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Abstract

Liver cancer causes 700.000 deaths annually. To assess new devices and pre-clinical procedures for treatment,
a safe test environment can be provided by a phantom. Phantoms act as a surrogate for certain physical
properties of tissue. The purpose of this study is to design, construct and evaluate an anthropomorphic liver
phantom, which simulates respiratory motion and inhibits similar needle-tissue interaction for ultrasound-
guided needle interventions. The liver model and surroundings are made from water-based solution with
polyvinylalcohol (PVA). The liver model and surroundings are made of 6%m, 4%m PVA with 2 and 3 freeze
thaw cycles, respectively. The rigid structures, i.e. vertebrae and ribs, are made of a flexible polymer. Three-
dimensional printing technique is employed to create molds for the anthropomorphic structures in terms
of organ shape. Detailed steps for phantom construction and choice of phantom ingredients and construc-
tion recipe are reported. The actuation is provided by a linear actuator, which is adjustable in stroke length,
frequency and direction. Preliminary results of the reproduced motion in the liver model are 20.7, 10.8 and
6.7 mm in CC, AP and LR direction, respectively. Further, the phantom allows both subcostal and intercostal
ultrasound needle guidance. The liver model is designed to simulate diseased tissue. From Fibroscan mea-
surements, the liver model is characterized with an elastic modulus of 24.0(£8.0) kPa. Further, the liver model
shows median higher axial needle friction forces (0.0374 N mm~') compared to healthy liver tissue (0.01108
N mm™!). Furthermore, tactile feedback on the liver model is obtained from a liver surgeon, dr. W. Polak,
whom graded the liver model with fibrosis scale 2. Based on the Fibroscan results, increased needle friction
forces and tactile feedback, the liver model can be classified as cirrhotic. Additionally, the prototype is as-
sessed by head of the section interventional radiology at the Erasmus MC, dr. A. Moelker. The doctor was
able to perform ultrasound-guided needle insertion. Concluding, that a working prototype, which simulates
respiratory motion and inhibits similar tissue-needle interaction as human tissue for ultrasound-guided nee-
dle interventions, is created.
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Abbreviations

In this report several abbreviations are frequently used. The abbreviations are presented and summurized as
follows:

e US = Ultrasound

* IQR = Interquartile range

¢ CT = Computed Tomography

* FT = Freeze-thaw

¢ CC = Crano-caudal

¢ AP = Anteroposterior

¢ LR = Left-Right

¢ PVA = Poly-vinyl Alcohol

* rpm = Repetitions per minute

¢ IC MC = Intercostal midclavicular
¢ IC MA = Intercostal midaxillary

¢ SC MP = Subcostal midplane






Introduction

Figure 1.1: Example of needle insertion for a radio frequency ablation procedure captured in computed

tomography imaging.

The second leading cause of cancer mortality in
the world is due to liver cancer, which annually leads
to more than 700,000 deaths [1]. The arrival of new
devices and procedures can help to reduce morbid-
ity due to liver diseases. In order to assess treatment
devices and methods, a phantom can be used. An
example of a treatment, is a radiofrequency ablation
treatment as shown in figure 1.1. Phantoms provide
a safe environment to test pre-clinical and novel de-
vices and procedures. Phantom models are used as
substitution for real tissue in studies where in-vivo
and ex-vivo models are inappropriate or hard to ob-
tain.

In this chapter a short background is given. Fur-
ther, the problem statement is presented. Further-
more the research goal and project approach are de-
scribed.



1. Introduction

1.1. Background
In this part, a short background is given. In chapter 2
amore elaborate theoretical background is provided.

The liver is a dynamic organ in the human body.
The liver is red-brown and situated in the upper-right
part of the abdomen. It consumes 25% of the to-
tal cadiac output and due to its position directly un-
derneath the diaphragm, it is subjected to respira-
tory motion. Due to the fact that the liver is an ac-
tive organ and has the largest cardiac output pass-
ing through, many problems can occur which might
tip the functionality off balance. For example, after
chronic scarring due to fibrosis, the liver undergoes
a physical change. The tissue characteristics of the
liver change in different states of fibrosis [2]. The tis-
sue charateristics is one of the parameters that influ-
ences needle-tissue interaction. Needle-tissue inter-
action is the way a needle interacts with the tissue in
which itis inserted. This interaction can be described
in reaction forces, needle trajectory and tissue defor-
mation [3] and is influenced by tissue characteristics,
needle properties and insertion parameters.

Liver phantoms are currently used for several
clinical applications, such as tumor motion replica-
tion [4], needle-tissue interaction simulation [5] and
perfusion reproduction [6]. A phantom can be mod-
eled on anatomical structures, like vessels and vas-
cular branches, or on mechanical structures that be-
have appropriately. A benefit of using a phantom
model over an anatomical specimen is the ability
to precisely model a selected structure or function,
which is known and can be reproduced. Additionally,
a phantom has benefits in long-term structural sta-
bility. Measurements over a prolonged period of time
can be obtained without concern for loss in perfor-
mance or subject discomfort and/or motion [7]. Se-
quentially, a phantom allows for easy registration of
multiple phantom images and comparison between
subsequent studies.

Tissue-mimicking materials (TMMs) have been
reported to be an important tool for research fa-
cilitation in performance testing and procedure de-
velopment and optimization of needle-tissue in-
teraction simulation. Commonly used TMMs
are agar, polyvinylalcohol (PVA), polyvinylchloride
(PVC), gelatine, polyacrylamide (PAA) and sili-
cone [8]. From recent studies, PVA has shown to be
interesting for phantom design [5, 9]. The proper-
ties of the hydrogel is attractive for biomedical ap-
plication due to the fact that they are hydrophilic
cross-linked polymers. In fact, due to the crosslinks,
the hydrogels can be made heterogeneous in a con-
ditioned matter. For needle-tissue interaction, the
friction slope, amount of peak forces and height of
peak forces can be modulated and can closely rep-

resent human tissue by altering concentration and
freeze-thaw cycles [5]. Additionally, the gels can be
shaped in solid structures, the acoustic impedance
and speed of sound [10] can be tuned to be closely
to biological tissue.

1.2. Problem statement

In general, patients greatly benefit from improved
technology in the health care. The more is known
about a disease, the better it can be treated. Clearly,
to treat difficult diseases, constant innovation is
needed to find the most suitable treatment for each
patient. New treatment methods and equipment
need to be tested prior to being used in the field. A
phantom allows testing in a safe and harmless envi-
ronment and is therefore desirable. Another aspect is
education. A starting health practitioner needs pro-
found training to acquire the expertise for conduct-
ing a treatment. Both educating the desired skills as
well as testing, are preferably not done on real pa-
tients, but on cadavers or phantoms. A phantom
recreates a safe environment where mistakes are still
acceptable and safe.

Literature shows that a simple phantom already
has the potential to accelerate interventional train-
ing by providing a platform where core skills can be
acquired [11]. Further, commercial phantoms tend
to be prohibitively costly, do not have an infinite
shelf life and often do not fulfill the desired speci-
fications. Thereby, giving rise to the creation of in-
house models using every day materials, as described
in the work of Nicholson and Crofton [12]. Many
studies have already been conducted using a phan-
tom model, for example to verify the design and eval-
uation of an MRI-compatible linear motion stage to
recreate respiratory motion [13], simulate perfusion
for the evaluation of ultrasound contrast agents [6] or
to test a new training device [14].

However, the following problem statement is pre-
sented:

"No model has been found that contains complex
geometries and structures which enables the phantom
to have respiratory motion and still have similar phys-
ical properties as human tissue."

In current literature, no liver-shaped phantoms
are found. Further, respiratory phantoms are often
limited to translation in 1 degree of freedom and little
knowledge is available on needle-tissue interaction of
TMMs simulating diseased tissue. The absence of an
advanced liver phantom creates a limitation for re-
searchers and clinicians to test and assess novel de-
vices or pre-clinical procedures.



1.3. Translation of problem into technical principle

1.3. Translation of problem into

technical principle

First of all, the liver moves as a consequence of the
contraction of the diaphragm and intercostal mus-
cles, which in turn allows respiration to happen.
Therefore, a dynamic system is considered. The
motion is dominant in cranio-caudal (CC) direction,
given as the solid black arrow in figure 1.2. Secondly,
organs in the abdomen translate as consequence of
the respiratory motion. Organs in the abdominal cav-
ity are compressed against the pelvic bone and ribs.
Lower organs, i.e. intestines, move dorsoventral to
make space. The first technical principle is the simu-
lation of liver motion, which is caused by respiratory
motion.

Additionally, a needle is inserted into tissue.
Therefore, the second technical principle is needle-
tissue interaction. Needle-tissue interaction de-
scribes how a needle responds in the inserted tissue.
The interaction can be quantified in needle forces,
needle deflection and/or tissue deformation.

Intercostal

\gc/o/oo

<gum

Liver

Diaphragm

Figure 1.2: Saggital perspective on the technical principle of
needle deflection as effect of respiratory motion. Pink sim-
ulating the liver, black circles the ribs and the black arrows
relative motion directions.

1.4. Research goal

The research goal is formulated as follows:

"Develop a phantom which is able to replicate
liver movement due to respiratory motion and shows
similar needle-tissue interaction as human tissue in
image-guided needle interventions."

In this work, an anthropomorphic breathing liver
phantom is presented. Due to limited knowledge of
the motion of the liver and relative motion of the
ribs in the human body during respiration, a sepa-
rate investigation is presented in chapter 2 to serve
as design criteria in the design phase. Further, the
needle-tissue interaction is determined through nee-
dle forces and needle deflection.

The final goal of this project is the achievement
of a fully functional experimental model for simula-
tion of respiratory motion and characterized needle-
tissue interaction during ultrasound-guided needle
interventions.

1.5. Project approach

This work involves several phases which contribute
to the final result. In this section, relevant prelim-
inary work is mentioned as basis of the presented
work and the lay-out of the thesis is discussed.

1.5.1. Previous work

This study continues on the findings in previous work
of Pluymen [9] whom investigated the material char-
acteristics for TMMs in needle-tissue interaction for
the human liver. Further, anthropomorphic liver de-
sign in a scaled model has previously been performed
by Tom Paardenkoper. This work aims to combine
the previous conducted works and add functionality
by introducing respiratory motion of the liver during
ultrasound-guided needle interventions.

1.5.2. Thesis structure
The thesis is structured as visualized in figure 1.3 and
is described as follows:

In chapter 2, a theoretical background is pre-
sented to provide information about the anatomy,
mechanical and imaging properties of the liver. Fur-
ther, needle-tissue interaction is described and a re-
view on current respiratory phantom designs is pre-
sented. An investigation into liver and rib motion is
reported as basis for the design criteria in chapter 3.

In chapter 4, the design process is described.
Phases in the design process are conceptual design,
embodiment design, detailed design and design for
manufacturability. The prototype is presented in
chapter 5. In chapter 6, the evaluation methods and
evaluation results are reported. The interpretation of
results and the limitations of the study are described
as discussion in chapter 7. Additionally, recommen-
dations for future work are discussed. The work is
concluded with a conclusion in chapter 8.

B Investigate available phantoms and determine CH2
Literature

mechanical and imaging properties of the liver

Study liver motion pattern

Design

process

Design system to simulate liver motion CH4

Construct prototype CH5

Development

i iteri CH6
Evaluation Evaluate prototype on design criteria and

clinicians

CH7 &
CHS8

Discussion, recommendation and conclusion

Figure 1.3: Structural overview of the thesis structure.
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Figure 2.1: Position of the liver inside the human body. Adopted from Morreale, 2004.
Accessed on: 12-01-2018

In this chapter, the theoretical background is pre-
sented. The three main topics that are enlightened,
are as follows: first, the liver, where the anatomy
and common pathologies are described. Second,
interventional radiology, where common interven-
tions are presented and third, available respiratory
phantoms and the design of those phantoms are de-
scribed.



2. Theoretical background

2.1. Liver

This study is concentrated around the simulation of
the liver. To gain insight in the working principles,
the environment in which the liver is situated and the
used procedures, are reviewed. In this section, elab-
oration on the general anatomy, hepatic vasculature,
pathology and physical properties of the liver is done.

2.1.1. General anatomy

The liver is a vital organ and acts as a filter of the
blood. As it is the largest organ, it accounts for 2%
to 3% of the average body weight, ranging from 1200-
1500 grams. The liver contains two lobes and is de-
scribed by its functional anatomy in figure 2.2 [15].
Situated right beneath the hemidiaphragm in the
right upper quadrant of the abdominal cavity, as
shown in figure 2.1 [16]. It remains in position

through ligamentous attachment and finds protec-
tion behind the ribcage. The attachments are not true
ligaments, but are avascular and line up with the Glis-
son capsule, which is the visceral peritoneum of the
liver [15].

Right lobe

Left lobe

Right lobe Left lobe

/ Caudate lobe

IvC

Figure 2.2: Anterior and posterior surfaces of liver where also
the left and right hepatic lobes with Couinaud‘s segmental
classification are illustrated. Figure as from Brunicardi et al.
adopted from Abdel-Mish and Bloomston, 2010.

In this work, the anatomical planes are often used
as reference for direction and position. As assitance,
the anatomical planes are visualized in figure 2.3 [17].
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Figure 2.3: Anatomical planes. A) sagittal plane and
mid/median plane. B) Frontal or Coronal plane. C) Trans-
verse plane. Adopted from Moore et al., 2013.

2.1.2. Hepatic vasculature

The liver consumes at rest up to 25% of the total car-
diac output, which is more than any other organ. The
blood enters the organ via a dual supply, which con-
sists of the hepatic artery, contributing 25% to 30%
of the total supply and the portal vein, covering the
other 70% to 75%. The supply from both entries
finally mixes within the hepatic sinusoids, where-
after the mix is drained into the hepatic venous sys-
tem [15]. In figure 2.4 the shape of the main hepatic
vasculature and biliary anatomy are shown. The liver
serves as a buffer for blood which can rapidly can
be mobilized during a hemorrhage, yet hepatic blood
flow tends to be maintained constant [18].

Middle hepatic v.

R. hepatic v.

Inferior L. hepatic v.

L. portal v.,
bile duct and
p hepatic a.
L= Gall bladder

R. portal v., Fonay:

bile duct and
hepatic a.

Figure 2.4: Anterior view of the hepatic vasclature and bil-
iary anatomy. Figure as from Cameron and Sandone retrieved
from Abdel-Mish and Bloomston, 2010.

2.1.3. Pathology

Due to the fact that the liver is an active organ and
has the largest cardiac output passing through, many
problems can occur which might tip the functionality
off balance. In this section commonly observed dis-
eases are discussed.
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NAFLD and NASH Nonalcoholic fatty liver disease
(NAFLD) and nonalcoholic steatohepatitis (NASH)
are the first stages of a faulty liver function. Due
to the emerging obesity epidemic in North Amer-
ica and other parts of the world these disorders gain
more recognition as essential components of abnor-
mal liver function. The hepatic manifestations of
the insulin resistance syndrome can be subscribed to
NAFLD and NASH and cover the associated spectra
of fatty liver disease. NAFLD and NASH can progress
to liver cirrhosis and might eventually be the cause
of hepatocellular carcinoma (HCC) [19]. NAFLD and
NASH are characterized by fatty deposition on the
liver surface and increased liver size. In figure 2.5, this
is seen as the first step after the healthy liver [20]).

Alcoholic fatty liver disease and alcoholic hepatitis
Like NAFLD and NASH, alcoholic fatty liver disease
and alcoholic hepatitis is characterized by the depo-
sition of fat in the liver cells. The cause is due to high
alcohol intake over a prolonged period of time and
results in fat depostion on the liver. First symptoms
that might occur are fatigue and discomfort in the
upper right abdomen, followed by nausea and vomit-
ing. Damage in this phase is still reversible with absti-
nence of alcohol. Severe hepatitis might lead to liver
failure or death [21]. Study shows that even if a nu-
tritious diet is followed, it will not prevent the devel-
opment of this disease if excessive intake of alcohol is
chronically consumed [22].

Cirrhosis Liver cirrhosis occurs in response to
chronic liver disease and is defined as the histologi-
cal development of regenerative nodules surrounded
by fibrosis bands. Alcoholic cirrhosis occurs in re-
sponse to heavy alcohol abuse and is marked by se-
vere scarring on the liver [21]. Cirrhosis might even-
tually lead to portal hypertension and end-stage liver
disease. The disease is an advanced stage of fibrosis,
which is the result of abnormal wound-healing. Fi-
brosis is described by the process of encapsulating or
replacement of injured tissue. The disorder is accom-
panied by a distortion in the hepatic vasculature [23].
In figure 2.5, the last phase is noted as a cirrhotic liver,
where the surface is observed as nodular.

Hepatocellular carcinoma Hepatocellular carci-
noma (HCQ) is a collective term for liver cancer and
comes in a large variety. The occurrence of HCC is
closely associated with liver cirrhosis and the devel-
opment varies in different parts of the world. For ex-
ample, in Japan most males are affected in the sixth
and seventh decade of life compared to Mozambique,
where the males are more susceptible in their third
and fourth decades [24].

Healthy liver

Figure 2.5: Transition of a healthy liver to a fatty liver, to a cir-
rhotic liver. Adopted from Eubanks, 2013 (adjusted).

2.1.4. Needle-tissue interaction

The interaction between tissue and needles has been
of interest in many studies. The relevance can find its
origin in the improvement of minimal invasive pro-
cedures [25]. Needle-tissue interaction is determined
by needle properties, tissue properties and insertion
parameters and influences on needle forces, needle
deflection and tissue deformation. The interaction is
shown in figure 2.6.

Interaction Parameter Needle-tissue Interaction

Needle Properties

Needle Forces
Influence
Needle Deflection
Insertion Parameter Tissue Deformation

Tissue Properties

Figure 2.6: Overview of influencing interaction parameters
on the needle and tissue response. Adopted from de Jong et
al., 2017 (adjusted)

Interaction parameters

In this part, three aspects that influence the response
of both needle and tissue are described. The aspects
are: needle properties, tissue properties and inser-
tion parameters.

