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Abstract

In biomedical engineering, phantoms are physical models of known geometric and
material composition that are used to replicate biological tissues. Phantoms are
vital tools in the testing and development of novel minimally invasive devices, as
they can simulate the conditions in which devices will be used. Clinically, phantoms
are also highly useful as training tools for minimally invasive procedures, such as
those performed in regional anaesthesia, and for patient-specific surgical planning.

Despite their widespread utility, there are many limitations with current phan-
toms and their fabrication methods. Commercial phantoms are often prohibitively
expensive and may not be compatible with certain imaging modalities, such as ul-
trasound. Much of the phantom literature is complicated or hard to follow, making
it difficult for researchers to produce their own models and it is highly challenging
to create anatomically realistic phantoms that replicate real patient pathologies.

Therefore, the aim of this work is to address some of the challenges with cur-
rent phantoms. Novel fabrication methods and frameworks are presented to enable
the creation of phantoms that are suitable for use in both the development of
novel devices and as clinical training tools, for applications in minimally invasive
surgery. This includes regional anaesthesia, brain tumour resection, and percuta-
neous coronary interventions. In such procedures, imaging is of key importance,
and the phantoms developed are demonstrated to be compatible across a range of
modalities, including ultrasound, computed tomography, MRI, and photoacoustic
imaging.
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Impact statement

The methods developed in this thesis have the potential to lead to benefits, both
within academia and also clinically. Within the academic environment, the work
overcomes some of the challenges experienced with current phantom fabrication
techniques and contributes to the literature with multiple publications. Methods
are presented that can easily be replicated in a lab setting, to create patient-specific
phantoms that are compatible with a range of medical imaging modalities. The
specific phantoms described here are a proof of concept for the techniques, but could
be expanded to include a variety of other geometries, structures, or pathologies.

In order to address the difficulties found in replicating existing phantoms in the
literature, and to make it easy to share the work described here in a transparent
way, the files used during the phantom fabrication process are made availbe via an
open source platform (found here), which also provides a place for future work to
be shared. This will enable others within the community to directly download both
patient-specific (anonymised) data, and 3D printing files, so that they phantoms
presented here can be replicated.

Clinically, the work here could be beneficial as it provides an alternative to
commercially available training phantoms. Having cost-effective, patient-specific,
realistic phantoms is of utmost important for minimally invasive surgical train-
ing. Their need has become even more apparent during the COVID crisis, where
restrictions have made it increasingly difficult for junior clinicians to acquire neces-
sary experience in patients, through observing or performing procedures in clinical
practice. Training on the phantoms described here could reduce strain within the
operating room, increase patient safety, and improve clinical outcomes.
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1.1 Motivation

In biomedical engineering, phantoms are physical models of known geometric and

material composition that are used to replicate biological tissues [2]. Such phantoms

are vital tools in the testing and development of novel minimally invasive devices,

as they can simulate the conditions in which devices will be used. This reduces

the reliance on animals or cadavers, which have intrinsic limitations, including high

cost and ethical concerns [3].

Clinically, phantoms can be used as training tools [4] and for patient-specific sur-

gical planning [5]. Traditional clinical training uses the ’master-apprentice’ model,

where students learn from observing procedures and then trying them out on real

patients, under observation. This model has many limitations, including the risk to

patient safety, time constraints, and lack of uniformity in training. Phantoms can

be used to effectively address this problem, by providing a simulation environment

for trainees, meaning there is no need to use real patients in the early stages of

training. They also allow for repetitions, and experience of a wide range of situa-
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tions and pathologies. In addition, phantoms are useful for patient-specific surgical

planning, as physical models of patient anatomy can be used to assess and test out

different surgical techniques [6]. In clinical practice, the use of phantoms for simu-

lation training has been shown to improve success rate in real surgeries, so can lead

to reduced surgery times and better patient outcomes [7]. In some applications,

phantoms have been shown to be more efficient than traditional clinical training

models [8], and they help to shorten the learning curve for novices [9].

Despite their widespread utility, much of the phantom literature is complicated

or difficult to follow, making it difficult for researchers to produce their own models.

In addition, the majority of fabrication techniques used have associated limitations.

For example, methods that are relatively simple and cheap to reproduce have limited

anatomical accuracy. Other methods used include those which require expensive or

hard to source materials, meaning it is impractical to create such phantoms in a

research setting. Even phantoms that are commercially produced, which tend to be

more anatomically accurate but are prohibitively expensive, are usually tailored to

one specific imaging modality or application. This means that they are not suitable

for applications where multiple imaging modalities are required, which is often the

case in minimally invasive surgery.

Therefore, the aim of this work is to transform how medical imaging phantoms

are created, by addressing three key challenges identified with current techniques:

1. Anatomical realism: phantoms that are not anatomically realistic have

limited use, however, using current techniques it is challenging to create such

models. Commercial models are available, which are often more anatomically

realistic, but these models are prohibitively expensive, cannot be tailored to

the intended application, and may not be compatible with desired imaging

modalities.

2. Compatibility across multiple imaging modalities: in the development

of novel minimally invasive devices, and also in surgical simulation for clinical



1.2. Publications 23

training, it is important that phantom models used are compatible across all

the imaging modalities used in a real clinical setting. This can be challenging,

as materials used for one imaging modality may not be suitable for another,

and this can limit the utility of a phantom model.

3. Sharing of information: significant proportions of phantom fabrication

techniques are not well documented in the literature. This makes it challeng-

ing to reproduce phantoms described, and is an inefficient way of developing

new techniques.

In this work, techniques are developed to create phantom models that address these

challenges. Firstly, the techniques enable patient-specific data to be used to create

the models, so that they are anatomically realistic. They are also compatible across

multiple imaging systems, so are suitable for simulating minimally invasive surgery.

Through the use of 3D printing, files used to create these phantoms can easily be

uploaded and shared, making it simple to download the files and recreate a phantom

remotely. The methods also aim to be cost-effective and not highly complex, as

these are limitations with current phantoms; however, both cost and complexity are

subjective and what is feasible in this respect depends on the individual phantom

and specific application. In general, the materials and equipment used are easily

sourced and affordable in most laboratory settings.

1.2 Publications

The works that have been published as part of this thesis are summarised as follows:

1.2.1 First author publications

1. Mackle, E.C., Maneas, E., Little, C., Carr, E., Xia, W., Nikitichev, D.,

Rakhit, R.D., Finlay, M.C. and Desjardins, A.E., 2019, February. Wall-

less vascular poly (vinyl) alcohol gel ultrasound imaging phantoms using 3D
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printed vessels. In Design and quality for biomedical technologies XII (Vol.

10870, p. 108700P). International Society for Optics and Photonics

2. Mackle, E.C., Shapey, J., Maneas, E., Saeed, S.R., Bradford, R., Ourselin,

S., Vercauteren, T. and Desjardins, A.E., 2020. Patient-specific polyvinyl

alcohol phantom fabrication with ultrasound and x-ray contrast for brain

tumor surgery planning. JoVE (Journal of Visualized Experiments), (161),

p.e61344

3. Mackle, E.C., Maneas, E., Xia, W., West, S. and Desjardins, A.E., 2020.

LED-based photoacoustic imaging for guiding peripheral minimally invasive

procedures. LED-Based Photoacoustic Imaging, pp.321-334

4. Mackle, E.C., Coote, J.M., Carr, E., Little, C.D., van Soest, G. and Des-

jardins, A.E., 2021. Fibre optic intravascular measurements of blood flow: A

review. Sensors and Actuators A: Physical, p.113162

5. In preparation: Self-healing, ultrasound phantoms for peripheral nerve

blocks (International Journal of Computer Assisted Radiology and Surgery)

6. In preparation: Patient-specific abdominal aortic aneurysm multi-modality

imaging phantoms for EVAR simulation training (International Journal of

Computer Assisted Radiology and Surgery; Co-first author with Callum Little)

1.2.2 Other publications

7. Carr, E., Mackle, E.C., Finlay, M.C., Mosse, C.A., Coote, J.M., Papakon-

stantinou, I. and Desjardins, A.E., 2019, June. Optical interferometric tem-

perature sensors for intravascular blood flow measurements. In European

Conference on Biomedical Optics (p. 11075-1). Optical Society of America

8. Alles, E.J., Mackle, E.C., Noimark, S., Zhang, E.Z., Beard, P.C. and Des-

jardins, A.E., 2021. Freehand and video-rate all-optical ultrasound imaging.
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Ultrasonics, 116, p.106514

9. Shapey, J., Dowrick, T., Delaunay, R., Mackle, E.C., Thompson, S., Janatka,

M., Guichard, R., Georgoulas, A., Pérez-Suárez, D., Bradford, R. and Saeed,

S.R., 2021. Integrated multi-modality image-guided navigation for neuro-

surgery: open-source software platform using state-of-the-art clinical hard-

ware. International Journal of Computer Assisted Radiology and Surgery,

pp.1-10

1.3 Contributions

The main contributions of this thesis and corresponding publications can be sum-

marised as follows:

• Chapter 3: development of a novel technique for creating wall-less vascular

ultrasound phantom

– Publications 1, 4, 6, 7, 8

• Chapter 4: development of novel self-healing nerve phantoms, for applica-

tions in minimally invasive surgery, such as regional anaesthesia

– Publications 5

– In collaboration with Dr Simeon West

• Chapter 5: review of LED-based photoacoustic imaging for guiding mini-

mally invasive procedures and extension of PVA phantom fabrication tech-

niques to include photoacoustic imaging

– Publications 3

– In collaboration with Dr Wenfeng Xia and Mengjie Shi
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• Chapter 6: development of a novel, multi-modality, patient-specific brain

phantom for applications in minimally invasive surgery, such as vestibular

schwannoma tumour resection

– Publications 2, 9

– In collaboration with Dr Jonathan Shapey

1.4 Thesis Organisatation

This thesis is divided into six chapters. In this chapter, a brief introduction to

phantoms has been provided, in order to describe the context and motivations of

this work. Chapter 2 continues with a more detailed discussion of phantoms, and

a literature review of work that is relevant to the overall themes of the thesis. In

each subsequent chapter, an introduction section outlines the background, aims,

and motivations of the chapter, and includes a concise literature review of work

relevant to that section. There is also a discussion of limitations, applications, and

future directions of the work at the end of each chapter.

Chapter 3 describes the development of a novel fabrication method for the cre-

ation of wall-less, vascular, ultrasound phantoms, using polyvinyl alcohol (PVA).

This is initially adapted from work published as a conference paper, and then ex-

panded to include the creation of patient-specific wall-less vascular phantoms. Vas-

cular phantoms are important tools for the development of novel devices such as

invasive blood flow sensors, and so as part of the research for this chapter, a review

was written on fibre optic intravascular measurements of blood flow.

Chapter 4 expands on the methods previously developed, and in this chapter

a novel, self-healing, ultrasound nerve phantom is described. This has applications

as a clinical training phantom for minimally invasive procedures such as those used

in regional anaesthesia. The work presented is adapted from that which has been

submitted for publication.
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Chapter 5 investigates the use of previously developed PVA phantoms for ap-

plications in photoacoustic imaging, and the feasibility of using the novel techniques

to create phantoms for this imaging modality is confirmed. This chapter is part

of work-in-progress, and the future directions of interest are discussed. As part of

this chapter, research was undertaken on the use of LED-based photoacoustic imag-

ing for guiding minimally invasive procedures, and subsequently, book chapter was

published. The background material in Chapter 5 is adapted from this published

work.

Finally, in Chapter 6, a novel technique is developed for the fabrication of a

multi-modality, patient-specific brain phantom, which includes a vestibular schwan-

noma tumour. This is adapted from work that has been published as a methods

paper, and the phantom was further used in a publication describing the validation

of a novel intraoperative navigation system.
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The chapters of this thesis are all broadly focused on the same theme: to de-
velop patient-specific phantoms for applications in minimally invasive surgery. The
specific methods and applications vary between chapters and therefore, each sub-
sequent chapter begins with a section detailing the relevant clinical and technical
background information. That being said, all of the work in this project is linked
and there is a significant amount of background material that is relevant to all the
chapters. In this chapter, the aim is to present an overall introduction to the field,
and the background work that is relevant across the whole thesis. This includes the
concept of tissue mimicking phantoms and the materials commonly used for their
fabrication, 3D printing techniques, and medical imaging modalities.
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2.1 Phantoms

Phantoms are models of biological tissues, which simulate certain properties of the

tissue and can be used to provide a clinically realistic imaging environment [2].

Phantoms are, therefore, vital tools in many aspects of biomedical engineering,

especially within minimally invasive surgery, where they can be used for surgical

planning, clinical training and development or validation of novel devices.

Minimally invasive surgery has become increasingly widespread over the past

two to three decades and is now common among most, if not all, surgical disciplines.

The technique allows a minimal number of incisions to be made in the patient,

which shortens post-operative recovery times, reduces pain for the patients, and

increases cost-effectiveness [10]. However, there are also limitations involved with

the adoption of minimally invasive surgery; namely that the learning curve is steeper

and more prologued for these surgeries, compared with traditional open surgeries

[10, 11]. Phantoms can, therefore, be an indispensable tool in the translation of

minimally invasive devices, as they can be used for clinical training.

