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ABSTRACT 
 

 

Transvenous lead extractions (TLEs) are minimally invasive procedures in which pacing or implantable 
cardioverter defibrillator leads are extracted under guidance of 2D X-ray fluoroscopy. Despite the fact 
that fluoroscopy is currently the gold standard for TLEs, it has several limitations in terms of 
visualization of anatomical structures, areas of high risk and complications. Since TLEs carry a small 
but distinct risk of major complications including laceration of the Superior Vena Cava (SVC), bleeding 
and death, this study aimed to evaluate the utility of intracardiac echocardiography (ICE) to overcome 
current problems of fluoroscopy and to reduce major complications during TLEs. Hereby the presented 
work first had the objective of designing and constructing a tissue-mimicking vascular phantom model 
with realistic geometry and echogenicity to simulate a real-life lead extraction environment suitable 
for ultrasound imaging and second, of evaluating the utility of ICE for different visualization planes of 
the lead-tissue interface whilst using the phantom model. 

In order to accomplish this, different mould prototypes were designed and constructed with additive 
manufacturing in order to enable polyvinyl alcohol (PVA) pouring of the phantom. Following several 
iteration steps of the prototypes, an ultrasound compatible PVA phantom model of the SVC and 
approximate innominate veins with realistic geometry could be constructed according a developed 
methodology, adopted and modified from previous protocols. Subsequently, its suitability to serve as 
a real-life lead extraction environment in terms of echogenicity was assessed by comparison of its 
results with findings from previous conducted clinical studies. Ultimately, both the constructed 
phantom and a porcine model were used to evaluate the performance of ICE in three experiments 
whereby several visualization planes of the lead-tissue interface were examined. 

The results of this study demonstrate that a side-looking phased-array ICE catheter could image 
different structures of the lead-tissue interface including the vessel wall of the SVC, area of scar tissue, 
free-floating and adherent cardiac leads as well as the advancement of an extraction sheath over the 
lead. It was found that the structures could be clearly distinguished from each other in terms of 
echogenicity. The scar tissue along the lead-tissue interface was visualized as an echo dense signal, 
characterized by a linear echogenic shadow, and equivalent to prior clinical observations. From the 
results, it also appeared that a parallel view and cross-sectional view outside the SVC gave more insight 
into lead binding sites and their location with respect to the vessel wall than a conventional parallel 
view inside the SVC. 

It can be concluded that it is feasible to design and construct a vascular phantom model with realistic 
geometry and echogenicity, adequate for the simulation of a real-life lead extraction environment and 
to evaluate the utility of ICE for TLEs. This study has demonstrated that ICE is a valuable tool to visualize 
and assess the lead-tissue interface, which is crucial to avoid major complications during TLEs. Thus, 
implementation of ICE imaging into TLEs has the potential to add to a more effective and safer 
procedure. 

 

  



  

IV 
 

CONTENTS 
 

 

Preface ................................................................................................................................................ II 

Abstract .............................................................................................................................................. III 

List of Figures .................................................................................................................................... VII 

List of Tables .................................................................................................................................... VIII 

List of Acronyms ............................................................................................................................... VIII 

Paper ................................................................................................................................................... 1 

Thesis .................................................................................................................................................. 8 

1. INTRODUCTION ............................................................................................................................... 9 

1.1. Background .............................................................................................................................. 9 

1.2. Problem Description .............................................................................................................. 10 

1.3. Proposed Solution .................................................................................................................. 12 

1.4. Objective ................................................................................................................................ 12 

1.5. Current State of the Art ......................................................................................................... 13 

1.6. Approach ................................................................................................................................ 14 

1.7. Organization of the Thesis ..................................................................................................... 15 

2. THEORETICAL BACKGROUND ........................................................................................................ 16 

2.1. Lead Extractions ..................................................................................................................... 16 

2.1.1. Cardiovascular Electronic Implantable Devices .............................................................. 16 

2.1.2. Transvenous Lead Extractions......................................................................................... 17 

2.2. Intracardiac Echocardiography Imaging ................................................................................ 18 

2.2.1. Physical Principles of Ultrasound .................................................................................... 18 

2.2.2. Image Formation ............................................................................................................. 18 

2.2.3. Image Artifacts ................................................................................................................ 21 

2.2.4. Ultrasound Glossary ........................................................................................................ 22 

2.3. Vascular Geometry ................................................................................................................. 23 

2.3.1. Endovascular Scar Tissue ................................................................................................ 24 

3. VASCULAR PHANTOM: .................................................................................................................. 25 

DESIGN AND CONSTRUCTION ........................................................................................................... 25 

3.1. Introduction ........................................................................................................................... 25 

3.2. Design Criteria ........................................................................................................................ 25 

3.3. Materials and Methods .......................................................................................................... 26 

3.3.1. Mould Design and Construction ..................................................................................... 26 



  

V 
 

3.3.2. Phantom Construction .................................................................................................... 26 

3.4. Phantom 1: Basic Vessel ........................................................................................................ 28 

3.4.1. Design .............................................................................................................................. 28 

3.4.2. Construction .................................................................................................................... 29 

3.5. Phantom 2: Basic Vessel with Scar Tissue .............................................................................. 30 

3.5.1. Design .............................................................................................................................. 30 

3.5.2. Construction .................................................................................................................... 30 

3.6. Phantom 3 & 4: Vascular Tree ............................................................................................... 31 

3.7. Phantom 5: Final Vascular Tree ............................................................................................. 31 

3.7.1. Design .............................................................................................................................. 31 

3.7.2. Construction .................................................................................................................... 32 

3.8. Discussion and Conclusion ..................................................................................................... 33 

3.8.1. Recommendations .......................................................................................................... 37 

4. PHANTOM VALIDATION ................................................................................................................ 38 

4.1. Introduction ........................................................................................................................... 38 

4.2. Materials and Methods .......................................................................................................... 38 

4.2.1 Experimental Set-up ......................................................................................................... 38 

4.2.2. Experimental Design ....................................................................................................... 39 

4.3. Results .................................................................................................................................... 40 

4.4. Follow-Up Experiments .......................................................................................................... 41 

4.4.1. Follow-Up Experiment 1: Changing the Medium ............................................................ 42 

4.4.2. Follow-Up Experiment 2: Effect of Microbubbles ........................................................... 43 

4.4.3. Follow-Up Experiment 3: Changing the number of FT cycles ......................................... 44 

4.5. Discussion ............................................................................................................................... 46 

5. ICE EVALUATION ........................................................................................................................... 49 

5.1. Suitability of the Vascular Phantom Model ........................................................................... 49 

5.1.1. Materials and Methods ................................................................................................... 49 

5.1.2. Results ............................................................................................................................. 51 

5.1.3. Follow-Up Experiment .................................................................................................... 51 

5.1.4. Discussion and Conclusion .............................................................................................. 53 

5.2. Evaluating the Utility of ICE .................................................................................................... 54 

5.2.1. Experiment 1: Three views of a Porcine IVC with Free-Floating Lead ............................ 55 

5.2.2. Experiment 2: Three views of a Phantom SVC with Lead adherent to Scar Tissue ........ 58 

5.2.3. Experiment 3: One view of a Phantom SVC with insertion Extraction Sheath ............... 61 

5.2.4. Discussion and Conclusion .............................................................................................. 63 

6. OVERALL DISCUSSION ................................................................................................................... 65 



  

VI 
 

7. FINAL CONCLUSION ...................................................................................................................... 70 

Bibliography ...................................................................................................................................... 71 

APPENDICES ...................................................................................................................................... 76 

Appendix A: Procedure Protocol TLE ............................................................................................ 77 

Appendix B: Phantom Construction .............................................................................................. 83 

Appendix C: Preparation Protocol PVA ......................................................................................... 84 

Appendix D: Protocol PVA pouring – tips and tricks ..................................................................... 87 

Appendix E: Phantom 3 & 4: Vascular Tree .................................................................................. 89 

Appendix F: Validation Experiment .............................................................................................. 93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



  

VII 
 

LIST OF FIGURES 
 

Figure 1. Inducing laceration in the SVC ............................................................................................................... 10 
Figure 2. Fluoroscopy image of the SVC [18] ........................................................................................................ 11 
Figure 3. Schematic overview of the steps taken during the course of this thesis project .................................. 14 
Figure 4. Leads that connect a CRT device to the heart [34] ................................................................................ 16 
Figure 5. Generic clinical workflow of a TLE ......................................................................................................... 17 
Figure 6. Connection of a Viewflex ICE catheter to a CX50 US system ................................................................. 19 
Figure 7. Producing a sector-shaped beam with a linear phased-array ICE transducer [17] ............................... 19 
Figure 8. Differences in echogenicity [44] ............................................................................................................ 20 
Figure 9. ICE image of the lead-tissue interface [31] ............................................................................................ 21 
Figure 10. The heart including the SVC and innominate veins ............................................................................. 23 
Figure 11. Endovascular scar tissue from a patient .............................................................................................. 24 
Figure 12. Design of a basic mould for PVA pouring ............................................................................................ 28 
Figure 13. Creating vessel phantoms with a smaller wall thickness ..................................................................... 29 
Figure 14. Construction of the basic mould and straight vessel phantoms.......................................................... 29 
Figure 15. Design of new inner tube mould to create a vessel with scar tissue ................................................... 30 
Figure 16. Basic vessel with scar tissue ................................................................................................................ 30 
Figure 17. Final design of the vascular tree mould ............................................................................................... 31 
Figure 18. Construction of the final vascular tree mould and phantom .............................................................. 32 
Figure 19. Limitations of the current mould design ............................................................................................. 36 
Figure 20. Experimental set-up of the validation experiment .............................................................................. 39 
Figure 21. Porcine SVC .......................................................................................................................................... 39 
Figure 22. Cross-sectional view of the SVC in the image plane ............................................................................ 40 
Figure 23. Comparison of porcine SVC with phantom SVCs ................................................................................. 40 
Figure 24. Cross-sectional view of three basic phantoms in water, BMF and blood ............................................ 42 
Figure 25. Increasing the time range between BMF recovery and performance of the US measurements ........ 44 
Figure 26. Increasing the number of FT cycles of the phantoms .......................................................................... 45 
Figure 27. Gas bubbles surrounding porcine SVC ................................................................................................. 46 
Figure 28. Experimental set-up of a vascular phantom model in water .............................................................. 50 
Figure 29. Parallel view outside the SVC .............................................................................................................. 50 
Figure 30. Comparison of SVC phantoms with different echogenicity ................................................................. 51 
Figure 31. Pacing lead inserted in the vascular phantom ..................................................................................... 52 
Figure 32. Parallel view of a pacing lead in a SVC phantom ................................................................................. 52 
Figure 33. Experimental set-up of a porcine heart in a water and blood pool ..................................................... 55 
Figure 34. Three different visualization planes .................................................................................................... 56 
Figure 35. Three different views of free-floating leads in a porcine IVC with ICE ................................................ 57 
Figure 36. Three different visualization planes of the lead-tissue interface ........................................................ 59 
Figure 37. Three different views of leads adherent to scar tissue in a phantom SVC with ICE ............................ 60 
Figure 38. Experimental set-up of an extraction sheath in a vascular phantom .................................................. 61 
Figure 39. Visualization plane of the lead-tissue interface with an extraction sheath......................................... 62 
Figure 40. Advancement of an extraction sheath to approach the lead-tissue interface .................................... 62 
Figure 41. Angiography of the laser sheath [91] .................................................................................................. 79 
Figure 42. Performing counterpressure [98] ........................................................................................................ 80 
Figure 43. Lead extraction with a laser sheath to overcome binding sites [97] ................................................... 81 
Figure 44. Comprehensive description of a TLE clinical workflow........................................................................ 82 
Figure 45. Set-up to create a PVA solution ........................................................................................................... 86 
Figure 46. Design of a vascular tree mould .......................................................................................................... 89 
Figure 47. Construction of a vascular tree mould and phantom .......................................................................... 90 
Figure 48. Optimized version of a vascular tree mould ........................................................................................ 91 
Figure 49. Construction of an optimized vascular tree mould and phantom ....................................................... 92 



  

VIII 
 

LIST OF TABLES 
 

Table 1. Acoustic properties of water and blood [45, 46] .................................................................................... 20 
Table 2. Geometry of different vascular structures.............................................................................................. 23 
Table 3. Angulation between the SVC and innominate veins ............................................................................... 23 
Table 4. Severity of scar tissue and corresponding measured thickness [2] ........................................................ 24 
Table 5. Advantages and disadvantages of PVA gels ............................................................................................ 26 
Table 6. Phantom materials and their concentration ........................................................................................... 27 
Table 7. Tube dimensions and corresponding wall thickness............................................................................... 28 
Table 8. Costs per sample of PVA ......................................................................................................................... 33 
Table 9. Assessment of the vascular phantom with regard to its general and composition features ................. 34 
Table 10. Overview of conducted experiments .................................................................................................... 54 
Table 11. Predictors of difficult lead extractions and complications [18] ............................................................ 81 
Table 12. Print settings Ultimaker 2 Extended + .................................................................................................. 83 
Table 13. Product specifications of Selvol PVA 165 [70] ...................................................................................... 83 
Table 14. Specimen specifications ........................................................................................................................ 93 
Table 15. US settings ............................................................................................................................................ 93 
Table 16. Specifications of water, BMF and human blood [74] ............................................................................ 93 
 
 

LIST OF ACRONYMS 
 

BMF  Blood-Mimicking Fluid 
BMI  Body Mass Index 
CIED  Cardiovascular Electronic Implantable Device 
CNR  Contrast-to-Noise Ratio 
CRT  Cardiac Resynchronization Therapy 
CT  Computed Tomography 
FOV  Field of View  
FT  Freeze Thaw 
IBS  In-Body Systems 
ICD  Implantable Cardioverter-Defibrillator 
ICE  Intracardiac Echocardiography 
IVC  Inferior Vena Cava 
MRI  Magnetic Resonance Imaging 
PLA  Polylactic Acid 
PVA  Polyvinyl Alcohol 
RA  Right Atrium 
RV  Right Ventricle 
STL  Stereolithography 
SVC  Superior Vena Cava  
TEE  Transesophageal Echocardiography 
TLE  Transvenous Lead Extraction  
TTE  Transthoracic Echocardiography 
US  Ultrasound 

  



  

IX 
 

  



  

1 
 

PAPER 
 



2 
 

I. INTRODUCTION 

ransvenous lead extractions (TLEs) are minimally invasive 
procedures in which pacing or implantable cardioverter 

defibrillator leads are extracted under guidance of 2D  
fluoroscopy. The demand for TLE procedures has grown 
considerably to an annual extraction rate of about 24.000 
patients worldwide [1] which is due to an increased number of 
cardiovascular electronic implantable device infections and 
other indications ( e.g. lead fracture or failure) [2, 3]. 
Furthermore, advancement of tools and extraction techniques 
as well as the growth of clinical experience over time positively 
influenced the outcome of TLE and promoted further adoption 
on global scale [1, 4]. Despite these clinical and technological 
advances, TLE remains a complex and risky procedure with a 
small but distinct rate of reported major complications and 
mortality; these reported values vary even widely across 
studies, with major complications from 0.4% to 3.4% and 
mortality rates of 0% to 1.9% [4-8].  

Of these major complications, which primarily comprise life-
threatening vascular tears, it is estimated that two-thirds occur 
in the superior vena cava (SVC) [3]. Operators mostly fear 
injury to the SVC because of the corresponding mortality, 
exceeding the 50%, even when there is rapid detection and 
subsequent surgical intervention [2, 9, 10]. This is because the 
SVC has a relatively thin vessel wall and unfavourable position,  

 
near the right pleura and pericardium. Given the bending 
shape characteristics of the SVC, the lead rarely takes a straight 
course through this part [11]. Particularly, in case of 
development of endovascular scar tissue that may encapsulate 
the lead body at several places, difficulty and risk of extraction                 
are increased [1]. Thus, when attempting to liberate the lead 
from surrounding tissue, a perforation can be easily induced 
with possibly fatal consequences (e.g. bleeding into the chest 
and/or pericardium) [2].  

Given that fluoroscopy is limited in the ability to visualize 
anatomical structures, areas of high risk and complications 
properly [11-13], several ultrasound (US) modalities have been 
introduced to overcome current limitations of fluoroscopy and 
to reduce major complications during TLEs [2, 12, 14-16]. One 
of these modalities is phased—array intracardiac 
echocardiography (ICE) of which its utility has been recently 
evaluated in two small clinical studies [2, 14]. Although ICE 
appears to be a promising technique to assess the lead-tissue 
interface (i.e. the lead binding sites) and to identify procedural 
complications [2, 12-14] more studies are necessary to test 
and evaluate its possibilities for TLEs more comprehensively. 
As it is not always feasible to perform standardized and 
repetitive tests in patients, alternatives are required such as 
animal models or medical phantoms, which serve as substitute 
for human tissue.  

Lynn-Jade S. Jonga, Benno H.W. Hendriksa,b, Jenny Dankelmana 
 
a BioMechanical Engineering Department, Delft University of Technology, 2628 CD Delft, The Netherlands 
b Philips Research, Department of In-Body Systems, 5656 AE Eindhoven, The Netherlands 

Abstract — Transvenous lead extractions (TLEs) are complex and risky procedures with a small but distinct rate 
of reported major complications and mortality. This study describes the design and construction of a vascular 
ultrasound (US) phantom to simulate a TLE environment and to evaluate the utility of US modalities for TLE 
procedures to reduce major complications. A tissue mimicking phantom model of a human junction of the 
superior vena cava and innominate veins was developed and tailored to reported geometry from literature. This 
phantom model was constructed from a designed and 3D printed mould and consisted of tissue mimicking 
materials polyvinyl alcohol and calciumcarbonate. To evaluate the performance of this phantom, its ability to 
discriminate different structures of the lead-tissue interface (vessel wall, scar tissue and cardiac lead) in terms of 
echogenicity was examined on 2D intracardiac echocardiography images for two different views. The results 
demonstrated a clear distinction of these structures and visualization of the lead-tissue interface for both views. 
The echo dense signals of the scar tissue along the lead-tissue interface, characterized by a linear echogenic 
shadow, were consistent with observations from prior clinical studies. Therefore, this vascular US phantom was 
considered suitable in terms of geometry and echogenicity to simulate a TLE environment and to evaluate US 
modalities for TLEs. 

 
Keywords — Transvenous Lead Extraction, Medical Phantom, Ultrasound, Intracardiac Echocardiography, Polyvinyl Alcohol  
 

A Vascular Ultrasound Phantom for simulation 
of a Transvenous Lead Extraction environment  

T 
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Although porcine hearts closely resemble human hearts 
[17], their use is not a matter of course due to practical and 
ethical reasons. In addition, proper evaluation of US modalities 
for TLEs, necessitates a real-life lead extraction environment 
with intravascular lead binding sites. Since porcine hearts are 
not naturally ‘diseased’, it is challenging to obtain such realistic 
patient scenarios. As alternative to animal models, tissue-
mimicking phantoms are widely adopted to mimic human soft 
tissue and allow technology testing in a patient-safe and 
environment-friendly manner [18-21].   

Particularly, so called ‘home made’ phantoms are more 
affordable and accessible than commercial available phantoms 
[19]  and allow to be tailored to a lead extraction environment. 
Hereby some important considerations are the phantom’s 
vascular geometry and echogenicity (i.e. the ability to produce 
US echoes) as well as the feasibility of creating a lumen with 
endovascular scar tissue (for introduction of a cardiac lead), 
necessary to provide an appropriate simulation model for 
TLEs. However, to the author’s knowledge, no phantoms have 
been previously developed to simulate a TLE environment, 
neither commercially nor in academic setting. Therefore, the 
present paper describes the design and construction of a 
vascular phantom model to simulate a real-life TLE 
environment, and suitable for US imaging to evaluate the 
utility of US modalities for TLE procedures.  

II. MATERIALS AND METHODS 

A. Mould design and construction 
In order to allow construction of the vascular phantom 

model, first a mould was developed which was made in design 
software Solidworks (Dassault Systèmes, France) and 
constructed with additive manufacturing using 3D printing 
software (Cura, Ultimaker, Netherlands). This mould, 
presented in Fig. 1, consisted of a thermoplastic polylactic acid 
material with 11 cm in length, 9 cm in width and 3.5 cm in 
depth. Its inner shape, a vascular tree, represents a human 
junction of the SVC and innominate veins. This junction was 
chosen for the reason that it is considered most complex and 
critical to induce a vascular tear during a TLE procedure [2, 3, 
11]. 

Fig. 1A explains the structures of the vascular tree. It 
consists of a fixed inner tube, which is the first part of the SVC. 
The second part of the SVC can be connected to the fixed inner 
tube through attachment points and contains an open space 
with 3 mm thickness, intended for endovascular scar tissue. 
Besides the open space for scar tissue, another open space of 
2 mm distance is left to create a vessel wall. The other tubular 
parts, which represent the left and right innominate vein, can 
be connected to the second part of the SVC. To induce a 
gradual transition in terms of diameter from the SVC towards 
the right innominate vein (Fig. 1B), an upper part has been 
constructed which adopts the desired geometry and 
simultaneously allows maintenance of the 2 mm thin vessel 
wall. 

 
Fig. 1.  Design of the vascular tree mould. A) Indication of its inner structures. 
B) Left: Geometry (i.e. length, inner diameter, thickness in mm) of the vascular 
tree. Right: Mould with two openings for pouring. The small outer tubular 
structures allow for easy extraction of the inner structures after phantom 
construction. 

B. Phantom construction 
Polyvinyl alcohol (PVA) was chosen as tissue-mimicking 

material for the phantom. This widely adopted hydrogel [20-
24] is a chemically synthesized polymer, which is suitable for 
US imaging and equivalent to various types of soft tissue in 
terms of acoustic properties [20, 25]. It allows precise 
modelling of its mechanical properties when subjected to a 
number of freeze thaw (FT) cycles, and construction of 
multiple heterogeneous layer structures useful to create 
endovascular scar tissue. On top of that, it has a long-term 
durability when keeping from dehydration and bacterial 
growth [24, 26, 27]. 