Needle properties A needle can be of all sizes and
shapes. The shape of the tip and diameter of the nee-
dle significantly determine the interaction between
tissue and needle. The tip of the needle can be sym-
metrical or asymmetrical. Some common needle tip
shapes are shown in figure 2.7. Each shape has its
own characteristics in terms of needle reaction forces
and needle deflection. A sharper needle will result
in lower axial force, since resulting cutting force will
be lower upon insertion [26]. Needle deflection is af-
fected by the symmetry of the tip. An asymmetrical
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bevel tip has more deflection than a symmetrical dia-
mond shaped tip. Yet, all needles show deflection due
to in-homogeneous material properties of the inter-

acting tissue [27].

Figure 2.7: Common needle tip shapes, left to right: blunt,
beveled, conical, sprotte, diamond, Tuohy. Adopted from van
Gerwen et al., 2012.

As for the needle diameter: a bigger needle diam-
eter will result in more tissue displacement and com-
pression, thus in turn more normal forces act on the
shaft. The increased normal forces result in higher
friction along the shaft [27]. Furthermore, needle de-
flection is influenced by needle diameter. A thicker
needle will show less deflection due to an increased
rotational inertia. Additionally, stiffer needles will
also show less deflection [28].

Tissue properties - mechanical properties The
mechanical properties of tissue depict the way the
material deforms and how the tissue will react to nee-
dle interaction. The liver itself possesses non-linear
elastic behavior. The liver is classified as a visco-
elastic tissue. Furthermore, the liver is both tempo-
ral as spacial dependent, meaning that the tissue will
react differently under altering test configurations.
More features of visco-elastic material are material
relaxation (decrease of stress during constant strain),
creep (increase of strain under constant stress) and
hysteresis (loss of energy during loading and unload-
ing). Further, the liver is an-isotropic (directional de-
pendent characteristics) and non-homogeneous (lo-
cation dependent characteristics) [29]. All these vari-
ables make it hard to quantify the elastic modulus
of the liver. Besides the visco-elastic behaviour, as
aforementioned, the pathology influences the stiff-
ness of liver tissue. Researchers observed signifi-
cantly increased stiffness in case of fibrosis [2].

Tissue properties - motion The needle-tissue in-
teraction of the liver is not only difficult to determine
due to its visco-elastic behavior, but the organ resi-
dences under constant motion. As mentioned before,
the liver is situated underneath the diaphragm. The
postition of the liver makes that it moves with res-
piratory motion, which is between 12-18 pulses per
minute for quiet breathing. The influence of the res-
piratory motion on needle-tissue interaction is inves-
tigated in this research. In the next chapter, a sepa-

rate study is presented to elaborate more respiratory
motion.

Insertion parameters Besides the needle proper-
ties and tissue properties, also the way a needle is
inserted affects needle-tissue interaction. In litera-
ture, the needle insertion force and velocity are often
kept constant to allow comparison of the effects [30].
An increased velocity shows an increase of interact-
ing needle forces [31], whereas the needle deflec-
tion tends to decrease with higher insertion veloci-
ties [28].

Interaction response

In this part, the response that is influenced by the in-
teraction parameters is described. The needle-tissue
interaction can be quantified by needle force, needle
deflection and tissue deformation. Only needle force
is described below, since this parameter will be used
for prototype characterisation.

Needle force During needle insertion and retrac-
tion, three phases can be distinguished, being a de-
formation, insertion and retraction phase [27]. The
phases occur chronologically. In the deformation
phase, tissue deformation occurs due to contact of
the needle with the tissue surface. Forces contin-
ues to increase while the surface starts to deform.
Once, the surface is punctured, the second phase
starts. The second phase is referred as the insertion
phase. During the insertion phase, forces act on both
the tip and shaft, cutting and friction forces, respec-
tively. Once the desired depth is reached, the third
phase starts. In the third phase is called the retrac-
tion phase. The needle is retracted from the tissue.
The only forces in play during the retraction phase,
are friction forces on the shaft. An example of axial
needle forces in a needle run is shown in figure 2.8 as
a force-position diagram [27].
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Figure 2.8: Axial needle force measured during needle inser-
tion and retraction. Adopted from Okamura et al., 2004.
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In equation 2.1, the axial reaction force of the nee-
dle can be described as a combination of force result-
ing from initial tissue stiffness at contact (Fiffness),
needle friction along the shaft (Fgicon), and needle
cutting force at the tip (Feutting). In the equation, x
depicts the location of the needle in a certain point in
time. The stiffness forces are a result of tissue defor-
mation at insertion and act only up to tissue punctur-
ing. Cutting forces only act during insertion. Friction
forces act both during insertion as retraction. The
friction forces and cutting forces are determined by
the internal tissue stiffness [27].

Fheedle (%) = Fitiffness (%) + Firiction (X) + Feutting (%) (2.1)

2.1.5. Ultrasound imaging properties
Ultrasound imaging is presented because it is a fast
and easy manner of image generation. It can be used
to recreate an image constructed from the reflection
of high frequency sound waves. The variables which
affect the image reconstruction are firstly, the mate-
rial acoustic impedance, which is the resistance of
the material for ultrasound wave propagation and
secondly, the acoustic attenuation [dB cm™! MHz '],
which is the loss of wave amplitude due to absorp-
tion, reflection and scattering. Boundaries of tissue
layers can be noted by the amount of reflection. Dif-
ference in acoustic impedance of the touching tis-
sue layer determines the amount of reflection [32].
Strong reflection can be seen from tissue like bone
(high impedance) or air (low impedance), because
the impedance differs strongly from surrounding tis-
sues. An-echogenic structures are reconstructed as a
black object, since no ultrasound waves are reflected.
The acoustic attenuation is dependent on the fre-
quency of the ultrasound waves. A higher frequency
leads to a higher loss in wave energy.

The acoustic impedance can be described as the
product of speed of sound [m s~!] through the mate-
rial and the density of the material [kg m™3]. Liver
tissue has been reported with a speed of sound of
1040 m s~! and a density of 1060 kg m™3 [33]. The
acoustic attenuation of soft tissues scale approxi-
mately linear with frequency. The acoustic attenua-
tion of healthy liver tissue is reported in between 0.4-
0.7dB cm™! MHz™! [34].

In short, for the reconstruction of ultrasound im-
ages, important variables are the acoustic impedance
and acoustic attenuation.

Visual reconstruction of a healthy Liver A healthy
liver appears as a homogeneous texture with an
echogenic fine smottled pattern. Other structures,
visible with a low greyscale on the ultrasound im-
age, are arteries, ducts and vessels. A diseased liver

is marked with a nodular surface, where as a healthy
liver shows a smooth surface. In figure 2.9 a healthy
liver is shown [35], with characterizing smooth sur-
face, heterogeneous appearing and low echogenic
hepatic vasculature structures.

LIVER

TRANS

Figure 2.9: Ultrasound image of a healthy liver. Adopted from
Ultrasoundpaedia, 2017. Accessed on: 17-11-2017.

Visual reconstruction of a diseased Liver As men-
tioned before, the appearance of a cancer infected
liver is different than a healthy liver. Hepatocel-
lular carcinoma is revealed by a hypo(darker) or
hyper(lighter)-echogenic area where a homogeneous
texture is expected. The size and brightness of
the diseased area can differ per person. In fig-
ure 2.10, both hypo and hyper-echogenic metas-
tases are shown [36]. Other typical characteristics
are nodular regeneration (change in surface smooth-
ness) and ascites (fluid accumulation in the abdomi-
nal cavity).

Figure 2.10: Ultrasound image of a diseased liver with hypo
and hyper-echogenic metastases (white arrows). Adopted
from Study blue Inc., 2017. Accessed on: 17-11-2017.

2.2. Interventional radiology

Interventional radiology is a collective term which
covers procedures to treat a disease and also includes
imaging techniques and other methods to make a di-
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agnosis. An interventional radiologist provides min-
imal invasive image-guided diagnosis and is able to
treat a patient with the least invasive technique to
minimize risk and improve recovery time. In this sec-
tion, the most general treatment methods are dis-
cussed. The interventions are divided into general
treatment by biopsy, ablation and embolization.

2.2.1. Biopsy

Biopsy is one of the oldest interventions to obtain
knowledge about the state of a tissue. By performing
a biopsy, the practitioner introduces an instrument
into the body to obtain a piece of the desired tissue.
This procedure is fairly straightforward and helps in
making the right diagnosis by directly assessing the
state of the tissue via microscope inspection.

A liver biopsy can be performed in several ways.
Firstly, a percutaneous liver biopsy which is done
with the use of a needle which penetrates the skin
and directly reaches through in the abdomen to the
area of interest, as shown in figure 2.11 [37]. This type
of biopsy is executed most commonly and can be
done blindly, visually guided at laparascopy or guided
via ultrasonography or computed tomography [38].
Secondly, a transvenous liver biopsy is done via the
neck, where a sheath is guided down into the jugular
vein, along the side of the heart, into one of the veins
in the liver. This is procedure is carried out on pa-
tients who are therapeutically anticoagulated, or in a
situation where excessive bleeding may occur during
a percutaneous biopsy [39].

Liver \

A small piece of lver tissue is
remaved with a biopsy neadi for
examination with a microscope.

Figure 2.11: Procedure for a percutaneous liver biopsy.
Adopted from NIDDK, 2014.

2.2.2. Ablation

Ablation therapy has as purpose to kill cancerous
cells instead of removing them from the body. Next,
is discussed that ablation can be done via chemical
or thermal means and what the working principle is
behind the treatment.

Chemical ablation During this treatment, a chem-
ical compound is administered to the tissue which
blocks the normal functioning of the affected cells
and consequentially killing the cells. Agents which
are commonly used for this therapy are ethanol and

acetic acid. The agent is percutaneously injected
into the tumor and exerts the cytotoxic effect through
a cytoplasmic dehydration, denaturation of cellu-
lar proteins, and small vessel thrombosis [40]. An
ethanol agent however has difficulties penetrating tu-
mor septa and also is less able to fully diffuse within
the tumor. Hence, for the treatment of large tumors
(> 3 cm in diameter) ethanol is less suitable. Study
shows that acetic acid is able to diffuse through tu-
mor septa and furthermore a same volume of necro-
sis can be achieved with the use of a smaller doses,
compared to ethanol [41].

Thermal ablation Many techniques are available
to locally change the temperature of the desired tis-
sue, which induces necrosis. Increasing the temper-
ature to 46 °C for 60 minutes results in irreversible
cell damage. When the temperature is increased even
more to 50-52 °C, it even shortens the time neces-
sary for irreversible damage [42]. Techniques used for
hyperthermia configuration are radiofrequency ab-
lation (RFA), ultrasound ablation, laser ablation and
microwave ablation. Cryoablation is the only in-
tervention which uses a decrease in local tempera-
ture, subjecting the tissue to hypothermia [43]. Each
technique, although similar in purpose, has specific
and optimal indications [44]. As visalisation, in fig-
ure 2.12, a RFA procedure is shown [45].

Ultrasound

probe
N =

Radio-
frequency
ablation
probe

Figure 2.12: Radiofrequency ablation (RFA) in liver cancer un-
der ultrasound guidance. Adopted from The John Hopkins
University, 2017. Accessed on: 17-11-2017.

2.2.3. Embolization

Embolization can be used to reduce the amount
of blood flow towards a malignant tumor, thereby
reducing potential growth rate. Most cancer cells
receive their blood flow from the hepatic artery
whereas normal liver cells are fed by the portal vein.
By cutting off the blood flow of the branches of the
hepatic artery the cancer cells will grow slower while
healthy liver cells remain unharmed.

Chemoembolization Chemoembolization is the
combination of embolization with chemotherapy
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and is also referred to as trans-arterial chemoem-
bolization. = Small beads are injected into the
branches of the hepatic artery containing a
chemotherapy drug. In the study of Choi et al. [46],
the authors investigated the therapeutic effect of
chemoembolization for encapsulated nodular HCC
and found that the best effects are observed for a
complete retention of the chemical agent and sur-
rounding liver, which showed 100% necrosis. Further
study reveals that trans-arterial chemoembolization
improves survival and no difference is noted between
chemotherapeutic agents [47].

Radioembolization Radioembolization combines
the embolization procedure with radiotherapy, which
can be done by administering microbeads that con-
tain a radioactive isotope and put them into the hep-
atic artery. The beads nestle themselves in the ves-
sels near the tumor, letting their radiation go in small
amounts to the tumor in a certain timeframe. The ra-
diation only travels a short distance and therefore af-
fects mainly the malignant cells [48].

2.3. Phantoms

Phantom studies are often used as an alternative to
in-vivo experimental configurations. These studies
provide an easy-to-reproduce and controlled envi-
ronment to simulate the right conditions. Ideally, a
phantom model should fulfill all the functional re-
quirements equally if compared to a like-wise in-vivo
tissue experiment. In this section, the factors of influ-
ence on the requirements on the phantom model are
discussed. Additionally, the field of application and
possible materials will be addressed.

In order to come with a new design, existing de-
signs are analyzed on working principle. The designs
are assessed per functionality. The functionalities
presented are: Respiratory movement and physical
properties of TMMs. Physical properties of TMMs is
further divided into the following subcatergories: Ul-
trasound Imaging Properties, Mechanical Properties
and Multilayer. Other functionalities of a phantom
can be integrated perfusion and tissue deformation,
but are not presented because they are found not rel-
evant in this work.

2.3.1. Respiratory movement

The first functionality of a phantom which is dis-
cussed, is the tissue motion and deformation in con-
sequence of respiration. Due to the fact that the hu-
man body is a dynamic structure, it is necessary to
regulate the movement of the desired volumes. The
respiratory movement does not only induce motion
but also deformation of tissue. Several studies are

reviewed with examinations of the motion platform
and the ways deformation is integrated.

Translation and deformation The liver itself shows
displacements of 10-25 mm during quiescent physi-
ologic breathing and up to 55 mm during maximum
respiration and is mainly in a cranio-caudal direc-
tion [49, 50]. Deformation is approximately 10 mm
over the entire liver and showed a maximum defor-
mation of 34 mm in one place. The amount of de-
formation is extracted from MR images [51]. In a dif-
ferent study, deformation varied between 10 mm for
shallow breathing and 15 mm for deep breathing [52].
Translations in other directions are observed to be
between 1 and 12 mm in anterior-posterior direction
and between 1 and 3 mm in left-right direction. Rota-
tions do not exceed 1.5 degrees [53]. Just like the liver,
most organs in the upper abdominal cavity will ex-
perience motion and deformation due to respiration.
The heart shows a typical deformation of 3-4 mm
measured from full exhalation to full inhalation [54].
A typical waveform is show in figure 2.13and noted
is that this is not perfect a symmetrical signal [55].
The amplitude differs for each breath, just like the
time period and sporadically pause breaks within the

breathing cycle.
v

Figure 2.13: A typical respiratory signal over time, where
A is the amplitude; T is the period and P indicates a pause.
Adopted from Barker ,1982.

Designs Current study already reveals the use of
respiratory motion phantoms which are MRI com-
patible. Tavallaei et al. [13] use a custom fabricated
linear motion stage constructed from nonmagnetic
materials. Actuation is achieved by an ultrasound
motor and transmitted by a nut-screw connection.
The range of travel was designed to be capable of
replicating the respiratory motion, where a maxi-
mum peak-to-peak excursion of 21.8 mm is repro-
duced. The schematic setup of the phantom is shown
in figure 2.14. The setup has been tested and results
indicate that the system is MRI-compatible and able
to facilitate reliable and reproducible motion. Limi-
tations are the operational temperature of the ultra-
sound motor, which is 45°C and change in operation
characteristics as the the temperature rises. Further-
more, the phantom solely contains an actuation part
and is not integrated into an embedded design.
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Figure 2.14: Schematic view of a MRI compatible motion
phantom driven by an ultrasound motor. Adopted from
Tavallaei et al., 2016.

A computer controlled pump system has been de-
veloped by Lin et al. [56] to recreate a variety of nat-
ural breathing patterns and has integrated the con-
struction into an anthropomorphic respiratory phan-
tom. Due to the control of the pulmonary cavities,
the system is able to facilitate chest movement. Imag-
ing of the movement is done via CT visualization of
the cavities. Difficulties were observed in fully sim-
ulating the breathing, for the model cannot simulate
the mechanical interaction between the diaphragm
contraction and the plurea, where the authors ob-
serve that a larger tidal volume is needed to create
similar chest wall displacement. Yet, they state that
‘the larger tidal volume required does not affect the
effectiveness of this platform as a validation tool, as
long as we can accurately compensate for the differ-
ence in volumes to achieve human-like motion’. So,
the model is still suitable to replicate human breath-
ing motion.

In a different study the effects of fractionated ra-
diotherapy delivery on a breathing, anthropomor-
phic, tissue-equivalent phantom have been investi-
gated. The phantom is constructed from perspex
which resembles the thoracic cavity and two "lungs’
are mounted inside and consist of accordion-type
flexible hose with collapsible sides. Breathing mo-
tion is induced by a 3D positioner gantry with motion
controller. The space around the lungs are filled with
water and the ’lungs’ itself are filled with damped
sponges to simulate similar lung density for the CT
scan [57]. The authors conclude that a higher ampli-
tude of motion results in a higher degree of blurring,
thus creating an underdosage on the planning target
volume.

2.3.2. Tissue mimicking material

In this section some of the most common tissue mim-
icking materials (TMMs) are described. The pre-
sented TMMs are described in ultrasound imaging
properties, mechanical properties and multi-layer
designs.

As mentioned before most common base materi-
als used for phantom models are: agarose, gelatin,
polyvinyl alcohol (PVA-C), polyvinyl chloride (PVC),
silicone [8]. Used TMMs in the design phase are PVA
and PVC. Only these TMMs are presented, since other
TMMs are regarded as less suitable. The suitability is
based on the findings in the work of Pluymen [9].