There are certain properties that all phantoms need to have, in order to be

suitable for applications in minimally invasive surgery. Firstly, they need to have

complex, realistic structures so that they represent the relevant anatomy. Where

possible, these phantoms should be created from real patient data - or in other

words, be patient-specific phantoms - so that they are anatomically realistic and

represent real structures and pathologies. Secondly, phantoms should have realistic

imaging properties, so that they are compatible with the imaging modalities in

the minimally invasive surgery in question. Finally, the phantoms, where possible,

should be non-toxic and portable so that they can be taken into the hospital setting

for clinical training and testing of novel devices.

There are many commercial training phantoms available on the market, but

these are often prohibitively expensive (in the range of £1000-£10,000 each [12])

and have a limited life span (this varies depending on the materials and frequency
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of use). These commercial phantoms are also tailored to a specific imaging modality

and are rarely compatible with more than one. In minimally invasive surgery, it

is common for multiple imaging modalities to be used and therefore the training

phantoms should be compatible with all such modalities, so that training can be

conducted in a realistic simulated environment. For both clinical training and novel

device development, phantoms need to be used repeatedly, over long periods of time.

This means that they either need to be durable enough to withstand this prolonged

use, or should be cheap and easy to reproduce. As mentioned, commercial phantoms

are very expensive and the methods used are patented so cannot be reproduced in

a research laboratory.

As an alternative to commercial products, phantoms can be fabricated within

the lab. This allows researchers to create phantoms that are tailored to the in-

tended application, and in some instances this can also be more cost effective. The

first stage involved in creating a phantom in a lab based setting is to choose an

appropriate tissue mimicking material (TMM). The TMM is then often cast into

anatomically realistic shapes by 3D printing appropriate moulds, as this technique

is rapid and fairly low cost. The imaging modalities that the phantom will be

used with, and their respective properties, must be considered when choosing the

phantom TMM and fabrication process.

2.2 Tissue mimicking materials

TMMs are materials that - either naturally by chance, or by engineering their

design - have properties comparable to those of human tissue. The specific property

to be mimicked depends on the application, but includes mechanical, acoustic,

and optical properties of tissue. There is an innumerable quantity of materials

available for this purpose, and the choice of material for phantom fabrication is a

key factor in determining the phantom’s success and suitability. Certain materials

are more suitable for one particular imaging modality and it is challenging to find
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materials that encompass the desired range of properties. The most appropriate

TMM also depends on the anatomical structure the phantom will replicate; for

example, whether it is bone or soft tissue.

In this thesis, the focus was on soft tissue phantoms, so polyvinyl alcohol cryogel

(PVA-c) was chosen as the TMM, due to its many favourable properties. Here, a

summary of TMMs commonly used for soft tissue phantoms is presented, and the

rationale for choosing PVA-c is described. It is not within the scope of this thesis

to present every possible TMM, and many detailed reviews on the subject can be

found within the literature [13, 14, 15].

2.2.1 Water based materials

Water based TMMs are very common, especially for ultrasound phantoms, because

their high water content means they have acoustic properties similar to those of

human tissue. Agar [1], agarose [16] and gelatin [2] are examples of water based

TMMs that are frequently used. These materials have the advantage that they are

relatively cheap and are easy to source and use. However, they are not mechanically

robust, they degrade easily, and are susceptible to microbial invasion, which is

undesirable, and can even be dangerous in a clinical setting. Water based phantoms

can also suffer from dehydration and this affects their temporal stability [17].

2.2.2 Oil based materials

Oil based materials, on the other hand, do not dehydrate and are less susceptible

to microbial invasion, so they have a higher temporal stability. Gel wax is on such

oil-based material that has been demonstrated for use in phantom fabrication [18].

This material is sometimes friable, which can limit its use as a clinical training tool,

and it also has a lower speed of sound (around 1445 m/s [18]) than human tissue

(1540 m/s).
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2.2.3 Other materials

Silicone is a common TMM material, due to its high stability and longevity [19].

It is also easy to add dyes to silicone to give phantoms a more realistic colour.

However, silicone based phantoms have limited use for ultrasound imaging because

the material has high acoustic attenuation and low speed of sound [15]. Therefore,

silicone phantoms are more suited to computed tomography (CT) imaging [20].

Polyvinyl chloride-plastisol (PVCP) is sometimes used for phantom fabrication

[21], but it can have a low speed of sound, high attenuation, and needs to be stored

away from other plastics, due to its reactivity [17].

Organic materials such as animal tissue are used to mimic human tissue, as they

do not require any preparation time and have acoustic and mechanical properties

close to that of human tissue. These materials have very low longevity and the

parameters of the material cannot be tuned to suit different requirements [15].

2.2.4 Polyvinyl alcohol cryogel

PVA-c is also a water based material, and is a synthetic polymer. It is prepared as a

solution and then must undergo freeze-thaw cycles to solidify the material. During

the freeze-thaw process, hydroxyl groups are physically cross-linked by hydrogen

bonding, and an amorphous matrix of crystallites is formed [15, 22]. These freeze-

thaw cycles mean that, although it is a simple fabrication process, it typically takes

24-48 hours to create a PVA-c phantom. Using PVA-c for phantom fabrication

has many advantages. Firstly, PVA-c phantoms are more rigid and mechanically

robust than those created using other water based materials, but are still relatively

cheap to fabricate. With the addition of preservatives, the material can be kept

for months at a time, although, as with other water-based materials, care must be

taken with PVA-c phantoms to avoid dehydration; they can be kept indefinitely in

as air-tight container. Finally, it is a non-toxic material, as demonstrated by its

wide industrial use, including in craft glue and food packaging.
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In the literature, PVA-c is well characterised and is already established as a high

quality soft tissue mimic [23, 24]. As it is a water-based material that is mostly

composed of water, the natural acoustic properties of PVA-c are close to those of

human tissue. In addition, the mechanical strength can be tuned by varying the

freeze-thaw cycles. This is because with increasing numbers of freeze-thaw cycles,

the number, size, and stability of the crystallites increases [22].

2.3 3D printing

3D printing is often used in conjunction with TMMs for phantom fabrication, as

recent advances mean that the technique is low cost, rapid and customisable. Dif-

ferent printers and printing methods are now commercially available, and so the

method chosen depends on the specific application. With 3D printing, phantoms

can be created in one of two ways: either directly or indirectly. The first involves

the phantoms being 3D printed (directly) out of a plastic material. 3D printing

is used indirectly when a cast mould is printed, and other materials are used to

create the phantom; in the case the 3D printed structures do not form part of the

final product. In both cases, the printing resolution achievable is a key factor in

the choice of printing method. When phantoms are directly printed, the choice of

material is also highly important.

The resolution that can be achieved with 3D printing depends on the method

and printer used. Moreover, the resolution that any given printer is capable of

achieving is not necessarily realised across all prints, especially when there is a

high level of complexity. Although there are many modes of 3D printing, the most

common modalities in the phantom literature include fused deposition modelling

(FDM) and stereolithography (SLA) methods. Both FDM and SLA printing are

examples of additive manufacturing because the prints are built up in a sequence

of layer, although the way this is achieved is different between the two processes.
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2.3.1 Fused deposition modelling printing

The most accessible 3D printing technique is FDM, as printers using this technique

can be purchased for less than £1000, and in general the associated materials used

with these printers are affordable and easy to source. The technique involves melt-

ing thermoplastics inside the print heads, and the molten thermoplastic is then

extruded, layer by layer, onto the print build plate [25]. This layer building ap-

proach does restrict the geometries that can be produced using the technique, as

large overhangs or gaps within the print cannot be realised without appropriate

support materials.

The materials compatible with FDM printers are thermoplastics; materials used

as standard include acrylonitrile butadiene styrene (ABS), poly(lactic acid) (PLA),

and high impact polystyrene (HIPS). PVA is also commonly used as a support

material in FDM printing, due to its water solubility, but can be used as a printing

material in its own right, with certain limitations. These are all rigid plastics

once printed, with fixed mechanical and acoustic properties, and so this limits the

utility of phantoms created using these materials. It is also possible to create prints

with more mechanically malleable materials, using flexible thermoplastics such as

thermoplastic polyurethane (TPU), but these materials are more challenging to

work with and still do not have acoustic properties comparable to those of human

tissue.

The resolution achievable using FDM printing is primarily dictated by the size

of the print heads used to deposit the material. The diameter of the nozzles used

to extrude varies between 0.2 – 0.4 mm, which in theory would be the minimum

resolution achievable. However, in practice, it is very challenging to achieve this and

the actual resolution depends on variables including the print settings and material

quality [25].
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2.3.2 Stereolithography printing

Prints made with SLA use an ultraviolet laser to gradually build up the layers

from a vat of liquid resin. The material used is photoactive, and so the laser cures

the material, turning it from liquid to solid [26]. This was the first commercially

available form of 3D printing, but in general the technique is more expensive than

FDM, so used less frequently in a research setting [25]. In some instances, the time

taken to produce a print is lengthier with SLA printers, because extra steps may

be required, to wash off the uncured resin, and to further cure the material for

increased mechanical strength. However, as prints are built up from a vat of liquid

resin, there are less restrictions on the feasible geometries and there is also a lower

rate of print failures [26].

SLA printers cost thousands of pounds, and the resin used in conjunction with

the printer is more expensive than the materials required for an FDM print. As

a comparison between FDM and SLA printing, Coles-Black et al. described the

fabrication of an abdominal aortic aneurysm model, and the materials to create the

same phantom were found to cost $10-20 using an FDM printer, and $50-100 using

an SLA printer [26].

The advantage of SLA is that the use of a laser to create prints means that the

results are very precise and higher resolution can be achieved than with FDM, so

SLA printers are preferred when fine details are required on a print. The typical

nominal resolution of SLA printers is 30 - 140 µm, and is dependent on the minimum

spot size of the laser [27].

2.3.3 3D printed phantoms

There are many examples in the literature where 3D printing has been used suc-

cessfully to create phantom models. When phantoms are produced by direct 3D

printing, they have the advantage that the technique is rapid, easily repeatable and

the material will not degrade. These phantoms are useful for CT, x-ray imaging
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and positron emission tomography (PET) imaging, both to investigate image qual-

ity and for patient-specific dosimetric verification [20, 28, 29]. They may also be

suitable as clinical training models, especially if replication of soft tissues is not

required [30].

Due to the nature of the plastic based 3D printing materials, phantoms made

through direct 3D printing are generally rigid, which is not realistic for soft tissues.

However, advancements in 3D printing materials have meant that it is possible to

create more rubbery, flexible models [31]. When phantoms are 3D printed directly,

it is difficult to alter any of the properties of the material, and only one property,

such as speed of sound or mechanical strength, can be prioritised and simulated

[32]. This means that the choice of printing material dictates the compatibility

with imaging modalities, and in general phantoms that are directly printed are not

compatible with ultrasound imaging.

When direct 3D printing is not suitable for the intended application – for ex-

ample, when the phantom must include soft tissues – an alternative method must

be employed. In this case, 3D printing can be used to create a negative mould of

the structure of interest, and a suitable TMM can then be poured into the mould.

Although this does increase the complexity and time required for the fabrication

process, it means that the phantoms have a wider utility, and their properties can be

selected more effectively. This technique has been used to create phantoms of many

structures, including the breast [33], brain [34], pulmonary artery [35] and liver [19].

There are still limitations associated with these phantoms, including that they are

often tailored to one specific modality and are therefore not compatible with the

multi-modality imaging environment used in many minimally invasive surgeries.

2.4 Imaging

It is also important to understand the imaging modalities that are commonly used in

minimally invasive surgery, in order to understand the requirements of phantoms for
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their intended application. For the applications in this thesis, the primary imaging

modality used was ultrasound, so all phantoms needed to be firstly compatible with

ultrasound. In addition, other modalities used for multimodality imaging, were

CT, MRI and photoacoustic imaging (PAI). Here, the relevant properties for each

modality are described and explained, to give context for the phantom fabrication

process.

2.4.1 Ultrasound

In ultrasound imaging, high frequency acoustic pulses are transmitted into tissue

using a transducer. The transmitted pulses propagate through the tissue and when

they encounter an acoustic impendence mismatch, the sound is scattered, with

some of this scattered energy being received back at the transducer. The amplitude

and timing of the received signal is then used to create an image of the tissue.

This means that when creating a phantom, the properties of a material that will

determine how appropriate it is for ultrasound imaging are the speed of sound,

acoustic attenuation coefficient, and acoustic backscatter coefficient. Ultrasound

imaging is most commonly used for imaging soft tissues and therefore, it is the

properties of soft tissue that should be considered in ultrasound phantoms.