Preparation of the PVA gel was performed according a 
developed protocol, which was primarily adopted and 
modified from a methodology described by T. de Jong et al. 
2017 [28]. PVA powder (Selvol PVOH 165, Sekisui Chemical 
Group NJ, USA) with a high degree of hydrolysis (99%+) was 
selected to obtain strong hydrogen bond formations, thus for 
optimal crosslinking in the sample when subjected to FT cycles. 
A 7 wt% PVA to water was used to create the phantom since 
this was the maximum recommended soluble concentration 
[28, 29]. On top of that, a small amount of 0.1 wt% acoustic 
scatterer, made of powdered silicon dioxide glass spheres 
(Silica gel 60, KGaA, Darmstadt, Germany), was added to 
enhance the acoustic reflectance of the phantom. The PVA gel 
and acoustic scatterers were added to water. Once the 
particles were well dispersed, they were magnetically stirred 
at an initial speed of 400 rpm using a hot plate magnetic stirrer 
with temperature controller. The mixture was heated to a 
temperature of 93°C and hold for 30 minutes. Then, the 
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solution was removed from the hotplate in order to cool to 
room temperature. 

Whilst the previous described PVA gel mixture, which served 
as basis to create the vessel wall of the phantom, allowed to 
cool down, another mixture was prepared with the intention 
to create scar tissue. Hereby, the used composition material 
consisted of powdered calcium carbonate CaCO3 (500 g 
Calciumcarbonat, Original Rügener Schlämmkreide, Germany),  
which was chosen because of its the ability to increase 
material density with creation of specific internal structures, 
often resulting in a higher texture strength and desired to 
mimic scar tissue [30]. A concentration of 50 wt% CaCO3 was 
added to a mixture of 7 wt% PVA and 0.5 wt% acoustic 
scatterer. Subsequently, the entirety was added to water 
followed by repetition of the aforementioned preparation 
cycle.  

To construct the vascular phantom, the scar tissue, 
comprising the CaCO3 gel mixture, first required to be 
manufactured. This was performed by pouring of the CaCO3 

mixture into the open space of a tubular mould (similar to the 
second part of the SVC, illustrated in Fig. 1A), which was closed 
at the side and bottom. After pouring, the tubular mould with 
CaCO3 mixture was placed in a temperature controllable 
freezer set at -19 °C and underwent a number of 2 FT cycles, of 
which one cycle included 16 hours of freezing and 8 hours of 
thawing at room temperature. Following subjection of 2 FT 
cycles, the constructed scar tissue was positioned in the 
mould, within the open space of the second part of the SVC 
that was attached to the fixed inner tube (see Fig. 1A). Then, 
after connection of the tubular structures (i.e. left and right 
innominate vein, upper part) to the second part of the SVC, the 
PVA gel mixture was poured in the mould through the two 
openings located at the top and side (Fig. 1B). Subsequently, 
the mould was placed in a freezer and underwent a number of 
2 FT cycles under similar circumstance as aforementioned. This 
means that the FT cycle was repeated twice to create the 
vessel wall and four times to create the endovascular scar 
tissue.  
 

C. ICE imaging 
To evaluate the performance of the vascular phantom as 

simulation model for TLEs and testing model for US imaging, 
we investigated whether the phantom could discriminate 
different structures of the lead-tissue interface (i.e. vessel wall, 
scar tissue and cardiac lead) in terms of echogenicity. 
Therefore, the phantom was anatomically positioned in a 
circular glass beaker, filled with water. The SVC of the phantom 
was attached to a holder through metal wires and clips. 
Subsequently, a 2 mm thin pacing lead was inserted into the 
left innominate vein and through the scar tissue at the inner 
wall of the SVC (Fig. 1). A 9-Fr phased-array Viewflex ICE 
catheter (Viewflex, St Jude Medical, St Paul, MN, USA) was 
used to image the phantom at a frequency of 6.25 MHz. This 
catheter was coupled to a catheter interface module (St. Jude 
Medical, Inc., St. Paul, MN, USA) which was connected to a 

CX50 US system (Philips Medical Systems, Andover, MA, USA). 
The SVC of the phantom was taken as field of view since this 
area consisted of a vessel wall and lead binding sites (i.e. lead 
in scar tissue). Subsequently, two views of the ICE catheter 
were examined, namely a longitudinal view both outside and 
inside the SVC. To image the latter, the ICE catheter was 
introduced into the entry of the right innominate vein to 
approach the SVC.  

 

 
Fig. 2.  Construction of the vascular phantom model. A) Description of the 
phantom. B) The SVC with calcified scar tissue (blue asterisk) at its inner wall. 
Green asterisk: Stenosis between the SVC and right innominate vein. Notice 
that for an appropriate anatomy interpretation the entire phantom should be 
horizontally rotated by an angle of 180°. 

III. RESULTS 

A. Vascular phantom 
A vascular phantom model, presented in Fig. 2, was 

constructed to mimic a human junction of the SVC and 
innominate veins in terms of geometry (see Fig. 1B) [31-37]. 
The left innominate vein is sharply angulated with respect to 
the SVC whereas the right innominate vein directly descends 
into the SVC (Fig. 2A). The constructed endovascular scar 
tissue at the inner wall of the SVC (Fig. 2B) is calcified and has 
a thickness of 3 mm, this latter is equivalent to human scar 
thicknesses [1]. The stenosis between the SVC and right 
innominate vein was due to inflow of PVA gel to the 
attachment points of the tubular structures during pouring 
and can be easily avoided by proper sealing of the edges (e.g. 
with Vaseline) prior to pouring. 

 

B. ICE findings 
 Fig. 3A and B shows the ICE images with the two views of 

the SVC of the phantom. The lead-tissue interface is clearly 
visible for both views, whereby the lead is visualized as linear 
and echo dense. A longitudinal view of the ICE catheter outside 
the SVC (Fig. 3A) shows the vessel wall proximate to the ICE 
transducer with an echo-dense signal of the scar tissue. The 
area beyond the scar tissue is characterized by a linear 
echogenic shadow, which is also observable in a longitudinal 
view of the ICE catheter inside the SVC (Fig. 3B), As a result, 
the vessel wall located at the distal end of the image plane, has 
completely disappeared in both views. In the longitudinal view  
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Fig. 3.  2D ICE images of the SVC of the vascular phantom with its lead-tissue 
interface. A) Longitudinal view of the ICE catheter outside the SVC.  
B) Longitudinal view of the ICE catheter inside the SVC. 

inside the SVC, the lead is visualized twice, both as free-
floating and adhered to scar tissue. This is because the lead 
body was solely encapsulated at a few sites. Consequently, 
both its free-floating and adhered part were in the image plane 
of the ICE transducer. 

IV. DISCUSSION 

To the author’s knowledge, this is the first study that has 
introduced a methodology to design and construct a ‘home 
made’ vascular phantom model for simulation of a TLE 
environment and suitable for US imaging to evaluate the utility 
of US modalities for TLE procedures. The study has 
demonstrated that evaluation of US modalities (i.e. ICE) for 
TLEs can be also performed on a tissue-mimicking PVA 
phantom as alternative to animals or patients. This has the 
advantage of saving costs and ethical issues on animal 
experiments and possibly even early clinical evaluations in the 
longer term but may also accelerate pre-clinical and clinical 
research on this topic. 
 It was shown that the phantom could be clearly visualized 
on ICE and allowed for discrimination, in terms of echogenicity, 
of its vessel wall, endovascular scar tissue and a pacing lead. 
On top of that, the echo dense signals of the scar tissue along 
the lead-tissue interface, characterized by a linear echogenic 

shadow, were consistent with observations from prior clinical 
studies [12, 14]. 

Whilst the objective was to evaluate the phantom’s 
performance on 2D ICE, this study has simultaneously 
demonstrated that a phased-array ICE catheter can be used to 
visualize and assess the lead-tissue interface, which is 
important to predict the difficulty and risk of extraction [14]. 
Although the examined visualization planes both presented 
the lead-tissue interface, it was found that a longitudinal view 
outside the SVC was more valuable due to its ability to visualize 
the vessel wall. This is because the location of the vessel wall 
with respect to the lead binding sites is crucial information for 
the operator to determine whether the extraction sheath 
should be repositioned to disrupt lead adhesions without 
inducing vascular tears. Nevertheless, the longitudinal view 
outside the SVC was solely feasible because of its application 
in an experimental set-up but currently does not seem 
anatomically possible, as opposed to a longitudinal view inside 
the SVC.  

The present study has proposed a vascular phantom model 
for testing of US modalities to reduce adverse effects during 
TLE procedures. However, this medical phantom might also be 
utilized for training of physicians that perform TLEs. Given that 
a TLE is an invasive procedure, in which most serious adverse 
effects occur with the operator’s early experience and little 
regular practice, it demands highly trained and experienced 
operators to consistently deliver safe and effective care [38-
40]. Unfortunately, currently there is a lack of means to 
provide the training, practice and repetition necessary to 
acquire the desired technical expertise. Only few sites are 
available where practitioners could gain adequate clinical 
experience, and watching an instructional video 
demonstration or observing how another operator performs 
the extraction is not sufficient [3, 40]. As this could be 
problematic, alternative solutions are required, such as 
phantom models that serve as training tool. Particularly, with 
the current phantom it would be interesting to examine 
whether it is able to produce similar extraction forces such as 
those perceived in realistic patient scenarios, to acquire tactile 
skills as additive to the skills acquired from visual learning (ICE 
could also aid in this process by simultaneously providing 
visual feedback). This is because tactile skills are hard to teach, 
while excessive pulling and primarily pushing forces are a main 
malefactor of complications, such as SVC tears [41]. Thus, this 
phantom model might be potentially utilized to provide 
adequate training and acquisition of these skills by offering 
realistic situations in an environment free of risk. 

 

A. Study Limitations 
Although the vascular junction of the phantom was tailored 

to reported geometry from literature [31-37], this study is 
limited to a phantom with a wall thickness of 2 mm rather than 
a desired thickness of 1 mm [42]. This thickness was chosen to 
minimize the risk of vessel rupturing during extraction of the 
phantom from the mould. Since the goal is to strive towards 
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human veins, the mould should be optimized with a geometry 
that allows manufacturing of a 1 mm thin vessel wall. Hereby, 
it should be examined whether the optimized mould still 
allows for complete phantom construction and extraction. 

To acquire the ICE images of the phantom, the 
measurements were solely conducted in water. This was 
because the phantom showed an anechoic signal on ICE, both 
in blood-mimicking fluid and in porcine whole blood. We 
assume this is due to little difference in acoustic impedance 
between the phantom material and the medium in which it 
was measured (i.e. blood mimicking fluid, porcine blood). 
Regarding this, a study of Fromageau et al. 2007 [21] has 
demonstrated that within PVA samples the structure’s main 
density and speed of sound have a logarithmic increasing 
relationship when the number of FT cycles increases. Since the 
acoustic impedance is the product of the structure’s main 
density and speed of sound [43], a recommendation for future 
research would be to increase the number of FT cycles of the 
phantom. This is to examine whether a higher main density 
and speed of sound would also increase the difference in 
acoustic impedance between the phantom material and 
medium, and subsequently the echo signal of the phantom. 
Besides this, the acoustic impedance of the phantom material 
and medium should be measured to verify the assumption. 

Although the results of this study appear to be promising 
and the PVA phantom closely mimics a human junction of the 
SVC and innominate in terms of geometry and echogenicity, 
the phantom should ideally include highly lifelike mechanical, 
optical, mobile and acoustic properties to realistically simulate 
a TLE and to provide an adequate testing environment for US 
modalities. As the latter primarily requires matching acoustic 
properties, a suggestion for future research would be to 
measure and compare the phantom’s acoustic impedance and 
speed of sound with a ‘diseased’ human SVC (i.e. with 
endovascular scar tissue). 

The phantom model, described within this study, 
represented a feared high risk area which is essential to 
evaluate US modalities properly for TLEs. However, the reader 
should keep in mind that these modalities should be evaluated 
on their performance to visualize the lead-tissue interface such 
that, complications can be avoided or otherwise been 
detected fast enough to intervene on time. Hence, for future 
research it is recommended to extend this phantom model to 
an entire heart, so that complications (e.g. inducing a SVC 
perforation with an extraction sheath  and a  consequent  
hemothorax/inducing a myocardial perforation with an 
inserting lead and a consequent pericardial effusion) can be 
simulated with the purpose of examining whether or not the 
US modality is able to detect these complications. 

V. CONCLUSION 

We have demonstrated the feasibility of producing a 
vascular PVA phantom model for simulation of a TLE 
environment and suitable for US imaging to test US modalities 
for use during TLEs. We conclude that the phantom is suitable 
to mimic a ‘diseased’ human junction of the SVC and 

innominate veins in terms of geometry and echogenicity. 
Hence, this model may potentially serve as a patient-safe 
testing environment for US modalities to reduce major 
complications during TLEs. 
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1 
1. INTRODUCTION 

1.1. BACKGROUND 

Transvenous lead extractions (TLEs) are minimally invasive procedures in which pacing or implantable 
cardioverter defibrillator (ICD) leads are extracted under guidance of 2D X-ray fluoroscopy. The 
demand for TLE procedures has grown considerably to an annual extraction rate of about 24.000 
patients worldwide [2] which is due to an increased number of cardiovascular electronic implantable 
device (CIED) infections and other indications such as lead fracture or failure [3, 4]. Furthermore, 
advancement of tools and extraction techniques as well as the growth of clinical experience over time 
positively influenced the outcome of TLE and promoted further adoption on global scale [2, 5]. Despite 
these clinical and technological advances, TLE remains a complex and risky procedure with a small but 
distinct rate of reported major complications and mortality; these reported values vary even widely 
across studies, with major complications from 0.4% to 3.4% and mortality rates of 0% to 1.9% [5-9]. 
Of these major complications, which primarily comprise life-threatening vascular tears, it is estimated 
that two-thirds occur in the superior vena cava (SVC) [4]. Operators mostly fear injury to the SVC 
because of the corresponding mortality, exceeding the 50%, even when there is rapid detection and 
subsequent surgical intervention [3, 10, 11]. This can be explained by the fact that the SVC has a 
relatively thin vessel wall and unfavourable position, near the right pleura and pericardium. Given the 
bending shape characteristics of the SVC, the lead rarely takes a straight course through this part. 
Thus, when attempting to liberate the lead from surrounding tissue with an extraction sheath, a 
perforation can be easily induced with possibly fatal consequences such as bleeding into the chest 
and/or pericardium [3]. Although development of powered extraction sheaths (e.g. lasers and 
rotational cutting sheaths), yielded improved success rates of TLE, it has not reduced the rate of SVC 
injury [3, 5, 10, 12, 13], which might be a principal impediment to perform this procedure. 
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1.2. PROBLEM DESCRIPTION 

As aforementioned, TLE’s are currently guided under 2D X-ray fluoroscopy, which is considered the 
standard of reference for this procedure as well as for other cardiovascular interventions. From a 
previous performed literature study and additional conversations with electrophysiologists in the field 
[14], it became clear that although fluoroscopy can be performed relatively easy [15] and visualizes 
the vascular system with subsequent advancement of the extraction sheath, it has several limitations 
regarding visualization of anatomical structures. First, it is unable to visualize the venous and 
myocardial wall although it is essential to determine whether the extraction sheath still follows a 
proper intravascular course. Second, it does not detect high-risk areas during sheath advancement 
such as vessel tortuosity, myocardial invagination or the presence of endovascular scar tissue. The 
latter is due to the foreign body response to intravascular leads and develops over time in pacemaker 
patients (this will be described in section 2.3.1 of Chapter 2) [2]. Third, potential major complications 
(e.g. hemothorax, vegetation embolization) cannot be detected early with fluoroscopy [16-18]. 

 

Figure 1. Inducing laceration in the SVC  

Left: Encapsulation of the lead body by scar tissue. To disrupt the lead adhesions an extraction sheath is used that 
advances over the lead. Right: Inducing a dissection of the SVC wall over time with the sheath. Image acquired from: IBS, 

Philips Research Eindhoven, and subsequently modified. 

Given the limitations of fluoroscopy, performing a TLE is not without risk and requires high skilled 
operators. Particularly, in case of endovascular scar tissue, which may encapsulate the lead body at 
several places, complexity and risk of extraction are increased as well as procedural and fluoroscopic 
exposure time [11]. This is because the lead adhesions should be disrupted first to extract the lead 
from the vascular system. However, the binding sites are most often located proximate to the venous 
wall (Figure 1). Since the operator is not able to identify the venous wall, nor the lead adhesions on 
fluoroscopy (Figure 2) and given that the venous system is tortuous and tight, there is a risk of 
advancing the tip of the sheath into the venous wall with corresponding complications (Figure 1).  
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Figure 2. Fluoroscopy image of the SVC [18] 

TEE = transesophageal echocardiography; probe to monitor complications. How does the operator know in which direction 
the extraction sheath should be oriented to disrupt the adhesions between the lead and the SVC wall, given that resistance 

of scar tissue can push the tip of the sheath towards the wrong direction with subsequent vascular laceration? 

Although there are several factors (Table 11 of Appendix A) that increase the difficulty and risk of 
extraction, procedural outcomes of TLE’s primarily depend on operator experience [18]. From 
literature, it has been reported that success rates of TLE have increased over time but the problem is 
that most of these reports originate from high volume extraction centres where the operators are 
highly experienced and receive referrals from smaller volume extraction centres [5, 9, 19-23]. In the 
smaller centres where the number of annual extractions per operator is much less, also the success 
rate is likely to be lower and the risk of major complications greater since little practice may lead to 
unnecessary complications [24]. Given the potentially serious complications that may arise, this 
procedure can even trigger anxiety in the most experienced operators [16]. As perception of risk of 
major complications can increase up to 5% [25], which is about 2.5 times as high as in practice, this 
may reduce the number of operators willing and able to perform the procedure while simultaneously 
the demand for lead extractions keeps growing in a population with greater risk of infection [18]. As 
endocarditis is associated with high morbidity and mortality [26-29], it is crucial to seek for methods 
that could encourage operators to do a TLE.  

CLINICAL NEED 
Performing a TLE carries a small but distinct risk of serious complications including vascular laceration, 
bleeding and death. In order to prevent adverse effects during lead management there is need for a 
guiding tool that allows the operator to identify the venous wall (for maintaining proper sheath 
positioning) and areas of high risk. Furthermore, it should enable early detection of complications so 
that when adverse effects emerge, they can be managed and controlled more properly by the 
operator. 
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1.3. PROPOSED SOLUTION 

At Philips Research (In-Body Systems, Eindhoven) a phased-array intracardiac echocardiography (ICE) 
catheter (Viewflex, St Jude Medical, St Paul, MN, USA) is available to image the lead-tissue interface 
(i.e. the lead binding sites) and to evaluate its utility to reduce adverse effects during a TLE procedure. 
In order to perform these measurements, a specific lead extraction environment (e.g. a SVC with lead 
binding sites) is required. However, within this orientation phase, solely pre-clinical tests can be 
performed either in animal models or phantoms, serving as substitute for human tissue. Although 
porcine hearts closely resemble human hearts, their use is not a matter of course due to practical and 
ethical reasons. Furthermore, they are not pulsated which means that the veins will be collapsed, 
resulting in geometries other than when naturally pulsated. On top of that, porcine hearts are not 
generally diseased, which makes it challenging to obtain realistic patient scenarios of intravascular 
lead binding sites. As alternative to animal models, phantoms are considered a helpful method to 
mimic human tissue and allow technology testing in a patient-safe and environment-friendly manner 
[30]. Hence, within this thesis project an ultrasound compatible vascular phantom model will be 
developed to allow simulation of a lead extraction environment and subsequently to evaluate the 
utility of ICE for TLE procedures. 

 

1.4. OBJECTIVE 

The objective of this research project is twofold. First, the goal is to design and construct a vascular 
phantom model with realistic geometry and echogenicity to simulate a real-life lead extraction 
environment suitable for ultrasound imaging. 

Second, the aim is to evaluate the utility of a ViewFlex phased-array ICE catheter, for the prevention 
of SVC injury during lead management. This will be accomplished by using in-vitro porcine tissue and 
the constructed vascular phantom model. Subsequently, various visualization planes of the ICE 
catheter will be investigated to determine which plane provides the most valuable insight into the 
lead-tissue interface. 

Eventually, future research should perform clinical evaluation in an echo-patient study to assess 
whether the findings of this study are also valid in practice.  
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1.5. CURRENT STATE OF THE ART 

Vascular phantom models  
Commercial available phantoms are relatively expensive, intended for a broad market and often do 
not provide the desired test environment tailored to the needs of the user. Therefore, this thesis 
project aims for the development of a ‘home made’ vascular phantom model that will specifically 
simulate a real-life lead extraction environment, and with compatibility to ultrasound to allow for ICE 
evaluation. To the best of my knowledge, phantoms intended for this purpose have not been 
developed previously, neither commercially nor in academic setting. Hence, this phantom model 
would be valuable to examine the utility of ICE for TLE procedures. Simultaneously, it may stimulate 
other researchers to prepare these customized ‘home made’ phantoms as well since they are made 
more affordable and accessible and as a result it may accelerate pre-clinical and clinical research on 
cardiovascular diseases. 

Echocardiography  
A literature study conducted prior to this thesis project, has shown that transesophageal 
echocardiography (TEE) as adjunctive to fluoroscopy, is well established ultrasound imaging tool to 
detect complications during lead management [14]. Although TEE imaging has essential capabilities, 
such that it allows early detection of vegetations (e.g. endocarditis) and complications (e.g. pericardial 
effusion), it has a poor patient tolerance and therefore commonly requires general anaesthesia. 
Furthermore, it has a limited view since it images from the oesophagus, which means that it may not 
adequately show anatomic structures in the far field and lead adhesions in the SVC or heart [31]. As 
alternative to TEE, transthoracic echocardiography (TTE) and intracardiac echocardiography (ICE) are 
available ultrasound modalities that can be used for lead management. However, using TTE during 
fluoroscopy is difficult since it images from the chest. On top of that, it does not provide continuous 
intraprocedural monitoring and is also limited in visualizing far-field anatomic structures [16, 31]. In 
contrast to TEE, ICE has an excellent patient tolerance and only requires conscious sedation. It can be 
performed by the primary operator (i.e. no need for a sonographer) and eliminates the risk of inducing 
oesophageal trauma [17, 32].  