Ultrasound imaging properties As mentioned for
the liver, important ultrasound imaging properties
are ultrasound impedance and ultrasound attenua-
tion. The two variables depict the visual reconstruc-
tion of the material. In this work, the two variables for
the used TMMSs are not characterized. Only, the vi-
sual reconstruction will be investigated. This is done,
because only the visual reconstruction is needed for
US-guided needle insertion. Visual reconstruction of
PVA and PVC is shown in figure 2.15 and 2.16. As
noted from the images, the scattering in PVA sample
looks more like the us reconstruction of liver tissue
than the PVC sample.

Figure 2.15: Ultrasound visual reconstruction of 7%m PVA
sample. Retrieved from Pluymen, 2016.
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Figure 2.16: Ultrasound visual reconstruction of 100% plasti-
cizer PVC sample. Retrieved from Pluymen, 2016.

Mechanical properties The mechanical properties
of a TMM determines the needle-tissue interaction.
The elastic modulus describes the stiffness of a ma-
terial. The stiffness is a material property and has,
as before shown in figure 2.6, an influence on nee-
dle forces, needle deflection and tissue deforma-
tion [27]. The TMM elastic modulus is characterized
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in different studies with different experimental se-
tups. Therefore, together with the visco-elastic ma-
terial properties, results vary. The elastic modulus
characterization of PVA, PVC with test principle is
noted in appendix A. The elastic modulus provides
only a guidance in the final choice of materials and
production method.

Multi-layer designs Most of the physical mod-
els only consist of a single, homogeneous sub-
stance, where in reality the tissue is heterogeneous,
anisotropic and can be defined by multiple layers
of different tissue. Existing designs of multilayered
phantoms are described below.

In a study of Saager et al. [58] a multi-layer phan-
tom is constructed from silicone. The design in this
work is made for the validation for optical instrumen-
tation. The silicone phantom is able to mimic the op-
tical properties physiologic tissues such as skin. Fur-
ther, a patented multi-layer design consists of a con-
tainer with a water-based phantom, such as gelatin
and scattering agent for better ultrasound imaging.
The container is sealed with a film, which acts as win-
dow for ultrasound imaging [59].

In a different study the mechanics of rupture
events during transition between tissue layers is in-
vestigated [60]. From the research, the insertion ve-
locity proves to have an effect on needle force, tis-
sue deformation and needle work. Concluding, the
researched confirmed that most benefit, in terms of
least fluctuation of forces and work, can be achieved
using a speed that is inversely proportional to the re-
laxation time of the tissue.

From literature review can be said that there are
not many phantoms which include multilayered de-
sign with US-guided needle insertion. Yet, to give the
liver its motion freedom, it is desired that the liver
model will be a separate object.

2.4. Summary

Summarizing, many phantom studies have been
conducted over the years, yet a phantom which com-
bines respiratory motion with similar needle-tissue
force interaction is not found in literature. The inte-
gration of the respiratory motion into a liver phantom
and the needle-tissue interaction in this structure can
improve the phantom model in terms of resemblance
of reality. Knowledge about the respiratory motion
vectors is limited and are key in the success for the
development of a respiratory phantom. Therefore,
in chapter 3 a separate study is done into the liver
motion. Further, other preferred functions include
appropriate tissue properties for imaging techniques.
TMMs PVA and PVC are taken into the design phase
for development of a liver model.

Integration of respiratory motion, appropriate
needle-tissue interaction and US-guided needle in-
sertion into one model, can provide a phantom
which is able to simulate a dynamic range of test con-
figurations.
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Figure 3.1: Respiratory Signal and liver motion over time. Adopted from Minohara et al., 2017.

In order to simulate respiratory motion patterns
in a liver phantom, the trajectory of the liver is inves-
tigated. In this chapter, research into the motion pat-
tern of the liver and ribs is presented.
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3. Respiratory motion of the Liver

3.1. Introduction
The liver is in direct contact with the diaphragm, sit-
uated in the upper right part of the abdominal cav-
ity. As mentioned earlier, the liver moves as a conse-
quence of the contraction of the diaphragm and in-
tercostal muscles. To describe the liver motion over
time, the respiratory signal as shown in figure 3.1 can
be used as a reference [61]. The muscle contraction
of the diaphragm as shown in figure 3.2, dictates the
motion of the liver, because of the direct contact [62].
The breathing sequence can be described as fol-
lows:

1. Commencing at the maximum expirational
state, the diaphragm and intercostal rib mus-
cles are relaxed and untensioned leaving the
liver situated high in the abdominal cavity.

2. Sequentially, the respiratory signal drives the
diaphragm and intercostal rib muscles to con-
tract, thereby shortening the diaphragm mus-
cle and widening of the thorax circumference.
The muscles in turn force the liver in domi-
nantly cranial direction and possibly also ante-
rior and left or right direction.

3. Once reaching the maximum inspirational
state, the muscles release tension followed by
the ribs and organs searching for the way of
least resistance. The lungs are in overpressure
and the ribs are tensioned in maximum inspi-
rational state. Due to the volume difference the
ribs will move as well, in order to allow the in-
crease of volume.

4. When the muscle tension is released, the air
in the lungs will naturally flow outward due
to pressure difference with the athmosphere
and the ribs compress to their resting state due
to their spring characteristics. The diaphragm
lengthens and the liver regains its place in the
upper right part of the abdomen [61].

Figure 3.2: Physical representation of the diaphragm contrac-
tion during respiration. Adopted from Long, 2015. Accessed
on 2017-11-17.

3.1.1. Problem statement

In previous studies, motion patterns between in-
halation and exhalation of multiple volunteers have
been described [53]. Translations were found dom-
inantly in crano-caudal direction but motions in
anterior-posterior and left-right direction direction
were quantified as well [63]. However, literature
only provides limited knowledge about the liver and
rib motion in combined directions and has no in-
formation about the subject-specific motion vectors.
Therefore, there is chosen to extract the motion paths
from real cases.

3.1.2. Research goal

In this section the research goal is presented. Since,
there is only limited knowledge about how the liver
and ribs quantitatively move and the different mo-
tions between subject, the following research goal
has been set:

"Determine the motion pattern in terms of transla-
tions of the human liver and ribs between inspiration
and expiration."

3.2. Methods

The respiratory motion pattern of the liver and 7%
rib is extracted from in-house abdominal CT scans of
real patients (resolution range in CC direction: 0.40-
0.74 mm) during inspiration and expiration. The in-
cluding criteria for CT scans are based on visibility,
firstly the scans of each patient should at least con-
tain one scan of the liver and 7" rib at cartilage tran-
sition to the sternum in inspiration state and one in
expiration state. Secondly, the liver and 7" rib and
should be fully captured on both scans. The tracking
point are shown in figure 3.3.

The influence of the motion of the heart on the
liver or ribs is not included in this study, because the
rithmic interference by the heart has relatively little
influence on the spacial outcome (1-4 mm, close to
the heart) than the respiration [64] and this study will
focus on translation and not rotations since they are
relatively small (1.5°) [53].
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Figure 3.3: Locations of the relevant tracking points on the
organic structures.

Motion patterns are determined by comparison
of the shift in center of mass (CoM). The CoM is deter-
mined by averaging over all the sampling points and
is described by the following equation:

& Sxiyia
CoMy,y, =) ———
i=1 I

(3.1

where, CoM,, . is the average CoM coordinate;
Sx;,yi,z: is the local coordinate and n is the number
of samples.

Samples are extracted from the CT scan with
MeVisLab 2.7.1 (MeVis Medical Solutions AG, Bre-
men, Germany). The liver is segmented, which
means that samples are taken from series of semi-
repetitive segments. Point allocation on the seg-
ments is done manually, since automated segmenta-
tion is prone to errors due to the low contrast with
surrounding tissues [65] and has low accuracy [66].
The liver is sampled in 3 planes, sagittal, coronal and
transverse, beginning top to bottom, starting at first
top slice with notable liver tissue. The same proce-
dure is done in anteroposterior direction, commenc-
ing at the first notable anterior slice and in left-right
direction, starting at the first notable left slice. In
each perspective, the liver is segmented in at least 5
slices.

Further, the 7 rib at the anatomical right side is
tracked for insight into the relative motion of the ribs
due to respiration. The center of the 7" rib at the car-
tilage transition to the sternum in coronal perspec-
tive is used as tracking point. Tracking is done man-
ually. The 7% rib is chosen for tracking, because it
is approximately at the similar CC position as the di-
aphragm. The tracking at the cartilage transition is

done, since it is relatively well visible on the CT scan.

As a verification procedure, the 1% lumbar ver-
tebra is analyzed to deduce relative motion and to
check if the patient laid still during the measure-
ments. The hypotheses is that the 1%t lumbar ver-
tebra shows only limited motion due to respiration.
The vertebra motion is obtained from the same CT
scans where the liver motion is distilled from. A single
tracking point of the vertebra is chosen in the center
of the anterior edge.

Samples are processed in Matlab 2017a (Math-
Works, Inc., Natick, USA). The average coordinates of
the CoM in both inspiration and expiration state are
calculated and compared to obtain the translations
of the liver and 7" rib during respiration. Secondly,
the gross deformation modes of the liver are obtained
from Matlab to qualitatively investigate global defor-
mation.

3.3. Results

The available CT scans of 40 patients are subjected to
the selection criteria. Only the CT scans of five pa-
tients pass the criteria. The segmented point clouds
are fed in Matlab for visualisation and analyses, as
shown in figure 3.4. The values of the points are di-
rectly obtained from MevisLab and are expressed in
mm. The measurements enable the calculation of
relative motions.

-200 ® |nspiration
® Expiration

z axis[mm]

y axis[mm] =300 5gp -100

x axis[mm]

Figure 3.4: Point cloud segmented liver from CT scan in
inspiration (blue) and expiration (red) state.

Liver translations Amplitude and angles of the mo-
tion paths between inspiration and expiration are vi-
sualized in figure 3.5. The translations range from
9.3-31.0 mm in CC direction, 2.7-20.7 mm in AP
direction and -0.75-15.4 mm in left-right direction.
Note that the positive direction is inverted for read-
ability. Positive values are indicated as the direction
of the black arrows in figure 3.5. Motion vectors are
reported in table 3.1.
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3. Respiratory motion of the Liver

Table 3.1: Overview of the extracted liver motion vectors.

Patient# | CC [mm] | AP [mm] | LR [mm]
1 21.46 15.11 14.09
2 30.98 2.66 15.42
3 24.75 20.74 8.47
4 22.32 16.95 5.3
5 9.28 12.6 -0.75
Crano
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E
E 20
KB
N .30
Caudal 40 -
0
Posterior 5
-10
-15
-20
y axis[mm] -25 16 -14
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Figure 3.5: 3D CoM motion pattern between inspiration and expiration [0,0,0] state of all investigated patients. Perspective is visualized
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by the upper body insert, where positive motion is reported as from crano to caudal; posterior to anterior and left to right.

Liver deformations In order to visualize deforma-
tion, the segmented point clouds are approximated
by triplots from Matlab. The visualization results in
a qualitative measure for global deformation. For vi-
sualization, patient 3 is selected, since it shows the
median motion pattern of the five obtained motion
patterns. All patients are reported in appendix B. Fig-
ure 3.6 and 3.7 show the motion of the connected
points from state of inhalation (blue) to exhalation
(red). The shape of the liver remains roughly the
same and mainly shifts and slightly rotates.
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Figure 3.6: Saggital view of the deformation mode of the liver
and relative motion of the 7" rib between inspiration and ex-
piration.

Coronal view
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Figure 3.7: Coronal view of the deformation mode of the liver
and relative motion of the 7" rib between inspiration and ex-
piration.

Rib translations The ribs move as a consequence
of respiration. The motion is dominant to the right
(median: 18.95 mm) and in caudal direction (me-
dian: 18.85 mm), whereas relatively small movement
in posterior direction is observed (median: 1.0 mm).
The rib motion is reported in figure 3.8. The relative
motion of the rib is also visualized together with the
liver deformations in figure 3.6 and 3.7. All relative
motion patterns are shown in appendix B.
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Figure 3.8: Relative motion of the 7t rib at catilage transition

of 5 patients between inspiration and expiration. Motion in
crano-caudal (CC), anteropostrior (AP) and left-right (LR) di-
rection, respectively.

Verification procedure The CT scans are obtained
in a dynamic environment where the patient is able
to move, even if it is instructed to minimize move-
ment. To verify validity of the liver motion due to
solely respiration obtained from the CT data, the mo-
tion of the 1% lumbar vertebra is analyzed. In fig-
ure 3.9, the vertebra‘s motion is shown. Maximum
motion (3 mm) is observed in anteroposterior direc-
tion (Y translation), with a median of 2 mm. Mean
total (3D) translation of the vertebra is 1.86 mm.
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Figure 3.9: Relative motion of the 1% lumbar vertebra of 5 pa-
tients between inspiration and expiration. Motion in crano-
caudal (CC), anteropostrior (AP) and left-right (LR) direction,
respectively.

3.4. Discussion

The goal of the study was to determine the motion
pattern of the liver between inspiration and expira-
tion. The motion patterns of the liver can approxi-
mated by a motion in right, anterior and caudal di-
rection from state of expiration to inspiration. The
motions are in line with previous conducted experi-
ments found in literature [67]. The motion pattern in
this study are assumed to be linear from state of in-
spiration to expiration. In reality the motion can be
non-linear.

The rib motion at the cartilage translation of the
rib is in the same order of magnitude as the liver
motion, the direction however differs. The intercostal
muscles and diaphragm pull the ribs outward and
downward and not so much to the front.

The first lumbar vertebra is used for a verification
procedure. The motion of the first lumbar vertebra is
marginal compared to the motion of the liver in all di-
rections. Therefore, the found liver motions originate
from within the body and the patients did not move
during the measurements.

The point allocation for the calculation of the
center of mass has been done manually, and due to a
limited time span, sampling rate has been reduced in
respect to the given CT resolution. The downgrading
of the spacial resolution can influence the accuracy of
the determination of the CoM coordinates. Sequen-
tially, the motion pattern might be different. How-
ever, due to the averaging over all points for CoM de-
termination, the addition of more slices has percent-
age wise less and less effect on the mean CoM coor-
dinates.

The manual selection procedure is prone for hu-
man error. Yet, automatic selection tools have prob-
lems with boundary detection and therefore, are less
able to reconstruct the liver from CT scans [65, 66].

The scans are obtained in a setting which are
not controlled by this work. The explanation for the
spread in CoM translations is therefore not conclu-
sive. The difference could be due to inter-subject dif-
ferences.

The visualization of the triplots give a qualitative
measure of the connection between points, but lack
of information for a quantitative validation of defor-
mations. Yet, the 3D plots are reconstructed from 2D
CT images and will therefore always need interpola-
tion.

7th

3.5. Conclusion

Concluding, in this work, the goal was to determine
the liver translations and rib motion. The liver trans-
lations have been determined. The liver moves in
caudal, right and anterior direction, ranging from 9.3-
31.0 mm in CC direction, 2.7-20.7 mm in AP direc-
tion and —-0.75-15.4 mm in left-right direction have
been found. Motions are cross checked by analyses
of motion of the first lumbar vertebra. The vertebra‘s
motion is found to be marginal, thus liver motion
can be assumed to originate from respiratory mo-
tion. At last, the right 7 rib showed dominant mo-
tion in right and caudal direction, median 18.95 mm
and 18.85 mm, respectively and relative little motion
in anteroposterior direction, 1.0 mm.






The objective as mentioned in chapter 1, is to
create an anthropomorphic liver phantom with res-
piration functionality and the simulation of similar
needle-tissue interaction. In order to develop a pro-
totype, a design process is used, which is presented
in this chapter. Firstly, the design requirements are
set. Continuing in a phase of conceptual design. Fol-
lowed by an embodiment design and manufacturing.

Structure The design process of the project is
shown in figure 4.1. Prior to the design process, the
problem definition and the research goal are set in
the problem analysis as introduced in chapter 1. In
this work I will walk through a design process, com-
mencing with the definition of design criteria, fol-
lowed by conceptual design. During the concep-
tual design phase, I will make use of a morpholog-
ical overview to help with the exploration of con-
ceptual solutions. Continuing, with concept selec-
tion with the help of a Harris Profile [68] and further
elaboration of 3 selected concepts. With elaborated
knowledge of the three concepts, the final concept
is chosen based upon the design criteria and addi-
tional wishes. The final concept is then further de-
veloped for manufacturability, followed by a produc-
tion phase to a prototype. The prototype is presented
in chapter 5. Experiments, data-processing and re-
sults are presented in chapter 6 as an evaluation of
the design criteria. Finally, the work is concluded in a
discussion and conclusion in chapter 7 and 8, respec-
tively.
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Figure 4.1: Structural overview of the design process.
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4. Design process

4.1. Design requirements

The design requirements control the design of the project through the design process and are determined
after assessment of literature. In table 4.1, the design requirements are summarized.

Table 4.1: Overview of the design requirements

Design criteria
Anthropomorphic liver kinematics

Adjustability
Anthropomorphic mechanical properties

Anthropomorphic liver dimensions

Anthropomorphic liver volume
Compatible with ultrasound imaging

Anthropomorphic liver kinematics One of the re-
quirements of this work is to simulate anthropomor-
phic liver motion by respiration. In chapter 3, the
motion is investigated and requirements are there-
fore set to 0-31 mm, 0-21 mm and 0-15 mm in CC,
AP and LR direction, respectively.

Anthropomorphic mechanical properties An-
other requirement is that the needle-tissue inter-
action is able to simulate response like liver tissue.
Since, interventions are performed mostly on dis-
eased tissue, the requirement are estimated for cir-
rhotic liver tissue instead of healthy tissue. In the
study of de Jong et al. [5], healthy human liver tissue
is characterized in terms of axial needle forces during
insertion and retraction. The three used metrics are:
friction slope, amplitude of peak forces and amount
of peak forces ,valued 0.011 [N mm~1],0.179 [N], 7.27
[#/dm], respectively. Cirrhotic liver tissue increases
in stiffness [2], therefore an increase in needle fric-
tion slope is desired. The friction force on the nee-
dle shaft is the result of the internal stiffness of the
inserted material [27]. Due to a higher heterogene-
ity in cirrhotic tissue, the amplitude and amount of
peak forces are chosen such that they are higher than
healthy liver tissue. The design requirement for the
mechanical properties are: 0.015 - 0.05 N mm™, 0.1
- 0.8 N, >8 #/dm for friction slope, amplitude of peak
forces and amount of peak forces, respectively.

