Simulation of laparoscopic ultrasound imaging and suturing of the bile

duct using silicone
Marine Shao,*" David Huson,* and James Clark®
Centre for Print Research, University of the West of England, Bristol, UK
®Royal Cornwall Hospital NHS Trust, Truro, UK
*corresponding author: marine.shao@uwe.ac.uk

ABSTRACT

The laparoscopic treatment of gallstone is a complex procedure requiring multiple skills, notably laparoscopic ultrasounds
imaging and laparoscopic suturing. This procedure has many benefits comparing to open surgery, but still fail to be
generalised because of these challenging steps. Surgical simulation can provide a useful way to train for the complex skills
required by the surgery in a safe environment.

This study focuses on the evaluation of the utilisation of silicone to create a simulator for this procedure. Silicone samples
are tested quantitively and qualitatively. The qualitative evaluation compares the ultrasound examination of the silicone
samples to the images of ultrasound captured during a real procedure. For the quantitative evaluation, the density, the
speed of sound in the material, and the mechanical properties are measured and compared to the properties of the soft
tissues.

The qualitative evaluation shows that silicone requires the addition of scattering agents to be visible using ultrasound,
especially for the hardest silicones which are the most suitable to simulate the bile duct in term of mechanical properties.
The quantitative evaluation shows that the density of silicone and the Young modulus are close to the properties of soft
tissues, but the speed of sound is slower in the silicone, which results in deformed images. A solution is to perform image
processing, which can lead to a more realistic appearance of the images.

Keywords: surgical simulation; ultrasound; image processing.

1. INTRODUCTION

Gallstones are a widespread problem; in the USA, they touch 15 % of the adult population and in Europe the median
prevalence is of 5.9-21.9 % [1]. They account for a significant number of emergency admissions and surgical procedures
globally [2]. The keyhole, or laparoscopic, approach has significant benefits to these patients in terms of length of stay in
hospital, complication rate, and return to normal activities. [3-5]

Surgical simulators are proven to improve a surgeon’s performance through operative rehearsal and practice [6]. This
particular operation requires multiple skill sets to be undertaken in a series of well-executed steps including intra-operative
ultrasound imaging and laparoscopic suturing of the bile duct. A surgical simulator will enable both young surgeons as
well as experience surgeons to practice and gain experience with the steps and skills of this surgery required to achieve in
confidence this procedure on their patients to their benefits. To our knowledge, there is no satisfying simulator able to
teach those challenging steps yet.

In this research project, a surgical simulator for laparoscopic bile duct exploration is developed; the most critical parts of
the simulator are the simulation of the intra-operative ultrasound imaging and suturing. This paper evaluates the use of
silicone for the simulation of ultrasound imaging and suturing.

2. STATE OF THE ART

There are different types of surgical simulators: virtual-reality based simulators, physical simulators, and hybrid
simulators. [7] The virtual reality-based simulator does not provide a physical model but generates computer-based images
for the training of the surgeon. In the context of ultrasound training, they are useful to train young surgeon to analyze
ultrasound images but do not provide as much tactile feedback as other types of simulators [8].

Physical simulators for ultrasound training are made of materials that can provide similar images as soft tissues. They are
often made of gels such as agarose or gelatin; or a combination of a bulk material and of a scattering agent. The gels have
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the drawback of having a low shelf-life. The scattering materials are useful to make the ultrasound image look more
realistic when using gel-based materials or material with longer shelf-life such as silicones. [9] This type of simulator is
useful because they provide tactile feedback and the surgeon can interact with the model in real-time, for instance the
surgeon can move the probe and see the modification of the image in real-time. However, the images are sometimes less
realistic as the virtual-reality based images, which can be a limitation for the training of the analysis of the images [10].

Hybrid model can combine the advantages of both methods by providing realistic looking images and an interactive model
with tactile feedback. The hybrid models combine a physical model and an augmented reality technique such as image
processing to improve the realism of the images [7].

3. PROPOSED METHOD

3.1 Material selection

This study focuses on the utilization of silicone to create an ultrasound simulator. The gel-based materials are not tested
because of their low shelf-life and more complex manufacturing and production techniques. The materials tested are a
range of two-parts silicones from Smooth-On; they have a shore hardness of 000-35, 00-10, 00-30 and, 10 A [11].

Inspiring from a study by Chanda et al. on skin surrogates [12] several products are mixed together with varying ratio to
create samples with a wider range of properties. These products can be other types of silicones, or other additives such as
Slacker which will change the cure silicone to a softer and more flesh-like material, and Thinner that will lower the ultimate
shore-hardness. The tests performed are:

e  Mixing two silicones of various shore-hardness,
e Changing the part-A and part-B ratio when mixing the two-part silicone,
e Adding different percentage of additive into the silicones.

The addition of a scattering material inside the silicone is also tested during this study. The scattering materials tested are
particles of different sizes, as summarized in Table 1. The influence of the percentage of scattering material inside the
silicone matrix is also tested by making samples with varying ratio of scattering material, ranging from 0.05%w to 5%w.