Despite these promising advantages, only few studies are currently available that showed the clinical 
utility of ICE during lead management [3, 16, 31]. Bongiorni and colleagues already showed the safety 
and feasibility of ICE in 2008  [16]. The authors reported that ICE provided outstanding visualization of 
cardiac leads and areas of adherences but only applied radial ICE rather than phased-array ICE, which 
has practical limitations regarding penetration depth (i.e. fixed frequency) and steer mechanism. Due 
to technological advancement, phased-array ICE catheters have been developed that provided 
multidirectional tip-deflection, a deeper penetration depth and greater ability to image cardiac 
structures than radial ICE.  

Because of these advantages, phased-array ICE is currently a dominant modality during 
electrophysiological procedures, and one study [33] even showed an increased diagnostic yield of 
cardiac device-related endocarditis compared with TEE. Recently, Sadek et al. 2017 [31] for the first 
time evaluated the utility of phased-array ICE during TLE and successfully detected areas of lead 
adherences in the right atrium (RA), right ventricle (RV) and SVC using an AcuNav catheter (ACUSON 
Corporation, Mountain View, CA). Within this study, the authors primarily focused on the detection 
of lead adhesion sites and complications. However, it is also critical to know how the lead adhesions 
are located with respect to the venous/cardiac wall to determine how the extraction sheath should 
be oriented (particularly in the SVC) to avoid vascular tears. Analysis of the lead-tissue interface, in 
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the ICE images presented by Sadek et al., showed that the SVC wall could not be identified and clearly 
not be discriminated from the lead adhesion sites (see section 2.2.2.3 of Chapter 2). As these 
measurements were solely taken from one image plane (i.e. inside the SVC and perpendicular to the 
SVC wall), it would be valuable  to examine whether other visualization planes would give more insight 
into the lead-tissue interface with ICE. 

 

1.6. APPROACH  

In order to accomplish the objectives of this thesis project, the following steps were taken: 

 

Figure 3. Schematic overview of the steps taken during the course of this thesis project 

Prior to this thesis project a literature study was conducted to examine the clinical workflow of TLE 
and to find out what clinical problems currently exist, particularly with respect to image guidance. 
Along with the findings of this study, interviews were arranged with experts in the field to clarify the 
clinical needs. 

Specification of the phantom requirements occurred at Philips Research (In-Body Systems, Eindhoven) 
with colleagues that were involved in the lead management project. Based on these requirements 
various mould designs were created following numerous iterations, ranging from basic vessel tubes 
to more realistic vascular trees.  

The mould designs were 3D printed and allowed for phantom construction by means of material 
pouring. When the constructed phantom did not meet the design requirements following phantom 
construction or ICE evaluation, optimization occurred through either redesigning the mould or 
changing the properties (with respect to echogenic characteristics) of the pouring material.  

The constructed vascular phantom was made suitable for ultrasound imaging, therefore ICE data could 
be acquired and subsequently compared to porcine data to perform phantom validation. 
Subsequently, the suitability of the phantom model to simulate a lead extraction environment was 
assessed by comparing its results with findings from prior reported clinical studies. 

In the last phase of this project, ICE evaluation could be performed using the vascular phantom and 
porcine hearts. 
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1.7. ORGANIZATION OF THE THESIS 

This thesis is organized as follow:  

Chapter 2 is a theoretical background about lead extractions and intracardiac echocardiography. It 
will also provide important vascular geometry necessary to construct the phantom model and will 
explain the development of endovascular scar tissue. 

Chapter 3 describes different methodologies to design and construct several vascular phantom 
models. It will provide a protocol to prepare the phantom with polyvinyl alcohol (PVA) and will give 
tips and tricks for PVA pouring. 

Chapter 4 describes a validation experiment in which the SVC of the phantom is compared to porcine 
SVC in terms echogenicity. 

Chapter 5 first assesses the suitability of the constructed vascular phantom model to simulate a lead 
extraction environment and subsequently describes numerous experiments in which the utility of ICE 
is evaluated using the phantom model and porcine tissue. 

Chapter 6-7 Are an overall discussion of the results with current limitations of this study and 
recommendations for future research, followed by a final conclusion.  
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2 
2. THEORETICAL BACKGROUND 

 

This chapter provides the background information necessary to understand how a lead extraction 
procedure is performed nowadays. Furthermore, it will explain the basic principles of intracardiac 
echocardiography and some related concepts important to interpret the results, which will be 
presented in the following chapters. In the current chapter also an overview is given of relevant 
vascular geometry that will serve as a basis to construct the phantom model. 

2.1. LEAD EXTRACTIONS 

2.1.1. CARDIOVASCULAR ELECTRONIC IMPLANTABLE DEVICES 
Cardiac arrhythmias are characterized by a disruption in either the rate (number) or rhythm (pattern) 
of the heartbeat. People that are severely affected by this life-threatening cardiovascular disease, 
usually got treated by means of a cardiovascular electronic implantable device (CIED), which is  
implanted in the person’s body in order to restore the heartbeat when irregularities are sensed. 
Among CIEDs a distinction can be made between pacemakers, implantable cardioverter-defibrillators 
(ICDs) and cardiac resynchronization therapy (CRT) devices. A distinct difference between these 
devices is that pacemakers solely give low-energy electrical pulses whereas ICDs also give high-energy 
pulses when the prior is not effective. CRT devices function in a similar manner as pacemakers but 
often send electrical pulses to both ventricles of the heart. Some CRT devices also contain a built-in 
ICD device, thus intended for heart failure patients at high risk for sudden cardiac death [34]. In all 
devices, the electrical pulses are delivered through so-called leads, which are the wires that go through 
the veins to connect the CIED to a location in the heart, illustrated in Figure 4. 

 

Figure 4. Leads that connect a CRT device to the heart [34] 
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2.1.2. TRANSVENOUS LEAD EXTRACTIONS 
Sometimes the implanted pacing and defibrillator leads require to be extracted, for instance because 
of an infection or lead failure which necessitates the patient to undergo a lead extraction. This is an 
electrophysiological intervention under guidance of 2D X-ray fluoroscopy and is most commonly 
performed in a transvenous manner. A transvenous lead extraction (TLE) is considered the ‘gold’ 
standard because it is percutaneous and less invasive than a surgical approach. The generic clinical 
workflow of a TLE is presented in Figure 5, which is intended to provide a fast and concise idea of the 
various steps involved. In addition, a thorough description of its procedure protocol and 
corresponding clinical workflow is presented in Appendix A. For more information regarding TLEs the 
reader is referred to [14], which comprises a comprehensive literature study on lead extractions. 

 

Figure 5. Generic clinical workflow of a TLE 

When the CIED and lead(s) are liberated, the lead(s) are cut to allow access into their lumen. A locking stylet is inserted in 
the lumen to distribute the attachment forces along the lead body to facilitate extraction of the lead and to avoid the risk 

of coil lengthening or lead damage. Lead extraction is performed by applying push and pull forces with a mechanical or 
powered extraction catheter sheath (see Figure 43 for a more elaborate illustration). In case of an infection, the CIED and 

lead(s) are implanted a few weeks later. Images adopted from: [35-39]. 
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2.2. INTRACARDIAC ECHOCARDIOGRAPHY IMAGING 

ICE is a non-fluoroscopic imaging modality, based on the characteristics of ultrasound. It is usually 
inserted via a venous sheath positioned percutaneously into the femoral vein and allows for real-time 
imaging of cardiac structures and blood flow within the heart. Its basic principles are briefly explained. 

2.2.1. PHYSICAL PRINCIPLES OF ULTRASOUND 
Ultrasound is expressed as an acoustic or sound wave that includes frequencies larger than the 
maximum frequency audible by humans, which is 20 kHz. These sound waves, travel through a 
medium, are reflected at tissue boundaries and subsequently enable the generation of ultrasound 
images. 

Concerning these sound waves, there is an inverse relation between their frequency and wavelength: 
With higher frequency, the wavelength becomes shorter, which requires a trade-off between 
resolution and penetration depth when selecting a frequency. This is because higher-frequency US 
waves produce images with a higher resolution. However, due to their shorter wavelength they are 
unable to penetrate through deep tissue structures and vice-versa.  

Speed of sound highly depends on the medium in which it travels. It is influenced by the medium’s 
rigidity or compressibility and density. When the medium is more rigid or less compressible (i.e. liquid 
and solids), this will result in a faster speed of sound. Alternatively, the larger the density of the 
medium, the slower the speed of sound. As density is affected by temperature, the speed of sound 
changes partially with the temperature of the medium [40]. 

Speed of sound is considered independent of the frequency since all frequencies approximately travel 
at a similar speed. However, it is affected by the wavelength and can be expressed in the following 
formula 

𝑣 = 𝑓𝜆     (2.1) 

where v is the speed of sound in meters per seconds [m/s], f the frequency in hertz [Hz] and λ the 
wavelength in meters [m]. Since the frequency remains unchanged, the wavelength should increase 
with higher speed at given frequency. 

2.2.2. IMAGE FORMATION 
2.2.2.1. Transducers 
In order to generate and receive the echoes necessary to create an image, ultrasound transducers 
(also called probes) are used. These devices usually consist of piezoelectric crystals, which enable 
conversion of electrical energy into sound waves and vice-versa. Various transducers are available in 
different shape and size.   

Within this study, a commercial available Viewflex ICE catheter (St. Jude Medical, Inc., St. Paul, MN, 
USA) is used (Figure 6) which comprises a 64 element linear phased-array transducer with a frequency 
range between 4.5 MHz and 8.5 MHz, thus containing a relatively low but sufficient image resolution 
to visualize cardiac structures whilst being able to penetrate through deep vasculature. Linear phased-
array transducers are relatively small in size (i.e. 2-3 cm long) compared to a sequential array, which 
enable them to be used in small spaces. Their crystal elements are piled in a pyramid shape and 
produce sector-shaped images with side-firing arrays, see Figure 7. Due to the multiple elements, the  
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Figure 6. Connection of a Viewflex ICE catheter to a CX50 US system 

The 9-Fr Viewflex ICE catheter can be connected to a CX50 ultrasound system (Philips Medical Systems, Andover, MA, USA) 
via a catheter interface module (St. Jude Medical, Inc., St. Paul, MN) to produce images. Images adopted from IBS, Philips 

Research Eindhoven and modified. 

US beam can be steered by changing the time delay in element firing which is important to visualize 
cardiac structures. However, when steering to the outer boundaries, the sensitivity of the images is 
reduced. To obtain the best rest lateral resolution (i.e. the ability to distinguish structures 
perpendicular to the US beam), the structure of interest should be imaged in the centre of the field of 
view because of a larger effective aperture [41, 42]. 

 

Figure 7. Producing a sector-shaped beam with a linear phased-array ICE transducer [17] 

Home view of the ICE probe in the mid-right atrium. The probe has 120° of tip flexion, enabling it to be steered 
anterior/posterior. IVC = Inferior Vena Cava; IVS = Interventricular Septum; RA = Right Atrium; RV = Right Ventricle; SVC = 

Superior Vena Cava. 

2.2.2.2. Interaction with tissue 
When the transducer emits an echo in a medium, interaction occurs with different tissue structures. 
This interaction can be primary expressed in terms of attenuation and refraction. 

Attenuation 
This occurs when the US beam is weakened in amplitude as it encounters tissue and is described by 
the attenuation coefficient. Attenuation is due to reflection (back bouncing of US beam), scattering 
(change direction US beam) and absorption (conversion of US beam into heat). The amount of US 
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waves being reflected is determined by the difference in acoustic impedance between adjacent tissue 
structures [43].  

The acoustic impedance is the resistance of a structure to US waves and is affected by the tissue’s 
density and the speed of sound waves penetrating through this structure. At an interface of two 
distinct structures (e.g. dense and soft tissue or dense tissue and air) there will be a large difference 
in acoustic impedance, which gives a strong reflection of US echoes, whereas an interface of two soft 
tissue structures with a small difference in acoustic impedance, will solely reflect few echoes. A high 
amount of reflection will result in a high echogenicity (which refers to the ability to produce US echoes) 
and is visualized in the image as a bright echo. Since distinct tissue structures differ in echogenicity, 
there will also be clear difference in contrast visible, which allows them to be distinguished. The 
differences in echogenicity are explained in Figure 8. Among others, the acoustic impedance of water 
and blood is presented in Table 1. 

Refraction 

When the US beam penetrates a structure at a certain angle, there will be a transition in tissue density, 
which changes the speed of sound and subsequently causes the beam to bend or refract. As refraction 
may induce unwanted artifacts (explained in section 2.2.3) it is crucial to identify this concept [43]. 

 

 

Figure 8. Differences in echogenicity [44] 

 

Table 1. Acoustic properties of water and blood [45, 46] 

Acoustic properties  Water Blood 
Speed of sound (m/s) 1480 1550-1560 
Acoustic Impedance (MRayl*) 1.48 1.61-1.65 
Attenuation coefficient (dB/cm at 1 MHz) 0.0022 0.17 

*1 MRayl = 106 Pa⋅s⋅m-1. 

2.2.2.3. Lead-tissue interface visualized on echocardiography 
On echocardiography, areas of fibrous and calcified tissue are visualized as echo-dense or hyperechoic 
structures, which are located along the lead-tissue interface (i.e. lead binding sites). They are 
characterized by a linear echogenic shadow. Leads are considered as mobile structures attached to 
cardiac tissue, either visualized as circular (lead transversal view) or linear (lead longitudinal view) [16, 
31]. They often appear as hyperechoic, equivalent to the binding sites in terms of contrast. Figure 9 
presents the lead-tissue interface. 
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Figure 9. ICE image of the lead-tissue interface [31] 

Longitudinal view of the SVC showing the lead-tissue interface in image A. In image B no binding sites are present, which 
allows the US beam to penetrate through this area. As a result, this area contains more echo signal than in A, where 

primarily a linear echogenic shadow is shown. 

2.2.2.4. Ultrasound contrast agents 
Ultrasound contrast agents are able to increase the echogenicity of a structure evidently. They 
comprise microbubbles, which are made of either air or an inert gas and usually coated by a layer of 
protein, lipid or polymer and sometimes quartz glass microspheres [30, 47, 48]. When the 
microbubbles are captured in an US field, they compress and expand by differences in acoustic 
pressure. This results in non-linear oscillations producing an increased echo signal, which can be 
discriminated from normal tissue. The microbubbles can be administered to the systemic circulation 
to produce contrast-enhanced ultrasound but can also be added to phantom structures to increase 
the echogenicity of a particular structure locally. 

2.2.3. IMAGE ARTIFACTS 
Artifacts include features of an acquired US image, which are not a true representative of the area 
being investigated [43, 49]. When analyzing US images, it is essential to recognize these artifacts and 
subsequently to understand the reason behind their evolvement, so that when necessary one knows 
how to eliminate them. Within the scope of this thesis, two artifacts are relevant which will be 
explained as follow: 

Mirror image artifact 
This artifact occurs when the primary US beam encounters another structure in its path, causing it to 
be reflected again while it actually should return back to the transducer. In other words, the beam 
first reflects from the tissue surface (e.g. phantom) and subsequently encounters a highly reflective 
most often rounded surface, such as a glass beaker. This causes the US beam to be reflected back 
again, giving a delayed echo when returning back towards the transducer. Since the transducer 
incorrectly assumes the returning echo has solely been reflected once rather than twice, it assesses 
the delayed echo as being returned from a deeper structure. As a result, this gives a mirror artifact on 
the other side of the highly reflective surface. Imaging from a different angle may possibly eliminate 
this artifact [43, 50]. 

Sibe Lobe Artifact 

This artifact occurs when echoes are generated from sound waves that have travelled from another 
direction than the primary US beam. However, they are positioned in the image as that they originated 
from the primary beam. These artifacts are associated with round and highly reflective structures and 
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usually emerge as faint echoes. Usually, reducing the gain or adjusting the penetration depth will 
eliminate side lobes.  

 

2.2.4. ULTRASOUND GLOSSARY 
Adopted from [43] and [44]. 

Anechoic  Free of echoes; area appears black on US 

Echocardiography Ultrasound examination of the heart 

Echogenic  The ability of a structure to produce US echoes 

Hyperechoic Highly reflective, having strong echoes. Describes an area of great signal amplitude 
compared with surrounding structures. Appears as varying shades of lighter grey 

Hypoechoic Less reflective, having relatively weak echoes. Describes an area of lower signal 
amplitude compared with surrounding structures. Appears as varying shades of 
darker grey 

Isoechoic  Having a similar echogenicity to a surrounding structure 

Resolution  Ability to separate in space, time or strength 
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2.3. VASCULAR GEOMETRY 

The geometric dimensions of the human vascular structures of interest were acquired from literature. 
These measures, presented in Table 2 and Table 3, provide a reference of how the vascular phantom 
geometrically should be. In Figure 10 an illustration is given of the heart and its corresponding vessels.  

 

Figure 10. The heart including the SVC and innominate veins 

The circle shows the vasculature of interest. This shape will be adopted to create a phantom model,  
described in Chapter 3. Sometimes the innominate veins are also called brachiocephalic veins. The image has originated 

from [51] and has been modified. 

 

Table 2. Geometry of different vascular structures 

Type of vein Length (cm) Diameter (cm) Source 
Superior Vena Cava 7.1 ± 1.4 2.1 ± 0.7 [52, 53] 
Left Innominate vein ± 6.0* 1.2 cm ± 0.3 [54-56] 
Right Innominate vein ± 2.0-3.0* 1.5 ± 0.4 [54-56] 

* No standard deviation was provided.  

Table 3. Angulation between the SVC and innominate veins 

 
Angulation 

Left Innominate vein 
(degrees) 

Right Innominate vein 
(degrees) 

Source 

Superior Vena Cava 116 (± 7) Descends directly into the SVC [57, 58] 
 

Vessel wall  

The SVC has a thinner vessel wall compared to for instance the aorta. This is because this vein only 
returns the blood to the heart, resulting in a much lower pressure and risk of vessel rupture. Contrary, 
the aorta carries the blood away from the heart, which means that it has a higher pressure due to the 
pumping force of the heart and thus requires a thicker vessel wall (of about 2 mm to resist the higher 
force on the artery [59]. 
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Type of vein Superior Vena Cava Left Innominate vein Right Innominate vein Source 
Wall thickness (mm) 1.01 - 1.5 Not provided2 Not provided2 [59] 

1According cardiosurgeon S. Hakmi (University Medical Center Hamburg-Eppendorf) the vessel wall of the SVC is 
approximately the thickness of a paper sheet to 1 mm. 2These wall thicknesses could not be found from literature. 

However, in general the thickness of a vein is 0.5 mm [59]. 

2.3.1. ENDOVASCULAR SCAR TISSUE  
 
Pathology 
The presence of endovascular scar tissue in the patient is significantly associated with increased  
difficulty and risk of a TLE [2] and grows with time of implantation. Its evolvement can be particularly 
explained by the body’s foreign response to endovascular leads. Initial response starts directly after 
implantation and can be characterized by thrombus formation along various sites of the lead body. 
Subsequently, it proceeds with fibrosis of the thrombus and corresponding development of fibrin 
bridges, resulting in encapsulation of the lead a few days later [60-62]. Primary, at sites where there 
is direct contact between the lead and vasculature as well as the endocardium, robust fibrosis may 
develop. Over time, evolvement of calcification, which occurs concentrically close to the lead, further 
increases complexity and risk of the procedure [2]. Figure 11 provides an illustration of endovascular 
scar tissue. 

 

Figure 11. Endovascular scar tissue from a patient 

Fibrosis (red tissue) sometimes include areas of calcium (whitish tissue). These calcifications are felt solid and dense and 
comprise sharp edges. This photo was taken during an attendance of a TLE procedure at Erasmus Medical Centre 

Rotterdam.  

Scar Severity 
To obtain an indication of realistic scar thicknesses, a paper from Maytin et al. 2015 [2] was consulted 
in which the writers evaluated the severity of pocket scar. Classification (i.e. mild, moderate, severe) 
was performed based on three subjective measures: The operator’s assessment of scar thickness, 
quantity of scar tissue and difficulty of lead dissection. When there was calcified scar present, this was 
automatically classified as severe. Tissue was also sent to pathology for further investigation. The 
mean measured scar thickness was 0.4 ± 0.2 cm (with a range of 0.1–1.1 cm). Table 4 presents the 
findings of this study. 

Table 4. Severity of scar tissue and corresponding measured thickness [2] 

Scar severity Mild (cm) Moderate (cm) Severe (cm) 
Scar thickness (cm) 0.28 ± 0.16 0.42 ± 0.23 0.49 ± 0.29 
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3 
3. VASCULAR PHANTOM:  

DESIGN AND CONSTRUCTION 
 

3.1. INTRODUCTION 

This chapter will describe the design and construction processes necessary to create the vascular 
phantom of interest. It will first describe the mould design and construction methods and 
subsequently the iteration steps undertaken to fabricate the final version of the vascular phantom 
model. 

3.2. DESIGN CRITERIA 

Specification of the phantom requirements occurred at Philips Research (In-Body Systems) with 
colleagues that were involved in the lead management project. In agreement with them, the following 
requirements were composed to fulfil the objectives of this thesis project. 