Anthropomorphic liver dimensions The liver itself
comes in many shapes and sizes, and alters in dif-
ferent pathological states. In literature, the specific
dimensions in CC, AP and LR direction are quanti-
fied for healthy livers. The average liver dimensions
are 15-17.5 cm, 10-12.5 cm, 21-22.5 cm in CC, AP, LR

Friction slope: 0.015 - 0.05 N mm ™!
Amplitude peak forces: 0.1 - 0.8 N
Amount of peak forces: >8 #/dm

0.940-2.344 dm?
Ultrasound needle guidance possible

Requirement Literature
CC direction: 0-31 mm Own study
AP direction: 0-21 mm Own study
LR direction: 0-15 mm Own study
Able to adjust motion pattern Own study

de Jong et al. [5]
de Jong et al. [5]
de Jong et al. [5]

CC direction: 147.4-181.1 mm Own study
AP direction: 126.7-198.5 mm Own study
LR direction: 183.3-221.4 mm Own study

Henderson et al. [69]
Hodge et al. [70]

direction, respectively [33]. From the available CT
scans used in chapter 3, the dimensions are extracted
from the five selected patients. The segmented liver
is boxed in CC, AP and LR directions. The distance
between the two parallel planes is used as the CC, AP
and LR dimension, respectively. These distances are
set for the anthropomorphic liver dimensions. Ob-
tained dimensions from the five patients are as fol-
lows:

Table 4.2: Overview of the extracted liver dimensions

Patient# | CC [mm] | AP [mm] | LR [mm)]
1 147.4 198.5 193.1
2 168.0 165.2 192.2
3 176.4 140.0 2214
4 181.1 136.0 215.3
5 158.6 126.7 183.3

The volume of the liver model acts as an addi-
tional metric for the liver dimensions. Since, the liver
is a-symmetric and organically shaped, liver dimen-
sions expressed in CC, AP and LR direction can have
variable outcomes in terms of volume. The range for
the liver volume is set to the mean plus and minus 1
standard deviation found in Henderson et al. [69].

Compatible with ultrasound imaging The last re-
quirement is that the phantom is compatible with ul-
trasound (US) imaging for needle guidance. US imag-
ing is the most commonly used imaging method in
interventional radiology, since it is cheap, simple and
easy to use [70]. Therefore, the phantom should allow
ultrasound-guided needle insertion.

Wishes Additionally to the design requirements,
design wishes are added. The wishes are kept in mind
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during the design process for a more desirable end re-
sult. The design wishes are as follows:

¢ The design should be simplistic, meaning the
use of the minimal amount of parts.

¢ The design should be maintainable, meaning
that parts are easily replaced.

¢ The design should be cost effective, meaning
that only essential expenses are made.

¢ The design should simulate rib motion due to
respiration.

4.2, Conceptual design

In this section the creation and assessment of the
conceptual solutions is elaborated. The main pur-
pose of the design is to move and to perform the same
needle-tissue characteristics as a real human liver. As
a first step in concept design, the system is separated
into four elementary parts:

1. Structural Support
2. Functional Structure
3. Actuation

4. Surroundings Simulation

The four elementary parts divide the problem at
hand in more comprehensible pieces. For each sub-
system, a separate solution can be found after which
each subsolution can be combined to fit the whole
problem. Below is a description of each subsystem:

e Structural support: subsystem which will pro-
vide the connection to the solid world and
maintains the other subsystems in a controlled
position.

¢ Functional structure:
enacts as the liver.

subsystem which re-

¢ Actuation: subsystem which will provide respi-
ratory motion upon the functional structure.

e Surroundings simulation: subsystem which
will function as surrogate for the abdomen.

In a later stadium, the integration of sensors and
measurement equipment will be examined and dis-
cussed. Even though that these parts are separated
for design generation, it is necessary to keep in mind,
that all parts could influence the motion modes of the
phantom.

4.2.1. Morphological overview

The subsystems can be visualized in the form of a
morphological overview as shown in figure 4.2. The
morphological overview gives insight in the possible
solutions for each subsystem. Note that there could
be many more solutions to all the subsystems, only
the visualized subconcepts are investigated further
based on literature. Other subconcepts for the func-
tional liver structure are excluded by inability to ful-
fill either the needed mechanical properties or ultra-
sound imaging properties.
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Figure 4.2: Morphological overview.

4.2.2. Conceptual solutions

By combining solutions to each subsystem, conceptual solutions can be generated, as shown in figure 4.3.
The conceptual solutions provide a spectrum of differently constructed designs and thereby covering several

perspectives on the problem.

Figure 4.3: Conceptual solutions.
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A short description explaining the key compo-
nents of each conceptual solution is given below:

1. Single drive stage for actuation with multi-
ple separated response pistons. The structural
support with a clamped sternum and a PVC
based functional structure.

2. Both actuation and response is generated with
regulation of fluid volumes. The structural sup-
port with a rotational sternum and a PVC based
functional structure.

3. Off-axis single drive with a tissue mimicking
material for surroundings simulation. The
structural support with a rotational sternum
and a PVA based functional structure.

4. Lung-like actuation and a passive shape mem-
ory material as response unit. The structural
support with a clamped sternum and a PVA
based functional structure.

5. Diaphragm motion generates actuation while a
single stage functions as surroundings simula-
tion. The structural support with a rotational
sternum with a PVC functional structure.

6. Single drive actuation with compliant load dis-
tribution to the functional structure and a pas-
sive shape memory material as response unit.
The structural support with a rotational ster-
num and a PVA based functional structure.

7. Single drive with a separation of loads and
displacements to the functional structure and

multiple response motors. The structural sup-
port with a clamped sternum and a PVC based
functional structure.

8. Multiple drive stage and an air chamber for sur-
roundings simulation. The structural support
with a clamped sternum and a PVA based func-
tional structure.

4.2.3. Concept selection: assessment of
strengths and weaknesses

To converge to a design solution which best fit the
design criteria, the strengths and weaknesses of each
conceptual solution are assessed. The assessment is
presented in table 4.3.

4.2.4. Harris profile

A Harris Profile is created as another way for the as-
sessment of the conceptual solutions. Here, the so-
lutions will be assessed on the degree on which they
comply with the design criteria. The scale ranges
from -2, -1, 1, 2, where the rate is assigned by how
well a concept is likely to score on each criteria.

In figure 4.4, the Harris Profile is shown. All con-
ceptual solutions have been given a color coating
which will be used as further reference. An extra
weight of 2x is given on the criteria: Kinematics and
Insertion Force, since these criteria are considered to
contribute more to the value of a final design. In fig-
ure 4.4 the 'Kinematics’ and 'Insertion Force’ criteria
are shown in saturated colors.

Table 4.3: Overview of the design specifications versus design requirements

Concept number | Strengths (+)
Concept 1 Simple actuation

PVCliver is able to handle depicted motions

Separation of response plates leads to more realistic mobility
Concept 2 Pressure distribution is equal

Reactive properties can be controlled
Concept 3 Simple actuation

Similar reaction forces from TMM
Concept 4 Actuation pressure distribution is equal

Memory Shape Foam distributed pressure from surroundings
Concept 5 Real diaphragmatic motion patterns
Concept 6 Load distribution with compliant mechanism

Memory Shape Foam distributed pressure from surroundings
Concept 7 Different displacement modes on actuation
Concept 8 Multiple drives can locally control the motion

Air sack can distribute response pressure

Fixed action and reaction points

Prone for leakage

Expensive system

Large volume of TMM needed
Limited lifespan of Surroundings
Prone for leakage

Motion delay of Surroundings
Difficult motion control
Load distribution hard to predict

Bad end-point control
Expensive actuation
Prone for leakage
Expensive actuation
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Figure 4.4: Harris Profile. The design criteria, Kinematics and Insertion Force are weight-rated 2x and shown with saturated colors,

6/3 -2/0 8/5 -4/-2 3/0

because they are considered to contribute more to the value of a final design.

From the Harris Profile, concept 3, 4 and 6 show
the highest suitability with the criteria. These three
concepts score high on ’kinematics and insertion
force), since they all contain a PVA functional struc-
ture based on findings in Pluymen [9], whom con-
cludes that PVA is best suitable to simulate liver tis-
sue in terms of needle forces and heterogeneity, non-
toxicity and other practical aspects.

4.2.5. Design criteria matrix
A different way to visualize the strengths and weak-
nesses is with the design criteria matrix as shown in

figure 4.5. The concepts are rated on each of the six
axis how well they will cover each criterion. As men-
tioned before, the criteria of ‘Kinematics and Inser-
tion Force’ have a larger weight. If these two criteria
are well met, the final design will be effective in solv-
ing the gap in designs for a respiratory liver phantom
for needle-based interventions.

From the design criteria matrix again concept
6 (orange) shows the best suitability in ‘Kinematics
and Insertion Force’ criteria and relatively average in
‘Wishes, Imaging Compatibility and Dimensions’.

Kinematics

Wishes

-

Imaging
Compatibility

Insertion Force

-

~ Dimensions

Adjustability

Figure 4.5: Design criteria matrix.
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4.3. Embedded design

The embedded design phase includes a more defined
design, particularly in cases where the level of con-
ceptualization achieved during ideation is not suffi-
cient for full evaluation. So where the preliminary de-
sign phase focuses on creating the general framework
to build the project on, the embedded design phase
defines the whole system configuration.

In the conceptual design phase three core solu-
tions are chosen, which to a large extent cover the de-
sign criteria. In this phase the three conceptual solu-
tions are further developed to an embedded design.

Concept 3 - filler In perspective of the wishes con-
cept 3 will be respectively time consuming in produc-
ing the TMM filling as well as the liver in follow up
experiments, because the TMM's lifespan is limited
compared to a spring-damper design as in concept 4
or shape memory shape solution in concept 6. How-
ever, the material properties of the filler can be cho-
sen to mimic the surroundings quite closely in both
mechanical behavior as in image modality. Motor
load can be calculated from the motion and deforma-
tion of the functional and surrounding structure. In-
dentation of the filler should be in the same order as
the motion of the liver, which is distilled from the CT
scans. The translation of the liver's CoM is on average
1.95 cm. Decomposed in [x-y-z] motion, [8.06 + 6.31 ;
7.79+11.26;15.99 + 10.01] mm, respectively. Assum-
ing simple compression where the abdomen filler is
approximated with an ellipsoid contact area, the fol-
lowing calculations can be made:

F=ExAx6llL (4.1)

Where, F [N] is the force needed for the com-
pression; E [MPa] is the elastic modulus of the filler;
A [m?], the contact area; 61 [m] is the compression
length and Ly [m] is the initial length. Since the de-
sign needs to hold for the worst case loading, values
from literature or own findings are chosen such that
the resulting load is maximum.

51=1.95%10"%m
Lo=25% 10 °m=

Eqyg =2000N m™2 * *
A=197.135%10"*m? x #

substituting in equation 4.1
F=30.7N

*Estimated for a 24 yr male. ** Estimated aver-
age elastic modulus for the whole abdomen. *** Ex-
tracted from ct scan, calculated as ellipsoid area of

the thorax at single coronal ct slice at height of the
diaphragm minus cylinder shape spinal cord.

Substituting the parameter into equation 4.1, re-
turns a load of 30.7 N. The calculation is an approxi-
mation which holds up to a compression of a tenth of
the starting length for normal quiet breathing. This
criterion is met, since 0.1Ly > dL. Even though this
criterion is met, it is wise to note that the filler will
react as a viscoelastic material. Viscoelastic material
does not show a linear elastic behavior, therefore this
calculation is only an estimation for the force loads.
From the liver's CoM motion pattern can be seen
that the liver moves both in crano-caudal, anterior-
posterior and transverse direction . A motion stage
which facilitates these degrees of freedom is desired.
This makes an adjustable motion angle interesting to
include in further concepts.

Concept 4 - lung Concept 4 key features are the
lung-like actuation and the surroundings simulation
by a spring-damper system. The lung-like actuation
is relatively impractical to implement, because the
air volume might be pierced during the intervention
and all connections will have to be air tight in order
to provide proper control of the pressure and mo-
tion. The surroundings are simulated by a passive
spring-damper mechanism. Advantage of the pas-
sive spring-damper system is that it is simple and re-
liable, but might not be good enough in representing
the mechanical properties of the surrounding tissues.
Spring characteristics: The spring will have to sim-
ulate the same stiffness as the abdominal stiffness,
earlier assumed with a simple compression in crano-
caudal direction. As simplification it is assumed that
there is equal compression between the contact area
of the liver and the abdominal organs. To have stable
compression at least four parallel springs need to be

placed.
F

"5l

,where k [N m™!] is the spring stiffness; F [N] is
the reacting force in compression for this use and
6! [mm] is the displacement or compression length.
From the calculations in section Concept 3, the re-
acting force from the abdomen is approximated as
F =30.7N. The accompanied displacement extracted
from ct scansis 61 = 1.95-10~2 m. Thus, the total stiff-
ness and stiffness per spring should be, respectively:

k 4.2)

Kiorar =1575N m™!
k1'2y3'4 =393.75N Il’l_1

Lung material/stroke: As an iteration, the spring
damper system can be made active, provided by a
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motor with proper control parameters. Thereby, giv-
ing opportunity in tuning the response of the sur-
roundings at the final design. Pressure in the lung is
the sum of the trans diaphragmatic pressure and the
atmospheric pressure. Normal trans-diaphragmatic
pressure hovers around 121 mm H2O0 or 0.01186
bar [71] and atmospheric pressure is 1.01325 bar.
Complications in this concept can arise in the con-
trol of motion. The way that the lung will expand
is unknown. The motion enforced upon the liver is
depicted by the shape and the boundary conditions
of the lung. Additional sensory feedback is needed
to obtain the desired motion, whereas the end-point
position of a direct drive motion stage as in concept
3 and 6, can be read out more easily (if the motor has
an integrated position sensor).

Concept 6 - compliant Concept 6 uses a compliant
mechanism which allows to distribute loads as de-
sired instead of a single push. The surrounding tis-
sues are simulated with shape memory foam, which
can be shaped to the desired form and locks the liver
in place. Shape memory foam has very specific me-
chanical properties. An aspect which needs inves-
tigation is the recovery speed. The foam needs to
follow the motion of the liver, if not, there will be
pressure loss and the liver is free to move which will
most likely lead to undesired motion. Shape memory
foam consists mainly from polyurethane (PU) and
new generation foams react to heat and weight. All
foams have viscoelastic properties to a certain ex-
tent [72]. To get an idea of the mechanical properties,
literature is reviewed. PU foams have been tested
by Maji et al. [73] and showed compressive yielding
at 0.75 £ 0.03 MPa in rise direction for the 80 kg m3
density foam. The foams were tested in a hydrostatic
compression test. The load on the material is ap-
proximated by the normal trans diaphragmatic pres-
sure [71], at 121 mm H20 or 0.01187 MPa. So ac-
cording to literature, the material should easily be
able to withstand the load without yielding. An ad-
ditional advantage is that the foam can be produced
in 3D milling machine, allowing complex cut-outs.
From the stress-relaxation curves presented in To-
bushi et al. [74], a relaxation is observed of several
minutes, which is too much for the application in this
setting. The surroundings surrogate material needs
to follow the motion of the liver, else contact is lost
and the liver will move uncontrolled and image guid-
ance is not possible.

Functional structure - liver

Based upon the design constraints the appropriate
phantom material is chosen. Material selection is
done based upon the physical properties of the ma-
terial and behavior. The material is subjected to

deformation, therefore the material should be able
to withstand the deformations without breaking or
shear failure, e.g. there should be no plastic deforma-
tion. Further, image properties of the material should
be compatible with ultrasound imaging modality. In
the work of Hungr et al. [8] near equal design re-
quirements are determined. The material should be
able to withstand deformation motion, be compat-
ible with imaging modalities and be cost efficient.
The authors concluded that agarose and gelatin were
too fragile for the types of motion; Silicone has inap-
propriate acoustic characteristics and the CIRS phan-
toms did not show evident deformation and were
expensive. Resulting in the choice between PVA-
C, with a lengthy and complex production prepara-
tion procedure and PVC with softener dioctyl tereph-
thalate, where preparation needs high temperatures
and produces possible toxic fumes. The PVA mix-
ture gives the best compromise between mechani-
cal and imaging characteristics, without compromis-
ing safety concerns of the maker. Further, it is inex-
pensive, easy to manufacture, has a sufficiently large
range of elastic modulus and has heterogeneous elas-
tic properties whilst still resistant to rough handling.
Thus, based on these findings, the liver phantom is
constructed from PVA.

It is yet unknown if PVA is able to withstand the
loads associated with respiration. This is investigated
in a static and a dynamic compression test and will
be presented in the detailed design phase.

The dimensions of the liver are determined from
the readily analyzed point clouds. After analyses of
the allocated point cloud, patient 3 is chosen to serve
as model for liver simulation. The CT data is seg-
mented a second time on a resolution of 1.6mm be-
tween slices in crano-caudal direction instead of the
point allocation used in chapter 3. The newly ob-
tained point cloud is fed in Solidworks and turned to
a solid. Dimensions in each anatomical direction are
as follows:

e CCdirection: 174.57 mm
¢ AP direction: 119.76 mm

¢ LR direction: 226.53mm

Summary From concept 3, 4 and 6, the advantages
are combined into an embedded design. The first
embodiment design is shown in figure 4.6, where the
anatomical support structure or skeleton is clearly
visible. Inside the skeleton, the liver is fixated and
actuated with a linear motion stage where the mo-
tion vector is adjustable at will. Response forces are
generated by another linear motion stage, simulating
abdominal tissue characteristics. To allow different
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needle insertion angles, a transition TMM material
is placed between the liver and the response motor
stage.

¢ Single actuation motion stage with adjustable
drive angle.

¢ PVA based functional structure.
¢ Anatomical similar support structure.

¢ Single drive response stage or preloaded spring
with a TMM as the connecting part to the func-
tional structure.