In order to be as realistic as possible, phantoms should be created with acous-

tic properties similar to those of human tissue. The speed of sound [36] in soft

tissue is 1540 m/s. The acoustic attenuation and backscatter coefficients in tissue

are dependent on frequency, although there is a range of typical values for these

coefficients in the literature [2, 37, 38]; the attenuation coefficient is in the range of

0.5-3.3 dB cm−1 MHz−1, and the acoustic backscatter coefficient is in the range of

10-5 - 10-1 cm−1 [2].

The natural properties of PVA-c make it a suitable soft tissue mimic and this is

especially true for ultrasound imaging. As PVA-c is mostly comprised of water, the

speed of sound and acoustic impedance in the material are similar to those of human
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tissue (1520 - 1560 m/s [15]) and it also has a low acoustic attenuation (0.07 - 0.28

dB/cm MHz [15]). As investigated in this thesis, with the right additives, PVA-

c can be ‘self-healing’ with ultrasound imaging, so that it can be used repeatedly

without damage to the phantom being visible on ultrasound images. There are many

examples in the literature where PVA-c is used as an ultrasound compatible TMM

[39], and it has also been used as an ultrasound elastography phantom material

[40, 41, 42].

When imaging human tissue, a water-based gel is applied to the area of interest,

to couple the transducer to the tissue and reduce the effects of impedance mismatch

from air. A small force is also applied to the transducer to ensure coupling with

the skin surface. This means that, if it is to be used to simulate minimally invasive

surgery, the phantom should also have the potential to be used in this way; it needs

to have a surface that coupling gel can be applied to, and be able to withstand

light pressure from the transducer. Many softer materials such as agar are not

especially suited to this, whereas PVA-c is appropriate, because the mechanical

strength can be altered by varying the freeze-thaw cycles, or by adding additional

acoustic scatterers into the mixture during fabrication.

2.4.2 Photoacoustic imaging

Photoacoustic imaging (PAI) is an emerging modality that provides information

complementary to conventional B-mode ultrasound imaging. With PAI, pulsed

excitation light is delivered to tissue, where it is absorbed by specific tissue con-

stituents and the corresponding temperature rise generates ultrasound waves via

the photoacoustic effect. Received ultrasound signals are processed to generate an

image [43]. Whereas B-mode ultrasound imaging yields information about vari-

ations in the mechanical properties of tissue, image contrast in PAI stems from

optical absorption by endogenous or exogenous chromophores. In the visible and

near-infrared (NIR) wavelength ranges, haemoglobin in blood is a prominent optical
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absorber, which means that vasculature can be visualised with high contrast [43]

and blood oxygen saturation can be estimated [44]. Lipids can also be prominent

optical absorbers in the NIR, so nerves can also be directly visualised [45, 46, 47].

Studies performed to date indicate that PAI has strong potential for clinical trans-

lation in a broad range of applications, including in guiding minimally invasive

surgeries and interventions [48].

PVA-c is suitable for PAI because its optical properties can be controlled by

varying the freeze-thaw cycles, or by adding additional contrast agents into the

material. Kharine et al. were able to control the optical characteristics of PVA-c

to mimic those of human breast tissue, by optimising the freeze-thaw cycles [49].

Other studies have used gel wax and PVCP as PAI phantoms; both of these are

optically transparent, unlike human tissue, and so optical scatterers are added for

optical contrast [50, 18].

2.4.3 Computed tomography

CT imaging uses x-rays to measure the attenuation of different tissues, and this is

used to create tomographic images of the organs of interest [51]. Different materials

used within a phantom will naturally have different densities and so different atten-

uation coefficients. The CT contrast within one material can also be changed by

adding a contrast agent. The majority of CT phantoms in the literature are used for

image quality assessment, rather than for clinical training, and are often 3D printed

in hard plastics, so may not adequately simulate soft tissues, or be compatible with

ultrasound imaging [52, 53]. It has also been challenging to fabricate CT phantoms

that are compatible with multimodality imaging [51].

2.4.4 Magnetic resonance imaging

The principles of MRI imaging are beyond the scope of this project and will not be

covered here. Briefly, for MRI imaging it is the T1 (spin lattice, or longitudinal)
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and T2 (spin spin, or transverse) relaxation times that are relevant and should

be similar to human tissue, in order for the phantom to be useful. In general,

this can be complicated to replicate in a phantom, but as PVA-c is predominantly

made of water, it naturally has MRI properties similar to that of human tissues.

PVA-c was shown as early as the 1980s to be a suitable MRI phantom material

[54]. Unlike the optical and acoustic properties of PVA-c, the MRI parameters do

not undergo significant changes with increasing freeze-thaw cycles, and once the

solution is solidified from a gel to a solid, the MRI parameters in the material

remain approximately constant [54]. This means that the freeze-thaw cycles can

be adjusted to address other imaging requirements, without drastically affecting

the MRI properties. As with CT phantoms, the MRI parameters can be tuned

for PVA-c by adding contrast agents added into the aqueous solution. PVA-c has

previously been used as a TMM for MRI imaging, and so is an appropriate material

to choose for multimodality imaging [55, 56]. One final, important consideration

for MRI phantoms, is that they must be free of any metal, as the inclusion of any

ferromagnetic materials could cause distortions to the image, and pose a safety

risk.

2.5 Conclusion

In the literature there are many ‘home-made’ phantoms used as alternatives to

commercial phantoms. These phantoms aim to overcome some of the limitations

described, such as limited patient-specific geometries, restricted compatibility with

imaging modalities, and high cost. However, the published methods often use ex-

pensive, hard to source, or toxic materials, and the fabrication processes can be

complex and difficult to follow. Methods that are less complex, on the other hand,

may not have the required level of anatomical detail and cannot accommodate for

variations between individual patients.

Therefore, there is a high unmet need for a novel phantom that addresses these
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limitations. The following work aims to address this, and create of patient-specific

phantoms that have realistic imaging properties, and are suitable for the multi-

modality imaging techniques used in minimally invasive surgery.
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This chapter describes a novel fabrication technique for creating patient-specific
vascular phantoms, which are compatible with multi-modality imaging. The pre-
liminary work for this was presented by the author of this thesis at SPIE Photonics
West, and published as a conference paper [57]. The subsequent developments were
combined with work in 4 Chapter 4 and have been submitted to the International
Journal of Computer Assisted Radiology and Surgery (IJCARS).

3.1 Introduction

There are many applications of minimally invasive surgery where vasculature is

important - either as the target of an intervention, or because it must be avoided

during a procedure. Therefore, there are a number of applications where phan-

toms of the human vasculature would be useful tools. However, current methods

available to create such phantoms have limitations. In this chapter, a novel tech-

nique for the fabrication of patient-specific phantoms is presented. These phantoms

were developed for applications in minimally invasive coronary surgery, and so are

phantoms of the coronary vasculature. The background and literature described

here is, therefore, focused on this specific application, but the techniques presented

for phantom fabrication could be applied to other types of vasculature, in various

clinical scenarios.

3.1.1 Clinical background: coronary artery disease

Cardiovascular diseases, including coronary artery disease, are the leading cause of

death worldwide [58]. In 2016, coronary artery disease in particular had a global

prevalence of 154 million, which represented 2.2 % of the overall global burden of

disease [59]. In addition to the high burden of the disease, there is also a high eco-

nomic cost, which comes from hospitalisations, medication, and loss of productivity;

in France, the estimated average 2-year cost per patient with coronary artery dis-

ease is €1746 [60]. It is therefore of vital importance to treat and effectively manage

patients who have coronary artery disease.
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The underlying pathology that causes coronary artery disease is atherosclerosis.

This is where lipid accumulates and plaque forms in the walls of the coronary ves-

sels, often accompanied by low-grade inflammation [59]. The plaques can block the

vessels and restrict blood flow around the heart, leading to cardiovascular events

such as myocardial infarction, (more commonly known as a heart attack). Treat-

ments for the disease aim to provide relief of symptoms, but also to prevent future

cardiovascular events.

In order to give an accurate diagnosis and provide the patient with appropriate

treatment, it is often necessary to assess the extent and location of atherosclerosis

in the coronary vessels. Blood flow is directly linked to pathology in the coronary

arteries, so the most effective way to assess the extent of the disease is to look at the

flow through the vessels. To date, there is no suitable method to directly quantify

the flow through the coronary vessels. In clinical practice, coronary angiography

and intravascular ultrasound (IVUS) can be used to qualitatively assess the extent

of coronary artery disease, and guide stent implantation, which help to restore blood

flow by opening up the diseased vessels.

3.1.2 Technical background: vascular phantoms

For improvements in the diagnosis and treatment of coronary heart disease, phan-

toms are vital tools to enable efficient development of new medical devices. How-

ever, it is challenging to create anatomically realistic phantoms that simulate the

coronary vascular, due to its complex and branching structure. One of the main

limitations of vascular phantoms that have been developed to date is their lack of

compatibility with ultrasound or optical imaging. As IVUS is regularly used in

coronary interventions, phantoms need to have ultrasound compatibility in order

to be used to simulate these minimally invasive surgeries.

The basic requirements for a vascular phantom are in line with the general

requirements of a phantom, which were presented in Section 2.1. In this instance,
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the use of patient-specific data should allow the complex, branching structure of

the coronary vasculature to be replicated. As coronary angiography and IVUS are

used clinically, for minimally invasive surgeries to treat coronary artery disease,

vascular phantoms for these applications must be compatible with both ultrasound

and X-ray imaging. It is also important that vascular phantoms have hollow vessel

structures, which can be connected up to a flow setup, to allow fluid to be passed

through the vessels and simulate blood flow around the coronary vasculature.

In the literature, two main techniques have been developed for creating vascular

phantoms. They are either what is referred to as a ’walled’ phantom, or they are

created to be ’wall-less’ phantoms. Regardless of the technique used, there are basic

structural features that vascular phantoms need to have, and development of novel

phantoms should be based around this basic features. A basic phantom and its

required structures are outlined in Fig. 3.1. This includes the following:

1. A hollow vessel structure, the most basic being a straight vessel, as shown in

the diagram

2. The vessel should be surrounded by an appropriate tissue mimicking material

(TMM), which simulates the tissue surrounding the coronary vessels and gives

a more realistic imaging environment

3. A box to encapsulate the phantom, which also makes it easier to attach the

phantom to a flow setup

4. Blood mimicking fluid should be used to simulate blood flow through the

vessels

3.1.3 Walled phantoms

In walled phantoms the vessel structure is created using a solid material, such as

plastic tubing. This solid vessel structure is then embedded into a TMM. Various
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Figure 3.1: Diagram to show the necessary features for a vascular phantom

tubing materials have been used to create walled vascular phantoms, and these

materials were reviewed by Law et al. [61]. 3D printing has been implemented

to create walled vascular structures, including phantoms of an abdominal aortic

aneurysm and neurovasculature [62, 26]. However, 3D printed structures made of

hard plastics are not compatible with ultrasound imaging. Negative moulding of

TMMs, such as PVA-c, has be used to create walled vessels that are more realistic

than those created using plastic tubing [23, 63, 64, 65, 66, 67, 68, 69].

3.1.4 Wall-less phantoms

In wall-less phantoms, the material used to create the vessel structures is removed af-

ter the surrounding TMM has set, leaving a hollow space within the TMM, through

which fluid can be passed. A wall-less technique is often preferred, especially when

the phantom is to be imaged with ultrasound, as the lack of material at the vessel

wall reduces impedance mismatch between the surrounding tissue and the vessel

[70].

The simplest method used to create a wall-less phantom involves placing solid

rods - with a diameter the size of the required vessel diameter - into a box, and the

pouring the TMM over the rods. Once the TMM has solidified, the rods can be

pulled out; a visual explanation of this can be seen in Fig. 3.2. This method was

used as early as 1995 for the creation of phantoms with straight vessels [71, 72, 1].
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It is also possible to create simple bifurcations and stenoses using this method,

however, with this technique it is challenging to create more complex structures

[73, 74, 75].

Figure 3.2: A simple method for creating wall-less phantom, by removing plastic
rods from set tissue mimicking material; adapted from [1]

Another method for creating wall-less phantoms uses a lost casting technique

to make solid vessels in a metal alloy that has a low melting point. This metal

structure can be surrounded with a TMM and once that has set, the metal can

be melted away, leaving a wall-less structure. There has been success in creating

bifurcating and stenosed vessels using low melting point metals, and the technique

has even been used to create anatomical replications of a human carotid bifurcating

artery and a renal artery [76, 77, 78, 63]. However, using metals increases the cost

and complexity of the fabrication process.

Finally, in a recent study by Ho et al., 3D printing was used to create vessel

structures made of polylactic acid (PLA) [79]. The structures were embedded in

the phantom and removed after the TMM had set, by submerging the phantom in

chloroform to dissolve the PLA. This technique produced wall-less phantoms with

tortuous anatomical structures, but the use of chloroform should be avoided, as it

is a dangerous chemical and known carcinogen.
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3.2 Methods

As part of this thesis, a novel technique for fabricating wall-less vascular phantoms

was developed. The process uses 3D printing in a water soluble material, which

enables patient-specific phantoms, to be created. The technique and development

process is described in detail here. The early stages of this work were published

as a conference paper at SPIE Photonics West 2019, entitled ’Wall-less vascular

polyvinyl alcohol gel ultrasound imaging phantoms using 3D printed vessels’ [57].