The vascular phantom to be constructed should meet the following general requirements: 

x Low cost  
x Durable 
x No toxic resources 
x Easy construction 
x Standardized construction  

To simulate the lead extraction environment, the vascular phantom should meet the following 
composition requirements: 

x It contains a vessel wall and lumen (with the ability to position a lead inside) 
x It resembles the SVC and approximate innominate veins with realistic geometry  
x It contains scar tissue at the inner wall of the SVC  

 

To allow ICE evaluation, the vascular phantom should meet the following imaging requirements: 

x Suitable for ultrasound imaging 
x It contains different echogenic structures to allow (tissue) structure discrimination on 

ultrasound (i.e. vessel wall, scar tissue and lead) 
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3.3. MATERIALS AND METHODS 

3.3.1. MOULD DESIGN AND CONSTRUCTION 
In order to allow construction of the vascular phantom model, a specific mould was necessary which 
could be made in design software Solidworks (Dassault Systèmes, France). With this software several 
computer-aided design (CAD) models were created, which were all saved as stereolithography (STL) 
file format to allow import to 3D printing software (Cura, Ultimaker, Netherlands). Thermoplastic 
polylactic acid (PLA) was the chosen print material because it had a low printing temperature that 
allowed for easy and rapid printing and also because of its availability in the MISIT lab (Department of 
Biomechanical Engineering, Delft University of Technology, Netherlands). The print settings are 
presented in Table 12 of Appendix B. 

3.3.2. PHANTOM CONSTRUCTION 
3.3.2.1. Material selection 
 
Three constituents were selected to construct the vascular phantom: 

1. Polyvinyl alcohol – to create the vessel 

2. Calcium carbonate – to create calcified scar tissue 

3. Acoustic scatterer – to increase the echogenicity of both the vessel and scar tissue 

1. Polyvinyl Alcohol  
Polyvinyl alcohol (PVA) gels are chemically synthesized polymers that are widely adopted to mimic 
soft tissue [63-67]. When this gel undergoes a number of freeze thaw (FT) cycles, mechanical 
properties such as the elastic modulus can be altered, allowing PVA phantoms to be mechanically 
tailored to the needs of the user. With freezing, crystal nuclei are formed whereas on thawing 
crosslinking formation occurs, the latter increases mechanical strength. Hence, crosslinking sites 
increase with the number of FT cycles, resulting in a rubber-like material of variable stiffness and 
suitable for both ultrasound (US) and magnetic resonance imaging (MRI). Since PVA gels can be 
blended with additives, such as US contrast agents, the acoustic reflectance can be enhanced (see 
section 2.2.2.4 of Chapter 2) [48, 67, 68]. In Table 5, the advantages and disadvantages of PVA are 
listed. 

Table 5. Advantages and disadvantages of PVA gels 

 Advantages Disadvantages 
Tailor mechanical properties 
Low cost 
Non-toxic 
More stable and durable compared to biopolymers* 
Fewer ingredients required compared to agarose- 
  based tissue substitutes 
Heterogeneous layers possible 
Compatible with US and MRI imaging  

Bacterial growth 
Long preparation time (i.e. FT cycles, precise  
  temperature control) 
Should be covered in water to prevent  
  dehydration 

          * Agar, agarose, gelatin and gellan gum are commonly used biopolymers. 

From Table 5 it can be noticed that some of the listed advantages (i.e. low cost, non-toxic, durable, 
compatible with US) are included in section 3.2. Design Criteria. Particularly, durability was one of the 
reasons to exclude biopolymers from the choice of materials since they are not stable in the long term. 
This is due to the evaporation of their water content and susceptibility to bacterial growth [48, 68]. 
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PVA was chosen over other common chemically synthesized polymers such as polymerized siloxanes 
(silicone) and polyvinyl chloride because it is equivalent to various types of soft tissue in terms of 
acoustic properties, while silicone and polyvinyl chloride have a much lower speed of sound [64, 69]. 
Furthermore, PVA allows precise modelling of its mechanical properties and construction of multiple 
heterogeneous layer structures, useful to create scar tissue in a vessel. 

PVA powder (Selvol PVOH 165, Sekisui Chemical Group NJ, USA) with a high degree of hydrolysis 
(99%+) was selected to obtain strong hydrogen bond formations, thus for optimal crosslinking in the 
sample. All samples were created with a 7 wt% PVA since this was the maximum recommended 
soluble concentration [70, 71]. For specifications of this type of PVA, see Table 13 of Appendix B.  

2. Calcium Carbonate 
PVA was blended with powdered calcium carbonate CaCO3 (500 g Calciumcarbonat, Original Rügener 
Schlämmkreide, Germany) to create calcified scar tissue. Calcium carbonate was chosen because it 
has the ability to increase material density with creation of specific internal structures, often resulting 
in a higher texture strength [72]. A higher texture strength, which is desired to mimic scar tissue, may 
also produce an increased echogenicity on US. The scar tissue was prepared using a mix of 7 wt% PVA, 
5 or 50 wt% CaCO3 and 0.5 wt% acoustic scatterer concentration. 

3. Acoustic Scatterer 
Within the samples a small amount of acoustic scatterer, made of harmless powdered silicon dioxide 
glass spheres in particle size between 15 to 40 μm (Silica gel 60, KGaA, Darmstadt, Germany), was 
added to increase the acoustic reflectance on US. Particularly in a multilayer phantom, varying the 
scatterer concentration per layer could be useful to create distinct echogenic structures, to allow 
discrimination of tissue (e.g. vessel, scar tissue) on US imaging. Most of the vessel wall structures 
contained a concentration between 0.05 wt% and 0.3 wt% while the scar tissue consisted of a 
concentration of 0.5 wt%. An overview of the concentrations used is presented in Table 6. 

Table 6. Phantom materials and their concentration 

Constituent Concentration (wt %) 
PVA 
CaCO3 
Acoustic scatterer 

- Vessel wall 
- Scar tissue 

7  
5, 50 
 
0.05, 0.1, 0.2, 0.3 
0.5 

 

3.3.2.2. Standardized construction - Preparation protocol PVA 
Preparation of the PVA gel was performed according a developed protocol, see Appendix C: 
Preparation Protocol PVA. This protocol was based on a methodology described by T. de Jong et al. 
2017 [71] and on personal conversations with T. de Jong (Delft University of Technology, MISIT group 
Biomechanical Engineering, Delft) and A. Kolen (Philips Research, In-Body Systems, Eindhoven). 
Furthermore, previous preparation protocols (Philips Research, In-Body Systems, Eindhoven) were 
studied to acquire relevant information.  

All steps of the preparation protocol were followed in a consistent manner. Subsequently, the next 
step was to pour the PVA gel into the 3D printed mould. Since this step was quite critical, a second 
protocol was developed to provide some practical insights regarding pouring (see Appendix D: 
Protocol PVA pouring – tips and tricks). After the PVA gel was poured into the mould, the entirety was 
put in a temperature controllable freezer set at -19 °C. Subsequently, it underwent a number of FT 
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cycles (varying from 2 for the vessel wall to 4 for the scar tissue) of which one cycle included 16 hours 
of freezing and 8 hours of thawing at room temperature. 

3.4. PHANTOM 1: BASIC VESSEL 

3.4.1. DESIGN 
The first mould was designed with the intention to allow vertical PVA pouring around a tube so that a 
straight blood vessel phantom could be created. This mould, illustrated in Figure 12A, consisted of an 
upper and lower part, which can be detached from each other. The upper part (Figure 12B) contained 
an open circular space in the centre whereas the lower part (Figure 12C) consisted of a fixed inner 
tube with a diameter of 20 mm. This latter was intended to create the lumen of the vessel. When 
attaching the upper and lower part, a resulting circular opening with a thickness of 5 mm can be 
observed (presented in Figure 12A) separating the fixed inner tube from the outer side of the mould. 
Within this opening, the PVA material could be poured to create a phantom with a 5 mm thick vessel 
wall.  

 

Figure 12. Design of a basic mould for PVA pouring 

A: The entire mould including a circular opening with 5 mm thickness. B: Upper part of the mould with open circular space 
in the centre. C: Lower part of the mould with a 20 mm fixed inner tube. 

Since a vascular phantom with a 5 mm thick vessel wall does not represent a realistic blood vessel, it 
was examined whether phantoms could be constructed with a smaller wall thickness. Therefore, 
external tubes of various diameters were designed that could be positioned in the open circular space 
to create phantoms with a smaller vessel wall thickness as illustrated in Figure 13. Table 7 summarizes 
the (external) tube dimensions and the corresponding wall thicknesses. 

Table 7. Tube dimensions and corresponding wall thickness  

Type of tube Length 
(mm) 

Inner diameter 
(mm) 

Outer diameter 
(mm) 

Corresponding 
wall thickness 
(mm)2 

Upper part basic mould (Figure 14A) 70 30 - 5 

External tube  1 (Figure 14B) 801 24  30 2  

External tube 2 (Figure 14C) 801 22 30 1  
1 The external tubes were made slightly longer than the upper part to allow easy extraction from the mould  

2 Wall thickness = inner diameter tube – diameter fixed inner tube (20 mm) / 2. 
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Figure 13. Creating vessel phantoms with a smaller wall thickness 

A. Basic mould B. External tube C. Placement of external tube into mould to create a smaller wall thickness. By placing the 
tube into the open circular space, the distance to the fixed inner tube is reduced. 

 

3.4.2. CONSTRUCTION 
After designing the basic mould and external tubes of variable diameters, the concepts were 3D 
printed and subsequently used to construct the phantoms, shown in Figure 14. From this figure, it can 
be observed that the basic mould could be used to create 70 mm long vessel phantoms including a 
lumen and wall with equal thicknesses of 5, 2 and 1 mm.  

 

Figure 14. Construction of the basic mould and straight vessel phantoms.  

Top: Mould with wall thickness of 5, 2 and 1 mm, shown in A, B and C respectively. Bottom: Phantoms with a wall thickness 
of 5, 2 and 1 mm, shown in D, E and F respectively. The phantom shown in F has a length of 70 mm, diameter of 20 mm 

and vessel wall of 1 mm, which is equivalent to a human SVC.  
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3.5. PHANTOM 2: BASIC VESSEL WITH SCAR TISSUE 

3.5.1. DESIGN 
Based on the results of the previous phantom, it was examined whether a similar basic vessel could 
be designed but with an extension of a second layer inside the lumen of the tube, to create scar tissue. 
In order to perform this, a second mould with a new inner tube (illustrated in Figure 15B) was 
designed. This mould consisted of two open spaces suitable for PVA-CaCO3 pouring to add a layer of 
scar tissue within the lumen of the vessel (Figure 15C).  

 

Figure 15. Design of new inner tube mould to create a vessel with scar tissue 

A. Construction of a blood vessel (as described in section 3.4.2). B: Replacement of the fixed inner tube by a new inner tube 
with open spaces. C: Simulation of a blood vessel surrounding the new inner tube.  

3.5.2. CONSTRUCTION 
Following 3D printing of the new inner tube and construction of the vessel phantom, as described in 
section 3.4.2, the blood vessel was placed around the new inner tube (Figure 16A). Subsequently, the 
PVA-CaCO3 mixture could be poured in the open space of the mould to add a layer of scar tissue. Figure 
16B shows the constructed basic vessel with scar tissue.  

 

Figure 16. Basic vessel with scar tissue 

A: Blood vessel surrounding the new inner tube. B: Basic vessel phantom with scar tissue in the lumen. The thickness of the 
scar tissue is 5 mm at the centre, which is comparable to severe scar conditions in humans (section 2.3.1). 
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3.6. PHANTOM 3 & 4: VASCULAR TREE 

After successful construction of the basic and multilayer phantom, mentioned in section 3.4 and 3.5 
respectively, it was examined whether the phantom could be extended to a vascular tree. Similar to 
the previous phantoms, the moulds were 3D printed and subsequently utilised for PVA pouring. 
However, during construction of the phantoms, several complications were encountered due to 
design constraints. Therefore, some iteration steps were applied that eventually resulted in the final 
version of the vascular tree. A complete description of the mould design and construction processes 
of phantom 3 and 4 can be found in Appendix E: Phantom 3 & 4: Vascular Tree. 

3.7. PHANTOM 5: FINAL VASCULAR TREE 

3.7.1. DESIGN 
As aforementioned, a couple of design iterations were undertaken to create the final vascular 
phantom of interest. Although phantom 4 included some problems that could be solved through 
design optimization, its corresponding mould was still not sufficiently convenient to achieve easy 
phantom construction. Therefore, it was decided to create a complete new mould design while taking 
learnings from previous editions into account. In contrast to mould design 3 and 4, the current design 
was created vertically to minimize the likelihood of air bubbles remaining present within the PVA 
solution. On top of that, this design primarily consisted of one part to prevent PVA leakage. In order 
to obtain a representative vascular tree model of the SVC and approximate innominate veins, the 
mould was designed such that the constructed phantom would be equivalent to a human junction of 
the SVC and innominate veins in terms of geometry (Figure 17C). 
 

 

Figure 17. Final design of the vascular tree mould 

A: Final design mould with two openings located at the top and side. B: Inner side of the mould comprising a fixed inner 
tube. C: Geometry (length, inner diameter, thickness in mm) of the vascular tree. D: Description of the mould. E: Mould 

ready for pouring. All tubular structures can be (dis)connected from each other, in a similar manner as in Figure 46B. 
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From Figure 17A it can be observed that the mould only consists of two openings through which the 
PVA gel can be poured. At the inside, it comprises a fixed inner tube (Figure 17B), which is the first 
part of the SVC. The second part of the SVC can be attached to the fixed inner tube (see Figure 46B for 
a more elaborate representation of inner tube connections) and contains an open space with 3 mm 
thickness at the centre, intended for scar tissue (Figure 17D). This latter can be prepared in advance 
by pouring of the CaCO3 mixture (see preparation protocol in Appendix C) into the open space of a 
tubular mould, which is similar in shape to the second part of the SVC (Figure 17D) but closed at the 
side and bottom. After subjection of 2 FT cycles, the scar tissue can be positioned at the open space 
of the second part of the SVC, prior to connection of the other tubular parts (i.e. left and right 
innominate vein, upper part) and PVA pouring of the vessel wall. From Figure 17D it can be also noticed 
that when the scar tissue is put in place, there is still capacity to create a vessel wall. When connecting 
the tubular structures to the second part of the SVC, it can be observed that the left innominate vein 
is sharply angulated with respect to the SVC whereas the right innominate vein directly descends into 
the SVC. To induce a gradual transition in terms of diameter from the SVC towards the right 
innominate vein (Figure 17C), an upper part has been constructed which adopts the desired geometry 
and simultaneously allows maintenance of the 2 mm thin vessel wall. Figure 17E presents the mould 
from sideways. 
 

3.7.2. CONSTRUCTION 
The results of the final mould design and phantom are presented in Figure 18. As shown, a complete 
vascular tree phantom was created that contained a vessel wall, lumen and scar tissue at the inner 
wall of the SVC (Figure 18C and Figure 18D). 
 

 

Figure 18. Construction of the final vascular tree mould and phantom 

A: Final mould after 3D printing. B: Vascular tree phantom. The blue arrow represents the entrance of the left innominate 
vein whereas the black arrow is the entrance to the SVC. The right innominate vein directly descends into the SVC. C: Left 
innominate vein. D: SVC with scar tissue at the inner wall. Green asterisk: Stenosis between the SVC and right innominate 
vein. This is due to inflow of PVA gel to the connection points of the tubular structures during pouring and can be easily 

avoided by proper sealing of the edges prior to pouring. Note that for an appropriate anatomy interpretation the phantom 
should be horizontally rotated by an angle of 180°. 
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3.8. DISCUSSION AND CONCLUSION 

In this chapter the design and constructing methods of the vascular phantom model were described. 
To assess whether the design criteria of this phantom model were fulfilled, the general and 
composition features of the phantom will be first discussed (chapter 5 will discuss the imaging 
features). On top of that, the limitations of the current vascular phantom model will be evaluated. 

DESIGN CRITERIA 

General Requirements  

The general requirements for the vascular phantom included low costs, durable, no toxic sources, ease 
of construction and standardized construction. 

Costs 
 

The costs were calculated based on the amount of PVA required per sample and are presented in 
Table 8: 

Table 8. Costs per sample of PVA 

Material Price per unit Content of unit Required amount Costs per sample 
PVA €31,10 100 g 7,5 g €2,33 

 

As can be observed, the costs per sample are €2,33. However, one sample is sufficient to construct 
about four vascular phantoms, which makes the price €0,58 per phantom. 

Durability 
 

Durability was defined by the extent to which the vascular phantom could withstand time and 
repeated US measurements. 

Given that PVA phantoms become rapidly dehydrated when exposed to air, they were placed in water 
and subsequently stored in a fridge to reduce the risk of fast degradation. Although PVA phantoms 
are susceptible to bacterial growth, this could not be noticed during six months of visual observation. 
Furthermore, inspection showed that the phantoms were still usable after numerous US 
measurements.  

Toxicity 
 

No toxic resourced were used to construct the vascular phantoms. Hence, no precautionary measures 
were taken to test the phantoms. 

Ease of construction 
 

Ease of construction depended on the amount of time required to construct the vascular phantom as 
well as the complexity of the preparation process. 

Construction of the PVA phantoms in a vascular shape first required the design and construction of a 
mould in which the PVA solution could be poured to. This took quite a lot of time since it depended 
on the number of iteration steps.  
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After this, the phantoms could be prepared which was rather a time consuming than complex process. 
Preparation of the PVA solution only took about 1,5 hour in which the mixture was made, completely 
dissoluted  (and hold for 30 minutes at 93°C) and subsequently cooled down to a temperature below 
60°C. However, after preparation of the PVA, the material required to be poured into a mould and 
subjected to prolonged FT cycles, comprising 24 hours per cycle. Depending on the number of FT 
cycles, which varied between to 2 (for constructing the vessel) and 4 (for constructing the scar tissue), 
this took 48 to 96 hours respectively. 

Standardized construction 
 

This referred to the ability to produce vascular phantoms in a consistent manner so that all phantoms 
could be reproduced. 

A preparation protocol (Appendix C: Preparation Protocol PVA) was developed and followed 
consistently. Despite a few issues were encountered (see Limitations), the phantoms could be made 
quite equivalent to each other. 

Composition Requirements 

To simulate the lead extraction environment, the requirements regarding composition of the vascular 
phantom were: 

x The phantom should have a vessel wall and lumen 
x The phantom should be equivalent to the SVC and innominate veins with realistic 

geometry  
x The phantom should contain scar tissue at the inner wall of the SVC  

Due to the number of iteration steps taken during this project, the vascular phantom could be adjusted 
such that the final version contained all features that were required with regard to composition. 
Nevertheless, the vessel wall was not optimal in terms of thickness. This will be discussed in the 
following section ‘Limitations’. 

CONCLUSION 

Based on the aforementioned results, a brief assessment of the vascular phantom can be made 
regarding its general and composition features. This is presented in Table 9. 

Table 9. Assessment of the vascular phantom with regard to its general and composition features 

General requirements of the vascular phantom Assessment 

Low cost + 
Durable + 
No toxic resources N/A 
Easy construction +/- 
Standardized construction +/- 
  
Composition requirements of the vascular phantom Assessment 
Vessel wall and lumen + 
Equivalent to SVC and innominate veins 
with realistic geometry 

+/- 

Scar tissue at the inner wall of the SVC + 
+ = good; +/- = sufficient; - = poor. 
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It can be concluded that the vascular phantom made of PVA has fulfilled the general and composition 
requirements of this chapter. Despite its time consuming manufacturing process, this phantom model 
can be made relatively easy with low costs (€0,58 per phantom) whilst being reproducible and durable. 
However, to reach this latter, the phantom should be stored properly to prevent dehydration, which 
is one of the drawbacks of PVA. Due to undertaken iteration steps, the vascular phantom contains all 
features necessary to simulate a real-life lead extraction environment. Whether this environment is 
also suitable to perform proper ICE evaluation, will be discussed in Chapter 5. 

LIMITATIONS  

During the construction process of the phantom, a few practical issues were encountered that have 
primarily influenced the ease of construction and the ability to perform standardized construction. 
These will be further explained below.  

Preparation protocol 
 

This chapter has demonstrated that customized ‘home made’ phantoms can be reproduced by 
following a standardized protocol. Although this protocol was based on previous preparation 
protocols and own experiences, there are some points that require more attention.  

First, the temperature to heat the PVA solution was set at 93°C. This was adopted from a previous 
protocol [71] in which 93°C was found to be the maximum temperature up to where the PVA solution 
could be heated using a hot plate (IKA RET Control-Visc S1 Digital Hot Plate). However, it has been 
indicated from literature that the minimum temperature reached, has an effect on the physical 
properties of the phantom [63]. From literature provided by Sekisui [70], it was found that polyvinyl 
alcohols with a super hydrolysis grade (i.e. 99+% hydrolysis) require minimum heating temperatures 
of 96°C to reach complete dissolution. When the solution is not entirely solubilized, it will not reach 
its optimum performance. Since 93°C is below this criterion, it should be worth investigating what the 
effect is of using a slightly higher temperature from 96°C and above. 

Second, PVA particles tend to swell and rapidly clump together when added to hot water [70]. 
Therefore, it is recommended to first slowly add the particles to cold water to reach complete 
dissolution. However, despite these particles were slowly added, clumping of the particles could not 
be avoided in almost all cases of preparation. Given that the clumped particles do not dissolve 
optimally, this may influence PVA performance. Furthermore, when larger PVA volumes are used, the 
particles tend to clump faster. As these clumps are difficult to eliminate from the glass beaker, it could 
be a cumbersome process, particularly in case of upscaled production.  

On top of the aforementioned points, the properties of PVA are dependent on several variables such 
as the added weight percentage of PVA, degree of polymerization (number of cross-linked monomers) 
and hydrolysis as well as the number of FT cycles and their corresponding freeze thaw time/rate [63, 
64]. Although these variables likely have influenced the physical properties of the PVA phantom, this 
was not investigated during this study and therefore necessitates further research to enable proper 
standardized construction. 

Furthermore, this study was limited to PVA as tissue mimicking material. Although PVA was chosen 
because of its durability, compatibility with US imaging and ability to create heterogeneous layers, it 
remains susceptible to prolonged preparation times, dehydration and bacterial growth. Hence, it 
would be interesting to consider other tissue mimicking materials to overcome these limitations. 
However, it should be kept in mind that the aforementioned advantages of PVA are crucial to enable 
construction of the described vascular phantom of this chapter. Using another material might 
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overcome the limitations of PVA but will likely go at the expense of one of the aforementioned 
advantages.  