For the follow-up process the motor stages will
have to be chosen, together with the drive angle and
control for tissue simulation. Since, the abdominal
tissue is relatively free to move, the degrees of free-
dom need to be preserved.

4.3.1. Detailed design

The detailed design phase further elaborates each
aspect of the product by description through solid
modeling, drawings as well as specifications.

As iteration on the previous phase, it is chosen to
make the surroundings simulation passive, instead of
active. This step is done because of practical con-
sideration of cost effectiveness, less needed control
and minimizing the amount of design parts. The sur-
roundings simulation is provided by partially a spring
mechanism and a counter-mold with holds the func-
tional structure in place. The counter mold is also
created from PVA. The CAD model of this iteration is
shown in figure 4.7.

Compression test on PVA Compression tests on
two PVA mixtures are done to observe potential loss
of structural strength It is unknown if PVA is able
to withstand compression loads resulting from res-
piration. Two sets of 4%w and 7%w PVA concen-
tration, containing each three cylinder shaped sam-
ples, are made. The samples are conical, where the
smallest diameter is 7.5 cm and biggest 8 cm and a

8 cm height. The pressure exerted on the liver is as-
sumed to be equal to the transdiaphragmatic pres-
sure (Pdi). Transdiaphragmatic pressure is measured
in Rochester et al. [71] and is 0.121 N cm™2 for a nor-
mal person. As a certainty factor, the load is raised to
2.5 times the transdiaphragmatic pressure.

Method The three samples are placed in symmetric
triangular formation in order to obtain a stable uni-
form loaded platform. The reason not to test on sin-
gle samples is, load tests on single samples showed
unstable behavior due to the inability to apply cen-
tered loads. For each set, the downward stroke is
manually set to reach a load of at least 5.5 kg over the
three samples covering 19.635 cm? (e.g. 2.5 x Pdi).
Compression is performed 10 times on each set, with
a 30 seconds relaxing period in between each down-
ward stroke. The signal is filter with a butterworth fil-
ter with a 1000 Hz sample frequency and 50 Hz cut-
off frequency for noise reduction. Sample production
parameters are described in appendix C

Results The samples are compressed and showed
no observable loss in structural strength. Force-time
diagrams are shown in appendix D.

Discussion Both sample configuration, 7%m as
4%m PVA 2 FT, are able to withstand compression
up to 2.5 times transdiaphragmatic pressure without
yielding. A more elaborate interpretation is reported
in appendix D. A limitation is that the sample size is
relatively small and mechanical properties can differ
per batch. From the results, it is reasonable to as-
sume that PVA 4%m-7%m 2FT is able to withstand
the transdiaphragmatic load.

Conclusion Concluding, both 7%m as 4%m PVA 2
FT is able to withstand the 2.5 times transdiaphrag-
matic pressure without yielding. Therefore, PVA
4%m-7%m 2FT can be used for the functional struc-
ture as well as the surroundings simulation.
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Figure 4.6: First 3D modeling concept.

Intercostal spacing In order to allow extracorpo-
real contact between the liver phantom and, the ul-
trasound machine and needle, an intermediate layer
of tissue mimicking material is implemented. For
the ultrasound machine, the ultrasonic characteris-
tics are important. The characteristics can be ex-
pressed in speed of sound and ultrasonic attenua-
tion. It is assumed that similar TMM ultrasonic prop-
erties compared to human tissue ultrasonic proper-
ties will provide similar image feedback by the ma-
chine. For the needle, the interaction parameters
are important, to simulate similar response. It is as-
sumed that similar TMM interaction properties com-
pared to human tissue properties will provide similar
response by the needle and environment. In Muller
et al. [75], the elastic muscle intercostal muscle is ob-
served to be 10 times higher than healthy liver tissue,
100 kPa versus 10kPa, respectively.

4.4. Prototyping

In this section the prototyping process is described.
Furthermore, iteration steps are enlightened.

4.4.1. Design for manufacturability
Design for manufacturability is designing products in
such a way that they are easy to manufacture. In gen-

eral preference goes out to readily existing parts, so
that the amount of custom made parts is kept at a
minimum.

Actuation The actuator is chosen based upon
stroke and power specifications and two wishes.
From the study into the respiratory motion in chap-
ter 3, maximum found respiratory motion is 33 mm
(combined 3D translation). The stroke should there-
fore be at least 33 mm and preferably be more to in-
crease functionality. More respiratory patterns can
be simulated if the amplitude can be larger, yet di-
mensions of the actuation subsystem should be kept
at a minimal (e.g. the larger the stroke, the larger
the actuation subsystem). Minimal dimensions are
a wish. The motor should at least be able to gener-
ate a load equal to the transdiaphragmatic pressure,
which is more than 0.121 N cm™2. Another wish is
that the actuation generates as little sound as pos-
sible. Therefore, based on stroke, load, minimal di-
mensions and sound characteristics, the actuation
subsystem is chosen. The actuation will be provided
by a Festo EMMS-ST-28-L-SE, with integrated incre-
mental encoder for position tracking and translated
to linear motion by a ball screw slide, Festo EGSL-BS-
35-50-8P. Connecting parts to the functional struc-
ture can be found in appendix F.
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Figure 4.7: Detailed CAD in Solidworks. The subparts; actuation, functional structure, support structure and surroundings simu-

lation, are visible for insight in the working principle.

Functional structure The functional structure is
the part which will simulate the desired needle-tissue
interaction and US image characteristics. The func-
tional structure is required to be anthropomorphi-
cally shaped. The anthropomorphic shape is obtain
by pour-molded the PVA solution in a 3D printed
mold, as shown in figure 4.8. The mold is obtained
from CT data. The CT data is segmented in MeVis-
Lab which converts voxels to 3D point coordinates.
The point coordinates can be imported and shaped
in Solidworks to create a 3D liver model. The mold is
created from a negative imprint of the 3D liver model.
The 3D mold is created by 3D printing.com (Amster-
dam, The Netherlands).

Figure 4.8: Pour-molding of the liver in 3D printed mold.

Mass percentage functional structure The func-
tional liver structure is based upon the findings of

de Jong et al. [5]. Desired property of the liver model
is that it resembles cirrhotic tissue.

The needle force characteristics of PVA which re-
sembles healthy liver tissue, is described in de Jong
et al. [5]. Pathological liver tissue is stiffer and more
heterogeneous [2] than healthy liver tissue, therefore
the concentration is increased from 4% to 6% m PVA
2 FT and further the FT cycle is increased to 40 and
20 hours, respectively. With the increased concentra-
tion and freeze time, more cross-links can be made.
The amount of cross-links depict the stiffness of the
PVA model. FT time is increased because, during the
liver model construction, the model did not solidify
within the prior set 16 freeze and 8 thaw hours FT cy-
cle. The production process is further described in
appendices C and E.

Surroundings simulation For the surrounding tis-
sues in the abdominal cavity also PVA is used.

Abdomen filler is constructed with 4 %m PVA
and 3 freeze-thaw cycles. The abdomen filler is as-
sumed to be stiff enough to generate sufficient sup-
port. Therefore, it is chosen to increase freeze thaw
cycles, thereby increasing cross-linking and thus, the
stiffness. Intercostal spaces are filled with 6%m, 3FT
PVA slices to simulate muscle tissue. Mass percent-
ages are calculated in appendix C and are based upon
the friction slopes of the findings in de Jong et al. [5]
and the fact that muscle tissue is stiffer than abdom-
inal tissue.

In order to facilitate ultrasound propagation be-
tween the different layers, the samples are kept in wa-
ter. Upon assembly, the water provides a promot-
ing connection for US wave propagation. Further,
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to facilitate intercostal imaging, an ultrasound patch
is constructed. The patch is made from Acros PVA
6%m 2 FT. The patch is placed between the ribcage
and liver model to secure a connection for ultrasound
propagation.

Initial concept of the surroundings simulation
was with a spring mechanism as shown in figure 4.9.
However, the spring mechanism showed problems in
terms of hysteresis and buckling, therefore it is re-
placed for a solid PVA insert. In figure 4.10, the fi-
nal CAD design is shown, also the one part PVA sur-
roundings is shown.

Figure 4.9: Spring mechanism for surroundings simulation.

Structural support The structural support is the
subsystem which gives support to the the other sub-
systems. In the detailed design this can be seen as
the skeleton which encapsulates the liver and sur-
roundings structure together with the aluminum pro-
files to form the base frame of the design. The skele-
ton (Praxisdienst, Germany) is modified to minimize
size which still fits the functional requirements; sup-
port and containment of the liver and surroundings
model. The aluminum base frame is designed to a
minimum amount of parts, while still allow to tune
distances between components. The aluminum pro-
files along with connection components are obtained
from Spanpartner BV (Ridderkerk, The Netherlands).
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4.5. Final Design

During the design process, several concepts have been generated. Sequentially, the solutions which fitted the
design criteria best, have been selected and further developed into an embedded design after which several
iterations are made to come to a final design, as shown in figure 4.10. The assembly of the prototype is
presented in the chapter 5, along with the key components.

Figure 4.10: Render of the final design with laptop to show relative size and blackbox containing the control hardware.






Prototype

Figure 5.1: The prototype.

In this chapter, the prototype is presented. In the
design process multiple iterations are made for man-
ufacturability and compromises had to be made. The
overall design is based upon the anatomical structure
of the human body. Figure 5.1 shows the fully assem-
bled prototype. The design is explained through the
four subsystems presented in the previous chapter.
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5.1. Design characteristics

The prototype is created based on subsolutions of
four subsystems, being: functional structure, struc-
tural support, actuation and surroundings simula-
tion. In this section each subsolution is presented
and the interaction between each subsystem is elabo-
rated on. In figure 5.2, the four subsystems are shown
and encircled. The design specifications are summa-
rized after the design evaluation in chapter 6.

Functional structure The functional structure or
liver model is made of PVA hydrogel (Selvol PVOH
165, Sekisui Chemical Group NJ, USA) and manufac-
tured by pour molding in a 3D additive manufactured
mold. The mold is created from a negative imprint of
a segmented liver. The imprint is aqcuired from CT
data analysed in MevisLab (MeVis Medical Solutions
AG, Germany) and designed to a solid structure in
SolidWorks (Dassault Systemes SOLIDWORKS Corp.,
Waltham, Massachusetts, USA). The segmentation is
done with a 1 mm resolution in crano-caudal spacial
orientation. The functional structure is designed to
fit mechanical characteristics of a cirrhotic liver. The
functional structure is in direct contact with the actu-
ation and the surrounding simulation. Motion is en-
forced by a rigid connection between the functional
structure and the actuation subsystem.

Structural support The structural support is cre-
ated from a cut-out of the human thorax and spinal
cord. This part is attained from adjusting the hu-
man skeleton offered by Praxisdienst (Longuich, Ger-
many). The sternum is cut away between the con-
nection of the cartilage of the 5th and 6th rib. Ribs
1-5 and adjoining vertebrae are removed from the
model. Furthermore, the pelvis is removed and re-
placed by a vertical structure to hold the surround-
ings simulation structure. Additionally, the steel-
bar which reinforces the spinal cord is cut to size
and rethreaded for fixation. All parts are fixated on
standardized 20x20 aluminum profiles (M-BLOCAN,
RK Rose+Krieger, Spanpartner BV, Ridderkerk, The
Netherlands).

Actuation The actuation is provided by a stepper
motor, Festo EMMS-ST-28-L-SE, with integrated in-
cremental encoder for position tracking and trans-
lated to linear motion by a ball screw slide, Festo
EGSL-BS-35-50-8P. The linear stage is mounted on an
adjustable fixation plate which allows tuning of the
motion vector in 2 rotation (x and y-axis) and 1 trans-
lation (x-axis) degrees of freedom. The fixation plate
is made from transparant plexiglass (2mm) and cut
to shape by laser cutting. In the connection to the
functional structure an additional three adjustable

degrees of freedom to compensate for rotations and
translations induced on the effective endpoint, where
the functional structure is in contact with the actua-
tion. The adjustable rotations and translations can be
fixated in a desired position, leaving only a primary
translation which is controlled by the linear stage.
The linear stage enforces a linear motion vector on
the functional structure with preset direction.

Surroundings simulation The surroundings simu-
lation subsystem is also created from PVA hydrogel.
The surroundings simulation or abdominal structure
is approached by the thought that is should suffi-
ciently contain the liver whilst allowing enough de-
formation for the functional structure to move. The
abdominal structure is created by pour-molding. The
mold is created in a 150x250x150 mm plastic box with
an additive manufactured insert. The insert is a part
of the CAD segmented liver which is used for the
functional structure. The insert is manufactured in
an Ultimaker 2+ extended (Ultimaker B.V., Gelder-
malsen, The Netherlands). The liver model is po-
sition locked by shape fixation. The liver model is
enclosed by the negative cut out in the abdominal
structure and on the other side, the surface contact in
the actuation subsystem. Additionally, the top layer
of the prototype is made to recreate skin like me-
chanical properties, while still allow ultrasound wave
propagation. The skin is made from a 2.5 mm thick
layer silicone (Ecoflex 00-30, Smooth-on Inc., Ma-
cungie,Texas, USA), where width and length are 620
mm and 310 mm, respectively. The skin remains in
place by friction and is easily removable.

5.2. Compromises and limitations

During the design process, it is chosen to recreate the
functional structure based on the liver of only one
person. This choice is made because there is no gen-
eral format of a liver as in terms of shape. Each per-
son has a differently shaped liver and therefore also
a different motion vector. The motion of the cho-
sen patient showed most median motion compared
to other patients. The choice for the replication of
one liver could have consequences in how the liver
will eventually move in the design.

The phantom is limited for needle insertion only
with a frontal or side approach in supine position
with the back touching solid ground, and not for in-
sertions from the back or a supine positioned inter-
ventions with the flange touching solid ground. Rota-
tion of the whole model could facilitate needle inser-
tions approaching from the the back and model po-
sitioning with the flange touching solid ground, how-
ever it is not investigated if the motion of the liver is
comparable to reality nor if all parts will stay in place.
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Figure 5.2: The prototype, encircled are the four primary subsolutions: functional structure, structural support, actuation and surround-
ings simulation.
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Figure 6.1: Evaluation of the phantom during needle insertion under ultrasound guidance.

In this chapter, the validation methods and re-
sults of the prototype are presented. The liver model
motion pattern is characterized and the axial nee-
dle forces during insertion and retraction are mea-
sured. Needle deflection during respiratory motion
is mapped and the dimensions of the liver model are
obtained. Additionally, the phantom is subjected to
ultrasound imaging and finally, expert feedback on
the phantom is reported.
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6. Results - design evaluation

6.1. Evaluation methods

In order to validate the design against the set criteria, experiments are performed. The validation methods
used in the experiments are described in the following section. Presented validation criteria are: anthropo-
morphic kinematics; anthropomorphic liver dimensions; anthropomorphic mechanical properties; needle
deflection and expert feedback. Preliminary study showed that the liver model had too little freedom to move
in the lower regions; therefore an additional PVA insert was developed. The insert could improve the kine-
matics. The insert has been tested as well. In table 6.1 an overview is given of the measurements, together
with the goal of the measurement, configurations and amount of runs. In the table dynamic test conditions

are expressed in repetitions per minute (rpm).

Table 6.1: Overview of measurements, goal of the measurement, configurations and amount of runs.

Measurement Goal

Configuration Runs [#]

Kinematics [mm)]

Dimensions [dm3]

Axial needle force [N]

Needle deflection [mm)]

US compatibility

6.1.1. Anthropomorphic kinematics

The liver model kinematics are charted with an elec-
tromagnetic tracking system named Aurora (North-
ern Digital Inc., Waterloo, Ontario, Canada). The Au-
rora allows to track given points from connected sen-
sors. Reasons to do the tracking electromagnetically
is because first, the PVA samples are not transparent,
excluding direct video tracking methods. Second, ul-
trasound imaging requires difficult automated track-
ing. Third, other imaging methods, e.g. MRI, CT, are
time consuming and not readily available, thus are
excluded on availability and time span.

Six sensors (Aurora 5DOF 0.8 mm x 11 mm) are
placed on different locations in the phantom. Prior
to positioning the sensors, they are made waterproof
by adhesive coating (Kombi Power Bison, Bolton Ad-
hesives, Rotterdam, The Netherlands). The sensors
are placed on the phantom as shown in figure 6.2.
In frontal view, two sensors in the global maxima in
transverse direction (sensor 1 & 3), one at the cau-
dal maximum (sensor 4) and in sagittal perspective
one at the anterior maximum(sensor 2), are placed.
Another sensor is positioned on the bone to cartilage
transition of the 7 rib (sensor 5). The last sensor is
put on the ’liver press’ (sensor 6), which is the direct
contact of the liver with the motion stage and works
as reference signal for the motion vector tracking.

The phantom is actuated with a configuration of
12 rpm and 18 rpm. The used motion pattern is that

chart respiratory motion
determine liver shape
characterize needle-tissue interaction

characterize needle-tissue interaction

prove US needle guidance

With insert 12 rpm 5
Without insert 12rpm 5
Without insert 18 rpm 5
Liver model 10
Selvol 165 21
Acros 146-186 30
ICMC 12 rpm
IC MC static
ICMA 12 rpm
IC MA static
SCMP 12 rpm
SC MP static
Subcostal -
Intercostal -

of patient 4 as presented in chapter 3. The motion
vector is [22.3 17.0 5.3] mm in [CC AP LR] direction.
Each configuration is repeated for 5 runs. Each run is
recorded for 60 seconds, starting at the maximum ex-
piration state. Records are sampled with 40 Hz. The
run sequence is randomized. Randomization is done
to reduce the effect of possible changes in the envi-
ronment. The translation of the sensor is compared
to the translation acquired from the CT segmented
data from patient 4 at the projected location of the
Sensors.

For comparison between the different configura-
tions, a sensor selection is made. The selection is as
follows:

* For studying the difference between measured
data and CT data, sensor 2 and 4 are chosen.