The technique was then further developed to include patient-specific data, and

add compatibility across a range of imaging modalities, which meant that these

phantoms are highly relevant for surgical planning and clinical training in minimally

invasive surgical procedures.

3.2.1 Overview

In the novel fabrication method, vessel structures were 3D printed in in water

soluble PVA, and embedded into the TMM. As mentioned previously, PVA-c was

chosen as the TMM, but these are two different forms of the same material. Printed

PVA is a solid plastic that dissolves when submerged in water, whereas PVA-c is

an aqueous solution of the material, that can be solidified through freeze-thaw

cycles. Once the 3D printed structures had been embedded into the TMM, they

were subsequently dissolved, leaving hollow, wall-less vessel structures. The various

stages of the fabrication process are summarised in Fig. 3.3:

Figure 3.3: The six key stages of the process developed here, to create wall-less
vascular phantoms
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3.2.2 Printing resolution tests

The minimum dimensions achievable for 3D printed vessel structures were investi-

gated by printing small vessel segments of various lengths. CAD models of straight

vessels, 30 mm in length, were created in Autodesk Fusion 360 and then printed

in incrementally smaller sizes, until the prints failed. Both hollow and solid prints

were tested, using the Ultimaker 3. It was thought that hollow vessels would be pre-

ferred over solid printed structures for phantom fabrication, as it could enable the

printed structures to be dissolved more easily. Hollow vessels would also be more

difficult to print effectively, and so both hollow and solid structures were tested to

see what was achievable.

In the first stage of this work, the vessel structures were created manually, rather

than being extracted from patient-specific data, and this was simpler and provided a

proof of concept. Computer aided design (CAD) software was used to design these

structures, (Autodesk Fusion 360, Autodesk Inc., San Rafael, California, United

States) and they were saved as .stl files, which are compatible with 3D printing

software. In this project, the software used for this was Cura, (Ultimaker, Utrecht,

Netherlands). Once the STL files were imported into the software, suitable print

settings were selected, including 20% infill and the ‘fast’ option, to reduce the

time required for printing. These structures were then printed on a commercially

available printer, the Ultimaker 3, (Ultimaker, Utrecht, Netherlands), using PVA

at the printing material (RS Components, Corby, United Kingdom).

3.2.3 Vessel fabrication

Three different designs were printed: a straight vessel, a stenosed (narrowed) vessel,

and a bifurcated (branched) vessel. The 3D printed structures can be seen in Fig.

3.4. Vessels were all printed standing upright on the baseplate, with no support

material used. The straight vessel was 120 mm in length, with a 10 mm outer

diameter. The stenosed vessel was also 120 mm in length, with a 10 mm outer
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diameter and a 50% stenosis in the middle section that was 30 mm long and 5 mm

in diameter at the narrowest point. The straight section of the bifurcated vessel was

70 mm long with a 10 mm outer diameter; each branch was 60 mm long. The two

branches of the bifurcation had a 10 mm and 8 mm outer diameter, respectively,

and the angle between them was 90◦.

Figure 3.4: 3D printed vessel structures used to create first iteration of phantoms
(a) straight vessel (b) vessel with 50% stenosis (c) bifurcation

3.2.4 Patient-specific vessel fabrication

Once the technique had been developed using manually designed vessels, it was

expanded to include patient-specific phantoms, which was achieved by 3D printing

patient-specific vessels, segmented from patient scans. Two examples shown here
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include a carotid artery and a branched coronary vessel. These two structures

are relevant in minimally invasive interventions, and are often imaged using either

external or internal ultrasound, as well as CT or MRI imaging.

For the carotid artery, a patient-specific model was obtained from an online

repository (http://grabcad.com; GrabCAD, Cambridge, Massachusetts, United States).

The STL was then imported into the 3D printing software, as before, and printed

in PVA. The CAD model of the vessel and the printed structure can be seen in

Fig. 3.5. The carotid artery was chosen, as it is an important vessel in coronary

interventions and is also located superficially in the neck, so is imaged clinically

using external ultrasound, unlike a significant amount of the coronary vasculature,

which is located too deep under the surface for external ultrasound imaging.

Figure 3.5: Carotid vessel used to create patient-specific phantom (a) CAD model
of vessel downloaded from GrabCAD (b) the same vessel 3D printed in PVA-c

The coronary vessel phantom was created from an anonymised patient CT

scan. The scans were obtained, and vessels segmented prior to this project. Clin-

ically, intravascular imaging does not occur over the whole coronary tree - in-

stead, it is performed over specific areas of interest and therefore, a small sec-

tion of the coronary tree was chosen. This enabled the method to be tested,

and for realistic clinical imaging to be conducted. The segmented coronary tree,

and chosen section for printing can be seen in Fig. 3.6. The segmentation was

loaded, into Meshmixer (Autodesk Inc., San Rafael, California, United States;

https://grabcad.com
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http://www.meshmixer.com/), which enabled the model to be manipulated, and

a section to be extracted and 3D printed. The vessel section chosen was small (ap-

proximately 2.5 mm diameter) and branched, as small branching structures have

been especially challenging to fabricate using current phantom fabrication methods.

Figure 3.6: Segmented coronary tree that was used to create second patient-specific
phantom. Zoom section included portion used in the phantom

3.2.5 Printing with PVA

The manually designed and patient-specific structures were 3D printed in PVA.

This PVA filament used for 3D printing can absorb water from the surrounding

environment, which affects the quality of printed models; therefore, care was taken

to ensure the PVA used was dry prior to use. When not in use, spools of PVA

were kept in a sealed contained along with a desiccant. It was also found that the

PVA printed well at 200◦C, but above this temperature there was a tendency for

the PVA to burn, so that the print quality was reduced and the printed vessels had

exteriors that were less smooth. During printing, the baseplate was heated to 60°C,

to provide good adhesion to the plate.

Preliminary studies showed that in some instances, the aqueous solution used

 http://www.meshmixer.com/
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to create PVA-c partially dissolved the printed structures before it has solidified.

Therefore, printed structures were coated in parylene (approx. 3 µm) to waterproof

them and stop them from dissolving before intended. It was also found that hollow

3D printed PVA vessel structures dissolved much more quickly than solid ones,

however, at small scales it was challenging to print hollow structures.

3.2.6 Phantom preparation

The printed structures were combined with a TMM to create the final phantom.

Containers were made to shape and encapsulate the phantoms by laser cutting and

combining sheets of acrylic. Holes in each end face of the container allowed printed

vessel structures to be slotted in. These containers allowed the phantoms to be free

standing and portable. For the straight and stenosed phantom, the box dimensions

were 50 mm × 50 mm × 100 mm; for the bifurcation phantom, the box dimensions

were 100 mm × 50 mm × 112 mm.

The TMM used was PVA-c, for reasons discussed in 2, and this was fabricated

using a method adapted from Kharine et al. [49]. A 10% w/w aqueous solution was

created by mixing the solid PVA powder with water, in a temperature controlled

water bath (HBR4 control, IKA), using an electronic stirrer (Eurostar Digital 20,

IKA). Each batch of PVA-c was 1500 ml, as this amount of solution was found to

be optimal for the apparatus; if smaller batches were made, there was not enough

solution in the conical flask for adequate and homogeneous stirring.

To make up these 1500 ml batches, a 2 L conical flask was used, with 1350 ml

of deionized water added. The deionised water was parboiled before being added to

the conical flask, so that it was hot, but was not allowed to boil completely, to avoid

significant amounts of the water being lost to evaporation. The flask of water was

suspended in the water bath, set at 90◦C, and the electronic stirrer was added and

set to 1800 rpm. PVA powder (Sigma Aldrich 99%+ hydrolysed, average molecular

weight 85,000-140,000) was added gradually over 30 min. The solution was then
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left to stir for 90 min to allow for the PVA powder to completely dissolve.

Subsequently, the conical flask was removed from the water bath and the solution

was left to cool at room temperature for approximately 10 min. Once cool enough

to handle, 0.5% w/w glass microspheres (53 - 106 µm) were stirred into the PVA-c

solution for additional ultrasound contrast. In the later work using patient-specific

vessels, sonication was used at this stage, to ensure homogeneous mixing of the

glass spheres with the PVA-c; each batch was sonicated for 5 mins. In early work,

problems were encountered with the longevity and storage of the phantoms, as they

had to be stored in the fridge and did not last more than around a month, before

becoming mouldy. Different preservatives were researched, and so for the patient-

specific phantoms, potassium sorbate was also sonicated into the aqueous mixture

of PVA-c as preservative. This material has been used previously in phantoms as an

antimicrobial agent, and is safe to use, as it is a food preservative. Literature values

often use 0.3% potassium sorbate, but in these phantoms 0.5% w/w was found to

be a suitable amount to preserve the phantom for months, without affecting any of

the other properties of the phantom. The phantoms could then be kept at room

temperature, in a sealed bag to prevent them drying, and could be stored for months

at a time.

When the PVA-c mixture was ready, with all the relevant contrast agents and

preservatives added, it was poured into the phantom containers, over the 3D printed

vessel structures that were positioned inside. In the preliminary studies with man-

ually created vessel structures, the phantoms were left to cool for an hour at room

temperature before the freeze-thaw cycles were started. A single freeze-thaw cycle

involved freezing at -20◦C for 24 h and thawing in the fridge at 5◦C for 24 h. Each

phantom underwent one freeze-thaw cycle. After the thawing was complete, the

phantoms were submerged in deionized water for 48 h to dissolve out the printed

structures.

In the subsequent work, where patient-specific vessels were used, the phantoms
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underwent two freeze-thaw cycles, rather than the one used in earlier. This was

because it was subsequently found that after two cycles phantoms were more me-

chanically robust. It was then easier to manipulate them for ultrasound imaging in

the same way that human tissue would be, and so they were more realistic.

3.2.7 Concentration tests

Initially, the vascular phantoms described here were only compatible with ultra-

sound imaging. Later in the work, the benefits of adding compatibility with include

computed tomography (CT) and MRI were realised, as it would increase the utility

of the phantoms if they were compatible across a clinically relevant range of imag-

ing modalities. Limited literature is available on the use of CT and MRI contrast

agents in PVA-c and so, in order to validate the concentrations that should be used

for appropriate tissue mimicking contrast, various concentrations of CT and MRI

contrast agents were investigated in conjunction with PVA-c.

Barium sulphate (BaSO4) was chosen as the CT contrast agent; this is used

clinically, so is safe to use and relatively easy to source. BaSO4 is insoluble in water

and therefore, once the freeze-thaw cycles are performed, it is unlikely that the

contrast agent would bleed out into other structures. For the MRI contrast agent,

copper sulphate (CuSO4) was chosen. Unfortunately, this is a toxic material, and is

soluble in water, but it was not possible to obtain a suitable alternative. Gadolinium

is used clinically for MRI imaging, and is also toxic in its native state. As a contrast

agent, it is used with a chelating agent, which is thought to overcome its toxicity, so

it is safe to administer. However, there is also research to suggest that it is not as

safe as originally thought [80], and in the context of this research, copper sulphate

was easier to obtain and work with.

A test phantom was constructed to verify that varying the concentration of one

contrast agent would not affect the performance of the other, and experiment with

the appropriate levels to use for a tissue mimicking phantom. The test included 12
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separate samples in a 3 × 4 configuration, where each sample contained 10% w/w

PVA-c with 0.5% w/w glass microspheres for constant ultrasound contrast and

0.5% w/w potassium sorbate as a preservative. All samples underwent two freeze-

thaw cycles. The concentration of CuSO4 and BaSO4 in each sample was varied so

that each row of the test phantom contained varying concentrations of CuSO4, and

each column contained varying concentrations of BaSO4. The concentration range

of interest was between 0 - 10% for BaSO4 and 0 - 1% for CuSO4, based on the

literature [56].

3.2.8 Imaging

Ultrasound images of the phantoms were acquired using a clinical scanner (MDP

Ultrasonix, Richmond, Canada) and a linear array probe (14-5 MHz). Phantoms

were submerged in water for imaging, to allow for coupling between the probe and

the TMM and to remove air from the wall-less vessels.

IVUS imaging was also performed on the patient-specific phantoms. This was

performed at the Royal Free Hospital, using a 40 MHz OptiCross Coronary Imaging

Catheter (Boston Scientific, United States), with the phantoms submerged in water.

CT images were acquired using an O-arm 3D mobile X-ray imaging system

(Medtronic Inc, Minneapolis, USA). T1 MRI images were acquired with a 3T system

(MAGNETOM Prisma scanner, Siemens, Munich, Germany). The protocol used

for the MRI acquisition with this scanner can be found in Appendix A.