Mould design 
 

The current mould is constructed with the intention to comprise two openings of which one located 
at the side. However, during pouring it was observed that, when the mould was placed in its normal 
standing state, there was a lot of PVA leakage from the side opening. Therefore, the mould was 
angulated to prevent leakage, as shown in Figure 19A. Nonetheless, this problem could be solved 
relatively easy through design optimization by angulating the mould and subsequently extending the 
bottom downwards.  

Another limitation of the current mould was the fact that it primarily consisted of one solid part, which 
increased difficulty regarding extraction of the phantom. Consequently, the phantom was prone to 
rupture when it was not extracted with caution (Figure 19B). In order to facilitate this process, 
sufficient Vaseline was used to grease the inside of the mould prior to pouring, whilst unknown 
whether or not this has influenced the mechanical properties of the phantom. Furthermore, it was 
found that, to extract the phantom entirely, the left tubular part (i.e. left innominate vein) should be 
extracted first from the mould and subsequently the other parts (i.e. in order of upper part, right 
innominate vein and second part SVC). When applying this order of extraction, the phantom already 
slightly appeared from the mould whilst removing the other parts. As a result, this piece was used to 
pull the entire phantom out of the mould through the opening of the top. Subsequently, the left 
innominate vein could be easily extracted through the same opening (due to its smaller diameter than 
the rest of the veins). 

 

Figure 19. Limitations of the current mould design 

A: Positioning the mould under a 20° angle to prevent PVA leakage. The yellow tape was used to fix the upper part to the  
mould. This was done to ensure that the upper part remained fixated without the risk of being pushed outwards by the 

PVA fluid inside the mould. B: Ruptured vascular tree phantom. 

Furthermore, the final mould is designed to create a vascular tree with a vessel wall thickness of 2 mm 
rather than the desired thickness of 1 mm (Chapter 2 section 2.3). This thickness was chosen to 
minimize the risk of vessel rupturing during extraction. Since the goal is to strive towards realistic 
vessel geometries, the mould should be optimized with a geometry that allows creation of a 1 mm 
thin vessel wall, particularly to obtain a realistic SVC. Additionally, it should be examined whether the 
optimized version still allows for complete phantom construction and extraction. Ideally, its 
corresponding geometry should be based on anatomical data (i.e. digital imaging and communications 
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in medicine (DICOM) images of the SVC and innominate veins). However, during this project, it was 
not feasible to extract a vascular model from available computed tomography (CT) data. This was due 
to the presence of leads, which induced many artifacts on the images. Besides, the vessel wall could 
not be discriminated from surrounding vessel structure, hindering segmentation of the vessel wall. 
Given these constraints, this dataset was not adequate for segmentation of the SVC or innominate 
veins. 

Multilayer phantoms require more FT cycles 
 

This chapter has demonstrated that PVA phantoms can be constructed with scar tissue inside the 
lumen of a vessel. Although this was crucial to simulate a lead extraction environment, it has 
significantly reduced the ease of construction in terms of time. This was because experiments showed 
that in order to obtain distinct structures (i.e. vessel and scar tissue), the solutions should be poured 
separately from each other rather than simultaneously to avoid complete mixing. However, to attach 
the structures without the consequence of mixing them, one structure already required to be 
subjected to minimally one FT cycle. As a result, there was a difference of at least one FT cycle between 
the structures. Depending on the desired number of FT cycles, this will increase the amount of time 
evidently. Furthermore, it was noticed that a phantom with a 1 mm vessel wall, subjected to solely 
one FT cycle, could not be extracted properly without rupturing. Therefore, these phantoms required 
a minimal number of two FT cycles (see section 3.3.2.2). However, this was also desired because the 
phantom would then have elastic properties comparable to ‘healthy’ human vascular tissue [65, 67], 
although its type of PVA and concentration slightly differed from the ones described in [65] and [67]. 
Nevertheless, it might still provide an approximation of ‘healthy’ elastic tissue whereas a higher 
number of FT cycles would be more convenient to model ‘diseased’ stiff tissue (e.g. scar tissue) [65]. 

3.8.1. RECOMMENDATIONS 
 
Cryogenic 3D printing 
 

As mentioned above, the fabrication process of the vascular phantom is time consuming, especially 
when the design and 3D printing of the mould are part of the process. To reduce the amount of time 
it would be interesting to consider 3D printing methods to produce vascular phantom models rather 
than constructing them with conventional cast moulding. Recently, Tan and colleagues [73] presented 
a new cryogenic 3D printing method that is able to print stable soft tissue structures. The ink that they 
used is a composite of existing tissue mimicking materials PVA and gellan gum, which makes adoption 
on larger scale more accessible. Validation of this method could be performed by means of 
compression tests and the results showed that the 3D printed material was equivalent to cast-
moulded samples in terms of mechanical properties. Additionally, the printed material was also 
compared to real brain tissue, examined in literature, and the results showed to be well within the 
range of reported brain tissue results. Since these authors were even able to print complex hollow 
and cylindrical structures, it could be worth investigating how this 3D printing method can be 
extended to produce vascular phantom models. 
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4 
4. PHANTOM VALIDATION 

4.1. INTRODUCTION 

As demonstrated in the previous chapter, a vascular phantom model with realistic geometry can be 
constructed for the simulation of a real-life lead extraction environment. In order to assess whether 
this model also resembles realistic tissue in terms of echogenicity, this chapter will focus on the 
validation of the phantom model. 

Since porcine hearts are equivalent to human hearts, the approach of this experiment was to image a 
‘healthy’ SVC (i.e. without scar tissue) of a porcine heart and of phantom models with variable weight 
percentages of acoustic scatterer in both a water and blood pool. Subsequently the purpose was to 
quantitatively measure the contrast-to-noise ratio (CNR) signal intensity values in the corresponding 
images to allow for direct comparison between the porcine and phantom models. This parameter was 
chosen because of the reason that interpretation of US images in general is quite a difficult task and 
every human being perceives images differently. Therefore using the CNR as quantitative measure 
(see Appendix F for explanation of its formula) would allow for objective measurement with the ability 
to perform statistical analysis, whilst being simple and easily comparable. The study focused on the 
influence of acoustic scatterer on echogenicity in the phantom models, to find out which phantom 
most closely resembled porcine tissue in terms of echogenicity by using CNR values. 

4.2. MATERIALS AND METHODS 

4.2.1 EXPERIMENTAL SET-UP 
The experimental set-up consisted of an ultrasound probe holder, mounted on a plastic box, and a 
circular glass beaker that was placed inside the box. Within the holder, a 9 french (Fr) linear phased-
array ViewFlex ICE catheter (St. Jude Medical, Inc., St. Paul, MN) was positioned at a fixed depth to 
consistently image either the phantoms or the porcine tissue. The ICE catheter was coupled to a 
catheter interface module (St. Jude Medical, Inc., St. Paul, MN) which was connected to a CX50 
ultrasound system (Philips Medical Systems, Andover, MA, USA), see Figure 6. The medium (i.e. water 
or blood) was added to the glass beaker. In this medium, the SVC of either the porcine or phantoms 
with variable weight percentages of acoustic scatterer (i.e. 0.1, 0.2 and 0.3 wt%) could be horizontally 
placed in front of the ICE probe and remained in position, solely by floating. The characteristics of the 
specimens are presented in Table 14 of Appendix F. Figure 20 illustrates the experimental set-up 
whereas Figure 21 shows the porcine SVC. 
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Figure 20. Experimental set-up of the validation experiment 

A0: The set-up without addition of the medium in the glass beaker. A1: Addition of water to the glass beaker, creating a 
water pool in which a SVC phantom is placed. Note the presence of another holder above the set-up. This holder was solely 

for orientation purposes and did not belong to the actual set-up. A2: Addition of fresh porcine whole blood to the glass 
beaker, creating a blood pool in which a SVC phantom is placed. 

 

Figure 21. Porcine SVC 

Notice how the SVC is clamped around a blue wire to avoid the vein from collapsing. This construction could be put in the 
medium while holding the blue wire up, above the surface of the medium, to enable imaging of the SVC with the ICE probe. 

4.2.2. EXPERIMENTAL DESIGN 
The ICE probe was positioned perpendicular to the porcine and phantom samples in the medium so 
that cross-sectional or transversal images could be taken at a frequency of 6.25 MHz, as presented in 
Figure 22. Due to this method, in which solely the circular shape of the specimen required to be 
visualized in the field of view (FOV), it was easy to position the specimens in the visualization plane 
without fixation. In order words, the specimens did not require to be hold in a fixed position but 
instead could rather float in the medium whilst still enabling proper acquisition of the images at the 
same depth. Additionally, because of this manner, the length of the specimens could be neglected, 
which was advantageous since they differed in length. Per specimen, minimally two cross-sectional 
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images were taken with the ICE probe, all with the same US settings (Table 15 of Appendix F), first in 
water and subsequently in porcine whole blood. 

 

Figure 22. Cross-sectional view of the SVC in the image plane 

For the sake of clarity, this image was presented in a standing position of the SVC. Notice that in the experimental set-up 
(Figure 20) both the catheter and SVC were rotated under an angle of 90°, first vertically anticlockwise and subsequently 

horizontally clockwise.  
 

4.3. RESULTS 
 

The cross-sectional ICE images of the porcine and phantom SVCs are presented in Figure 23.  

 

Figure 23. Comparison of porcine SVC with phantom SVCs 

The letters represent the medium in which the specimen was placed; A: water. B: Blood. 
The numbers represent either porcine (nr. 0) or phantom (nr. 1-3). The latter are composed of acoustic scatterers with 

weight percentage; 1: 0.1 wt%. 2: 0.2 wt%. 3: 0.3 wt%. 

Figure 23 shows cross-sectional images of the porcine and phantoms in both a water and blood pool. 
From these images, it can be observed that the porcine and phantom SVC are not equivalent in shape 
and echogenicity. Although the shape of the specimens remain equal in both water and blood, it can 
be noticed that the echogenicity, particularly of the phantoms, remarkably changes when switching 
from water to blood. In water, the porcine SVC appears relatively bright in colour (i.e. hyperechoic) as 
opposed to the phantoms. When comparing the phantoms to each other, no clear differences can be 
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observed in terms of echogenicity. In blood, the porcine SVC still gives a hyperechoic signal. However, 
the phantoms are represented in a dark colour, which is even darker than the echo signal of the blood. 
As this ‘inverse’ signal (relatively to the signal given in water) of the phantoms appears completely 
dark in blood, it is considered anechoic.  

Image artifacts 
Besides the specimens, also a few image artifacts are illustrated in Figure 23. In the images presenting 
the porcine SVC (Figure 23A0 and Figure 23B0), a hyperechoic signal can be observed at the left side 
of the image plane. This may be due to the hyperreflection of the metal clips that clamped the SVC 
around the wire. Furthermore, there are some faint echoes surrounding the SVC, which could be due 
to the presence of grating lobes (see section 2.2.3 of chapter 2, which explains artifacts). Also, in Figure 
23A1-A3 a similar pattern is visible. In Figure 23B0-B3, distortion of the signal by the glass beaker is 
evident and can be characterized by a so-called mirror image artifact.  

 

4.4. FOLLOW-UP EXPERIMENTS 
 

In response to the anechoic signal of the phantoms in blood, a fast test was performed by increasing 
the time gain compensation control significantly to examine whether the acoustic enhancement of 
the phantoms was masked but without result. Since the anoechoic signal could not be explained, it 
was necessary to conduct additional measurements to find out what parameters could have 
influenced the signal during the experiment. A couple of hypotheses can be drawn with respect to the 
hypoechoic signal of the phantoms in blood: 

x The phantoms were not able to reflect an echo due to little difference in acoustic impedance 
between the phantom material and blood.  
Proposed solution: Since the acoustic impedance depends on the structure’s density and speed 
of sound passing through this structure, this could be altered by changing the mechanical 
properties of the phantoms, by means of the number of FT cycles. 
 

x The circumstances in which was measured were not optimal and created too much noise. As a 
result, the echo signals of the phantoms were distorted. 
Proposed solution: Gas bubbles for instance give an increased hyperechoic signal, which could 
have governed the echo signal of the phantoms. By attempting to avoid these (by simply storing 
the fluid after stirring) when present, faint echo signals of the phantoms can be better visualized. 
 

x The weight percentage of acoustic scatterer added to the phantoms was not sufficient to 
produce a proper echogenic signal. 
Proposed solution: Increasing the concentration of acoustic scatterer in the phantoms. 
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4.4.1. FOLLOW-UP EXPERIMENT 1: CHANGING THE MEDIUM 
 

Since it is unknown which hypothesis is true and which parameters have most strongly influenced the 
echo signal, multiple and repetitive experiments were required to test the hypotheses. It was 
therefore decided to use blood-mimicking fluid (BMF) as alternative to animal blood. This was because 
of the fact that blood should solely be used when fresh in order to obtain reliable results. However, 
since continuous supply was not a matter of choice, BMF as replacement to blood was considered a 
better option since it contained similar acoustical and physical properties as blood, thus still providing 
a stable and reliable medium to perform the follow-up experiments. Furthermore, this fluid was not 
hazardous and could be supplied more easily. The specifications of the BMF fluid used (CIRS blood 
mimicking fluid model 046, Norfolk, VA, USA) as well as those of water and human blood are presented 
in Table 16 of Appendix F.  

Materials and Methods 

Similar to the previous measurements, the circumstances in which was measured (i.e. experimental 
set-up and design outlined in section 4.2.) were kept the same but BMF was used as medium, rather 
than water or porcine blood. In addition, solely the phantoms were used in these measurements and 
to obtain the first results with BMF (as comparison to porcine blood) no parameters except the 
medium were changed. 

Results 
The results are illustrated in Figure 24 in which array A and C presents the phantoms in water and 
blood respectively (as already shown previously) whereas array B shows the additional images of the 
phantoms in BMF. 

 

Figure 24. Cross-sectional view of three basic phantoms in water, BMF and blood 

The letters represent the medium in which the phantom was placed; A: water. B: BMF. C: Blood. The numbers represent 
phantoms, which are composed of acoustic scatterers in weight percentage; 1: 0.1 wt%. 2: 0.2 wt%. 3: 0.3 wt%. 
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From Figure 24 it can be observed that the phantoms give a similar anechoic signal in BMF as in porcine 
blood, which is also likely because of the equivalent properties [74]. Besides the present mirror image 
artifacts, it can be noticed that both BMF and porcine blood seem to give a higher echo signal than 
water. Since blood is a poor ultrasound reflector and usually appears completely dark on echography 
(i.e. anechoic), this observation is not in line with presented literature [47, 75].  

Because this observation was remarkable and could not be explained, it was decided to first 
investigate the circumstances in which the measurements were performed. A reason to focus on this 
latter was that the BMF and porcine blood gave such an evident echo that it almost seemed that an 
US contrast agent was added to the medium. Since US contrast agents comprise  gas bubbles which 
are highly echogenic (See section 2.2.2.4 of Chapter 2) [47], it was interesting to examine whether 
these microbubbles were also present in BMF. 

 
4.4.2. FOLLOW-UP EXPERIMENT 2: EFFECT OF MICROBUBBLES 
 

In general, BMF is completely degassed prior to packaging to minimize the presence of noise caused 
by air bubbles. However, when one uses BMF as medium, it should be considered that settling of the 
particles might occur during prolonged storage with resulting clumping [74]. In order to avoid this, the 
fluid requires to be stirred sufficiently prior to use. However, with stirring there is a risk of producing 
unwanted gas bubbles, which are known to amplify the acoustic signal on echography.  

Materials and Methods 
Since gas bubbles will rise out to the surface over time when solely storing, an interesting parameter 
to investigate was the time range in which the BMF could restore from gas bubbles after stirring, 
followed by use of the BMF to perform the US measurements and with the purpose to find out what 
the effect was of present gas bubbles. Therefore, three times differences were taken of 30 minutes, 
24 hours and 48 hours. Visual observation showed that with 30 minutes, still a lot of gas bubbles were 
present in the BMF, whereas with 24 hours or 48 hours the bubbles were not clearly observable 
anymore. With these observations, the assumption was made that primarily the transition time from 
30 minutes to 24 hours would give a distinct difference between the images in terms of echogenicity. 
Again, measurements were conducted in a similar manner as mentioned in section 4.2. The results 
are presented in Figure 25. 
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Results 

 

Figure 25. Increasing the time range between BMF recovery and performance of the US measurements 

The letters represent the time range between stirring of the BMF and performance of the US measurements; A: 30 
minutes. B: 24 hours. C: 48 hours. The numbers represent phantoms, which are imaged from a cross-sectional view and 

composed of acoustic scatterers in weight percentage; 1: 0.1 wt%. 2: 0.2 wt%. 3: 0.3 wt%. 

In array A of Figure 25 the dark or anechoic signal of the phantoms is still visible. However, the signal 
appears to become more echogenic with increasing time difference between stirring of the BMF and 
performance of the US measurements, primarily when switching from 30 minutes (array A) to 24 hours 
(array B). No distinct differences can be observed in terms of echogenicity between the images with a 
time difference of 24 hours and 48 hours (array C). Evident is the mirror image artifact, present in 
most of the images. 

 
4.4.3. FOLLOW-UP EXPERIMENT 3: CHANGING THE NUMBER OF FT CYCLES 
 

As the gas bubbles in the previous experiment did not seem to strongly affect the echo signal of the 
phantoms, another interesting parameter to investigate was the number of FT cycles of the phantoms. 
With an increasing number of FT cycles it was assumed that the mechanical strength would increase 
and so the density. This latter, which influences the acoustic impedance of a structure, would result 
in a larger acoustic impedance. The hypothesis was that there was little difference in acoustic 
impedance between the phantoms and blood. Hence, it was expected that an increased acoustic 
impedance of the phantoms (as a result of more FT cycles), would also give a larger difference in 
acoustic impedance between the phantoms and BMF, thus providing a higher echogenic signal. 
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Materials and Methods 
The phantoms from the previous studies were also used within this experiment. However, after each 
run of US measurements, they underwent another FT cycle to increase the mechanical strength, 
followed by a new run of measurements. This proceeded until a number of 5 FT cycles was reached. 
The experiment was conducted in a similar manner as previously described, however the glass beaker 
was alternated by a plastic beaker because the latter was not available at the time of measurement. 
Additionally, the BMF was stored (i.e. without stirring) for 48 hours prior to the start of the US 
measurements to avoid the presence of possible gas bubbles in the fluid. 

Results 

 

Figure 26. Increasing the number of FT cycles of the phantoms 

The letters represent the number of FT cycles of the phantoms; A: 3 FT cycles B: 4 FT cycles. C: 5 FT cycles. The numbers 
represent phantoms, which are imaged from a cross-sectional view and composed of acoustic scatterers in weight 

percentage; 1: 0.1 wt%. 2: 0.2 wt%. 3: 0.3 wt%. 

Figure 26 shows the result of increased number of FT cycles. With a number of 3 FT cycles, still a 
hypoechoic signal is observed for all three phantoms whereas a number of 5 FT cycles clearly gives an 
increased echogenicity. It appears that with a number of 4 FT cycles, the signal of the phantoms is 
somehow equivalent to the signal of BMF, making it difficult to distinguish between the specimen and 
medium. The phantom shown in Figure 26C2 has a peculiar shape compared to its initial circular shape 
presented in Figure 26A2 and Figure 26B2. This can be explained by the manner in which the phantoms 
were frozen after the first two FT cycles. None of the phantoms were hold in their original shape (i.e. 
around a tube to remain circular, see Figure 12C) but they were rather put in the freezer without 
support. As shown, other phantoms remained circular, as opposed to the phantom in Figure 26C2 
which has slightly modified. Furthermore, several images present mirror image artifacts. In Figure 
26A2-A3 a clear shadow is present which might be explained by a strong attenuation of the signal, 
possibly due to the plastic material of the beaker in which the phantoms were positioned.  
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4.5. DISCUSSION  

This chapter has proposed an experiment to validate phantom models with respect to their 
echogenicity expressed in terms of CNR values. From the results, it could be observed that direct 
comparison between the SVC of the porcine and phantoms models was not doable due to the 
remarkable anechoic signal of the phantoms in both BMF and porcine blood, as opposed to the 
hyperechoic signal of the porcine tissue. Since this could not be explained, this chapter got another 
focus than the initial purpose of validating the phantom models. Also because comparison of 
completely different echo signals, expressed in quantitative CNR values, would neither give reliable 
results nor insights to proceed further validation. Hence, in order to examine the cause beyond this 
observation, two parameters were investigated that could have influenced the echogenicity of the 
phantoms. The first parameter included the time range between recovery of the BMF and 
performance of the US measurements, and the second parameter comprised the number of FT cycles 
undertaken by the phantoms. 

Parameter 1: Time range between recovery of the BMF and performance of the US measurements 
 

With the first parameter, it was primarily assumed that a distinction could be made between the 
images in the transition time from 30 minutes to 24 hours. From the results, solely a small difference 
in echo signal was observable but it seemed to increase slightly with 24 hours and up. This suggests 
that the circumstances of measuring (in this case the condition of the BMF, either with or without gas 
bubbles) do add to image quality but do certainly not affect the echogenicity distinctly. As a high image 
quality is always desired, it is important to stir BMF sufficiently prior to use in order to avoid settling 
of the particles. Simultaneously, it should be considered that the fluid should be temporarily stored to 
avoid the presence of noise caused by gas bubbles. Although not evident in BMF, it remains 
questionable to which degree the presence of gas bubbles has influenced the quality of the images in 
porcine blood as they were clearly present, see Figure 27.  

 

Figure 27. Gas bubbles surrounding porcine SVC 

Figure 20A2 also shows the formation of fibrin networks, which occurred because the anticoagulant 
heparin was not administered either sufficiently or properly. Several studies have comprehensively 
investigated the effect of blood clotting on echogenicity [76-81]. They quantitatively demonstrated 
that both coagulating human and porcine whole blood show an increased backscatter signal during 
the clotting process. This is due to the formation of fibrin fibers, which increase the size and change 
the shape of blood cells (e.g. red blood cell aggregation). As a result, this increases the echogenicity 
of the blood during clotting, and might explain the results of Figure 23, which show an enhanced signal 
of the porcine blood rather than an expected regular anechoic signal [47, 75]. Despite the enhanced 
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signal of the blood, the SVC of the porcine still gives a hyperechoic signal, which indicates that the 
porcine’s echo signal was not evidently governed by the blood’s signal. 