¢ For studying the effect of a different breathing
cycle period, sensor 2 is chosen.

e For studying the effect of an additional insert
sensor 4 in chosen. At the location of sensor
4, most difference should be notable. Only 12
rpm is presented.

e For increasing validity of the motion vector,
sensor 6 is observed.
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Sensor 6 Liver Press

Sensor 3

7th rib

Sensor 4

Figure 6.2: Frontal view on the liver model depicting the lo-
cations of the applied sensors.

The field generator is placed in parasagittal plane
of the phantom. For the Aurora, the minimal distance
between a sensor and the field generator should be
5 cm. Furthermore, the sensor accuracy decreases
the further it is moved away from the field genera-
tor. Therefore, the phantom model and field gener-
ator are fixated with a 5 cm gap in between at the
narrowest point. Also, the Aurora receiver and motor
control unit are placed as far away as possible, so in-
terference by noise is kept minimal. The experimen-
tal setup is shown in figure 6.4.

Data acquisition is done by 'NDI Track’ software
(Northern Digital Inc., Waterloo, Ontario, Canada)
running on a laptop. Data-analysis is done in Matlab
2017a (MathWorks, Inc., Natick, USA). An example of
a 3D tracked path is shown in figure 6.3. Amplitude is
determined as difference between maxima in CC, AP
and LR direction. To reduce noise a low-pass butter-
worth filter is used. Cut-off frequency is 50 Hz at 1000
Hz sample rate.

6.1.2. Anthropomorphic liver dimensions

The dimensions of the liver are determined by direct
measurement with measuring tape. This allows for a
global estimation of the size in three dimensions. The
liver model is placed with the anterior side facing up
on a flat surface. The maxima in CC, AP and LR direc-

tion are manually measured.

Another measured metric is the gross weight of
the liver model. The liver model is placed on a
scale (Kern PCB 6000-1, Balingen,Germany) and the
weight is reported.

The last metric is volume. The liver model vol-
ume is obtained by the water displacement method,
which rests on the concept that a submerged object
displaces a volume of liquid equal to the volume of
the object. The liver is placed in a full bath of wa-
ter and the overflow of liquid is caught in an over-
flow container. The experimental setup is shown in
figure 6.5. Sequentially, the overflow is measured on
a scale (Kern PCB 6000-1, Balingen,Germany) and
converted to volume by the known density proper-
ties of water at a given temperature. The experiment
is performed at room temperature, measured at 20.7
°C with a digital thermometer (Technoline ws 7012,
Wildau, Germany). The volume measurement is re-
peated 10 times.
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Figure 6.3: Example motion 3D path.

Figure 6.4: Experimental setup for the kinematics registration of the liver model.
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Figure 6.5: Experimental setup for the volume registration of
the liver model.

6.1.3. Anthropomorphic mechanical
properties

The mechanical properties of the liver model can
be characterized by three metrics: the needle fric-
tion slope [N/mm)], amplitude of peak forces [N] and
amount of peak forces per decimeter [#/dm]. The
acquirement and processing of the metrics are de-
scribed in the following section.

The inner needle of an 18 Gauge Disposable Two-
Part Trocar Needle (Cook Medical, Bloomington,
USA), is mounted on a linear motion stage (EGSL-BS-
45, Festo Group, Esslingen, Germany) and connected
via a load sensor (LSB200 51b, Futek, Irvine, Califor-
nia). The experimental setup is shown in figure 6.6.
Only the inner needle is used in order to eliminate
force effects of the outer cannula and to allow com-
parison to the human liver measurements done in
the needle insertion experiments of de Jong et al. [5].
The measurements of the human liver are done on
a healthy ex-vivo liver and the data is publicly avail-
able [76]. Sequentially, the needle insertion depth
is at least 50 mm in the sample at a constant inser-
tion and retraction speed of 5 mm/s. Data acquisi-
tion stores the axial forces acting on the needle hub,
as well as corresponding time and positions at a sam-
ple frequency of 1KHz.

The measurements are done on two separate
samples and not on the liver model itself; this is
done to spare the model for the needle deflection ex-
periment. The liver model is created from a 6%m
2FT PVA, Selvol PVOH 165 (Sekisui Chemical Group
NJ, USA), solution. Therefore, two physically cross-
linked samples are made of 6%m PVA, one sample
Selvol PVOH 165 (Sekisui Chemical Group NJ, USA)
and one Acros PVOH 146-186 (Acros Organics, Geel,
Belgium), following the same preparation method.
Both samples are subjected to 2 freeze-thaw (FT) cy-
cles, with a freeze and thaw cycle of 40 and 20 hours,
respectively. Preparation method is repeated as fol-
lows: the granular PVA is mixed at room temperature,
then heated to 93 °C and maintained at that tem-
perature for 30 minutes. The solution is then pas-

sively cooled to room temperature. Sequentially, the
samples are placed in the freezer to commence the
freeze-thaw cycle, freezing at -30 °C and thawing at
room temperature. Amount of needle insertions is
determined by the surface area. Each needle inser-
tion is performed with at least 10 mm distance from
any other needle track. The amount of needle inser-
tions in Selvol 165 and Acros 146-186 are 21 and 30,
respectively.

Motion Stage

Force sensor

Needle

PVA sample

Figure 6.6: Experimental setup for the mechanical properties
registration of Selvol and Acros PVA samples.

Needle friction slope Data-analysis is done in Mat-
lab 2017a (MathWorks, Inc., Natick, USA). For the de-
termination of the friction slope, a region of interest
(ROD) in the retraction phase is selected. The ROI is
chosen such that retraction start-up dynamics are di-
minished and no effects of deceleration are notable.
The slope of a linear best estimate on the ROI is re-
garded as the needle friction slope. In figure 6.7, an
example of the determination of the friction slope
with a selected ROI is shown.
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Figure 6.7: Example determination friction slope, with em-
phasized ROI. Adopted from Pluymen, 2016.
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Needle peak forces - amplitude and amount To
characterize needle peak force amplitude and
amount, the acquired data is filtered by the Douglas-
Peucker algorithm (DPA) for a top-down data reduc-
tion and separation of relevant from irrelevant peaks.
The DPA is adopted from van Gerwen et al. [30]. For
the data set, a divergence criterion of 0.05N is used.
The divergence threshold removes relatively small
peaks, yet preserves the characteristics of the needle
forces. In figure 6.8, an example of the peak reduc-
tion is shown. Further, peak height is defined as the
change in needle force between the maximum and
the previous minimum after subtraction of the nee-
dle friction slope. The subtraction is done to correct
the signal, thus to prevent overestimation of the peak
height. In figure 6.9, an example is shown of the
extraction of the peak force height and peak force
amount.
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Figure 6.8: Example of peak reduction by the DPA given as

Insertion Force Simplified. Adopted from Pluymen, 2016.
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Figure 6.9: Example determination peak force height and
amount. Adopted from Pluymen, 2016.

6.1.4. Needle deflection

The needle deflection is charted with the same elec-
tromagnetic tracking system as used for the mapping
of the liver model kinematics, Aurora. Electromag-
netic tracking is chosen, since PVA limits direct video
tracking due to nontransparent material property.

A redesign of the liver model and surroundings
has been considered by incorporating gelatin models
instead of PVA. However gelatin is not suitable, since
it cannot withstand shear needle forces. Consequen-
tially, the needle tears through the gelatin model dur-
ing respiratory motion instead of deflecting in a liable
way, which in turn leads to unreliable measurements.

The needle deflection is characterized for six con-

figurations. The needle is manually inserted in three
different locations for two different conditions. In
each location, the needle is inserted with the phan-
tom in static condition and another time in dynamic
condition, moving at 12 rpm. Each configuration
consists of 5 runs. Each run is recorded in 60 sec-
onds. Records are sampled with 40 Hz. Combining
the static and dynamic condition per location, there
are 10 runs. The run sequence is randomized per in-
sertion location. The insertion locations and angles
are as follows:
1) Subcostal midplane, perpendicular to coronal
plane. 2) Intercostal midaxillary, perpendicular to
sagittal plane. 3) Intercostal midclavicular, 45° from
coronal plane and 45° from transverse plane (inser-
tion towards posterior, crano and left quadrant).

The insertion parameters are set as follows: Inser-
tion depth is 70 mm from the skin, insertion speed
is manually controlled at around 10-20 mm s~! and
during a dynamic run, the needle is inserted at the
exhalation maximum. The needle is released, once it
has reached the insertion depth.

The needle deflection is determined from the
measurement of three sensors. Two sensors (Aurora,
5DOF 0.8 mm x 11 mm) are placed on a hub to which
the needle is fixated. The third sensor is integrated
in the needle (Aurora Needle, 2-Part, 18G/150 mm,
Chiba). The three sensors are aligned. The sen-
sor placement and part of the experimental setup is
shown in figure 6.10. Other components of the ex-
perimental setup are the same as shown in figure 6.4.

Figure 6.10: Experimental setup for the needle deflection reg-
istration in the phantom.
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Data-analysis is performed in Matlab 2017a. Con-
tinuing, the two sensors on the hub are assumed to be
at a fixated position relative to each other. The hub
is considered a rigid object, showing no deformation
during the experiment. With this assumption, the
two hub sensors are used as reference to estimate the
needle deflection. The two hub sensors are virtually
connected to form a line. This line is translated, so
it intersects with the needle sensor before insertion.
The initial translation of this line is the offset, which
is corrected for prior to insertion. The deviation from
the corrected line is regarded as the absolute needle
deflection during insertion. In figure 6.11, the initial
sensor positions, the correction and the needle de-
flection is shown as step 1,2 and 3, respectively.

1. 2.

Figure 6.11: Data analyses for determination of the needle de-
flection. Step 1, initial sensor positions (green); step 2, cor-
rection by placing hubsensors intersecting the needle sensor;
step 3, deflection determination.

To allow comparison between the dynamic and
static runs, the average needle deflection is esti-
mated. The mean between the maximum and min-
imum deflection between 15 to 30 seconds in a run
is used for the estimation. Between 15 to 30 seconds,
needle deflection is assumed to be in steady-state.

"1

6.1.5. Ultrasound imaging properties

In order to verify the possibility for ultrasound nee-
dle guidance, the phantom is subjected to visual ul-
trasound image reconstruction. The ultrasound ma-
chine (Philips HD7 XE, Eindhoven, The Netherlands)
is used to verify the US image modality. Images from
both a subcostal as well as an intercostal window are
obtained.

6.1.6. Expert feedback

A liver surgeon and interventional radiologist are
asked to provide feedback on the prototype. Topics
for the feedback are presented in this section.

Liver Surgeon Overall feedback of the 6%m 2 FT
(40/20) liver model is obtained from a site visit to the
Erasmus Medical Center. From an interview with dr.

W. Polak, specialized in liver transplantation, feed-
back on tactile feeling and aesthetics is obtained. As a
reference the 4%m 2FT PVA 70% scaled liver model of
Tom Paardekoper is used. Furthermore, an in-house
Fibroscan (Echosens 2017, Paris, France) is used for
Vibration-Controlled Transient Elastography (VCTE)
determining the elastic modulus of the liver model.
The Fibroscan working principle is elastography. It
propagates sound waves 80 mm into the tissue and
estimates the elastic modulus based on response of
tissue positioned at 20 to 60 mm depth.

Interventional radiologist Overall feedback on the
performance of the prototype is obtained from an as-
sessment by dr. A. Moelker. The assessment is done
on the respiratory motion, ultrasound imaging re-
construction, needle response, dimensions and over-
all performance. The doctor is asked to fill in a form
as shown in appendix K. The prototype is configured
with 12 rpm, 28,5 mm stroke in motion vector [CC AP
LR] =[22.317.0 5.3], or plane rotations: x-y 17.3° ; y-z
37.3°.
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6.2. Evaluation results

In this section, the performance of the design is pre-
sented in means of results of the validation methods.
Most of the results are expressed in a boxplot, with a
median and interquartile range (IQR).

6.2.1. Anthropomorphic kinematics

The motion of the tracking points from different con-
figurations are shown in figure 6.12 to 6.15. In fig-
ure 6.12, the translation of sensor 2 subjected to 12
breathing cycles per minute is shown. Sensor 2 is
closest to the contact between the liver model and the
actuation part. The median motion in this sensor, is
20.73 (IQR 20.56-20.94), 10.81 (IQR 10.74-10.90), 6.68
(IQR 6.63-6.73) mm in CC, AP and LR direction, re-
spectively as oppossed to the motion of the real liver
which is 25.14, 13.25, 10.06 mm in CC, AP and LR di-
rection, respectively. The translation of the sensor is
in the same direction as in the CT scan, yet smaller in
all directions.

Sensor 4 is furthest away from the actuation part.
Displacement by motion is shown in figure 6.13. The
median motion in this sensor, is 4.76 (IQR 4.61-4.89),
1.46 (IQR 1.41-1.53), 0.81 (IQR 0.80-0.81) mm in CC,
AP and LR direction, respectively as oppossed to the
motion distilled from the CT scan at the projected lo-
cation of sensor 2, 21.00, 21.6, 22.00 mm in CC, AP
and LR direction, respectively. The translation of the
sensor is in the same direction as in the CT scan, yet

smaller in all directions.

The effect of a different breathing cycle period
is measured. In figure 6.14, the displacement for
breathing cycle period between 12 rpm and 18 rpm is
shown. The median motion for 12 rpm, is 20.73 (IQR
20.56-20.94), 10.81 (IQR 10.74-10.90 ), 6.68 (IQR 6.63-
6.73) mm in CC, AP and LR direction, respectively.
The median motion for 18 rpm, is 19.53 (IQR 19.40-
19.73), 10.12 (IQR 10.08-10.24), 6.38 (IQR 6.35-6.42)
mm in CC, AP and LR direction, respectively.

The measured motion vector is presented in ap-
pendix J. The reference signal is shown for both 12
rpm and 18 rpm for the runs with and without insert.
From the reference signal in a configuration without
insert at 12 rpm, the median motion vector is 24.06,
9.83 and 7.13 mm in CC, AP and LR direction, respec-
tively. For 18 rpm without insert, the motion vector
is 22.94, 9.31, 6,75 mm in CC, AP and LR direction,
respectively.

The effect of an additional insert in the surround-
ings simulation is measured. In figure 6.15, the dis-
placement with and without insert at 12 rpm of sen-
sor 4 is shown. The median motion with no insert, is
4.76 (IQR 4.61-4.89), 1.46 (IQR 1.41-1.53), 0.81 (IQR
0.80-0.81) mm in CC, AP and LR direction, respec-
tively. The median motion with, is 6.85 (IQR 6.65-
7.14), 1.32 (IQR 1.24-1.38), 0.73 (IQR 0.64-0.83) mm
in CC, AP and LR direction, respectively.

The motion of the tracking points of all runs in
each configuration can be found in appendix G.
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Figure 6.12: The liver model translation versus the CT derived translation in CC, AP and LR
direction subjected to 12 breathing cycles per minute in sensor 2. CT derived data has no range

since it is obtained from 1 sample point.
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Figure 6.13: The liver model translation versus the CT derived translation in CC, AP and LR
direction subjected to 12 breathing cycles per minute in sensor 4. CT derived data has no range
since it is obtained from 1 sample point.
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Figure 6.14: Influence of different breathing cycles on the motion pattern measured in sensor 2.
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6.2.2. Anthropomorphic liver dimensions
The measured dimensions of the replicated liver
model are 169, 104 and 224 mm in CC, AP and LR di-
rection, respectively. For perspective, in figure 6.16,
the relative size is shown. The volume of the liver
is measured as 1.188(+0.023) dm® and weighs 1308
grams, resulting in a density of 1108 kg/m3.

Figure 6.16: The relative size of the functional structure which
simulates the liver constructed with 6%m PVA 2 FT cycles.

6.2.3. Anthropomorphic mechanical
properties

The mechanical properties of 6%m PVA are char-

acterized in needle friction, needle peak force-

amplitude and -amount of peaks. The results of the
three metrics are presented in this section. All runs
are shown in appendix H.

Needle friction slope The PVA samples show differ-
ent needle friction slopes then observed in healthy
liver tissue. The median needle friction force is 0.0374
(IQR 0.0339-0.0406), 0.0076 (IQR 0.0068-0.0081) and
0.0111 (IQR 0.0098-0.0134) N/mm for 6%m 2 FT
(40/20h) PVA Selvol, 6%m PVA 2 FT (40/20h) Acros
and healthy liver tissue, respectively. These results
are visualize in a boxplot as shown in figure 6.17.

Needle peak forces - amplitude and amount The
amplitude and amount of needle peak forces are ob-
served to be as follows. The median height of peak
needle forces is 0.185 (IQR 0.116-0.249), 0.030 (IQR
0.018-0.043), 0.179 (IQR 0.095-0.335) N for 6%m 2 FT
(40/20h) PVA Selvol, 6%m PVA 2 FT (40/20h) Acros
and healthy liver tissue, respectively. These results
are summarized in a boxplot as shown in figure 6.18.

The median amount of peaks per decimeter is
17.25 (IQR 13.80-17.25), 18.97 (IQR 17.25-24.15), 7.27
(IQR 5.45-9.08) #/dm for 6%m PVA 2 FT (40/20h)
Selvol, 6%m 2 FT (40/20h) PVA Acros and healthy
liver tissue, respectively. These results are summa-
rized in a boxplot as shown in figure 6.19.
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Figure 6.17: The friction slope [N/mm)] of 6%m PVA 2 FT (40/20h) cycles from brands: Selvol
and Acros, respectively versus healthy liver tissue.
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Figure 6.18: The height of peak needle forces [N] of 6%m PVA 2 FT (40/20h) cycles from brands:
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Figure 6.19: The amount of peak needle forces [#/dm] of 6%m PVA 2 FT (40/20h) cycles from
brands: Selvol and Acros, respectively versus healthy liver tissue.