3.2.9 Image Analysis

The image analysis was performed in MATLAB. Data from the CT and MRI imag-

ing were imported, stored, and displayed as an image. Regions of interest (ROIs)

were created by drawing ellipses and displaying these as an overlay on the image;

in this way, it was ensured that the ROI included a significant proportion of the

sample and not the background. Data were then extracted from the ROI and used
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to calculate the mean value, which could be recorded, or plotted against the con-

centration of the sample. At this stage, the mean image intensity was extracted

for each sample, to demonstrate how the resulting image intensity of the phantoms

created here could be varied by varying the concentration of additives. In future

chapters, such as in Section 6.2.10, the intrinsic values such as T1 relaxation time

were extracted, rather than the image intensity.

3.3 Results

The results from the printing resolution and concentration tests are presented first,

and these were used to inform decisions later in the phantom fabrication process.

The results are also presented separately for the first iteration of phantoms, and

the further developments that included patient-specific vessels.

3.3.1 Printing resolution tests

The results from the printing resolution tests showed that it was possible to print

solid vessels down to a diameter of 1 mm. However, vessels with a diameter less than

5 mm did not print smoothly and excess material that was not part of the original

design was left around the edges of the structure. Vessels that had a diameter less

than 1 mm could not be printed; this was consistent with the size of the print core

that is used to print the PVA material, which has a 0.8 mm nozzle. The results of

these printing resolution tests for solid vessels can be seen in Fig. 3.7.

Hollow vessel structures could be printed, with an outer diameter as small as 3

mm. The hollow structures were, in general, smoother than the solid ones, which

may have resulted from differences in the way the print was built up. A thinner

vessel wall would dissolve more easily than a thicker one, so the minimum achievable

wall thickness was investigated, and it was found that a vessel wall of 1 mm could

be printed using the 0.8 mm Ultimaker 3 printing nozzles. The results from the

tests with hollow structures can be seen in Fig. 3.8. The diameters quoted in the
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Figure 3.7: Resolution achieved of solid vessels printed with Ultimaker 3, with
decreasing diameters (a) 5 mm (b) 4 mm (c) 3 mm (d) 2 mm (e) 1.5 mm (f) 1 mm.
Scale bar applies to each image and arrows indicate excess printed material that
was not part of the original design

figure are the values used to create the CAD models, but these were not actually

achieved in the final print, due to limitations in the printing process. Below 3

mm, the vascular structures could be printed, but they were not hollow, as all the

printed material joined together and produced a solid vessel. This can be seen in

Fig. 3.8(d), where the CAD model specified that the structure should have a 2

mm outer diameter and 1 mm inner diameter, but the printed structure was not

hollow, and all the material had merged together.

3.3.2 Concentration tests

A schematic to show how the concentration test phantom was fabricated is shown

in Fig. 3.9. This test phantom was imaged with both CT and MRI; the CT

results are presented in Fig. 3.9(a) and the MRI results are presented in Fig.

3.9(b). With increasing BaSO4, there was an increasing CT signal and likewise,

with increasing concentration of CuSO4, there was an increasing MRI signal. The

mean and standard deviation of image intensities for CT and MRI for each of the

12 samples are provided in Table 3.1. This shows that varying the CT contrast

did not affect the MRI contrast, and vice versa, meaning that phantoms can be
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Figure 3.8: Resolution achieved for hollow vessels also printed with Ultimaker 3,
with decreasing diameters and varying wall thicknesses (a) 5 mm outer diameter, 4
mm inner diameter, (b) 4 mm outer diameter, 2 mm inner diameter (c) 3 mm outer
diameter, 1.5 mm inner diameter (d) 2 mm outer diameter, 1 mm inner diameter.
Scale bar applies to all images

fabricated where the CT and MRI contrast are considered separately. From this

test phantom, the concentrations to be used in phantom fabrication were chosen.

Figure 3.9: Images acquired with concentration test phantom (a) schematic to
illustrate the phantom (b) CT imaging, where concentration decreases down each
column (c) MRI imaging, where concentration increases across each row



3.3. Results 61

Table 3.1: Average CT and MRI image intensities for the concentration test phan-
tom samples

Sample no. [CuSO4] [BaSO4] CT mean ± std MRI mean ± std
1 0.01% 0.5% 0.2898 ± 0.0076 0.8517 ± 0.0524
2 0.1% 0.5% 0.3018 ± 0.0092 0.3323 ± 0.0285
3 1% 0.5% 0.3158 ± 0.0333 0.1083 ± 0.0161
4 0.01% 1% 0.3310 ± 0.0076 0.7516 ± 0.0396
5 0.1% 1% 0..385 ± 0.0083 0.2646 ± 0.0152
6 1% 1% 0.3611 ± 0.0111 0.1530 ± 0.0248
7 0.01% 5% 0.4818 ± 0.0117 0.7657 ± 0.0497
8 0.1% 5% 0.4988 ± 0.0170 0.2869 ± 0.0155
9 1% 5% 0.5907 ± 0.0385 0.1053 ± 0.0095
10 0.01% 10% 0.7631 ± 0.0681 0.8354 ± 0.0519
11 0.1% 10% 0.7213 ± 0.0498 0.2639 ± 0.0237
12 1% 10% 0.8487 ± 0.0417 0.1186 ± 0.0094

3.3.3 Manually designed phantoms

Using the novel fabrication technique described, wall-less ultrasound vascular phan-

toms were successfully fabricated. The straight vessel phantom is shown in Fig.

3.10, the stenosis phantom is shown in Fig. 3.11 and the bifurcation phantom is

shown in Fig. 3.12. The photo in Fig. 3.10(a) shows the finished phantom after

one freeze-thaw cycle and the white opaque appearance of the solid PVA-c is ap-

parent, whereas the photos in Fig. 3.11(a) and Fig. 3.12(a) show the phantom

before the freeze-thaw process, so the aqueous gel can be seen. The yellow tape in

all photos is a material that was used to hold the acrylic boxes together in place of

glue, for ease of fabrication and re-use.

With ultrasound imaging, as shown in Fig. 3.10(b), Fig. 3.11(b), and

Fig. 3.12(b), the wall-less vessels were clearly visualised, with smooth walls.

The hyperechoic regions around the vessel wall may be a result of some material

being left behind after the printed structures were dissolved away if the vessels were

not thoroughly flushed through with water. The size of the vessels as seen in the

ultrasound images are consistent with the CAD designs, within 0.5 mm. There were

some inhomogeneities in the background TMM, likely arising from inhomogeneous
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mixing of the glass spheres, which were added for ultrasound contrast. This was

mitigated in future iterations by sonicating the aqueous solution after the glass

spheres had been added.

Figure 3.10: (a) Photo (end view) of straight vessel phantom after one freeze-thaw
cycle. Yellow tape was used to hold the acrylic box together, for ease of fabrication
and re-use (b) cross-sectional ultrasound image of the vessel

Figure 3.11: (a) Photo of stenosed vessel structure submerged in PVA-c, before one
freeze-thaw cycle (b) longitudinal ultrasound image of the vessel

3.3.4 Patient-specific phantoms

External ultrasound imaging showed that the carotid artery phantom had be suc-

cessfully fabricated. The TMM had a homogeneous speckled appearance, consistent

with human tissue. The vessels structures could be clearly visualised and differen-
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Figure 3.12: (a) Top view of the bifurcation phantom with aqueous PVA-c added,
before one freeze-thaw cycle, with dashed line to indicate ultrasound imaging plane
(b) cross sectional ultrasound image of the two vessels

tiated from the surrounding TMM. When measured on the ultrasound machine,

the vessels had the same diameter as the printed structures, within 1mm, although

these measurements were not formally recorded. A selection of ultrasound images

from the carotid artery phantom can be seen in Fig. 3.13, including cross sections

of the single vessel, the bifurcation point, and a plane where both vessel branches

can be seen. It was also possible to visualise the vessel in a longitudinal plane,

showing one branch and the slight narrowing at the bifurcation. The carotid artery

phantom also had a realistic appearance with CT and MRI imaging, as seen in Fig.

3.14, where (a) is a schematic to highlight what the images are showing, (b) shows

the CT image, and (c) shows the MRI image.

The coronary vessel phantom was imaged using both external and internal imag-

ing techniques. External imaging modalities demonstrated that the phantom had

been successfully fabricated, and internal imaging was used to test the phantom

in a realistic clinical environment. The external imaging results can be seen in

Fig. 3.15. The box created was slightly too large for the printed vessel structure,

and so the holes needed to be plugged with Blu Tack, resulting in some distortion

around the edges of the phantom. As with the previous phantom, with ultrasound

the TMM had a homogeneous speckled appearance, and the two vessels could be
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Figure 3.13: External ultrasound images of carotid artery phantom, showing wall-
less vessels and homogenous background tissue mimic, (a) cross section of single
vessel (b) longitudinal view of one branch (c) cross section at the bifurcation point
(d) cross section showing both vessel branches

Figure 3.14: Multi-modality imaging of carotid artery phantom (a) schematic (b)
CT imaging (c) MRI imaging, where some small bubbles can be observed in the
background material

clearly and easily visualised.

The coronary vessel phantom was successfully imaged with IVUS in a hospital

setting. This demonstrated that the phantom could be easily used in a clinical set-

ting for clinical training, surgical planning, or testing new devices and techniques.

The phantom had a realistic appearance with IVUS, and the TMM appeared homo-

geneous, with attenuation visually consistent with clinical images. The vessel and

bifurcation into two branches, was clearly apparent. The vessel wall has a subtle

appearance, as is seen in clinical images. The phantom was damaged by a sharp

object during transportation, which manifested as an absence of signal near the
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Figure 3.15: Multi-modality imaging of coronary vessel phantom (a) CT imaging,
with dashed line to show ultrasound imaging plane. Distortion occurs at each end
of the vessel, as the printed structure was smaller than the box it was encased it and
therefore the hole had to be plugged with extra material (b) ultrasound imaging
shows clearly the two wall-less vessels and homogeneous background

vessel, and this is highlighted by an arrow in Fig. 3.16(c). Unfortunately, due to

COVID restrictions, it was not possible to perform further IVUS imaging as part

of this project.

Figure 3.16: Intravascular imaging of coronary vessel phantom (a) straight vessel
segment, with vessel (V) clearly shown (arrow: internal vessel wall) (b) separation
into two vessels V1 and V2 (dashed green ellipses) at a bifurcation (arrow: TMM
forming a wall between two vessels); (c) bifurcation of the two vessels (V1 and
V2)with arrow highlighting a small hole created as a result of damage to phantom

3.4 Discussion

A method has been developed that enabled the fabricated of wall-less, vascular,

patient-specific phantoms. The technique uses PVA in two different forms - both

as a solid, 3D printing material and as an aqueous solution for forming the TMM.

This method has the potential to overcome some of the challenges experienced with
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previous phantom fabrication techniques, such as difficulty in creating complex or

patient-specific structures.

In this work, three basic geometries were demonstrated, as a proof of concept:

including a straight vessel, a stenosis, and a bifurcation. These geometries have

been realised using prior techniques, but the simplicity of the novel method was

demonstrated, and the resulting images were comparable with those achieved using

alternative methods. The technique was then applied to real patient data, and

patient-specific phantoms were created. The phantoms created were imaged using

ultrasound, CT, and MRI. They were also shown to be compatible with IVUS

imaging, and to the author’s knowledge, this is the first example of patient-specific,

intravascular imaging phantoms, using dissolvable vessels.

The phantoms presented here had a realistic appearance with both the external

and internal imaging modalities. From this, it is possible to conclude that the com-

bination of PVA-c and 3D printed PVA is a suitable method for creating wall-less,

anatomically realistic, vascular phantoms. These phantoms can be used in a clinical

environment, as was demonstrated here, and so could be used for clinical training

and surgical planning. They are also highly relevant in the testing and develop-

ment of novel medical devices, especially intravascular devices, as the phantoms

have the capability to be attached to a flow set up, to simulate blood flow around

the coronary vessels. As the phantoms have been demonstrated to be compatible

with many of the imaging modalities used in computer assisted interventions, there

is also the possibility of employing these methods to create phantoms that can be

used to provide large imaging data sets, for instance for training machine learning

models.

The novel method described is limited by the capabilities of 3D printing technol-

ogy, although there have been improvements in these technologies since the start of

this project. This is promising, and implies that smaller and more complex vascular

structures could be achieved in future, and if a larger 3D printer was obtained, much
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larger structures could also be replicated. Another limitation of the technique is the

time frame required to produce a phantom. If two freeze-thaw cycles are required,

it typically takes around two days to complete a phantom. In surgical planning

applications, this time frame could be a limiting factor, but for clinical training it

is unlikely to be problematic, and could be outweighed by the ease and cost effec-

tiveness of the models. In future, a climate chamber could be used to have tighter

control over the freeze-thaw process, and this could potentially be used to reduce

the time frames involved, but experiments would need to be undertaken to investi-

gate the effect of different conditions of the acoustic and mechanical properties of

the final phantom.