Parameter 2: The number of FT cycles undertaken by the phantoms 
 

The second parameter, which examined the number of FT cycles of the phantoms, has demonstrated 
to affect the echogenicity of the phantoms in BMF. While a number of 2 FT cycles gave an anechoic 
signal, characterized by a completely dark echo, a number of 5 FT cycles distinctly showed an increased 
echogenicity of the phantoms. Although these measurements were quite evident, they solely provided 
a basis for further research in which it should be investigated whether the echogenicity enlarges even 
more after a number of 5 FT cycles or that it already has reached its maximum at this number. This 
latter is important to know since currently the echogenicity of the phantoms was still not sufficient 
(showed from visual observation) to enable comparison with porcine tissue in terms of CNR values. 
Although theoretically the CNR values of the phantom and porcine images, acquired in water, could 
already be compared statistically, it would not add to representative results since they do not reflect 
a realistic setting with measurements taken in either human or animal blood. Therefore, examining 
the number of FT cycles of phantoms in BMF would be more interesting for further validation. 
However, it should be also considered that BMF may not entirely represent human or animal blood 
despite its equivalent acoustical and physical properties. Although it is likely that a phantom with a 
number of 5 FT cycles gives an equivalent echogenicity in porcine blood, this assumption should be 
confirmed in a later study.  

This chapter has shown that with increasing FT cycles also the phantom’s echo signal changes. 
However, it is crucial to know what the underlying mechanism is beyond this observation. Regarding 
this, a study performed by Fromageau et al. 2007 [63] examined the mean density and the speed of 
sound as a function of the number of FT cycles in PVA samples. When varying the number of FT cycles 
from 1 to 10, they observed a logarithmic increasing relationship with the mean density, which varied 
from 1028 (1 FT cycle) to 1054 kgm-3 (10 FT cycles). Also for the speed of sound a logarithmic increasing 
relationship was found with an increasing number of FT cycles. This varied between 1525 ms−1 and 
1560 ms−1. Although the type of PVA and corresponding concentration used were slightly different, it 
is likely that the relationships observed by Fromageau et al. 2007 [63] are also valid within this study 
and may therefore provide a possible explanation for the observed anechoic signal of the phantoms. 
It was namely assumed that there was little difference in acoustic impedance between the phantom 
material and the blood, which may have resulted in few echoes being returned to the transducer (see 
section 2.2.2.2 of Chapter 2). As with a number of 5 FT cycles the phantom’s mean density and speed 
of sound have increased, the acoustic impedance of the phantom became larger, and likely did the 
difference between the phantom material and the blood. Subsequently, the increased difference in 
acoustic impedance might have resulted in stronger reflected US echoes and thus a higher 
echogenicity of the phantoms. 

In order to verify this hypothesis, additional experiments would be valuable in which the focus should 
be on either measuring the difference in acoustic impedance between the phantom material and 
blood after for example 2 and 5 FT cycles, or changing the properties of the medium rather than of 
the phantom itself. For instance, the viscosity of the blood could be reduced by adding another 
medium such as water to examine whether the echogenicity of the phantoms would increase. Hereby 
the underlying thought is that reducing the viscosity would increase the difference in acoustic 
impedance again, allowing more echoes to be reflected to the transducer which would give an 
increased signal. However, it should be considered as well that adding water to blood is not ideal since 
addition of water could burst the blood cells since they would fill up with water. Therefore, it would 
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be more convenient to test another medium, such as BMF, although at this stage it cannot be 
anticipated whether or not the latter would encounter similar problems. 

Other study limitations and recommendations for future research 
 

Within this study, porcine tissue was compared to phantoms on echocardiography and subsequently 
the images were used to validate the phantoms. As could be observed from the results (see Figure 
23), the SVC of porcine clearly differs from the constructed phantoms in geometry as well as in 
echogenicity. A first explanation for the smaller diameter of the porcine SVC than actually expected 
from literature, is that the vein was not pulsated. Because this was already known prior to the 
experiment, the SVC was clamped around a wire to prevent total collapse of the vessel wall. However, 
the result was still not as desired. Hence, in a next experiment it is recommended to expand the vein 
by putting it under internal pressure (e.g. using an inflation/deflation cuff) to obtain a diameter 
equivalent to a realistic setting. Nevertheless, ultrasound systems are developed with the intention to 
be used for tissue structures with a body temperature of 37 °C rather than thawed tissue at room 
temperature. Therefore, the speed of sound within the structures may have differed as well since 
density is affected by temperature (section 2.2.1). As ‘dead’ and thawed tissue may provide a distinct 
different signal than ‘living’ tissue, it would be more convenient to conduct this experiment on living 
animals, also to prevent collapsible veins.  

Two aforementioned parameters were investigated during this study which could have influenced the 
echogenicity of the phantoms in BMF. Besides these, another parameter namely the weight 
percentage of acoustic scatterer added to the phantoms, was assumed to affect the echogenicity. 
Although this parameter was not directly examined, it could be observed that there were no distinct 
differences in echogenicity between the phantoms with a weight percentage of 0.1 to 0.3 acoustic 
scatterer. Hence, when examining this parameter, larger concentration differences should be taken 
to find out whether this would add to increased echogenicity. 
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5 
5. ICE EVALUATION 

 

This chapter will evaluate the utility of ICE in porcine tissue and in a simulated lead extraction 
environment. Therefore, different visualization planes will be adopted to examine the lead-tissue 
interface. However, to perform these measurements, the vascular phantom model that will be used 
to simulate the lead extraction environment should comply with the imaging requirements outlined 
in section 3.2 of Chapter 3. Hence, the following section will first assess the suitability of the phantom 
model for ultrasound imaging and a lead extraction environment. 

 

5.1. SUITABILITY OF THE VASCULAR PHANTOM MODEL 

The objective of this experiment was to assess the suitability of the vascular phantom model. In order 
to accomplish this, it was examined whether it complied with the following imaging requirements: 

x Suitable for US imaging 
x It contains different echogenic structures to allow (tissue) structure discrimination on 

ultrasound (i.e. vessel wall, scar tissue and lead) 

5.1.1. MATERIALS AND METHODS 
 
Experimental Set-Up 
Within this experiment, two customized vascular phantom models in terms of geometry (elaborated 
in section 3.7 of Chapter 3) were used with a PVA concentration of 7 wt%, and a CaCO3 concentration 
of either 5 wt% or 50 wt%. They consisted of different structures with the following concentration of 
acoustic scatterer and number of FT cycles: 

x PVA Vessel wall 0.1 wt% - 2 FT cycles 
x CaCO3 Scar tissue 0.5 wt% - 4 FT cycles 

First, the 5 wt% CaCO3 phantom was placed in a circular glass beaker, which was filled with water. The 
SVC of this model was attached to a holder through metal wires and clips. A 9-Fr Viewflex ICE catheter 
(Viewflex, St Jude Medical, St Paul, MN, USA) was used to produce the images at 6.25 MHz. This 
catheter was coupled to a catheter interface module (St. Jude Medical, Inc., St. Paul, MN, USA) which 
was connected to a CX50 ultrasound system (Philips Medical Systems, Andover, MA, USA), see Figure 
6. After the images were taken, the first phantom was alternated by the second phantom with a CaCO3 
concentration of 50 wt%. In Figure 28 the experimental set-up is shown. 
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Figure 28. Experimental set-up of a vascular phantom model in water 

 
Experimental Design 

The SVC of the models was taken as FOV, since this area consisted of different structures (i.e. vessel 
wall and scar tissue), which were interesting to examine with ICE. Subsequently, the ICE probe was 
hold manually to take images from one view: 

x Parallel (longitudinal) view outside the SVC 

Its corresponding visualization plane is presented in Figure 29. 

 

Figure 29. Parallel view outside the SVC 



  

51 
 

5.1.2. RESULTS 
The results of this experiment are presented in Figure 30.  

 

Figure 30. Comparison of SVC phantoms with different echogenicity 

A: Phantom with scar tissue comprising 5 wt % of CaCO3. B: Phantom with scar tissue comprising 50 wt % of CaCO3. Image 
A clearly shows both sides of the vessel wall in the image plane whereas image B solely shows the vessel wall at one side, in 

the near field proximate to the transducer. 

From Figure 30a and Figure 30b it can be observed that both phantoms show a distinct signal on 
echocardiography and comprise different echogenic structures. As a result, a clear discrimination can 
be made between the vessel wall and scar tissue, adherent to the wall. Figure 30a visualizes both sides 
of the vessel wall whereby primarily the wall at the distal end of the image plane is depicted with 
sharp echogenic edges. Conversely, Figure 30b solely shows one side of the vessel wall at the proximal 
end of the image plane. The area beyond the scar tissue appears more dark or anechoic. However, the 
scar tissue gives a hyperechoic signal, which is distinctly brighter than shown in Figure 30a. On top of 
that, it seems to be unequal in shape at the interface with the vessel wall, particularly at the right side 
of the image plane. 

Comparison with prior clinical observations 
When comparing these results to reported images from literature (see also section 2.2.2.3 of Chapter 
2), it can be observed that Figure 30b is consistent with prior observations. Within these clinical studies 
it was reported that highly dense structures (i.e. fibrotic and calcified tissue) cause the US beam to be 
attenuated entirely. As a result, these areas are characterized by a linear echogenic shadow [16, 31], 
leaving a black area beyond the adherence site which can be also identified in Figure 30b. 

5.1.3. FOLLOW-UP EXPERIMENT 
Since the phantom with a concentration of 50 wt% CaCO3, presented distinct echogenic differences 
between the vessel wall and scar tissue on ICE and also appeared to be equivalent to observations 
from literature, this model was solely used to proceed further measurements. Hereby the purpose 
was to evaluate whether the insertion of a lead could be identified in a similar view as previously 
described. In order to verify this, a 2-mm thin pacing lead was inserted in the phantom, first in a free-
floating setting and subsequently in scar tissue. The experimental set-up is shown in Figure 31 and the 
results are presented in Figure 32. 
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Experimental Set-Up 
 

 

Figure 31. Pacing lead inserted in the vascular phantom 

A: 2-mm thin pacing lead. B: Experimental set-up of a pacing lead in the vascular phantom.  C: Cross-section of the pacing 
lead in scar tissue, adherent to the SVC wall. 

Results 

 

Figure 32. Parallel view of a pacing lead in a SVC phantom 

A: free-floating lead. B: lead in scar tissue adherent to the vessel wall 

Figure 32 shows the insertion of a pacing lead in the SVC phantom. An easy distinction can be made 
between a free-floating lead (Figure 32a) and a lead in scar tissue, adherent to the wall of the SVC 
(Figure 32b). The lead is highly reflective and gives a hyperechoic signal. In terms of contrast, it appears 
to be isoechoic to scar tissue, which can also be observed in prior results (see Figure 9 of Chapter 2). 
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5.1.4. DISCUSSION AND CONCLUSION 
The results of this section have illustrated that a vascular phantom model with a concentration of 5 
wt% CaCO3 allows visualization of both vessel walls in a longitudinal view on intracardiac 
echocardiography. This means that the echo signal was able to penetrate through all structures of the 
phantom and subsequently to return to the transducer, even when passing through the area of scar 
tissue. In other words, no strong attenuation has occurred at the area of scar tissue which might be 
due to a low acoustic impedance and likely because the 5 wt% CaCO3 scar tissue was not highly dense. 
As a result, also the vessel wall at the distal end of the image plane could be visualized. This was 
depicted with sharp echogenic edges, which might be explained because of a distinct acoustic 
impedance difference between the water and the phantom material, although unknown what the 
acoustic impedance of the phantom is.  

As opposed to the 5 wt% CaCO3 phantom, a 50 wt% CaCO3 vascular phantom solely showed one vessel 
wall at the proximate end of the image plane, indicating that there was a strong attenuation of the 
signal at the area of scar tissue. This latter was unequal in shape at the interface with the vessel wall, 
which might be due to differences in its structure’s density. When the density of a structure is larger 
(which is the case with 50 wt% CaCO3), the speed of sound that passes through this structure is slower 
(see section 2.2.1 of Chapter 2). Since the scar tissue was not made homogeneous during the 
fabrication process (a PVA solution in water with an additional concentration of 50 wt% CaCO3 was 
not entirely soluble), the scar tissue was likely denser at this interface (i.e. particularly the right side 
of the image plane) compared to other sites within the scar tissue. Because the signal of the scar tissue 
at this interface was slightly further away in the image plane than expected this observed delay might 
confirm the hypothesis. Alternatively, the unequal shape of the scar tissue might be also due to the 
unevenness of construction as result of inaccurately pouring.  

Despite the aforementioned visualization differences, this section has demonstrated that the 
constructed vascular phantom models with both a concentration of 5 wt% and 50 wt% CaCO3 are 
compatible with ultrasound imaging and enable tissue discrimination in terms of echogenicity. Thus, 
it can be concluded that all requirements of Chapter 3 were fulfilled, allowing the phantom models to 
be used as a lead extraction environment for the evaluation of ICE. Since the phantom with a 
concentration of 50 wt% CaCO3 showed equivalent results to those from prior clinical studies [16, 31], 
this model was assessed more suitable for follow-up measurements. Although being quite isoechoic 
to calcified tissue, this section has still demonstrated that leads can be easily identified with ICE. 
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5.2. EVALUATING THE UTILITY OF ICE 

The previous section has assessed the suitability of constructed vascular phantom models for the 
evaluation of ICE. Simultaneously, it showed that ICE was able to detect a venous wall, area of scar 
tissue as well as cardiac leads in a longitudinal view. This section will analyse the lead-tissue interface 
by examining multiple visualization planes with ICE. Subsequently, it has the purpose of determining 
which view provides the most valuable insight to reduce adverse effects during a TLE. 

Approach 
In order to accomplish this purpose, multiple experiments were conducted consecutively of which 
the overview is presented in Table 10. In these experiments, it was examined from different views 
whether ICE could detect the following structures: 

x Venous wall 
x Cardiac leads 
x Area of scar tissue 
x Extraction sheath 

 

Table 10. Overview of conducted experiments 

Experiment 1 Three views of a porcine IVC with free-floating lead 

Experiment 2 Three views of a phantom SVC with lead adherent to scar tissue 

Experiment 3 One view of a phantom SVC with insertion extraction sheath 
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5.2.1. EXPERIMENT 1: THREE VIEWS OF A PORCINE IVC WITH FREE-FLOATING 
LEAD 
 

Prior to evaluating the utility of ICE for TLE procedures in realistic patient scenarios, multiple pre-
clinical experiments are required which can be conducted on either animals or phantoms. Since 
porcine hearts closely resemble human hearts [82], they serve as a reliable measure to evaluate ICE 
performance. Therefore, this porcine heart experiment was conducted with the objective to examine 
whether a side-looking ICE catheter could be used to visualize free-floating leads and the vessel wall 
of a porcine heart in both a water and blood pool. This experiment has solely used a porcine heart 
obtained from a slaughterhouse, and was conducted with the lead extraction team from In-Body 
Systems (IBS), Philips Research Eindhoven.  

MATERIAL AND METHODS 

Experimental Set-Up 
A porcine heart was placed in a circular glass beaker, which was first filled with water and subsequently 
with porcine whole blood. The inferior vena cava (IVC) of the porcine heart was attached to a holder 
through metal wires and clips. A 9-Fr Viewflex ICE catheter (Viewflex, St Jude Medical, St Paul, MN, 
USA) was used to produce the images at a frequency of 6.25 MHz. This catheter was coupled to a 
catheter interface module (St. Jude Medical, Inc., St. Paul, MN, USA) which was connected to a CX50 
ultrasound system (Philips Medical Systems, Andover, MA, USA), see Figure 6. In Figure 33 the 
experimental set-up is shown. 

 

Figure 33. Experimental set-up of a porcine heart in a water and blood pool 

A: Porcine heart in a glass beaker. B: Porcine heart submerged in water. Asterisk: ICE probe closely placed to the IVC to 
take a cross-section. C: Porcine heart submerged in blood. Images acquired from IBS, Philips Research Eindhoven and 

subsequently modified. 

Experimental Design 
The IVC of the porcine heart was used as region of interest because this structure was most convenient 
to mount and image. A 2-mm thin pacing lead was inserted in the IVC. Subsequently, the ICE probe 
was hold manually to take images (first in water and then in blood) from three different views: 

x Parallel (longitudinal) lead view outside the IVC 
x Cross-sectional (transversal) lead view outside the IVC 
x Parallel (longitudinal) lead view inside the IVC 

The corresponding visualization planes are illustrated in Figure 34. 
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Figure 34. Three different visualization planes   

Imaging of three different views with a Viewflex ICE catheter. A: Parallel lead view outside the IVC. B: Cross-sectional lead 
view outside the IVC. C: Parallel lead view inside the IVC. 
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RESULTS 

The results of experiment 1 are presented in Figure 35. 

 

Figure 35. Three different views of free-floating leads in a porcine IVC with ICE  

The letters represent the visualization plane in which was imaged; A: Parallel lead view outside the IVC. B: Cross-sectional 
lead view outside the IVC. C: Parallel lead view inside the IVC. The numbers represent the medium; 1: Water. 2: Blood. 

Figure 35 shows that the IVC wall and pacing lead can be identified for three different views in both a 
water and blood pool. In Figure 35C1-2, the linear lead seems to partially block the echo signal, which 
gives a relatively weak echo of the vessel wall compared to the signal amplitude of the vessel wall 
presented in Figure 35A1-2. Furthermore, the circular lead in Figure 35B1 cannot be clearly identified. 
Primarily in Figure 35B1-2, there are some lumps of surrounding tissue (e.g. fat) visible which give an 
echogenic signal besides the signal of the IVC wall. On top of that, all images are illustrated with grating 
lobe artifacts, located at the side of the FOV. 
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5.2.2. EXPERIMENT 2: THREE VIEWS OF A PHANTOM SVC WITH LEAD ADHERENT 
TO SCAR TISSUE 
  

In the previous experiment it was shown that a side-looking ICE catheter was able to detect the vessel 
wall and free-floating leads in the IVC of a porcine heart from multiple views. Since this experiment 
solely included a ‘healthy’ porcine heart with no areas of scar tissue, the current experiment was 
conducted in a vascular phantom model with lead adhesions to scar tissue, serving as alternative to 
mimic ‘diseased’ human vasculature. The objective was to examine whether a side-looking ICE 
catheter could be used to visualize the SVC of a phantom model with lead binding sites for three 
different views in water. This study was an extension of a previous described experiment (elaborated 
in section 5.1) where only one visualization plane was used. 

MATERIAL AND METHODS 

Experimental Set-Up 
A similar set-up was adopted as the one described in section 5.1.1. However, solely the vascular 
phantom model with a concentration of 50 wt% CaCO3 was used. 

Experimental Design 
The SVC of a phantom model was used as region of interest because this structure consisted of 
calcified scar tissue through which a 2-mm thin pacing lead could be inserted. Subsequently, the ICE 
probe was hold manually to take images from three different views in water: 

x Parallel (longitudinal) lead-tissue view outside the SVC 
x Cross-sectional (transversal) lead-tissue view outside the SVC 
x Parallel (longitudinal) lead-tissue view inside the SVC 

In the latter view, the ICE probe was introduced into the entry of the right innominate vein to approach 
the SVC. The corresponding visualization planes are illustrated in Figure 36. For each view, multiple 
images were taken from either a stationary lead or moving lead.  
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Figure 36. Three different visualization planes of the lead-tissue interface 

Imaging of three different views with a Viewflex ICE catheter. A: Parallel lead-tissue view outside the SVC. B: Cross-
sectional lead-tissue view outside the SVC. C: Parallel lead-tissue view inside the SVC. To obtain a representative image of 

the experimental set-up, view C should be horizontally rotated by an angle of 180°. 
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RESULTS 

The results of experiment 2 are presented in Figure 37. 

 

Figure 37. Three different views of leads adherent to scar tissue in a phantom SVC with ICE  

The letters represent the visualization plane in which was imaged; A: Parallel lead-tissue view outside the SVC. B: Cross-
sectional lead-tissue view outside the SVC. C: Parallel lead-tissue view inside the SVC. The numbers represent the state of 

the lead; 1: Stationary. 2: Moving. 

Figure 37 shows that the lead-tissue interface can be clearly identified for all three different views in 
water. Although the images per view appear to be similar, it can be observed that a moving lead (array 
2 of Figure 37) provides a slightly increased signal in terms of echogenicity than a stationary lead. 
Particularly in Figure 37B1 and Figure 37C1 it is more difficult to identify the lead. Notice that a parallel 
view inside the SVC does not show any vessel wall but rather gives a linear echogenic shadow beyond 
the scar tissue. Both a parallel and cross-sectional view outside the SVC also give this typical shadow 
but do present the vessel wall and its position with respect to the lead binding site at the proximal 
end of the image plane. Furthermore, in Figure 37C the lead is visualized twice, both as free-floating 
and adhered to scar tissue. This is because the lead body was solely encapsulated at a few sites. 
Consequently, both its free-floating and adhered part were in the image plane of the ICE transducer. 
Moreover, the images are illustrated with side lobe artifacts, located at the side of the FOV. 
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5.2.3. EXPERIMENT 3: ONE VIEW OF A PHANTOM SVC WITH INSERTION 
EXTRACTION SHEATH 
 

Experiment 2 has demonstrated that a side-looking ICE catheter is able to visualize the lead-tissue 
interface in a phantom model for three different views in water. Besides visualization of the lead-
tissue interface, which is important to assess the difficulty and risk of extraction [31], another crucial 
point of attention is the alignment of the extraction sheath when disrupting the lead adhesions. Since 
vascular laceration, particularly of the SVC, may result in serious complications, it is important for the 
operator to know how the extraction sheath should be positioned to disrupt lead adhesions without 
inducing lacerations. Hence, this third and last experiment was conducted with the objective to 
examine whether a side-looking ICE catheter could be used to visualize the advancement of an 
extraction sheath over a lead, adherent to scar tissue. 

