 
the echogenicity in the ultrasound image. In addition, the freeze-
thaw method applied, which causes the presence of dissolved gas, 
also generates echogenicity by trapping air in the bilayer(20). The 
echogenicity of Si allows the simulator to be identified in US images 
due to the presence of an additive material (graphite), serving as 
a scatterer agent in Si(21). Additionally, the higher echogenicity 
expected for a soft-tissue which has a rougher or varied dimple 
surface rather than a flat surface(22). 

During the US examination, the differences between the healthy 
AAo and AD simulators were able to be visualised. A comparison 
of the diameter and wall thickness between the simulator and the 
actual aorta is shown in the Tab.  4. The healthy adult aorta has  
d = 2.5  mm – 35 mm, t = 1 mm – 3 mm, and AD has d = 31.5 mm 
(exceeding 50%) and wall thickness t = 0.64 mm – 2.31 mm within 
the actual tissue(23,24,25). The wide diameter of AD in comparison with 
the healthy AAo in PVA (dAD = 28.2 mm > dAAo = 20.2 mm) and Si 
(dAD = 31.0 mm > dAAo = 22.4 mm), the wall thickness of AD appeared 
thinner than the healthy Ao in PVA (tAD  = 1.7 mm < tAAo = 2.7 mm) 
and Si (tAD = 1.6 mm < tAAo = 3 mm). These findings of simulator 
measurements indicated comparable measures with the real aorta 
in terms of diameter and wall thickness under PoCUS testing which 
was conducted at the ultrasound clinic at the university. The US 
images were quantitatively measured by comparing the grey value 
with the echogenicity index. The result of flap measurement was 
greater than the false lumen (μIF = 170.89 > EIFL = 85.27) in PVA 
and Si (μIF  = 99.36 > EIFL = 77.84). The average grey value resulted 
in a higher value for the intimal flap than the average grey value 
representing the separation of the wall of the aorta, resulting in 
hyperechogenicity of the intimal flap. This study found a statistically 
significant difference between the intimal flap and the false lumen. 
The findings support the utility of echogenicity testing in the AD 
simulator (PVA and Si) for determining the presence of the intimal 
flap during US assessment. Hence, the anatomy of AD was able to be 
visualised by the simulator in the ultrasound images by measuring 
the diameter, wall thickness, and identification of the intimal flap 
that exists due to the tear and creates false lumen.

Conclusions

For the purpose of the reported study, we created in-house designed 
aortic dissection and healthy aorta simulators and tested them to 
determine whether they exhibited realistic anatomical sonographic 
features and thus had a potential for future applications in PoCUS 
training tools. The results from the US assessment of the synthesised 
simulators were comparable to the open source-retrieved US images 
and measurements done in actual patients. The AD simulators 
were able to replicate the intimal flap, which indicates hyperechoic 
properties that can be seen and differentiated between the healthy 
aorta and aortic dissection by using PoCUS. As a result, based 
on simulator characteristics that are relevant to the actual tissue, 
emergency medical physicians are able to plan and simulate actions 
that will be performed on patients using the simulator, as well as 
provide training tools for them to practise.
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