The early stages of the work were presented, by the author of this thesis, at

SPIE, and this was built on by other researchers, who used a similar technique, but

coated the 3D printed vessel structures in paraffin wax, to prevent them dissolving

into the TMM during the fabrication process. This is a useful alternative, as the

material is easier to obtain than the parylene used here, however the coating was

0.1 mm thick, and if part of the coating was left behind in the phantom, it could

cause image distortions. The authors also note that the use of a wax coating may

lead to irregular surfaces in the vessel lumen, as it is difficult to coat the vessels

evenly with the wax. Although the parylene coating method described here is more

challenging and costly to replicate, it produces more consistent results and is simpler

to implement successfully.
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This chapter builds on earlier work in Chapter 3 and applies the technique

described there for create patient-specific vascular phantoms, to enable ultrasound

compatible nerve block phantoms to be created. These phantoms have patient-

specific vasculature and can be used as clinical training tools, to simulate minimally

invasive procedures in regional anaesthesia. The content here is been adapted from

work that has been submitted to the International Journal of Computer Assisted

Radiology and Surgery (IJCARS).

4.1 Introduction

Once the fabrication technique described in Chapter 3 had been developed, it be-

came clear that there were many applications in minimally invasive surgery where

69
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phantoms created in that way would be highly useful. One such example is in re-

gional anaesthesia, where nerve blocks are routinely performed but required complex

and prolonged clinical training. Therefore, a collaboration was undertaken with an

anaesthetist from University Collelge London Hospital (UCLH), Dr Simeon West,

to further develop the work presented so far in this thesis, to enable the creation of

ultrasound compatible nerve block phantoms.

4.1.1 Clinical background

Peripheral nerve blocks are routinely used in clinical practice for minimally invasive

surgery and interventional pain management. They are an example of a regional

anaesthesia procedure, which are becoming ever more important with the expan-

sion of minimally invasive surgeries. Regional anaesthesia has been shown to have

favourable outcomes compared with general anaesthesia, and results in lower rates

of morbidity and mortality [81]. There are also economic benefits with undertak-

ing minimally invasive surgeries using regional anaesthesia as it results in shorter

hospital stays and lower costs.

A successful nerve block involves identifying the relevant nerve or plexus, insert-

ing a needle into the surrounding area, close to the nerve or plexus and injecting

local anaesthetic [82]. Real-time ultrasound guidance is the clinical standard for

performing these procedures as this has been shown to have many benefits over alter-

native techniques for nerve localisation [83], including increased success rate, faster

onset times and reduced rate of complications [84]. However, the skills required to

successfully perform the procedure - including image acquisition, anatomical recog-

nition and hand eye coordination - are complex, involve a steep learning curve, and

can only be acquired with extensive training and practise [81].

For training in this procedure, it is generally agreed that the traditional appren-

ticeship model, where trainees observe a procedure and then attempt to perform

one themselves under close supervision, is outdated [85]. This model can lead to
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inconsistencies in the experience clinicians are able to require, and compromise pa-

tient safety [84]. Cadavers can be used as an alternative to training on patients, but

there are many limitations with this model as well. For example, the formaldehyde

used to treat cadavers affects the tissue properties, and those that are not treated

do not last long; there is also a risk of infection. In addition, cadavers are rigid,

which means it can be challenging to rotate the neck to access and visualise the

plexus in that region. Cadavers are also expensive and have limited availability.

4.1.2 Technical background

For simulating peripheral nerve block procedures, meat-based phantoms are the

simplest option. However, despite being inexpensive, meat-based phantoms can

lack the anatomical realness of human structures and have a very limited lifespan.

Non-meat based phantoms are an attractive alternative, although here it can be

challenging to create an appropriate level of echogenicity in the phantom. If the

phantoms have very low background echogenicity, it can enhance the needle visibil-

ity, providing an unrealistic simulation environment [86]. Commercial phantoms are

also available, but these do not allow the replication of patient-specific anatomies,

as they are usually based on generic models. These commercial models can also

be prohibitively expensive and have a limited lifespan, due to the needle insertions

damaging the model and forming tracks in the TMM.

There are four key qualities that phantoms need to have, for applications in

regional anaesthesia and ultrasound guided nerve blocks. Firstly, they should repli-

cate the appropriate properties of human tissue (such as echogenicity) and enable

the visualisation of anatomical structures, such as nerves and vessels. Secondly,

the phantoms should be affordable, or cost effective. Thirdly, they should be safe

and non-toxic, so that they can be used in a clinical imaging environment. Finally,

it should be possible to perform needle insertions on the phantoms, without it ir-

reparably damaging the tissue mimicking material and preventing further use; the
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phantoms should be opaque so that when these needle insertions are performed, the

needle can only be visualised using ultrasound guidance, and cannot be seen from

outside the phantom [86].

There is limited literature on the fabrication of peripheral nerve block phantoms.

A common solution is to use meat such as chicken breast [87] or pork loin [88], with

objects embedded in them to simulate nerves and vessels. However, phantoms made

in this way cannot be stored and used repeatedly, and using solid objects as the

nerves creates an acoustic shadow, which can limit visibility of the needle. Tofu has

been used instead of meat, and although this is safer to use and lasts longer than

raw meat, it does not have a realistic ultrasound appearance [89]. More recently,

various hot dog sausages were used, embedded in gelatin [90]. The phantom was

not resistant to damage as a result of needle insertions, but the authors explain

that the tracks left by the needle can be eliminated by microwaving the phantom.

However, this may not be practical for clinical training, and gelatin is not a highly

durable material, so is likely to become damaged with repeated use. The majority

of nerve block phantoms in the literature also have limited anatomical realism, and

do not simulate patient-specific anatomies.

The literature shows that there is a need for a low cost, nerve block ultrasound

phantom that has self-healing properties and could be used in clinical training for

ultrasound guided nerve block procedures. Therefore, the aim of this chapter is to

create such a phantom, by building on techniques developed earlier in the thesis.

The main requirements of this phantom are that ultrasound imaging can be used to

visualise realistic anatomies, including nerves and vascular structures. In addition,

the phantom should also have the capacity to be used to simulate a nerve block

procedure, include needle insertions and hydrodissection, and be self-healing so that

this can be done repeatedly in the same phantom. As a proof of concept, a nerve

block phantom is created based on the brachial plexus, as this is a common clinical

target for nerve blocks, so important for clinical training, and can be compared with
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the commercially available ‘Blue Phantom’. Polyvinyl alcohol cryogel (PVA-c) was

used as the tissue mimicking material (TMM), due to its favourable properties,

which were discussed in Chapter 2.

4.2 Methods

The first stage of this work involved testing the self-healing properties of the chosen

TMM material, PVA-c. Using the results from these tests, a phantom was then

fabricated that included a patient-specific carotid artery, a vein, and multiple nerve

structures. In clinical practice, with ultrasound imaging, nerves either appear hy-

perechoic or hypoechoic, depending on their location within the body (Fig. 4.1).

This work demonstrated the creation of both hyperechoic and hypoechoic nerves,

meaning the method can be tailored depending on the intended application and

nerve or plexus of interest.

Figure 4.1: Ultrasound imaging of human nerves in vivo (a) example of hyperechoic
nerves (b) example of hypoechoic nerves (c) marked up version of image in a to
highlight artery (A) surrounded by the lateral, median, and posterior cord, which
are hyperechoic nerve bundles (white ellipses) (d) marked up version of image in b to
show artery (A) surrounded by brachial plexus divisions, which appear hypoechoic
(*)

https://simandskills.com/products/regional-anaesthesia-ultrasound-training-block-model
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4.2.1 Self-healing tests

An initial test was undertaken, to investigate the self-healing properties of the

TMM, and inform the choices for the phantom fabrication process. For this, three

versions of a PVA-c phantom with the same geometry were created. The phantom

was very simple and had only a single wall-less vessel, surrounded by PVA-c, so that

there was a landmark for ultrasound imaging. These simple phantoms were created

using methods described in Chapter 3. The three phantoms had varying levels of

glass microspheres (53 - 106 µm) added to them, so they each had a different level

of background echogenicity, to test the effect of the self-healing capabilities, and

to investigate which would be most appropriate in the final nerve phantom. The

first phantom had no added glass microspheres, the second had 0.05% w/w glass

microspheres, and the third had 0.5% w/w glass microspheres.

Once the phantoms had undergone two freeze-thaw cycles, they were (one at

a time) fixed into a water bath for imaging with ultrasound. A clinical scanner

(MDP Ultrasonix, Richmond, Canada) and linear array probe (14-5 MHz) were

used in this case. The ultrasound probe was fixed using a translational stage, so

that it was in contact with the phantom surface, in a plane where the vessel could

be visualised. A 22G needle was inserted into the phantom and care was taken to

ensure the needle was also in plane. An image was then taken during the needle

insertion, and directly after, to see if any tracks were left in the phantom.

4.2.2 Phantom fabrication

A schematic was drawn up, based on human images and advice from clinicians,

to outline the proposed structure of the nerve phantoms. This schematic was sent

to the clinician (Dr Simeon West) for feedback, and subsequently annotated to

communicate thoughts on the geometry and depths of the structures included, to

ensure the phantom would have enough clincal relevance. The schematic underwent

multiple iterations during the planning stages of this work, and the final version,
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that was used to create the phantoms here, can be seen in Fig. 4.2.

Figure 4.2: Final schematic of nerve phantom, with patient-specific artery (A), vein
(V), and three hyperechoic nerves (N)

Once the geometry of the phantom had been decided on, the first step of the

fabrication process was to create the PVA-c that was to be used as the TMM. A

10% w/w solution of PVA-c was made, by mixing the PVA with deionised water,

as described in Chapter 3. To the aqueous solution, 0.5% w/w potassium sorbate

was added as a preservative; potassium sorbate is used as a food preservative so

is safe to use. The solution was left to cool and stored in airtight containers until

needed later in the fabrication process.

The wall-less vasculature structures were fabricated using the methodology pre-

viously described in Chapter 3. To demonstrate the feasibility of including patient-

specific structures in the phantom, a segmented patient-specific carotid artery was

obtained from an online repository (GrabCAD, Cambridge, Massachusetts, United

States; https://grabcad.com) and 3D printed in PVA. This form of PVA is different

to the cryogel material used later for the TMM; it is a solid plastic, often used as

a support material in 3D printing, as it is water soluble. The vein structure was

https://grabcad.com
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drawn manually using computer aided design (CAD) software (Autodesk Fusion

360, Autodesk Inc., San Rafael, California, United States), and also 3D printed in

PVA. All 3D printing in this work was performed using the commercially available

Ultimaker 3, (Ultimaker, Utrecht, Netherlands).

To create the hyperechoic nerve structures, negative moulds were drawn in CAD

software and 3D printed in polylactic acid (PLA). A portion of the PVA-c was

measured out, and 1% w/w glass microspheres (53 - 106 µm) were added. The

mixture was sonicated to ensure homogeneous mixing of the glass spheres. This

mixture was poured into the nerve moulds, which then underwent two freeze-thaw

cycles. At the end of the freeze-thaw cycles, the nerve structures were removed from

the moulds. These nerves had a 5mm diameter, as using this fabrication method,

it was challenging to create nerve structures with smaller diameters.

The phantom was assembled by placing the carotid artery, vein, and nerve

structures into a laser cut box. The remaining PVA-c was mixed with 0.5% glass

microspheres, sonicated, and poured over the structures within the box. The whole

phantom subsequently underwent two freeze-thaw cycles, to change the aqueous

PVA-c solution to a solid material. Once the freeze-thaw cycles were completed,

the phantom was submerged in water for 24 hours, to allow the 3D printed vessel

structures to dissolve.

To create the alternative anatomy with hypoechoic nerves, the nerves were cre-

ated as wall-less structures, rather than by using the negative moulds described

above. This was achieved by placing solid rods at the desired location of the nerves,

and removing the rods when the phantom had undergone the full freeze-thaw cycles.

In this case, it was possible to create nerves with a smaller diameter, and these were

3mm.
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4.2.3 Testing peripheral nerve phantoms

Ultrasound images of the peripheral nerve phantoms were acquired at UCLH, using

a clinical scanner (Sonosite S2, Bothell, Washington, United States) and a high

frequency linear probe (13-6 MHz). An anaesthetist (Dr Simeon West) performed

the imaging and needle insertions, to ensure they were done correctly and in a

clinically realistic manner. This also made it possible to get live feedback as to the

mechanical and acoustic realism of the phantoms, from a clinician who regularly

performs the nerve block procedures. All phantoms were submerged in water for

imaging, to allow for coupling between the probe and the TMM and to remove air

from the wall-less vessels.

In addition to ultrasound imaging, the peripheral nerve phantoms were used to

simulate needle insertions and hydrodissection, under ultrasound guidance. This

was also performed by Dr Simeon West. Clinical needles were used, including both

18 G and 22 G. To simulate hydrodissection, water was injected into the phantom,

in close proximity to the nerve.

4.3 Results

4.3.1 Self-healing tests

These initial tests showed that when needle insertions were performed on PVA-c

with no added backscatterers, large artefacts were observed, making it challenging

to accurately localise the needle tip within the material (Fig. 4.3a). With no added

backscatterers, the needle also left obvious tracks within the TMM (Fig. 4.3b)

for ultrasound imaging, and these took up to a week to disappear. The artefacts

and presence of tracks means that with PVA-c with no added backscatterers is not

suitable for creating clinical training phantoms where needle insertions are required.