Table 1: Scattering materials tested in this project and their size (um)

Polestar 450 Graphite Glass sphere Flour Silica Alumina Sugar
2 <20 9-13 10-41 50 60 200-400

3.2 Preparation of the samples

Different types of samples are prepared within this study for the quantitative and qualitative evaluations. The samples for
the quantitative evaluation are cylinders and dog-bone shaped samples; the samples for the qualitative evaluation mimic
the shape of the soft tissues such as the bile duct and the tissues in which it is embedded. The samples are created by
casting the silicone into 3D printed moulds.

When preparing silicone samples, the two parts of the silicones are mixed together which generates the formation of air
bubbles. The samples can be vacuumed to remove the air bubbles; however, the influence of having air bubbles in the
samples is also tested by not vacuuming half of the samples.

3.3 Evaluation protocol

The different samples are evaluated both quantitatively and qualitatively. To qualitatively evaluate the materials, they are
compared to the images of ultrasound captured during a procedure.

For the quantitative evaluation, two of the physical parameters that influence the propagation of the sound waves which
are the density or the speed of sound in the tissues are measured for the different types of silicones. The measures are
compared to the properties of the soft tissues found in the literature. The mechanical properties of the samples are also
tested to evaluate how well it would mimic the tactile feedback during a suturing task. The mechanical property evaluated
is the Young modulus.
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3.3.1 Measure of the density

To measure the density d of the samples, we first measure the weight w of the sample using a precision balance. Then we
measure the volume V of the sample by immerging it in water and evaluating the variation of volume. At last, we deduce
the density d with the following formula:

3.3.2 Sound celerity

The protocol to measure the speed of sound is inspired by [13] because all ultrasound imaging machines are calibrated to
assume the propagation speed is 1540m/s in the materials; then the following procedure can be followed to measure the
celerity of the sound wave in the sample:

1. Scan the material (of known thickness) with an ultrasound machine
2. Using the on-screen calipers measure the depth of the material on screen

3. The speed of sound in the material can be calculated with the following formula:

actual depth of material

Speed of sound in material = X 1540 m/s 2)

on screen measured depth

3.3.3 Young modulus

The Young modulus is measure using a X350-20 tensiometer. This testing machine can record the stress and strain of the
materials, allowing to deduce the Young modulus. The tensile tests were performed on dog-bone shaped samples. The
geometry was obtained by scaling down by 50% the geometry of the ASTM D412 standard specimens used for elastomers
and vulcanized rubber testing, as seen in the Figure below.

Figure 1: Dog-bone shaped samples (a); Mould designed on the Computer Assisted Design Software Rhino (b)

The mechanical tests were run at a constant rate of 50 mm/min with a maximum displacement of 1050 mm and a load cell
of 100kgf. The strain and stress in the material were controlled by the WinTest Analysis software. The software records
the stress and strain, then calculates the Young modulus of the material. The stress and the strain have a linear relationship
in the elastic range. This relationship is the Hooke’s law, as shown below. Each test was repeated several times for more
precision of the results.

og=¢ XF (3)
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4. RESULTS
4.1 Quantitative evaluation

The quantitative evaluation shows that the speed of sound in the silicone fluctuates between 9.0x10°m/s and 1.0x10°m/s
in the silicone samples. The speed of sound in the soft tissues is typically of 1450 to 1590m/s, which is significantly higher
than the speed of sound in the samples [14].

The measure of the density shows that the density of the samples varies between 9.6x10%kg/m? and 1.1 x10°kg/m>. The
density of the soft tissues usually varies between 950-1060 kg/m? [14]; the density of the samples is in the right order of
magnitude. The density also appears to be connected to the hardness of the silicone; the softest silicones have a low density,
while the hardest silicones tested have the highest density.

The measure of the Young modulus shows that the Young modulus of the silicone varies between 1 and 300kPa. The
Young modulus of the soft tissues also varies within this range. The silicones tested in this study can mimic a wide range
of soft tissues, ranging from very soft tissues like the fat and the liver, to hardest tissues like the bile duct, the artery, the
gallbladder, or the skin. Because of their similar mechanical properties, the hardest silicones from this study are appropriate
to mimic the bile duct in a suturing task.

Vacuuming the samples or adding a scattering agent do not seem to have an influence on the speed of sound into the
sample, the density of the samples, nor the mechanical properties.

4.2 Qualitative evaluation

Before testing the samples, the parameters of the ultrasounds probe are set as in Table 2. These parameters are the same
as the ones of the laparoscopic probe used in real surgery. The samples are evaluated in the B-mode. The aim is to mimic
the images achieved in real surgery like in Figure 2(a).