MATERIAL AND METHODS 

Experimental Set-Up 

A vascular phantom model with a scar concentration of 50 wt% CaCO3 (described in section 5.1.1) was 
placed in a circular glass beaker, which was filled with water. The SVC of this model was attached to a 
holder through metal wires and clips. A 2-mm thin pacing lead was inserted through the left 
innominate vein into the scar tissue. Subsequently, a 13-Fr Tightrail mechanical rotating extraction 
sheath (The Spectranetics Corporation, Colorado Springs, CO, USA) was advanced over the lead to the 
area of scar tissue. A 9-Fr Viewflex ICE catheter (St Jude Medical, St Paul, MN, USA) was used to 
produce the images at 6.25 MHz. This catheter was coupled to a catheter interface module (St. Jude 
Medical, Inc., St. Paul, MN, USA) which was connected to a CX50 ultrasound system (Philips Medical 
Systems, Andover, MA, USA), see Figure 6. In Figure 38 the experimental set-up is shown. 

 

Figure 38. Experimental set-up of an extraction sheath in a vascular phantom  

A: Top view of the phantom with a pacing lead inserted through the left innominate vein into scar tissue. B: Insertion of an 
extraction sheath into the left innominate vein, which is advanced over the lead to reach the area of scar tissue in the SVC. 
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Experimental Design 
The ICE probe was hold manually at the left side of the phantom to take images from one view: 

x Parallel (longitudinal) lead-tissue view outside the SVC 

The corresponding visualization plane is illustrated in Figure 39.  

 

Figure 39. Visualization plane of the lead-tissue interface with an extraction sheath 

A parallel lead-tissue view outside the SVC, which shows the advancement of an extraction sheath over a lead to approach 
the area of scar tissue. 

RESULTS 

In Figure 40 the results of experiment 3 are presented. 

 

Figure 40. Advancement of an extraction sheath to approach the lead-tissue interface 

The upper row shows the ICE images, which present the advancement of an extraction sheath over time. The lower row 
provides the same images but with a description of the present structures in the images. 
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Figure 40 shows the advancement of an extraction sheath to approach the area of scar tissue. The 
extraction sheath can be clearly identified, although it appears to be larger in geometry than its 
original diameter of about 1.3 cm (the distance between two points in the centre of the plane is equal 
to 1 cm). The marked blue area approximately indicates it original size. Due to this parallel view, the 
position of the extraction sheath can be properly presented with respect to the vessel wall and lead-
tissue interface. Notice the presence of side lobe artifacts, located at the side of the FOV in all images. 

5.2.4. DISCUSSION AND CONCLUSION 
Within this chapter, the goal was to evaluate the utility of a side-looking Viewflex ICE catheter for TLE 
procedures by examination of its visualization capabilities, particularly with regard to the vessel wall, 
lead-tissue interface and an extraction sheath in a porcine heart and vascular phantom model. 
Subsequently, the goal was determine which catheter position gave the most insight into the lead-
tissue interface. To accomplish this, multiple experiments were conducted of which the results will be 
discussed per experiment.  

Experiment 1 
 

The first experiment has illustrated that vessel walls and free-floating leads can be clearly visualized 
from different views in the IVC of a porcine heart when submerged in both a water and blood pool. 
Although, the circular lead within the cross-sectional view could not be properly identified in water, it 
was clearly visible in blood. Therefore, this was rather due to pollution of the water (e.g. as result of 
skin contact or oxidation of the metal clips that clamped the porcine IVC) than the limitation of this 
view in general. When contaminants float in water, they tend to move faster when an acoustic wave 
passes by and thus sometimes provide an echogenic signal. Within this view, these particles likely 
provided a signal equivalent to the free-floating lead in water, which increased the difficulty to 
discriminate between the lead and particles. From this experiment it appeared that a parallel and 
cross-sectional image from outside the IVC gave a better visualization of the lead and the IVC wall than 
a parallel image inside the IVC.  

Experiment 2 
 

Instead of a porcine heart, the second experiment has used a vascular phantom model with lead 
adhesions to scar tissue, to examine whether a side-looking ICE probe could visualize a lead-tissue 
interface in water. It has shown that for all examined views the area of scar tissue and leads can be 
clearly visualized, although it appeared that a moving lead in scar tissue provided a slightly increased 
echogenicity than a stationary lead, which enabled for better and faster identification. Hence, to 
properly identify the lead in a realistic patient scenario with ICE, it requires to be moved around, which 
can be easily performed through exertion of push and pull forces. Furthermore, this experiment has 
demonstrated that for all examined views the scar tissue along the lead-tissue interface was visualized 
as an echo dense signal, characterized by a linear echogenic shadow. For a parallel view inside the 
SVC, this finding is equivalent to prior clinical observations [16, 31] but not optimal in terms of 
assessing the lead-tissue interface. This is because the corresponding shadow was the result of the 
scar tissue’s high density, which attenuated the signal completely and subsequently induced a 
complete disappearance of the vessel wall, although visualization of the latter is important to avoid 
vascular tears. While a parallel and cross-sectional view outside the SVC encountered the same 
problem, they showed the vessel wall at the proximate end of the image plane where the area of scar 
tissue was located. Hence, this led to more insight into the lead-tissue interface. 
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Experiment 3 
 

The third experiment was conducted with the goal to examine whether the advancement of an 
extraction sheath in a phantom model could be visualized with a side-looking ICE probe in water. It 
illustrated that the advancement of an extraction sheath could be clearly visualized from a parallel 
view outside the SVC of the phantom. The tip of the extraction sheath did not seem to affect image 
negatively, neither did movement of the sheath seem to disturb the image plane. Although these 
results are quite promising, this should be also investigated for a cross-sectional outside the SVC and 
a parallel view inside the SVC. This latter was not feasible at the time of measurement because this 
view required the ICE probe to be inserted from below into the SVC, to obtain a proper lead-tissue-
sheath view. However, this was not possible due to the bottom of the beaker glass, which obstructed 
the insertion. Additionally, at this time the experiment could solely conducted by one person whilst 
actually requiring more hands to perform the measurements properly. 

Based on the findings of the described experiments, this section has demonstrated that a side-looking 
Viewflex ICE catheter is able to identify a vessel wall and cardiac leads in a porcine IVC as well as to 
visualize areas of scar tissue and an extraction sheath in a vascular phantom model with sufficient 
resolution. Although the examined visualization planes all present the lead-tissue interface, it can 
concluded that both a parallel and cross-sectional view outside the SVC, give more insight into the 
lead-tissue interface than a parallel view inside the SVC. This is because the former show the vessel 
wall, which is crucial to determine how an extraction sheath should be (re)positioned in the desired 
image plane, whilst disrupting the lead adhesions and simultaneously avoiding laceration. 
Nevertheless, the question remains whether the other two views outside the SVC could be applied 
since they currently do not seem anatomically possible, as opposed to a parallel view inside the SVC 
that has already been applied in a few clinical studies [3, 31]. Overall, from this section it can be 
concluded that the use of a side-looking ICE catheter for TLE procedures is valuable to assess the lead-
tissue interface to predict the difficulty and risk of extraction, and to improve sheath alignment to 
reduce adverse effects. 
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6 
6. OVERALL DISCUSSION 

 

The objective of this study was to design and construct a vascular phantom model and to use this 
model to evaluate the utility of ICE for TLE procedures. This was an explorative study performed with 
the reason to examine how ICE could reduce serious adverse effects during lead management, as TLE 
procedures are still associated with a small but distinct rate of major complications and mortality.  

The following major steps were taken to accomplish the objective: Several mould prototypes intended 
for the phantom were designed and constructed based on data of vascular geometry from literature. 
Then following a couple of prototype iterations and according a developed protocol, a vascular 
phantom model was constructed with realistic geometry and echogenicity. After construction, the SVC 
of the phantom was compared to the SVC of a porcine heart in a validation experiment. Subsequently, 
its suitability to serve as a real-life lead extraction environment was assessed by comparison of its 
results with findings from previous conducted clinical studies. Ultimately, both the constructed 
phantom and a porcine model were used to evaluate the performance of ICE in three experiments 
whereby several visualization planes of the lead-tissue interface were examined. 

STUDY OUTCOMES 
 

Within this study, some distinct efforts were made regarding the construction of a non-biological 
tissue-mimicking vascular phantom model to simulate a real-life lead extraction environment and the 
evaluation of ICE for TLE procedures. To my knowledge, this is the first study that proposed an 
affordable and accessible customized ‘home made’ vascular phantom model for the simulation of a 
real-life lead extraction environment, and demonstrated that ICE evaluation for TLE procedures can 
be also performed on a tissue-mimicking phantom as alternative to animals or patients. This has the 
advantage of saving costs and ethical issues on animal experiments and possibly even early clinical 
evaluations in the longer term but may also accelerate pre-clinical and clinical research on this topic. 
Furthermore, the results of this study illustrated that a side-looking phased-array ICE probe is able to 
visualize the lead-tissue interface from different visualization planes and might therefore be of clinical 
significance for TLE procedures to reduce major complications. Despite the promising results, this 
study was subjected to several limitations, which will be discussed in the following section. 

STUDY LIMITATIONS 
 

Although the constructed phantom model appeared to be a suitable method to simulate a lead 
extraction environment in terms of geometry and echogenicity, it was not statistically validated. 
Within the validation experiment, it became clear that the constructed phantom could not be 
quantitatively compared to porcine tissue in terms of CNR values. This was because the phantom gave 
a complete anechoic signal in blood, likely due to little difference in acoustic impedance between the 
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phantom material and the porcine blood in which the measurement were performed. Since the 
acoustic impedance of the specimens (i.e. phantom, porcine tissue and blood) was not examined 
within this study, it remains unknown what the cause was behind the anechoic signal and therefore 
necessitates further investigation. In addition, knowing the acoustic impedance is also important to 
perform validation in terms of acoustic properties. Ideally, the constructed phantom model would 
include highly lifelike mechanical, optical, mobile and acoustic properties to enable adequate testing 
of ICE and to provide the feedback necessary to proceed further implementation. However, this was 
not feasible in terms of time and beyond the scope of this project.  

Since the phantom was not suitable for use in BMF and porcine blood, all measurements were 
performed in water. Although the obtained results in water appeared to be promising and provided a 
good framework to continue further work, they do not represent realistic patient scenarios in which 
measurements are performed in human blood. Furthermore, this study solely focused on the utility 
of 2D ICE rather than 3D ICE. Although physicians are already used to 2D views and are well familiar 
with the anatomy of a patient, 3D ICE may provide better views of the lead-tissue interface and may 
also enable faster and easier identification of, for example, entwined leads or how the lead adhesions 
are located with respect to the vessel wall. The former often occurs in patients and may increase the 
difficulty with regard to extraction. However, within this study solely a basic setting of one lead was 
applied to visualize with ICE, rather than multiple (entwined) leads.  

Moreover, the constructed phantom model solely represented the SVC and approximate innominate 
veins, which was useful to obtain local insight of the lead-tissue interface. However, one should keep 
in mind that the ultimate goal is to avoid complications and otherwise to identify them fast enough to 
intervene on time. Therefore, the phantom model should be extended to an entire heart, so that 
complications (e.g. inducing a SVC perforation with an extraction sheath and a consequent pleural 
effusion/inducing a myocardial perforation with an inserting lead and a consequent pericardial 
effusion) can be simulated to examine whether ICE is able to detect them and to find out whether 
there are also ICE-related complications. According a study of Sadek et al. 2017 [31] a possible 
drawback of 2D ICE could be the low sensitivity of detecting pleural effusions, as opposed to its high 
sensitivity to pericardial effusions. Since this study solely focused on ICE, it would be interesting to 
investigate whether other US modalities can detect pleural effusions more easily whilst still providing 
a proper visualization of the lead-tissue interface. Although, studies already demonstrated that TEE 
can detect pleural effusions [83, 84], it is unlikely that it will properly visualize the lead-tissue interface 
due to its position in the oesophagus. Nevertheless, it still requires attention in future research.  

Despite the fact that the implementation of ICE in TLE procedures is still in its infancy, an important 
point to consider in the longer term is the cost-benefit ratio. From an economic perspective, ICE avoids 
general anaesthesia and may result in shorter procedural times (due to better visualization of the 
targeted lead-tissue interface), fewer complications and use of extraction tools, which would all save 
costs distinctly. Conversely, these potential benefits should be weighed against the significant costs of 
an ICE catheter, which are not covered by health insurance agencies [17, 85, 86]. A potential method 
to reduce the costs is by re-sterilization and reuse of the catheter. However, this is currently only 
permitted in a few European countries [17].  On top of that, it is important to compare the overall 
cost-benefit ratio of ICE with TEE and conventional fluoroscopy, to examine whether ICE would worth 
structural implementation into TLE procedures. 
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FUTURE PERSPECTIVES 
 

There are several aspects regarding both the vascular phantom model and intracardiac 
echocardiography, which are recommended to be investigated in future research. These 
recommendations are described within this section. 

Vascular phantom model 
1. Training of physicians 
2. Constructing a multimodal phantom 
3. Creating anisotropy 

 

Intracardiac echocardiography 
4. Implementation of forward-looking ICE in extraction sheath 
5. Utilizing ICE to monitor the advancement of powered sheaths 

 

1. Training of physicians 
 

TLE procedures 

Generally, phantoms are used with the purpose of either testing new medical instruments and tools 
or enabling training of a certain medical procedure. Within this study, the phantom model was 
specifically developed for the evaluation of ICE during TLE procedures. However, its application might 
be extended to training purposes as well. Given that a TLE is an invasive procedure, in which most 
serious adverse effects occur with the operator’s early experience and little regular practice, it 
demands highly trained and experienced operators to consistently deliver safe and effective care [20, 
24, 87]. Unfortunately, currently there is a lack of means to provide the training, practice and 
repetition necessary to acquire the desired technical expertise. Only few sites are available where 
practitioners could gain adequate clinical experience, and watching an instructional video 
demonstration or observing how another operator performs the extraction is not sufficient [4, 87]. As 
this could be problematic, alternative solutions are required, such as phantom models that serve as 
training tool. Particularly, with the current phantom it would be interesting to examine whether it is 
able to produce similar extraction forces such as those perceived in realistic patient scenarios, to 
acquire tactile skills as additive to the skills acquired from visual learning (ICE could also aid in this 
process by simultaneously providing visual feedback). This is because tactile skills are hard to teach, 
while excessive pulling and primarily pushing forces are a main malefactor of complications (e.g. SVC 
tears) [88]. Thus, the constructed phantom might be potentially utilized to provide adequate training 
and acquisition of these skills by offering realistic situations in an environment free of risk.  

Plaque debulking therapies 
Similar to TLEs, atherosclerotic plaque debulking therapies (e.g. percutaneous coronary or peripheral 
angioplasty) have a great patient risk and require high operator skills. Within these procedures, even 
a minimum training period of one year is required whilst encountering the same problems as TLE of 
limited training means [87]. Hence, the vascular phantom might also aid in these procedures but it 
should be examined whether the phantom could be adjusted to smaller diameter vessels such as the 
coronary and peripheral, and whether the calcified tissue still suffices to mimic atherosclerotic plaque 
or that it should be alternated with areas of softer plaque. Furthermore, it is interesting to examine 
whether multiple vessel layers (i.e. intima, media, adventitia) could be created. This is because the 
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incidence of restenosis (i.e. the recurrence of a stenosis) after treatment is still a major problem of 
debulking therapies. As restenosis may be due to dissection of deeper vessel layers [14], it could be 
valuable to examine, by using the phantom, how often dissection occurs and in which vessel layers. 
Subsequently, this could aid the process of finding out how dissection could be avoided to assure that 
excessive restenosis triggering remains absent. 

2. Constructing a multimodal phantom  
 

Within this study, it was important to construct a phantom model that was suitable for ultrasound 
imaging to evaluate the performance of ICE. When considering other imaging modalities or 
multimodalities (e.g. think of support using multimodal image registration) for guidance of TLE 
procedures in future research, it would be useful to extend this model to a multimodal phantom to 
enable testing of those (overlaid) modalities. Within this study, the phantom material consisted of 
PVA, which is also suitable for application in MRI. Hence, this phantom could already be used for MRI. 
Furthermore, to enable application of CT imaging, which is another prominent but ionizing radiation-
dependent medical imaging modality, the phantom material could be blended with CT contrast agents 
such as iodine prior to subjection of FT cycles. Phantoms used for CT evaluation are commonly mixed 
with calcium chloride to mimic hard tissue (e.g. bone, calcified tissue) [89]. Within this study, CaCO3 

was used to mimic calcified tissue. Therefore, it should be examined whether it still could be utilized 
for application in CT or that it should be alternated with calcium chloride.  

3. Creating anisotropy 
 

When the properties of a material vary in different orientations, this is called anisotropic. Considering 
the constructed phantom of this study, this was made isotropic and solely represented the SVC and 
approximate veins in the heart. In order to study the entire lead-tissue interface with ICE, the phantom 
should be extended to a complete heart. However, since the heart muscle is composed of different 
fibre structures (e.g. filaments), which vary in different orientations and tend to give an ‘anisotropic 
effect’ on US [90], it is recommended to examine whether an anisotropic phantom can be constructed. 
This is important since anisotropy affects the US image in such a way that, measuring under a different 
insonation angle than perpendicular to the structure causes the hyperechoic signal of fibre structures 
to be changed into a hypoechoic signal. When one wants to study the lead-tissue interface from 
multiple insonation angles in the entire heart, this effect should be certainly taken into account. 

4. Implementation of forward-looking ICE in extraction sheath 
 

Based on the findings of this study it was shown that ICE provides insight into the lead-tissue interface, 
but that the extent to which it can image the FOV particularly depends on the location of the ICE 
probe. Anatomically, currently only a parallel view inside the SVC is feasible. However, with this view 
the main problem is that a side-looking phased-array ICE probe is not able to provide a proper signal 
of the vessel wall beyond the lead-tissue interface. A forward-looking phased-array ICE probe, that 
images in front of the probe, may clearly distinguish the wall from the lead-tissue interface and would 
be therefore worth to investigate. When this probe would be implemented in the extraction sheath, 
it would be even more optimal to provide local real-time monitoring of the lead-tissue interface whilst 
advancing the extraction sheath to disrupt the adhesions. 
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5. Utilizing ICE to monitor the advancement of powered sheaths  
 

This study has demonstrated that ICE was able to image the advancement of a mechanical rotating 
extraction sheath over a lead. The advantages of using a mechanical sheath over a powered sheath 
(e.g. laser) is that it is easier to disrupt areas of (calcified) lead adhesions. However, it induces vascular 
laceration more rapidly than a powered sheath, which allows the adhesions to be disrupted in a 
controlled manner. As the latter is also a common TLE tool, it would be interesting to examine whether 
ICE is able to monitor the advancement of these types of sheaths. In a study of Schaller et al. [3] the 
laser sheath was already used in a patient study combined with ICE. Nevertheless, the authors did not 
report whether ICE was also able to visualize the lead-tissue interface at the time that the laser was 
turned on, or that ICE could be solely used in between the laser pulse durations. 
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7 
7. FINAL CONCLUSION 

 

This thesis project has demonstrated a methodology to design and construct an affordable and 
accessible customized ‘home made’ vascular phantom model for the simulation of a real-life lead 
extraction environment. It has shown that this ultrasound compatible and risk free phantom model of 
the SVC and approximate innominate veins provides an adequate testing environment in terms of 
geometry and echogenicity for the evaluation of ICE imaging. From the findings of this study, it can be 
concluded that ICE is able to image and assess the lead-tissue interface from different visualization 
planes, important to predict the difficulty and risk of extraction. However, it has demonstrated that a 
parallel view and cross-sectional view outside the SVC give more valuable insight into lead binding 
sites and their position with respect to the vessel wall than a conventional parallel view inside the SVC. 
Furthermore, ICE has shown to be a valuable tool to monitor the advancement of an extraction sheath 
at the lead-tissue interface, which is crucial information for the operator to improve sheath alignment 
and subsequently to avoid major complications such as tears in the SVC. Thus, implementation of ICE 
imaging into TLEs has the potential to add to a more effective and safer procedure. 
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APPENDIX A: PROCEDURE PROTOCOL TLE 

This procedure protocol describes the steps necessary to perform a Transvenous Lead Extraction. It is 
adopted from a previous conducted literature study [14]. For the sake of clarity, the protocol is divided 
into a pre-procedural and intra-procedural step. Also, notice that within this protocol a powered laser 
catheter is used as extraction tool. This can be alternated, either by mechanical or other powered 
catheters. A comprehensive illustration of the clinical workflow is shown in Figure 44. 

PRE-PROCEDURE 
 

Pre-procedural evaluation and planning are an essential part for performing a TLE. Within this step a 
comprehensive assessment is made in which the risks and benefits of the procedure are considered 
per patient [91]. Three factors are included: 

1. Indications for extraction 
The first decision point is to determine the urgency of the operation, herein the cause of lead 
extraction important. When the indication includes infection, treatment should be expedited and all 
hardware should be extracted (since a delay in treatment with removal of all components is associated 
with an increased mortality rate [92]) whereas in non-infectious indications, extraction of all 
components is not specifically necessary and the lead may even be abandoned [19, 93-95]. 

Indications for lead extraction include: 

x Infection at the site of the lead/device (account for two-thirds of all extractions) 
x Lead malfunction 
x The lead requires more energy to function than the device is able to deliver 
x Blockage of the vein by clot or scar tissue 
x Lead interference with blood flow back to the heart 
x Lead interference with other/new leads 

Subsequently, the physician can decide to perform an: 

x Interventional extraction 
x Open heart extraction, or to: 
x Abandon the lead 
x Refer the patient to a specialized site 

 

2. The medical condition of the patient 
The condition of the patient is assessed through consideration of patient history and the presence of 
other diseases. Examples of comorbidities are renal or heart failure, history of body radiation and Body 
Mass Index (BMI). Furthermore, considerations are done regarding medications and social history (e.g. 
smoking, drugs). 