6.2.4. Needle deflection

Needle deflection is evaluated in static and dynamic
insertion configurations. In figure 6.20, the amount
of needle deflection is shown for three static and
three dynamic configurations. All runs are presented
in appendix I. Median needle deflection for inter-
costal mid-axial static insertion is 12.12 mm (IQR
12.01-12.90 mm), where the median needle deflec-
tion for intercostal mid-axial static insertion is 11.20
mm (IQR 10.49-11.57 mm). Median needle deflection
for intercostal midclavicular static insertion is 11.08
mm (IQR 10.57-11.75 mm), where the median needle
deflection for intercostal midclavicular static inser-
tion is 8.27 mm (IQR 7.39-12.00 mm). Median needle
deflection for subcostal midplane static insertion is
3.72 mm (IQR 3.49-4.13 mm), where the median nee-
dle deflection for subcostal midplane static insertion
is 3.48mm (IQR 3.24-5.38 mm).

The median, IQR and spread in IQR are summa-
rized in table 6.2. The spread in IQR is reported to
show the relative variance between runs in each con-
figuration.

6.2.5. Ultrasound imaging compatibility

In this part the results of the ultrasound imaging
compatibility of the phantom is presented. Image
reconstruction is possible. In figure 6.21, an ultra-
sound visual reconstruction from a subcostal posi-
tioned probe is shown. The sound waves propagate
through three layers. The first skin layer of 3mm sil-
icone, then a second abdominal surroundings layer
of 4%m 3FT PVA, followed by the liver model 6%m
2FT PVA. The prototype also contains an intercostal
US imaging window between the 6™ and 7 rib. US
reconstruction during intercostal probing is shown in
figure 6.22.
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Table 6.2: Overview of the median, IQR and spread in IQR of needle deflection
Configuration StaticICMA DynamicICMA StaticICMC DynamiclICMC StaticSBMP Dynamic SB MP
Median [mm] 12.12 11.20 11.08 8.27 3.72 3.48
IQR [mm)] 12.01-12.90 10.49-11.57 10.52-11.75 7.39-12.00 3.49-4.13 3.24-5.38
Spread IQR [mm]  0.89 1.08 1.23 4.61 0.64 2..14
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Figure 6.20: Amount of needle deflection for 6 different insertion configurations. IC MA = Intercostal
Mid-Axial; IC MC = Intercostal Midclavicular; SB MP = Subcostal Midplane.
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Figure 6.21: Ultrasound image reconstruction of the inte-
grated liver model taken from subcostal probe position.

6.2.6. Expert feedback

In this section, expert feedback is presented from a
liver surgeon on the liver model and from an inter-
ventional radiologist on the full prototype. The feed-
back consists of comments, reactions and assess-
ment from the doctors.

Liver surgeon The first response of dr. Polak was
that: 'this liver model is more realistic than the small
model. The scaled 4%m PVA liver model is described
as 'too elastic’ and 'not representative for a diseased
liver’. Further, the pathology of the 6%m PVA model
is estimated on a liver fibrosis grade 2 based on tactile
experience.

As a note, the 6%m PVA liver model is labeled as

TU Delft - Clinical Technology

Figure 6.22: Ultrasound image reconstruction of the inte-
grated liver model taken from intercostal probe position.

'springy’, a characteristic which the doctor had not
seen in real tissue. In terms of weight and size, dr.
Polak. described the full-scale model as ’light’ and
still relatively small’. The shape was characterized as
‘good’ and 'realistic’. From an aesthetic point of view,
the doctor asked if the model could be more brown-
ish, instead of the current color pink. An overview of
comments by dr. W. Polak is given in table 6.3.
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Table 6.3: Overview of the comments about the liver model
by dr. W. Polak.

Aspect Description

Shape Good, relatively small
Weight Relatively light

Stiffness | Fibrosis grade 2, springy
Color Not brown

Second, an examination on the Fibroscan is per-
formed on the 6%m PVA liver model. The E-modulus
has been measured at 24.0 (IQR +8.2) kPa. All mea-
surements are reported in table 6.4. The 6%m PVA
liver model had to be partially submerged in a wa-
ter container to make the Fibroscan to work. The
4%m PVA scaled liver model was too small for the Fi-
broscan to work; therefore no data was obtained from
the scaled liver model.

Table 6.4: Overview of the elastography requirements on the
fibroscan.

Elastic Modulus [kPa]
16.4
27.7

14.0

22.5

32.4

27.2

24.5
23.4

18.0

10 27.7
Median (IQR) | 24.0(8.2)

Measurement

© 0N Gk W -

Interventional radiologist dr. Moelker was enthu-
siastic about the phantom and also saw room for im-
provements. The overall performance of the phan-
tom is graded 3.5 out of 5. Ultrasound-guided nee-
dle insertion was described as 'good’ and was ’clearly

visable’ on the ultrasound machine. However, the ul-
trasound texture of the liver phantom was described
as too 'inhomogeneous’. The liver tissue itself shows
a lot of difference in ultrasound texture between pa-
tients, but not in the same liver. Further, the nee-
dle was traceable both subcostal as intercostal. The
filled in phantom assessment form can be found in
appendix K. In figure 6.23, an interventionist is shown
conducting ultrasound-guided needle insertion on
the prototype. During the assessment, the needle
tracks of previous inserted needles remain visible on
the ultrasound image.
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Figure 6.23: Clinical testing of the prototype in the Erasmus
MC for ultrasound-guided needle insertion.

6.3. Summary Design Specifications
The prototype underwent several experiments to val-
idate the design criteria. The design criteria are sum-
marized in table 6.5. For the kinematics, the median
of sensor 2 with the configuration under 12 rpm with
no additional insert, is taken as representation for the
design specification.

Needle deflection is not described in the design
specifications, since it was not a design criterion.
However, needle deflection will be discussed in the
discussion.

Table 6.5: Overview of the design specifications versus design requirements

Design criteria
Anthropomorphic liver kinematics

Adjustability
Anthropomorphic mechanical properties

Anthropomorphic liver dimensions

Anthropomorphic liver volume
Compatible with ultrasound imaging

Adjustable motion pattern

Friction slope: 0.0374 N/mm
Amplitude peak forces: 0.185 N
Amount of peak forces: 17.24#/dm
CC direction: 169 mm

AP direction: 104 mm

LR direction: 224 mm

1.118 (+0.023) dm?®

Ultrasound needle guidance possible
sub- and intercostal

Specification Requirement
CC direction: 0-20.7 mm 0-31 mm
AP direction: 0-10.8 mm 0-21 mm
LR direction: 0-6.7 mm 0-15 mm

0.015-0.05 N/mm
0.1-0.8 N

>8 #/dm
147.4-181.1 mm
126.7-198.5 mm
183.3-221.4 mm
0.94-2.344 dm3
Ultrasound needle
guidance possible

Able to adjust motion pattern









Discussion

Figure 7.1: Workshop part construction.

In this chapter the interpretation of the results is
presented and the limitations of the study are dis-
cussed. Also, recommendations for future work are
given.
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7. Discussion

7.1. Interpretation of results

In this section the results are interpreted and dis-
cussed. Topics are anthropomorphic kinematics, an-
thropomorphic dimensions, anthropomorphic me-
chanical properties, needle deflection, ultrasound
imaging compatibility and expert feedback.

7.1.1. Anthropomorphic kinematics

The liver kinematics differ for each sensor location.
Sensor 4 shows that the upper part of the liver model
follows the motion vector as noted on the patient
specific CT scan. The simulated motions are smaller
in CC, AP and LR direction, but are in the same di-
rection as observed in the CT scan. The stroke can
be adjusted to fit the motion as seen on the CT scan.
A different solution could be to redesign the enclose-
ment of the liver model, so the model is more free to
move.

Further, based on the results it can be said that
the caudal section of the liver model moves too little
compared to motion on the CT scan. The motions
measured by sensor 4, positioned low on the liver,
are relatively small and deviate most from observed
motion in the CT compared to sensor 2. As men-
tioned before, a redesign of the enclosement of the
liver model can be done to allow more motion free-
dom.

Furthermore, considering differences in the dy-
namic conditions 12 and 18 rpm. The model moves
less for 18 rpm than with 12 rpm. The decrease in
motion can be subscribed to the control of the actua-
tion. Since, the period of a stroke is shorter, the time
for the control loop to follow the given sinosoid de-
creases as well. The outer values of the sinosoid are
therefore chopped, which results in a relative smaller
amplitude. The decrease is also noted in the refer-
ence signal as shown in appendix J. A solution can be
the tuning of the control loop based on a given rpm,
in this case the gain in the feedback loop can be in-
creased. Additionally, the measured reference signal
shows that the desired motion vector of 22.3, 17.0 and
5.3 mm in respectively CC, AP and LR direction, is
not achieved. The measured reference signal of 24.06,
9.83 and 7.13 mm in respectively CC, AP and LR di-
rection, deviates most in AP direction. The difference
points out that the tuning of the motion vector in AP
direction is difficult.

Continuing, an additional insert is introduced to
improve motion simulation in the lower parts of the
liver model. The insert increased the motion in dom-
inantly CC direction, as noted in sensor 4, from me-
dian 4.8 mm to median 6.9 mm. However, although
the insert increases the motion in the lower parts, the
observed motion with insert is still not in the same
order as observed on the CT scan.

The difference in motion between the top and

bottom sensor show that there is compression, which
leads to tissue deformation. The tissue deformation
is not taken into account in the prototype, but can be
valuable for further development. In reality, the liver
deforms as well. For the functionality of the phantom
itself, the compression has influence on the motion,
however the liver model and other PVA construction
parts do not show signs of plastic deformation of rup-
ture.

7.1.2. Anthropomorphic dimensions

The shape and dimensions are obtained from a real
patient; therefore the liver dimensions can be said to
be anthropomorphic. The 3D model used for pour-
molding is 173, 119 and 225 mm in AP, CC and LR
direction, respectively. If the 3D model is compared
to the measured outcome of liver model of 169, 104
and 224 mm in AP, CC and LR direction, respectively,
a main decrease in AP direction can be found. Dur-
ing the measurements, the liver model tends to flat-
ten under gravitational force. Sequentially, the di-
mensions in LR and CC directions increase, where
as the size in AP direction decreases. Additionally,
the liver has a natural curvature if reviewed in trans-
verse plane. Hence, laying the liver phantom with
anatomical coronal plane parallel to the surface, the
curvature diminishes, which results in a increase in
LR length. Further, the 3D model is obtained from
a CT scan in which the liver is supported by the ab-
dominal surroundings. In short, differences can be
subscribed to the varying effect of gravity and sup-
port.

Volumetric measurements showed that the liver
is within the range of 1 standard deviation from the
volume of a healthy sized liver. Thereby, meeting the
set design requirement.

7.1.3. Anthropomorphic mechanical
properties

The friction slope, peak force amplitude and amount

of peak forces are investigated and interpreted in this

part.

Needle friction slope The PVA samples differ from
each other in amount of friction exerted on the shaft
measured during retraction. Selvol 6%m PVA 2FT
shows a higher median friction slope than seen in
Acros 6%m PVA 2FT. Selvol 6%m PVA 2FT also shows
a higher median friction slope compared to healthy
liver tissue. Acros 6%m PVA 2FT shows a lower me-
dian friction slope in comparison with healthy liver
tissue.

The reason for the difference between Selvol PVA
and Acros PVA can be subscribed to a different
amount of hydrolysis between the two PVA types.
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Selvol 165, is super-hydrolyzed to 99.3+%, whereas
Acros 146-186 is hydrolyzed to 98.0-98.8%. Further,
the amount of volatiles is batch dependent. Thus, a
different batch might need different mass concentra-
tions for the same result.

Selvol 6%m PVA 2FT is designed to be at least
stiffer than healthy liver tissue. The increased stiff-
ness is confirmed by the higher friction slope, since
the friction slope is characterized by the internal stiff-
ness of a material.

Needle peak forces - amplitude and amount The
median amplitude of peak forces for Selvol 6%m PVA
2FT, 0.182 N, is in the same order as healthy liver tis-
sue, 0.179 N. The IQR of Selvol 165 6%m PVA is within
the IQR of healthy liver tissue. The median amount of
peak forces for Selvol 6%m PVA 2FT is higher than for
healthy liver tissue.

The median amplitude and IQR of peak forces for
Acros 6%m PVA 2 FT are lower and outside the IQR of
healthy liver tissue.

Further, Acros 6%m PVA 2FT has near equal peak
height in cutting forces and shows a higher amount
of peaks per dm than observed in healthy liver tis-
sue. Acros 6%m PVA 2FT is deemed more hetero-
geinic compared to Selvol 6%m PVA 2FT, since the
amount of peak forces is higher. However, Acros 6%m
PVA 2FT is easier to cut through and shows too little
friction; therefore Acros 6%m PVA 2FT is deemed less
suitable than Selvol 6% m PVA 2FT for simulation of
cirrhotic liver tissue.

7.1.4. Needle deflection

The needle deflection IQR spread increases with the
dynamic interference of respiratory motion. This is
shown by a larger interquartile range for all three test
locations: intercostal mid-axial, intercostal midclav-
icular and subcostal midplane.

The median needle deflection is lowest for the
subcostal configurations. This can be subscribed to
the gravitational forces acting on the hub during the
IC MC and IC MA needle insertion configurations.
The gravitational forces increase the needle deflec-
tion. The hub holds the sensors used for the deter-
mination of the needle deflection.

The highest median needle deflection is observed
for the static intercostal mid-axial insertion config-
uration. This configuration is, due to the orienta-
tion, most susceptible for gravity compared to the
other two locations. However, the difference in me-
dian between the static and dynamic configuration is
difficult to explain, other than the interference of the
respiratory motion of the liver that reduces the me-
dian needle deflection in the current measurement
method.

The order of needle deflection in the static sub-
costal insertion, 3.7 mm, is comparable to the values
found in literature. The needle deflection found in
Roesthuis et al. [77] is around 6 mm over 70 mm in-
sertion at 10 mm/s with bevel tip needles. Though
the authors used a gelatin model, with a different
elasticity, needle friction forces are close to the PVA
liver model used in this work and have near equal
tissue properties. Further, needle and insertion pa-
rameters are also similar. The used method for ob-
taining needle deflection can be deemed appropriate
for configurations where gravity has minimal effect.
in this case in the subcostal midplane configuration
where gravity mostly works co-linear to the needle.

7.1.5. Ultrasound imaging compatibility

The ultrasound machine produces a visual recon-
struction of the prototype. On the reconstruction,
clear hyper-echogenic edges of the liver model are
visible. The contour of the liver can be seen. Further,
the US waves can propagate through multiple layers
of TMM. This feature allows a multi-layered design,
while still allowing for US-guided needle insertion.

7.1.6. Expert feedback

Expert feedback connects the technical work with the
medical world. Dr. W. Polak and dr. A. Moelker
are asked for feedback on this work. Dr. Polak said
that the liver model can be categorized with a grade 2
liver fibrosis, thereby, confirming that the liver model
can simulate diseased liver tissue. Further, based
on the Fibroscan results of 24.0 (£8.2) kPa, the liver
model can be classified as cirrhotic. As prescribed
in the Fibroscan interpretation guide and described
by De Ledinghen and Vergniol [78], in cirrhotic pa-
tients the liver stiffness ranges from 13 - 15 kPa to 75
kPa. The mean normal liver stiffness examined in 429
healthy subject was 5.5 (+1.6) kPa. Thus, both on re-
sults of tactile experience as of the Fibroscan, the liver
model can be classified as cirrhotic.

Furthermore, based on the interview with dr.
Moelker, the respiratory motion is deemed as natu-
ral. Upon needle insertion the ultrasound window
changes by the motion of the liver. As consequence
the inserted needle disappears from the window as
it would happen in a real environment. Ultrasound
texture can be improved. The doctor mentioned that
the US texture is too heterogeneous. Normally, the
liver shows a homogeneous US texture. There are
many different US textures for a liver. The texture can
appear more or less echogenic but only as a whole
structure. Further, the doctor mentioned that the
skin is a nice feature. The silicone skin was, accord-
ing to the doctor, not too easy to penetrate, which was
good. The human skin also shows resistance upon
needle insertion.
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7. Discussion

7.2. Study limitations

Some limitations of the study need to be taken into
account when interpreting the results. In this section
the limitations of the study are discussed.

Methods:

* The recreated liver model is obtained from a
different patient (patient 3) than the simulated
liver motion (patient 4). In the current pro-
totype configuration, the motion vector of pa-
tient 3 was outside the adjustable range. The
different shape of the liver model can influence
the responding motion path, leading to a dif-
ferent design specification. However, due to
the direct contact between the linear stage and
liver model, the motion will be in the same or-
der and direction as in the current prototype.
Further, if the shape of the liver is studied be-
tween patient 3 and 4, near equal dimensions
are found, as reported in table 4.2 and visual-
ized in appendix B. Therefore, it is reasonable
to assume that the influence of the differences
is marginal.

e During needle deflection measurement the
needle is inserted manually. The manual han-
dling is prone for difference in insertion angle,
needle insertion velocity and synced insertion
for each run.

¢ For most of the validation experiments, 5 runs
are taken, which is minimal. A higher amount
of runs per configuration can increase validity
of the results and decrease the chance of an
outlier interfering with the measurements.

¢ Only part of the liver model is registered for
motion tracking. For a complete scan of the
model under motion, a different registration
method should be applied.

¢ In the comparison between CT data and liver
model kinematics, no IQR is noted from the CT
data, since it only consists of 1 sample. Other
patient based liver models can be produced.
The liver models can be used to compare the
distinct CT data to the liver kinematics of that
patient.

¢ Another limitation is that the mechanical prop-
erties are acquired on a different experimen-
tal setup. Thereby, different background noise
from the setup, effects of needle blunting and
lowered needle coating might affect the results.
Furthermore, the experiment is executed by
different people, so inter-operator differences
might have an influence as well.

¢ Experiment configurations with enabled respi-

ratory motion, are started manually and are
therefore not equally timed.

The Aurora tracking system used in the mea-
surement of the liver model kinematics and
needle deflection experiments is prone for in-
terference from ferromagnetic materials in the
surrounding. In the prototype aluminum pro-
files are used, which also interfere with the
measurement accuracy of the Aurora. During
preliminary study for the suitability of the Au-
rora, interferences up to 4 mm deviation were
observed. The highest deviation was noted
when a ferromagnetic object was moved di-
rectly between the field generator and the sen-
sor. However, during the experiments, no fer-
romagnetic objects were in between the sen-
sor and the field generator. In the motion mea-
surements, static interference differs less than
1 mm. This can be observed on the figures in
appendix I between 15 - 30 seconds for static
configurations. Note that the signal in those
figures contains the combined noise of 3 sen-
sors.