Once backscatterers were added into the PVA-c however, phantoms had the ability

to heal, or at least obscure any visible damage to the phantom, so that the needle
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Figure 4.3: Self-healing test for phantom with no added backscatterers, (a) during
needle insertion; white arrow points to the needle and green arrow points to the
artefact (b) after needle insertion; white arrow points to track left by needle

tracks were not visible with ultrasound imaging after the needle had been removed.

This was demonstrated even with a low amount of backscatterers (0.05% w/w). As

shown in Fig. 4.4, with this concentration of glass microspheres, the needle did

not leave any visible tracks in the material once it had been removed. There is an

artefact in the images in Fig. 4.4, but it is thought to be a result of reflections from

the bottom of the imaging tank, rather than by the needle in this case. In future,

an absorbent material could be used to line the bottom of the imaging tank to

prevent such artefacts. The phantom with 0.5% w/w backscatterers produced the

Figure 4.4: Self-healing test for phantom with 0.05% backscatters, with white arrow
pointing to needle tip and green arrow pointing to artefacts (a) during needle in-
sertion with dashed green line to highlight wall-less vessel (b) after needle removal,
with no visible needle tracks behind the needle tip

most favourable results. The background material had a homogeneous appearance,
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and images were acquired without any artefacts. As seen in Fig. 4.5, the needle

could clearly be visualised within the phantom, and immediately after removal of

the phantom, there was no visible damage to the TMM. The ultrasound probe

was fixed during the imaging process to ensure the images were all acquired in the

same plane, but once these had been taken the probe was also released from the

translational stage, so that imaging could be performed in various different planes,

to confirm that the lack of needle tracks was not due to a misaligned imaging plane.

Figure 4.5: Self-healing test for phantom with 0.5% w/w glass microspheres, (a)
during needle insertion, with arrow to highlight needle location (b) after needle
removal with no visible tracks

4.3.2 Peripheral nerve phantom

Ultrasound imaging showed that the phantom had been successfully fabricated (Fig.

4.6). The TMM had a homogenous speckled appearance, consistent with human

tissue, and the vessel structures could be clearly visualised. The nerves were visu-

alised as either hyperechoic (Fig. 4.6) or hypoechoic (inset of Fig. 4.6), which

demonstrated that both anatomical presentations could be replicated within the

phantom. It was challenging to fabricate hyperechoic nerves with diameters less

than 5 mm, but with the hypoechoic anatomy, nerves were successfully created

with 3 mm diameters. However, in both cases the nerves were clearly visualised

with ultrasound, and there was no shadowing underneath the structures, as was
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seen in other phantoms in the literature. Ultrasound guided needle insertions were

Figure 4.6: Ultrasound imaging of nerve phantom with artery (A), hyperechoic
nerves (N) and inset (green box) to show alternative appearance of hypoechoic
nerves. A vein was also included in the phantom, but cannot be seen in this image

successfully performed on the phantom. The insertion of a 22G clinical needle into

the phantom with hyperechoic nerves is shown in Fig. 4.7. It was possible to

visualise the needle in a realistic manner. The material gave a suitable resistance to

the needle, to simulate insertion into human tissue, although there was not a strong

amount of resistance at the surface to simulate the needle initially penetrating the

skin. With the needle, it was possible to feel around the nerves and the boundary

of the wall-less vessels. Longitudinal ultrasound imaging (Fig. 4.8) shows that it

was possible to penetrate the vessels. When the needle was subsequently removed,

there was no visible damage to the vessel wall, implying that these phantoms could
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Figure 4.7: Insertion of 22G needle into hyperechoic needle phantom, showing nerves
(N), artery (A) and needle (arrow)

be used repeatedly, for clinical training. The needle also did not leave any visible

tracks in the background material, again showing that the phantom is suitable for

repeated uses. When penetrating the vessel wall, there was a realistic level of re-

sistance, and the operator could feel when the needle had passed through into the

wall-less space. The needle was used to simulate hydrodissection, and inject water

into the area surrounding a nerve (Fig. 4.9). The results show that this was also

successfully achieved. The injection of water could be clearly visualised with ultra-

sound imaging (Fig. 4.9(1, 2)) and the nearby nerve was momentarily deformed

in response to the injection. The injected liquid quickly dissipated, as is seen in

clinical practice, and there was minimal evidence of the procedure 10 seconds after

the initial injection (Fig. 4.9(3)).
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Figure 4.8: Vascular puncture leaves minimal damage to vessel structure. Ultra-
sound images show 22G needle puncturing vessel (1) and subsequent removal (2-4)

4.4 Discussion

In this chapter, a novel fabrication method is demonstrated, that enables a self heal-

ing, ultrasound compatible peripheral nerve phantom to be created. The method

uses a combination of 3D printing techniques to create moulds and dissolvable vessel

structures, and PVA-c as the TMM. This phantom has the potential to be used as a

clinical training phantom in regional anaesthesia, for ultrasound guided nerve block

procedures, as it can be used to simulate needle insertions and hydrodissection in

addition to ultrasound imaging. The phantom shown here uses a patient-specific

carotid vessel structure, but the methodology could be extended to include patient-

specific structures for the nerves and vein as well.

As a result of the self-healing properties of PVA-c, the phantoms created using

this novel fabrication method can be used to simulate needle insertions, without

irreparably damaging the phantom. No noticeable tracks were left in the TMM after

needle insertions were performed, which means these phantoms can be used multiple
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Figure 4.9: Hydrodissection of nerve, (1) during injection of water, (2) immediately
after injection, (3) 10 seconds after initial injection, with nerves (N), artery (A),
injected water (W) and needle (arrow)

times so they are cost effective. It was also possible to perform hydrodissection in the

phantom, and the injected liquid quickly dissipated, as is seen in clinical practice.

There is a limited variability in the soft tissue structures of the phantom shown.

For example, there is no differentiation between the skin surface and the tissue

beneath, and in clinical practice this layer of skin gives a feeling of resistance during

needle insertions. However, the practitioner (Dr Sim West) reported that there

was a realistic feeling during needle insertions once inside the phantom, and it was

possible to identify when the needle passed through the wall of a vascular structure,

into the wall-less space beyond. It was also possible to feel the space around nerves

with the needle. In future work, the phantom could be extended to include a more
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realistic skin surface, and the framework presented could easily be extended to

include other structures such as the tendons.

The method described aims to overcome challenges of previous nerve phantoms,

including the longevity and anatomical realism. Using PVA-c as the TMM, a re-

alistic background echogenicity was achieved, where it was possible to identify the

nerve under ultrasound guidance. However, the visibility of the needle was also not

overly enhanced as seen in previous phantoms, which is beneficial, as training on

such phantoms can give a false confidence in clinical ability during training. The

use of PVA-c as the TMM, in combination with preservatives means that it can be

kept for months at a time.

The definition of cost-effectiveness for phantoms varies, depending on geograph-

ical location and clinical context. Despite this, the longevity (thanks to lack of

visible damage after needle insertions), and low cost materials used in the phan-

toms described here, means that they are relatively cost-effective in most contexts,

which has been a challenge with alternative phantoms. The estimated cost of the

nerve presented phantoms here is discussed below, although the labour costs are

not included in the estimate. These labour costs would again vary depending on

the context.

The one-time costs required to set up a laboratory with all the equipment re-

quired is estimated to be around £8,000, and the costs included in this estimate

are itemised in Table 4.1. The cost of the materials required to make an indi-

vidual phantom would vary slightly, depending on the size and geometries used.

An itemised estimate of the cost of creating the hyperechoic nerve phantom with

patient-specific carotid artery developed in this chapter is presented in Table 4.2

and is estimated to be around £30. This is considerably more affordable than a

comparable commercial regional anaeasthesia phantom, such as the Blue Phantom

model, which is £725 (purchased here [91]) and the phantom paradigm presented

in this thesis allows for flexibitlity and personalisation that is not afforded with the

https://simandskills.com/products/regional-anaesthesia-ultrasound-training-block-model
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Blue Phantom models.

All the items listed in the estimates are the exact models used in this thesis.

The Ultimaker 3 printer can be bought from 3dgbire [92], and the water bath and

electronic stirrer from IKA (water bath here [93] and stirrer here [94]). The PLA and

PVA for 3D printing can be bought from RS Components (PLA here [95] and PVA

here [96]) and the PVA powder used to create the PVA-c TMM can be bought from

Sigma Aldrich (here [97]). The general supplies required to set up the laboratory,

and laboratory supplies required per phantom are quoted as an estimate, based

on experience within the laboratory, but this very difficult to accurately quantify.

These general costs would likely not need to be considered in a well-established

research centre, but could be more significant in low resource settings. The initial,

single purchase costs could be significantly reduced by choosing cheaper items; for

example, the water bath used here was highly expensive, as it was already owned

by the research centre where this work was conducted. Cheaper alternatives are

readily available (e.g. £44.99 from Amazon [98]) and would likely produce the same

outcome.

Table 4.1: Cost of the single purchase items required to make a phantom
Item Price

3D printer (Ultimaker 3) £2983.50
Water bath (HBR4 control, IKA) £3833

Electronic stirrer (Eurostar Digital 20, IKA) £1076
General supplies (e.g beakers) £100

Total £7992.50

Table 4.2: Cost of materials for a single hyperechoic nerve phantom. A unit refers
to the purchased quantity.

Item Price /unit Price /phantom
PLA for 3D printing £10.96 (0.3 kg) £2.08
PVA for 3D printing £47.68 (0.5 kg) £0.57

PVA powder £116 (1 kg) £23.20
Lab supplies (e.g BluTack) - £5

Total - £30.85

https://3dgbire.com/pages/ultimaker-3
https://www.ika.com/en/Products-Lab-Eq/Heating-Baths-Heated-bath-Oil-bath-csp-206/HBR-4-control-cpdt-20003549/
https://www.ika.com/en/Products-Lab-Eq/Overhead-Stirrers-Agitator-Blender-Lab-mixer-csp-187/EUROSTAR-20-digital-cpdt-4442000/
https://uk.rs-online.com/web/p/3d-printing-materials/8320406
https://uk.rs-online.com/web/p/3d-printing-materials/8320494
https://www.sigmaaldrich.com/GB/en/product/sial/p8136
https://www.amazon.co.uk/IVYX-Scientific-Digital-Laboratory-RT-100%C2%B0C/dp/B07T81P5KN/ref=sr_1_4?_encoding=UTF8&c=ts&keywords=Lab+Water+Baths&qid=1641151818&s=industrial&sr=1-4&ts_id=6284769031
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In conclusion, the phantom technique developed here allowed the creation of a

successful nerve block phantom that could be used for clinical training in regional

anaesthesia, to simulate ultrasound guided interventions. The materials used are

affordable and the paradigm could easily be adapted to replicate other patient-

specific geometries or pathologies, and complexity within the phantom could be

increased as training progresses. The anatomically realistic, self-healing phantoms

described in this chapter would be useful in a variety of applications where nee-

dle insertions are performed under ultrasound guidance, including musculoskeletal

injections, interventional and breast radiology, along with oncological biopsy and

other tissue sampling.
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This chapter describes the role of photoacoustic imaging (PAI) in minimally

invasive surgeries and gives a brief overview of the recent progress in this field, in-

cluding its potential for use in imaging peripheral nerves, and related applications

in regional anaesthesia. This literature review was published in a book chapter

(Mackle et al. 2020 [99]). To further develop the field of PAI, suitable imaging

phantoms are required, and so the rest of this chapter focuses on using the tech-

niques developed earlier in this thesis to create PAI phantoms and investigate their

capabilities for applications in minimally invasive surgery.

87
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5.1 Introduction & literature review

The overall concept of PAI was covered in the background of this thesis, in Chap-

ter 2. As previously mentioned, it is a relatively new imaging modality, which has

shown promise in applications in minimally invasive surgery. It has been demon-

strated in several studies that PAI can be used to visualise human peripheral vas-

culature in vivo, including vessels in the human palm [100, 101, 102] and arm [103].

However, translation to clinical practice remains a challenge for PAI systems, pri-

marily due to limited imaging depth capabilities of current systems.

From a translational standpoint, both the size and the cost of PAI systems are

important factors. This consideration has led to interest in light emitting diodes

(LEDs) as PAI excitation sources [104, 105]. However, a prominent challenge asso-

ciated with using LEDs is that they tend to have much lower pulse energies than

conventional excitation sources, such as Q-switched Nd:YAG pumped optical para-

metric oscillators (OPOs), and so the ultrasound signals are correspondingly weaker.

Pioneering work by Hansen [106] demonstrated the feasibility of LED-based PAI,

and Allen and Beard [107] investigated the use of LEDs for biomedical applications.