Table 2: Parameters for ultrasound testing

Frequency 7.5MHz
SRI Off
Graymap DorE
Gain, DR, and TGC Medium, but to be adjusted

When the samples are in the water like in Figure 2(d,e,f), the surface of the sample reflects most of the ultrasound wave
because of the difference of impendence in between the two media. To avoid such reflection, the silicone vessels are put
in another silicone matrix; similarly, during an ultrasound examination on a patient, the vessels are also embedded inside
other soft tissues; for this reason, it makes more sense to analyze the silicone vessels in context too.

Figure 2: Ultrasound images of: the bile duct, cystic artery, and hepatic vein in real surgery (a); the tube samples in
another silicone matrix (b) and (c); the silicone tubes samples in water (d), (e), and (f)
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Because of the difference between the speed of sound in the silicone and the speed of sound in the tissues, the image is
deformed and the dimensions of the tube appear bigger on the image. The speed of sound in the samples is around 2/3™ of
the speed of sound in the tissues, resulting in a sample appearing 1.5 times bigger.

4.2.2 Influence of the scattering material

On the ultrasound images, the silicone takes different shades of grey. The hardest materials used to make the vessels
because of their mechanical properties are anechoic and appear black on the image (Figure 2 (e) and (f)). Adding a
scattering agent increase the reflection of the ultrasound wave in the silicone, and make them visible using the ultrasound;
they then appear in grey on the ultrasound image (Figure 2 (d))

Rising the percentage of scattering agent results in more reflection from the sample, making it brighter on the ultrasound
image (Figure 3). When the percentage of scattering agent is above 1%w, the images gets dark at the bottom because there
was too much reflection on the scattering agent, limiting the penetration of the wave.

Flour 0.05% Flour 0.1%w Flour 0.5%w Flour 1%w Flour 5%w

Figure 3: Effect of increasing the percentage of scattering agent

The influence of the size of the scattering agent is shown in the Figure 4; however, the influence is not apparent because
the particles do not spread well into the silicone matrix, making the particles agglomerate together. For this reason, the
particles appear bigger on the ultrasound image and the image look similar. The particles do not spread well into the
matrices because their density and refractive index are too different from those of the silicone; and because their surface
chemistry makes them agglomerate rather than disperse. Because of the high viscosity of the silicone, it is difficult to force
the particle to disperse homogeneously into the sample.

Polestar 450 Graphite Glass sphere Flour Silica Alumina Sugar

Figure 4: Effect of the different types of scattering particles

4.2.1 Influence of the vacuuming

The aim of the vacuuming is to remove the air bubbles from the samples. The air bubbles act similarly as a scattering
material for the ultrasound wave during the ultrasound examination, making the sample more visible; this is shown in
Figure 5.

From this study, it also seems that the softest silicones trap more air bubbles than the hardest materials, making them more
visible on the ultrasounds.
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Figure 5: Ultrasound image of a sample of Ecoflex gel without vacuuming (a); ultrasound image of a sample of
vacuumed Ecoflex gel (b)

5. DISCUSSION

One of the results from this study is that the dimensions of the samples on the images are deformed. This could be a
limitation for the simulation of the ultrasound imaging of the bile duct in the context of laparoscopic bile duct exploration,
because one of the tasks during the ultrasound examination is to measure the size of the bile duct to decide if the surgeon
can go ahead with the procedure.

Furthermore, the colours of the ultrasound image are not very realistic. A solution could be to perform image processing
on the ultrasound images in real time, creating a hybrid simulator. Style-transfer is an image processing technique that
combines a style image and a content image to create an output image with the style of the first image and the content of
the second image [15]. This technique has already demonstrates its potential for surgical simulation in the past [16]. In
this application, it can be applied to add the style of an image of real ultrasound on the image of the simulator, as shown
in the Figure 6.

Figure 6: Style image from surgery (a); content image from the simulator (b); result of the style transfer algorithm using
various style/content ratio (c)-(f)

Figure 6 shows that image processing can modifies the aspect of the ultrasound image of the simulator and modify the
color and appearance which could lead to more realism; however, the generalization of this technique can be limited in
real-time because of technology used to perform the ultrasound examination. If the ultrasound probe is connected to a
computer, then the image can be processed; but if the image is displayed on a monitor made especially for the ultrasound,
then processing the image could prove to be more difficult and challenging because the software of the ultrasound monitor
would need to be modified directly.

6. CONCLUSION

This study shows the potential of using silicone in the context of simulation of bile duct exploration to perform tasks such
as ultrasound imaging and suturing. Silicone has many benefits in the context of simulation because it is easy to use, has
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a long shelf-life, and has a softness range similar to the one of soft tissues, resulting in a realistic tactile feedback, notably
for suturing tasks.

However, silicone has limitations for the simulation of ultrasounds because it required the addition of a scattering material
to be visible using ultrasound; moreover, the speed of sound in the silicone is too slow resulting in deformed images.
Image processing technique can improve the realism of the simulation of ultrasounds, making silicone suitable for the
simulation of this procedure.
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