3. Device and lead history 

Besides the cardiovascular history of the patient, this part also considers the history of cardiac, 
vascular, thoracic or other major surgeries. Furthermore, it is determined whether the patient is 
pacemaker dependent and if reimplantation is needed during intervention. 
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Within the risk assessment, various aspects of a lead are considered such as the: 

x Type of lead i.e. ICD or pacing 
x Fixation mechanism i.e. active/passive (with or without a mechanism that attaches the lead to 

the heart muscle respectively) 
x Material e.g. silicone, polyurethane 
x Lead diameter 
x Number of leads [91] 
x Period of implantation 

– low risk: less than 2 years of oldest lead implantation 
– medium risk: between 2 and 5 years of oldest lead implantation 
– high risk: between 6 and 20 years of oldest lead implantation 
– severe risk: greater than 20 years of oldest lead implantation 
 

x To verify the intracardiac position of the lead, a 2D posteroanterior/lateral chest X-ray and/or 
3D chest CT scan can be used although not necessary. The physician can also decide to perform 
the extraction without imaging information 

At the start of the procedure, general steps should be taken regarding laser preparation and safety. 
Furthermore, packages of red blood cells should be available. 

 

INTRA-PROCEDURE 
 

x The procedure requires a well-trained laser extraction team including a cardiologist, 
cardiothoracic surgeon (on call/in room) and nurses (scrubbed and non-scrubbed). When 
necessary there can be anaesthesiologist, pacemaker representative and laser representative 

Note: According a survey from the USA, electrophysiologists seem to perform approximately 89% of 
the lead extractions, cardiac surgeons 6% and cardiologists 5% [25]. 

Decisions 

x The procedure should be performed under general anaesthesia or local anaesthesia 
x Disinfection can be done of the entire chest or only of the pocket area 
x The vascular point of entry i.e. often in the intraclavicular area, should be established 
x Cardiac function can be monitored with the aid of TEE which requires preparation 
x Placement of the pacing and defibrillating pads should be done on the skin of the patient 
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Preparation of equipment 

x The pocket should be opened after which the generator and lead(s) can be liberated. 
Subsequently, perform a gentle traction under X-ray to assess if there is adherence to vascular 
structures and cut the leads 

x When this is done, the sheath can be introduced into the subclavian vein (alternatives are the 
femoral and jugular veins) 

x The procedure should be performed under 2D fluoroscopic guidance, this is the common 
standard 

x In order to wash the blood or contrast medium away, the inner lumen of the laser sheath 
requires flushing with 10 cm3 of saline infusion. For the outer sheath another 10 cm3 of saline 
should be used [96] 

x Since simple traction is most often ineffective due to multiple binding sites along the lead (and 
usually results in coil lengthening and lead damage [97]) preparation of the leads takes place by 
means of al locking stylet or lead locking device which minimizes the risk of losing  access to the 
inner lumen of the lead. This should be inserted and locked into the lead as distal as possible 
and subsequently the locking mechanism should be deployed [96]  

x Make sure that the laser catheter is positioned in the same axis as the lead to avoid vascular 
injury (Figure 41). Similar to a guidewire, the lead should be used as a guiding tool to lead the 
laser catheter into the endovenous space 

 

  

Figure 41. Angiography of the laser sheath [91] 

Note that the laser is parallely aligned with the lead, indicated with the white arrows. The black arrow shows a guidewire 
that is inserted via the femoral vein. 

 
Extraction of the lead 

x To ablate the scar tissue that surrounds the lead, first apply counterpressure, as shown in Figure 
42 (simultaneous forward pressure on the sheath and traction to the lead/push and pull) and 
advance with the laser catheter as presented in Figure 43 [98] 
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Figure 42. Performing counterpressure [98] 

 

x Overcome the binding sites of the fibrous tissue between the lead and the vessel by applying a 
forward pressure. Simultaneously, allow the sheath to follow the lead by applying traction to 
the lead 

x Identify the following areas while advancing the laser: 

1. Subclavian-Innominate vein 

2. Superior Vena Cava 

3. Right atrium and Tricuspid valve 

4. Myocardial interface 

Note: Adhesions in the upper superior vena cava are considered as one of the most complex parts 
during the procedure since the leads may take a posterior turn within this area. 2D fluoroscopy 
guidance may lack in the ability to visualize this properly. Therefore, navigation with multiplanar 
fluoroscopic views could be useful. 

x When approaching the right atrium, reduce the traction force to avoid any damage to the 
tricuspid valve and right ventricular cavity. Excessive force could result in hypotension, thus 
proper communication between the operator and anesthesiologist is necessary to prevent 
unnecessary use of vasoactive drugs 

x When approaching the tip of the lead, stop the laser ablation a few millimeters before 
x In order to detach the lead from the myocardial interface, perform countertraction (i.e. a gentle 

tug) to minimize the risk of myocardial tear 
x Advance the catheter over the lead tip to minimize shearing forces on the right ventricular wall 

[91] 
x When lead extraction is successfully completed, reimplant the generator and leads and 

subsequently take swabs for culture in case of vegetation (to determine antibiotics treatment) 
x Wrap-up and closure 
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Figure 43. Lead extraction with a laser sheath to overcome binding sites [97] 

 

Table 11. Predictors of difficult lead extractions and complications [18] 

Risk factors  

ICD lead 
Presence of SVC coil1 
Lead implantation > 5 years 
Multiple leads 
Prior extraction attempt 
Tined lead fixation mechanism 
Active fixation coronary sinus lead 
Non-isodiametric lead design 
Non-back filled ICD coils2 
Female gender 
BMI < 25 
Low operator experience 

 

1Dual coils have a second defibrillator (shock) coil, which is often positioned in the SVC. However,  
    this latter is a high-risk area, particularly due to the presence of endovascular scar tissue. 2Non-back filled ICD coils do 

not combat fibrous ingrowth into their coil. 
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Figure 44. Comprehensive description of a TLE clinical workflow 

CS = Coronary Sinus; ICE = Intracardiac Echocardiography; MAE = Major Adverse Event; LLD = Lead Locking Device; LV = Left 
Ventricle; OR = Operating Room; RA = Right Atrium; RV = Right Ventricle; SVC = Superior Vena Cava; TEE = Transesophageal 

Echocardiography;  TTE = Transthoracic Echocardiography; VC = Vena Cava.  
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APPENDIX B: PHANTOM CONSTRUCTION 

 

 

Table 12. Print settings Ultimaker 2 Extended + 

Print settings  Ultimaker 2 Extended + 
Material PLA 
Nozzle 0.4 mm 
Quality  
Layer height 0.15 mm 
Shell  
Wall thickness 0.7 mm 
Wall line count 2 
Top/bottom thickness 0.75 mm 
Top/bottom layers 5 
Infill  
Infill density 18% 
Infill pattern grid 
Speed  
Print speed 60 mm/s 

 

 

Table 13. Product specifications of Selvol PVA 165 [70] 

Specifications Selvol Polyvinyl Alcohol 165 Limits 
Hydrolysis (mole %) 99.65 ± 0.35 
4% Solution Viscosity (cP)1 67  ± 5.00 
Total Volatiles (wt %)2 5.00 
Total Organic Volatiles (wt %) 1.00 
Methanol (wt %) 0.90 
Ash – ISE (wt %) 1.20 
4% Solution pH 6.50  ± 1.00 

 

14% aqueous solution, 20℃; 2Total Volatiles including water 3As % Na20, corrected volatiles 44% aqueous solution. 
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APPENDIX C: PREPARATION PROTOCOL PVA 

This protocol gives a step-by-step procedure to prepare tissue-mimicking phantoms made of Polyvinyl 
Alcohol (PVA) and suitable for US and MRI Imaging 

1. MATERIALS 

Basic Ingredients phantom 

x Polyvinyl Alcohol (Selvol PVOH 165, Sekisui Chemical Group NJ, USA) 
x Ultrasound scatterers (Silica gel 60, KGaA, Darmstadt, Germany) 
x Calciumcarbonate (500 g Calciumcarbonat, Original Rügener Schlämmkreide, Germany) 

Items 

x Glass beaker 
x Weighing scale  
x Hot plate magnetic stirrer with temperature controller (IKA RET Control-Visc S1 Digital Hot Plate 

Magnetic Stirrer, IKA labor technik, Germany) 
x Magnetc stir bar 
x Stir bar retriever 
x Temperature controllable freezer 
x A mold to create the phantom of interest 

2. BASIC PROCEDURE 

The type of PVA used in this protocol (Selvol PVOH 165, Sekisui Chemical Group NJ, USA) has a 
maximum of 5 wt% volatiles (i.e. the tendency to evaporate) that needs to be taken into account when 
determining the amount of PVA in a sample. 

To determine the desired amount of PVA addition, the following general formula can be applied [70]: 

𝑃𝑉𝐴 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 (𝑑𝑟𝑦 𝑤𝑡) =  
𝑋 ∗ 𝑌

100% − % 𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠
 

Where X is the desired weight percentage of PVA and Y is the net weight of the final solution 

Example: For a desired 100 grams of a 7% PVA solution, the amount of PVA to be added is: 

𝑃𝑉𝐴 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 (𝑑𝑟𝑦 𝑤𝑡) =  
( 7

100) ∗ 100 𝑔𝑟𝑎𝑚𝑠
(100% − 5%/100) = 7.37 𝑔𝑟𝑎𝑚𝑠 

 

For the sake of clarity, the following preparation steps will be explained by means of two examples 
that comprise: 

x Example 1: Preparation of a 100 grams of a 7.5 wt% solution (7 wt% of PVA and 0.5 wt% of 
scatterer) 

x Example 2: Preparation of a 100 grams of a 12.5 wt% solution (7 wt% of PVA, 0.5 wt% of scatterer 
and 5 wt% of CaCO3) 
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2.1. Example 1: Preparation of a 100 grams of a 7.5 wt% solution 

1 Place a glass beaker on a weighing scale and set to zero 

2 Add 0.5 g of scatterers to the beaker and subsequently add 7.37 g of PVA, which gives a total 
of 7.87 g 

3 Carefully add H20 to a total of 100 g 

Optional: Even better is to add an amount of H20 in a separate glass beaker (which is 100 g – 
7.87 g = 92.13 g) and subsequently to add the PVA-scatterer mixture (slowly!*) to the H20 

*The aim is to dissolve PVA completely; this can be done through proper dispersion of the PVA 
particles in water. To avoid swelling and clumping of the particles, it is important to add the 
particles slowly to cool water  

4 Once the particles are well dispersed, place the glass beaker on a hot plate magnetic stirrer. 
Before turning on the hot plate, put a magnetic stir bar into the beaker 

5 Turn the hot plate on, hang the thermometer of the temperature controller in the mixture and 
set the temperature at 93°C 

Optional: To faster get the desired temperature of 93°C, put a plastic lid (with a small hole for 
the thermometer) on the beaker (in Figure 45 the set-up is illustrated)  

6 Initial speed can be set around 400 rpm (observe quick spinning of the stir bar) 
When noticing a higher viscosity of the mixture, reduce the speed to 300-350 rpm  

7 Leave the mixture to dissolve until it has reached the desired temperature of 93°C and hold 
this for 30 minutes 

8 Then, remove the beaker from the hotplate and allow it to cool down to room temperature. 
Remove the stir bar from the beaker by using a stir bar retriever 

9 Use the PVA gel directly (for best results) or either store it at room temperature (useable for a 
few days) or at 4°C (useable for about 2 weeks). Over time, the gel will tend to thicken, which 
makes pouring into small size moulds more difficult. Before using, bring it to room temperature  

 

2.2. Example 2: Preparation of a 100 grams of a 12.5 wt% solution 

1 Place a glass beaker on a weighing scale and set to zero 

2 Add 0.5 g of scatterers to the beaker and subsequently add 7.37 g of PVA 

3 Then, add 5 g of CaCO3 to a total of 12.87 g  

4 Carefully add H20 to a total of 100 g 

Optional: Even better is to add an amount of H20 in a separate glass beaker (which is 100 g – 
12.87 g = 87.13 g) and subsequently to add the mixture (slowly!) to the H20 

5 Follow steps 4-9 as described in Example 1 
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Figure 45. Set-up to create a PVA solution 

 

3. RECOMMENDATIONS 

- The aforementioned type of PVA has a maximum recommended soluble concentration of 7 wt%  
  PVA to water. 

- PVA without scatterer for US imaging is sometimes already sufficient to obtain a proper signal on  
  an US image. However, to enhance the signal, addition of a scatterer concentration between 0.05- 
  0.5 wt% is recommended. 
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APPENDIX D: PROTOCOL PVA POURING – TIPS AND TRICKS 

This protocol could be adopted following preparation of PVA.  

1 Let the PVA solution cool down to room temperature 

Tip: It is not necessary to let the solution completely cool down to room temperature. However, 
consider the material of the mould you are using. When using a mould made of PLA, the glass 
transition temperature is between 60-65°C. ABS has a temperature of ± 105°C 

2 After waiting about half an hour, a skin layer will form on the surface of the cooled solution. 
Remove this layer  

3 Before pouring the PVA into the mould, consider the following important notes: 

- PVA in general does not stick to plastic or metal. Therefore, using a mould made of the 
aforementioned materials is not expected to give extraction problems 
 
Tips and tricks 

x In case of using a material other than plastic/metal, it is recommended to 
grease the inner side of the mould with Vaseline to prevent any difficulties 
during extraction of the phantom 

x Even with a mould made of plastic/metal, complex mould structures may 
induce difficulties. Therefore, using Vaseline for the inner side may facilitate the 
extraction process 
 

- When the mould consists of multiple parts and the edges are not carefully closed in 
advance, PVA pouring into the mould will result in fluid leakage at the edges of the 
mould 
 

               Tips and tricks 
x Use Vaseline to seal the edges of the mould before and after pouring 
x Use a rubber matt, cut in the right shape, to seal the sites where the parts of 

the mould attach each other (i.e. between the parts) 
 

- A reusable mould that already has undergone multiple FT cycles, may be affected by 
previous temperature changes (with resulting shrinkage/expansion of the material and 
shape). This means that PVA pouring may result in leakage of the mould in its entirety 
 

              Tips and tricks 
x Print the mould with higher quality settings and better layer adhesions. This will 

go at the expense of time but will result in a more robust printing, better able 
to resist temperature changes 

x Use another material than PLA to print the mould. For instance, ABS includes a 
acetone vapour polish which will better seal the outer layers of the mould 

x Use a coat painting (e.g. can be bought from http://www.formx.nl/) to create 
a solid shell, covering the mould after a few coats 

 
 

  

http://www.formx.nl/
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4 After accomplishing the preparation steps mentioned in nr. 3, pour the PVA solution into the 
mould 

Tips and tricks 
x When the opening in which the PVA should be poured is quite small, use a 

syringe or funnel to perform precise pouring without spilling too much PVA 
x When the PVA fluid flows too slowly to the bottom of the mould, use a vibration 

plate to facilitate and accelerate the process 
  

5  Wait for the air bubbles to disappear 

Tips and tricks 
x Store the mould vertically at room temperature and wait for a couple of hours 

to allow the air bubbles to rise out 
x Apply vacuum degassing by placing the mould including PVA solution for a few 

minutes in a vacuum chamber. As a result, the air will be sucked out of the 
solution causing the bubbles to rise out and subsequently collapse 

6 
 

Put the mould including PVA solution in a temperature controllable freezer (± -19°C) with a 
recommended FT cycle of 16 hours of freezing followed by 8 hours of thawing at room 
temperature 
 
Tip: The time duration required for one FT cycle depends on the mass of both the mould and 
phantom. This time cycle should be experimentally investigated. Furthermore, the number of FT 
cycles should be adjusted to the mechanical strength of interest  

7 Remove the PVA phantom from the mould 
 

- Keep the phantom from dehydration and bacterial growth 
 
Tips and tricks 

x Store the PVA phantom in water or a fully humidified environment 
x PVA cryogel can be used for months or even longer, provided that it is treated 

properly. To prevent any bacterial growth on it, keep it in clean/sterilized water 
and attempt to minimize contact with human skin 

x When there is still any form of bacterial growth, use a concentrated salt 
solution (recommend 18 wt% salt solution) for a couple of minutes to kill the 
bacteria. 
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APPENDIX E: PHANTOM 3 & 4: VASCULAR TREE 

PHANTOM 3: DESIGN  

Prior to this step, a straight vessel phantom was created that was equivalent to a human SVC in terms 
of geometry. Within this step, it was examined whether the SVC could be extended with two 
approximate innominate veins. Therefore, a vascular tree was designed that consisted of three parts, 
with each part representing one type of vein (Figure 46A). The parts could be easily connected and 
disconnected from each other (Figure 46B). This was done to facilitate the phantom extraction process 
from the mould. Next to the vascular tree, an outer mould was designed that consisted of a lower and 
upper part (Figure 46C and Figure 46E). Between the vascular tree and outer mould an open space of 
2 mm distance was left (Figure 46D), allowing to be filled with PVA to create a 2 mm thick vessel wall. 
PVA could be poured through the opening at the upper part of the outer mould. 

 

 

Figure 46. Design of a vascular tree mould 

A: Vascular tree with corresponding veins. B: Disconnection of the parts. C: Lower part of the outer mould. D: Lower part 
attached to the vascular tree E: The outer mould including its upper and lower part. 
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PHANTOM 3: CONSTRUCTION 

Figure 47A and Figure 47B present the outer mould including vascular tree after 3D printing. Already 
at the start of the pouring process, it could be observed that this mould could not be sufficiently sealed 
at the edges, and particularly between the upper and lower part. Consequently, at these sites there 
was a lot of PVA leakage during pouring even despite some precautionary measures were taken (e.g. 
use of Vaseline, rubber matt – see Appendix D: Protocol PVA pouring – tips and tricks). Due to this 
constraint, solely one half of the vascular phantom could be constructed as shown in Figure 47C. 
 

 

Figure 47. Construction of a vascular tree mould and phantom 

A: Lower part of the outer mould with inside the vascular tree. B: Outer mould including its upper and lower part.  
C: Constructed vascular phantom. As can be observed from C, only one half of the phantom could be constructed. 

 

PHANTOM 4: DESIGN 

In order to overcome the major problem (i.e. leakage at the edges) encountered in mould design 3, 
the lower part of mould design 4 was extended upwards to minimize edges as far as possible (Figure 
48A). Similar to the previous mould it contained a three parts vascular tree, separated by the lower 
part of the mould with a distance of 2 mm, intended to create the vessel wall (Figure 48B). 
Furthermore, it consisted of an upper part (Figure 48C) with similar geometry as the vascular tree at 
the bottom side, to close the mould. The wye shape opening at the top allowed for pouring. Figure 
48D illustrates the optimized mould in its entirety. 
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Figure 48. Optimized version of a vascular tree mould 

A: Lower part of the mould. B: Lower part of the mould attached to the vascular tree. C: Upper part of the mould. D: The 
mould in its entirety. 

PHANTOM 4: CONSTRUCTION 

In figure Figure 49A and Figure 49B the optimized vascular tree mould is presented after 3D printing. 
As can be observed from Figure 49C and Figure 49D, the phantom could be constructed completely 
(i.e. both sides of the phantom), however, it encounters the problem of containing two large gaps at 
the left innominate vein (Figure 49C). This was due to the presence of air bubbles in the PVA solution 
but could not be observed at time of pouring because of the small wye shape opening at the upper 
part. Although this problem could be solved relatively easy by means of vacuum degassing, a few other 
problems were encountered which could only be solved through design optimization: 

x Difficulty of PVA pouring due to the small wye shape opening  
x Difficulty of removing the upper part from the lower part of the mould without 

rupturing the phantom 
x Construction of a thin edge on top due to the wye shape opening of the upper part 

(Figure 49C) 
x Unequal distribution of the vessel wall due to inward pushing of the upper part against 

the outer wall of the vascular tree at several sites 
x Small amount of PVA leakage at the site were the vascular tree is attached to the 

lower part of the mould 
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Figure 49. Construction of an optimized vascular tree mould and phantom 

A: Lower part of the mould with inside the vascular tree. B: The optimized mould in its entirety (lower and upper part).  
C: Vascular tree phantom with two large gaps at the left innominate vein and a thin edge on top. D: The vascular tree 

phantom at the reverse side. 
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APPENDIX F: VALIDATION EXPERIMENT 
 

Contrast-to-Noise Ratio 
CNR is a metric used to specify image quality. It is expressed in the following formula 

𝐶𝑁𝑅 =  
|𝜇A − 𝜇𝐵|

𝜎0
=  

∆𝜇
𝜎0

 

where 𝜇A is the mean signal intensity of a structure in the region of interest (i.e. the phantom), 𝜇B the 
mean signal intensity of the image background that surrounds this structure (i.e. the medium) and 𝜎0 
is the pure background noise in terms of standard deviation of the pixel values outside the region of 
interest [99, 100]. 

 

Table 14. Specimen specifications 

Characteristics of the SVC phantoms used in the validation experiment  
Composition  
Weight percentage of PVA 7 wt % 
Weight percentage of acoustic scatterer 0.1, 0.2, 0,3 wt % 
Number of FT cycles 2 
Dimensions  
Wall  thickness 1 mm 
Lumen diameter 20 mm 
Length 70 mm 
Characteristics of the porcine SVC used in the validation experiment 
Dimensions  
Wall  thickness ± 1 mm  
Lumen diameter ± 20 mm 
Length 55 mm 

 

Table 15. US settings  

Ultrasound settings validation experiment 
Frequency 117 Hz 
Penetration depth 5 cm 
Frequency range Resolution  
Gain 46 

 

 

Table 16. Specifications of water, BMF and human blood [74] 

Material Density ρ   
[kg m-3] 

Speed c 
[m s-1] 

Viscosity η 
[mPa s] 

Attenuation μ 
[dB cm-1 MHz] 

Water 1000 1484 1 0.0022 
Blood mimicking fluid 
(CIRS, model 046) 

1010-1090 1570 ± 30 4.0 ± 0.5 < 0.1 

Human blood  (37°C) 1060 1583 3 0.15 

 