PVA properties:
¢ The choice of PVA is based on findings in lit-

erature which consider 'pure’ materials. Other
TMMs with additives could still be better able
to replicate needle-tissue interaction or ultra-
sound imaging properties.

The preparation method of PVA affects the ma-
terial mechanical properties. The experiments
done in the evaluation are done on samples
produced in a beaker, while the liver model is
prepared in a mold. The mold acts as isolation,
thereby affecting thaw rate and freeze time and
thus, the preparation method.

This study only includes the mechanical char-
acterization of 6%m 2 FT (40/20h) PVA, while
the outcome is highly dependent on the pro-
duction method. Other outcomes are possible
if a different operator conducts the same exper-
iment, since environmental circumstances are
never the same unless the production is done
in a fully controlled environment.

Phantom:

¢ Alinear motion profile is assumed whereas re-

ality might show a more curved path.

¢ Only one patient specific liver model is inte-

grated in the design and prototype. A different
liver model will likely behave differently than
the one used in the current prototype. Different
behavior can be noted in liver motion, which
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in turn changes the insertion parameters. The
change in insertion parameters will affect nee-
dle force, needle deflection and tissue defor-
mation.

e The overall assessment of the prototype has
only been performed by one expert; therefore,
user tests with a larger amount of physicians
could be conducted to obtain even more in-
sight in possible improvements.

7.3. Recommendations

In section recommendations for future work are
given. In future work the following aspects can be
explored:

PVA properties:

¢ In this work only a few PVA preparation meth-
ods have been used. For further research, in-
vestigation in the effects of concentration, de-
gree of hydrolysis, addition of ions, type of sol-
vent, freeze time and thaw rate, on both me-
chanical and imaging properties can be done.

¢ Additionally, a link between the degree of
pathology and PVA preparation method could
be valuable. Sequentially, a desired pathologi-
cal state can be recreated in a controlled man-
ner.

Phantom motion:

¢ The rib motion in the prototype is not optimal.
The motion of the rib changes the ultrasound
window used during needle insertion. For a
better interaction between operator and phan-
tom, the rib motion should be bigger.

¢ Study different motion vectors and liver model
response.

* Integration of patient specific respiratory sig-
nals can improve the realistic behavior of the
design. The current prototype produces solely
sinusoidal respiratory motions.

¢ The surrounding simulation structure inhibits
the motion of lower parts of the liver model
more than desired. Compartimisation of the
surroundings could enhance the motion in
these parts.

Needle deflection:

¢ The needle deflection is measured in the proto-
type, but lacks comparison data. For the com-
parison to realistic deflection, a cirrhotic ex-
vivo liver can be analyzed with similar experi-
mental conditions.

Ultrasound image modality:

¢ For ultrasound image reconstruction only one

intercostal window is available. For increased
functionality, other windows should be cre-
ated.

e Study ultrasound texture of PVA for liver sized

volumes.

¢ Study amount of needle insertion before mate-

rial is too damaged for ultrasound imaging.

General:

* In a broader perspective, the current design

setup could be embedded with other organs
(e.g. kidneys, stomach, spleen) and subject
them to a variety of respiratory induced motion
patterns, as is done with the liver in this study.






The aim of this study was to develop a liver phan-
tom which is able to replicate liver movement and
simulates similar needle-tissue interaction as human
tissue in ultrasound-guided needle interventions. In
current literature no phantom model is known which
enables the aforementioned features. The devel-
opment of such a phantom allows the assessment
of new devices and pre-clinical procedures and can
function as training device for physicians.

Design An anthropomorphic breathing liver phan-
tom is designed with properties facilitating multi-
direction adjustable liver motion patterns and
ultrasound-guided needle insertion. Sequentially,
the design has been constructed and evaluated. The
current prototype allows the user to switch to a de-
sired motion pattern, where the motion of the liver is
induced by a direct drive of a linear stage. The stroke
length and vector can be tuned manually to fit the
desired motion pattern.
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Conclusion

Evaluation The functionality of the design is eval-
uated using three criteria: motion analysis, mechan-
ical properties and ultrasound-guiding. First motion
analysis shows a motion vector of 20.7, 10.8 and 6.7
mm in CC, AP and LR direction, respectively. The ref-
erence motion of the liver is obtained from real case
testing and subjected on the liver model. Second, the
mechanical properties of the liver model for needle-
tissue interaction are characterized as cirrhotic liver
tissue. The mechanical properties of the model are
assessed on axial needle force measurements and
expert feedback. An increased median needle fric-
tion force (0.0374 N mm™1) is observed compared
to healthy liver tissue (0.0111 N mm~™Y). Further, Fi-
broscan elastography shows that the median stiffness
of the liver model is cirrhotic (24.0 kPa) if compared
to healthy liver values (5.5 kPa). Furthermore, liver
surgeon dr. W. Polak characterized the liver model as
a fibrosis scale 2 liver. Finally, the prototype allows
intercostal and subcostal ultrasound-guided needle
insertion. The prototype has been assessed by inter-
ventional radiologist dr. A. Moelker and provided the
physician with the necessary visual feedback for nee-
dle guidance.

In a broader perspective, the prototype can be
used for research into the assessment of new de-
vices. Furthermore, the prototype can be used as
a training model for physicians in training. Con-
cluding, the prototype allows realistic respiratory
liver motion and needle-tissue interaction during
ultrasound-guided needle intervention.
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Appendix A: elastic modulus of the liver, PVA, PVC

In literature elastic modulus of liver tissue, PVA and PVC is described by different sources with the use of
different measurement methods. In table A.1 to A.3, an overview is given of the elastic modulus of each
material from several sources.

Table A.1: Elastic modulus of healthy and liver tissue.

Structure Elastic Modulus [kPa] Method Source

Healthy liver 0.64(£0.08)-2.0(+0.63) Compression | Yeh etal. [2]
6.61(+1.41) Elastography | Muller et al. [75]
5.7(+£1.8) Elastography | Wong et al. [79]
5.94 Indentation Lim et al. [80]

Cirrothic liver fibrosis grade 5 | 1.17(£0.17)-19.98(+6.95) | Compression | Yeh et al. [2]
25.1(£17.1) Elastography | Wong et al. [79]

Table A.2: Elastic modulus of PVA.

Structure | Elastic Modulus [kPa] ‘ Method ‘ Source
PVA 3.6-11.4 (FT dependent) Tensile Jiang et al. [81]
2.5-5.4 (FT dependent) Compression | Cournane et al. [82]

1.6-16.1 (FT dependent) Elastography | Cournane et al. [82]
42.0-89.1 (FT dependent) | Compression | Fromageau et al. [83]

Table A.3: Elastic modulus of PVC.

Structure | Elastic Modulus [kPa] | Method | Source
PVC | 18-63 | Compression | DiMaio and Salcudean [31]
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Appendix B: motion modes segmented livers

On the following pages the motion modes per patient are shown in a trimesh function of Matlab 2017a (Math-
Works, Inc., Natick, USA). The mesh is shown in sagittal, transverse and coronal perspective.
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B. Appendix B: motion modes segmented livers
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Appendix C: PVA dry weight calculation

For the calculation for the amount of polyvinyl alcohol addition for the desired solution solid content, the
following equation is used.
Polyvinyl Alcohol Addition (dry weight) XY €1
olyvin coho ition (dry wei = .
yviny Y Wer8tl = 100% — % Volatiles

,where X is the desired solution solids content [%] and Y is the netto weight of the final solution.

Both Selvol PVOH 165 (Sekisui Chemical Group NJ, USA) as the PVOH 146-186 (Acros Organics, Geel,
Belgium) contain 5% volatiles. Solutions are prepared with a magnetic stirrer. Dependent on mixing volume
an appropriate beaker is chosen to contain the final volume size. Prior to freezing, the solution is transferred
to a plastic container which is frost resistant.

Solution solids contents for all produced PVA structures are summarized in table C.1. Further, the amount
and timespan of freeze-thaw cycles is reported.

Table C.1: Solution solids contents for all produced PVA structures. All samples are created with Selvol 165, unless marked with *, which
is made with Acros 146-186.

Structure [(%m)] PVA dry weight [g] Water[g] Freeze-thaw cycle [# (F/T hour)]
Liver model (6%m) 94.7 1405.3 2 (40/20)

Abdominal Filler (4%m) 193.7 4406.3 3(16/8)

Abdominal Insert* (6%m) 94.7 1405.3 2 (40/20)

Intercoastal Rib Insert (6%m) 25.3 374.7 3(16/8)

Ultrasound Patch (6%m) 13.4 199.1 2 (40/20)

Needle Force Experiments
Selvol 165 (6%m) 26.8 398.2 2 (40/20)
Acros 146-186 (6%m) 26.8 398.2 2 (40/20)

Stress test

Selvol 165 (4%m) 18.9 431.1 2(16/8)
Selvol 165 (7%m) 33.2 416.8 2(16/8)
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Appendix D: compression test on PVA

Preliminary study into the yield strength of PVA is performed. In a compression test, the PVA samples are
loaded unto a stress rate associated with respiration. The sample are loaded 2.5 times diapraghmetic pres-
sure, which is 5.5 kg based on geometry of the samples. Three PVA sample are positioned in a triangular order
to distribute loads equally and support an uniform 3 mm Plexiglas plate from which a linear stage compresses
the samples in the center of the triangle. Plate bending is not accounted for in this study, since interest pri-
marily goes out to the yield strength of the PVA.

Results In figure D.1 and D.2 the raw data of force over time for all runs are shown of 4%m and 7%m PVA,
respectively. From the figures, no deviations from a linear response is observed, indicating no failure of struc-
tural integrity for the 4%w PVA sample set to a load of 0.306 kg/cm?. Similar response is observed for the
7%w PVA sample set. Difference between the sets is seen in the stroke needed to reach a reaction force of
54N. For the 7%w PVA sample set, the stroke is 9,7 mm, whereas the 4%w PVA sample set needs a 13.4 mm
stroke to show the same reaction force. The difference confirmes that, the 7%w PVA sample set has stiffer
elastic properties than the 4%w PVA sample set. Furthermore, the material relaxation in the 4%w PVA sample
set is larger, comparing figure D.3 and D.4. This can be observed in a force reduction after the peak load and
before retraction of the load. This indicates that 4%w PVA has a higher non-linear response to force loading
and more visco-elastic behaviour.

In the raw data there are peaks observable, however the origin of the peak are from interference of elec-
trical current in the motion stage circuit and not from the samples. Therefore, the data can be filtered by a
low-pass filter, correcting for influence of high frequencies and by the use of a moving average filter, limiting
the maximum change per sample point.

10 times Mechanical compression of 4% PVA samples

9 times of 7% PVA
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Figure D.1: Raw data of 10 runs for force over time of a mini- Figure D.2: Raw data of 9 runs for force over time of a mini-
mum of 54N for 4%w PVA sample set. mum of 54N for 7%w PVA sample set..
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D. Appendix D: compression test on PVA
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Figure D.3: Average compression response over time to in-
dentation upto 54N for 4%w PVA sample set.
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Appendix E: liver model characteristics

The phantom is constructed based on PVA. Interventionists response to 4%m 2ft PVA sample is too flexible if
compared to a normal or diseased liver or in other words not stiff enough. In order to create a stiffer phan-
tom the concentration PVA can be increased. Hence, a diseased liver is stiffer, an increased friction slope is
expected compared to the healthy liver samples in de Jong et al. [5]. Considering that more shear stress is
exerted on the needle. An increased PVA concentration, resolves in a higher friction slope. Higher peak forces
are to be expected in a diseased liver since the tissue is more heterogeneous than healthy liver tissue. A higher
concentration will conclude in higher peak forces. A trade-off is in place, since the number of peak forces re-
duces with an increased PVA concentration. Based upon the findings in de Jong et al. [5] and the feedback
from interventionists. The phantom is created with a 6%m PVA and 2 FT cycles. Averaging the findings in the
paper against the response of the interventionists.

Phantom preparation In the creation of the phantom the solid content solution concentration metrics as
mentioned in appendix C are used. The PVA particles are submerged in water, while stirring, at room temper-
ature. After fully submerging all particles, the solution is heated to 93 °C and maintained at this temperature
for 30 minutes. Meanwhile, the mold can be prepared for pour-molding. First the inside of the two-part
mold is spray-greased to make dissassembly of the model easier in a later stage. Further assembly is done
by placing the rubber seal between the two parts, followed by connecting the two mold parts with nut-bolt
fixation. Sequentially, the solution is pour-molded in a life-sized liver shape and left for 60 minutes to cool
down, where after the mold is placed in the freezer at -30 °C for the first freeze-thaw cycle. After 16 hours
freezing, the mold is still not crystallized in the center, see figure. After inspection, it is decided that the freeze
period is prolonged to 40 hours. Most plausible cause of the lack of crystallization is that the mold also acts
as isolator and the mold has a large volume. The heat of the poured PVA solution cannot easily disperse into
the environment, thereby slowing the crystallization process. Due to the volume it contains relatively more
heat energy than it‘s smaller scaled predecessors so it logically takes longer to freeze.
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Figure E.1: Non-solid state of the liver model after a 16 hour freezing period.

After a 40 hours freezing period, the phantom is fully crystallized and can continue into a thawing phase.
The phantom is placed in room temperature environment for 20 hours thawing. Where after, the FT cycle is
repeated for a second time.

Figure E.2: Solid state liver model is acquired after a 40 hours freezing period.

The material properties are likely to have changed due to firstly the change in concentration and secondly,
due to a different FT cycle. Due to the expected change, the properties will have to be investigated.

Notes
* Firstly, it is advised with the handling of large quantities of PVA to first cool down the mixture to room
temperature after the 30-min period at 93 degrees, before pour-mold the mixture into a desired shape.



7

¢ Furthermore, the mold is prone for leakage. Preliminary use showed that solely a rubber seal is not
sufficient. Additionally, for the seal, a rubber ring is placed between the two-part mold combined with
Vaseline grease. The rubber with Vaseline combination was sufficient for a water tight seal.






Appendix F: construction drawings

In the next pages the construction drawings of manual machined parts are visible. Overview of the drawings
is as follows:

- Drawing 1: 1x Mounting to linear stage
- Drawing 2: 1x Intermediate body cardan coupling
- Drawing 3: 2x Connector part cardan coupling

79



E Appendix F: construction drawings
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Appendix G: liver model motion data

On the following pages the liver model motion over the 6 sensors is shown. All runs are plotted. Configura-
tions are presented in the following order:

- Configuration Liver model: Dynamic 12 rpm
- Configuration Liver model: Dynamic 18 rpm
- Configuration Liver model: Dynamic 12 rpm with additional insert
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84 G. Appendix G: liver model motion data

Configuration: Dynamic 12 rpm
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Configuration: Dynamic 12 rpm with insert

[

-150

Caudal --> Crano [mm]

200
150

-20 100 Right-> Left [mm]

Posterior --> Anterior [mm]






Appendix H: needle insertion data

On the following pages the force position diagrams for determination of the mechinical tissue properties are
shown. All runs are plotted. Configurations are presented in the following order:

- Configuration Selvol 165 6%m PVA 2 FT (40/20h)
- Configuration Acros 146-186 6%m PVA 2 FT (40/20h)

Note that the y-axis are not equally scaled. The difference is chosen for, so visability of the data is in-
creased.
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88 H. Appendix H: needle insertion data

Configuration: Selvol 165 6%m PVA 2 FT (40/20h)
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Appendix I: needle deflection data of all runs

On the following pages the needle deflection of all runs are shown. Configurations are presented in the fol-
lowing order:

- Configuration Subcostal Midplane: Static and Dynamic 12 rpm
- Configuration Intercostal Midclavicular: Static and Dynamic 12 rpm
- Configuration Subcostal Midaxillary: Static and Dynamic 12 rpm

Note that in some figures a peak appears in the first seconds, the peak appear due to errorous data points.
The aurora records misfitted data with exponetial large values.
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90 I. Appendix I: needle deflection data of all runs

Configuration: Subcostal Midplane insertion static
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Configuration: Intercostal Midclavicular insertion static
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92 I. Appendix I: needle deflection data of all runs

Configuration: Intercostal Mid-axial insertion static
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Appendix J: Reference signal

In the following section, the reference signal during the liver model motion experiment is presented. On both
figures can be noted that the motion for 18 rpm is smaller in all directions compared to 12 rpm. This is due to
the same gain is used in both feedback loops for reproduction of the sinosoid motion. The gain is too low for
the shortened period in 18 rpm configuration. The feedback control should correct harder for the error, but
with the same gain, the feedback loop is too slow.

Reference signal for the model motion without Insert
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93



94 J. Appendix J: Reference signal

Reference signal for the model motion with Insert
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Appendix K: assessment form for phantom
performance

The performance of the phantom prototype has been assessed on several aspects. Dr. A. Moelker filled in the
assessment form. The assessment grade is made bold.
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K. Appendix K: assessment form for phantom performance

Prototype assessment:
Scale goes from 1-5, where 1 is very bad, 3 neutral and 5 very good.

How well does the prototype resemble realistic needle motion by respiration?

[1 [2 3 4 E |
Very bad neutral very good

How well does the prototype resemble realistic needle force by respiration?

1 2 3 4 5

Very bad neutral very good

How well does the prototype resemble realistic aesthetics by respiration?

[1 [2 3 [4 E |
Very bad neutral very good

What do think about the size of the prototype?

[1 [2 3 4 E |
Very bad neutral very good

How well does the prototype resemble realistic ultrasound imaging properties?

[1 [2 E 4 E |
Very bad neutral very good

How well does the prototype generate ultrasound- imaging feedback during ultrasound-guided needle

insertion?
1 [2 3 4 E |
Very bad neutral very good

How well does the liver represent sick tissue?

[1 2 E [ 4 E |
Very bad neutral very good

What is the overall performance of the prototype?

[1 [2 3 4 E |
Very bad neutral very good
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