Recently, LEDs have been integrated alongside a clinical, handheld imaging probe

as part of a commercial system (CYBERDYNE INC., Tsukuba, Japan ) [108]. In

this system, an LED array is positioned on each side of the imaging probe, angled

so that their axes of illumination intersect the ultrasound imaging plane. B-mode

ultrasound images and photoacoustic images can be acquired sequentially, with

photoacoustic information overlaid onto the ultrasound images in real-time.

In order to develop these PAI systems efficiently, and make them effective for

clinical practice, suitable phantoms are required. The requirements of such phan-

toms are very similar to those described earlier in this thesis, and so the phantom

fabrication techniques developed earlier applied, to investigate the feasibility of us-

ing these phantoms for PAI. One area of interest when attempting to use these

phantom fabrication techniques for PAI was what depths it was possible to pen-
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etrate to and receive signal from, as a significant limitation of PAI is the shallow

penetration depth. A second point of interest was whether it was possible to vi-

sualise needles within the phantom, as needle insertions are a prominent area of

interest for applying PAI in clinical practice.

5.1.1 Applications of LED-based PAI for minimally invasive pro-

cedures

LED-based PAI may be well suited to guiding minimally invasive procedures that

are targeted at peripheral blood vessels or nerves. In current clinical practice,

B-mode ultrasound guidance is used to visualise both anatomical structures and in-

vasive medical devices. Procedures that use ultrasound guidance include peripheral

venous access, peripheral arterial access, biopsies, nerve blocks, and interventional

pain procedures. In expert hands, B-mode ultrasound imaging can provide reli-

able identification of a variety of structures, including nerves, arteries, and veins.

However, none of these structures have a unique ultrasound appearance with B-

mode imaging; the reflected ultrasound waves are dependent upon the mechanical

properties of the tissue and the angle of insonation, so misidentification of tissues

is common. In these contexts, LED-based PAI could be useful in a variety of

ways. Firstly, it could help to identify procedural targets, such as blood vessels

or nerves. Blood vessels can be visualised directly with PAI due to the presence

of haemoglobin in red blood cells, with excitation wavelengths spanning visible

and NIR wavelengths. Likewise, direct image contrast for nerves and surrounding

adipose tissues can be obtained with specific NIR wavelengths where optical ab-

sorption by lipids is prominent [109, 46, 45]. Secondly, LED-based PAI could be

used to avoid damaging critical structures or puncturing arteries. Finally, it could

be used to localise invasive devices relative to external imaging probes.
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5.1.2 LED-Based Photoacoustic Imaging of Vasculature

Several studies have explored the use of LED-based PAI to image superficial human

vasculature. In the study of Xia et al. [48], the human finger and wrist were imaged,

and strong PA signals from subsurface vascular structures in both imaging locations

were observed. This study showed relatively strong visual correspondence between

ultrasound and PAI modalities, although the authors noticed distinct differences

between the features visible with ultrasound and those visible with PAI. In another

study by the same group, it was shown that LED-based PAI could provide sufficient

depth and resolution to image superficial vasculature, such as the digital vessels

[110]. These results suggest that LED-based PAI might be useful clinically for

identifying, avoiding, or targeting superficial vasculature.

Maneas et al. used an LED-based system (AcousticX, CYBERDYNE INC.,

Tsukuba, Japan) to image placental vasculature, in the context of foetal medicine

[111]. They imaged post-partum human placentas ex vivo and were able to detect

superficial blood vessels with PAI that were not apparent with ultrasound alone.

They compared images acquired from this system to those acquired from a Fabry-

Pérot based system and concluded that the two systems were complementary: the

former allowed for rapid 2D PA and B-mode ultrasound imaging, whilst the latter

yielded finer detail.

To guide vascular access procedures, PAI devices would need to visualise vessels

to depths of 40 mm or more; this would ensure they are suitable, even for patients

with a high body mass index (BMI). For vascular access applications, imaging

vessels with diameters greater than 2 mm would be necessary. However, it would

also be useful to identify vessels with much smaller diameters and to ensure that

collapsed vessels and those parallel to the imaging plane can be seen. Visualising

these vessels could improve the safety of minimally invasive procedures by enabling

clinicians to avoid vascular structures where necessary.

Beyond identifying human vasculature, distinguishing between arteries and veins
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is a prominent clinical objective, particularly in the context of avoiding punctur-

ing arterial structures when targeting veins. In current clinical practice, this can

be challenging. Ultrasound-guided clinical procedures that involve percutaneous

access to vessels would benefit from enhanced visualisation of arterial and venous

structures. For instance, with central venous access, misidentification of arterial

structures can lead to catastrophic bleeding; the risk of arterial puncture has been

estimated to be as high as 6% [112]. The addition of imaging modalities such as

colour ultrasound Doppler imaging can help to discriminate pulsatile blood flows,

which are indicative of arterial blood. Nonetheless, arterial puncture is still a risk

[47], with many underlying factors. Higher risk procedures include those where the

vasculature is too small to identify using ultrasound, as well as ones in low-flow

or no-flow states where Doppler imaging has limited utility, which can occur when

patients are in shock or cardiac arrest.

LED-based PAI is promising for differentiating between arterial and venous

structures, based on differences in the optical absorption spectra of oxy- and deoxy-

haemoglobin. Zhu et al. explored the use of LED-based PAI to quantify blood

oxygenation levels in a human volunteer [44], using two dual wavelength LED bars

emitting alternatively at 690 nm and 850 nm. Their high imaging frame rates,

which reached 500 Hz, could be well suited to visualising rapid changes in oxy-

genation levels. Additionally, LED-based PAI provided dynamic measurements of

vasculature resulting from cuff occlusion [110]. The authors of that study discussed

how LED-based PAI imaging of superficial vasculature could potentially be used

in clinical settings to measure diagnostic parameters such as the heart rate and

recovery time from cuff occlusion.
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5.1.3 Prospects for LED-based photoacoustic imaging of periph-

eral nerves

Many types of needle-based procedures could benefit from enhanced visualisation of

nerves, including the nerve block procedures described in Chapter 4, where accu-

rate and efficient identification of nerves is essential. Imaging nerves is challenging,

as their appearance can mimic other structures such as tendons [113]. Nerves also

exhibit anisotropy, so their appearance is strongly dependent on the angle of in-

sonation. Despite its advantages for visualising neural structures, the resolution of

B-mode ultrasound can be insufficient to consistently recognise smaller branches,

which are increasingly of clinical interest. If PAI could provide enhanced visual-

isation of small superficial neural structures, there would be strong potential to

improve procedural outcomes.

The use of LED-based PAI for visualising nerves during minimally invasive pro-

cedures has remained elusive. The use of PAI with conventional excitation light

sources to image nerves has been explored to a limited extent. Ex vivo pilot stud-

ies indicate that PAI may provide higher contrast for nerves than that obtained

with B-mode ultrasound, and that it could be useful for differentiating nerves from

tendons [114]. Even with high energy sources such as OPOs, when excitation light

is delivered from the tissue surface, obtaining sufficient signal from lipids at clini-

cally relevant depths is challenging. One solution, which may be relevant to future

implementations of LED-based PAI, can be found with interventional PAI, where

excitation light is delivered through a needle to reach targets several cm beneath

the surface [115, 116, 117, 118]. With an LED-based PAI system, either identifying

nerves as procedural targets or as structures to avoid could be useful, depending

on the clinical context. Ideally, nerves could be visualised at depths up to 60 mm

with these systems. As this could be very challenging, given the relatively low pulse

energies of LEDs, visualisation of nerves to depths of 30 mm would still be useful.

Imaging of percutaneous devices such as needles and catheters using ultrasound
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can be challenging. As a result, identification of the needle tip is vital to prevent

damage to underlying structures. With steep insertion angles, ultrasound waves are

reflected away from the transducer, and so the needle is not visible. In addition,

catheters can be very poorly visible when positioned in soft tissues. Visualising

needles or catheters is another area where LED-based PAI could be very useful,

and the combination of PAI with current ultrasound techniques could provide better

real-time guidance. In a study by Xia et al. [48], the performance of LED-based

PAI for guiding needle insertions was evaluated for the first time. Using an ex vivo

blood mimicking phantom, needles were visualised to depths of 38 mm. At insertion

angles of 26 to 51◦, the signal-to-noise ratio (SNR) achieved was 1.2 to 2.2 times

higher than that measured with B-mode ultrasound alone; the SNR decreased as

the needle insertion angle increased. Although the spatial resolution was similar for

both ultrasound and PAI, the inserted needle was visible down to 2 cm with PAI, but

it was barely visible with ultrasound. In a second study by Xia et al. [119] medical

devices were coated with a carbon nanotube polydimethylsiloxane composite to

enhance visibility for PAI. In this study, two experiments were performed: first, a

metal needle was inserted into chicken breast and in the second, a catheter dipped

in the composite coating was put into the chicken breast. In both cases, the devices

were barely visible with ultrasound, but were visible with LED-based PAI. The

uncoated and coated needles were visible to depths greater than 20 mm and 30

mm, respectively.

5.1.4 Challenges for clinical translation

A significant challenge for the clinical translation of LED-based PAI for minimally

invasive procedures is to overcome poor SNR arising from low pulse energies and

long pulse durations. Poor SNR, which limits the imaging depth, has also been

encountered with the use of laser diodes for PAI [120, 121, 122]. One solution,

which was suggested by Allen and Beard [107, 123] and implemented by Dai et al.
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[124], is to overdrive LEDs when they are driven at low duty cycles[121]. Another

solution is to perform signal averaging, to which LEDs can be well suited due to

their high repetition rate. However, this solution comes at the expense of decreasing

the frame rate [105]. Allen and Beard [123] used signal averaging to demonstrate

that LEDs can be used as an excitation source for imaging superficial vascular

anatomy. Coded excitation sequences such as Golay code pairs [107] can also be

used, as a type of averaging, to improve the SNR. In practice, motion can limit the

lengths of these code pairs. In 2013, Allen and Beard [107] demonstrated that Golay

code pairs could be used to simultaneously acquire signals from a tissue-mimicking

phantom at multiple wavelengths.

A second challenge with the clinical translation of LED-based PAI is to manage

the heat that LEDs produce, which can be transferred to the patient and can

also result in shifts in the emission wavelengths of the LEDs [125]. These thermal

considerations will be important when considering integration of LEDs directly into

US imaging probes, as an evolution from bulky, side-mounted arrays [126].

Exogenous contrast agents could also improve the SNR and depth penetration

achievable with LED-based PAI systems. To increase SNR of vessels, contrast

agents such as gold or silver nanoparticles have been used to generate larger signals

[127, 128, 129, 130, 131, 132]. However, adding contrast agents is usually sub-

optimal or not possible for clinical translation, as agents used in pre-clinical studies

are unapproved for human use and are known to be toxic. Injections of indocyanine

green (ICG) are promising, as this contrast agent is approved for use in human

patients and has optical absorption spectra that can be matched to LEDs. Singh

et al. [126] used ICG as a contrast agent to show simultaneous imaging of both

vascular and lymphatic structures in vivo. In combination with contrast agents such

as ICG, LED-based PAI could potentially be used to increase contrast for nerves,

with injections around the nerves during hydrodissection.

Tissue-mimicking phantoms will be important for training clinicians with PAI
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systems. Anatomically accurate phantoms, with optical and acoustic properties

similar to those of human tissue, can be challenging to develop. The work described

earlier in this thesis to create wall-less vascular phantoms has potential to be highly

useful for phantoms in this area as well.

5.1.5 Photoacoustic imaging phantoms

There has been significant work to standardise phantoms fabrication methods and

materials for PAI [133, 134, 135]. Standardisation would be beneficial for the de-

velopment of improved imaging systems, and allow them to be objectively charac-

terised. Various different materials have been suggested and tested as PAI phantom

materials; each has their own benefits and limitations and there is no one perfect

solution. For other uses of PAI phantoms, such as for clinical training, the most

suitable material and fabrication method depends on the intended application.

Polyvinyl chloride plastisol (PVCP) has been widely used as a PAI phantom,

due to its favourable properties such as stability over time [135, 136]. The optical,

acoustic, and mechanical properties of PVCP have been reported in the literature

[135, 137]. Gel wax is another oil-based material that has been demonstrated as a

suitable material for PAI [111]. The optical scattering and absorption properties

of the materials can be controlled by adding scatterers such as titanium oxide

[50]. Gelatin based phantoms [2] have also been investigated, but these have low

mechanical stability and reduced longevity compared to other materials, such as

PVCP.

Studies have also shown that PVA-c phantoms can be used successfully as PAI

phantoms [49, 22, 138]. In the literature, PVCP is often preferred over PVA-c due

to the limited lifespan of PVA-c, however this can be extended using antimicrobial

agents and using appropriate storage. This means that although PVA-c phantoms

may not be suitable for testing stability of novel PAI systems over very long periods

of time, for applications in minimally invasive surgery such as for training phantoms,
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the material is appropriate. The techniques used in this thesis are also relatively

simple and low cost, so fabrication of multiple PVA-c phantoms in certain instances

may be more cost-effective than more expensive materials such as PVCP. Finally,

the potential that PVA-c has shown to be self-healing makes it especially interesting

as a phantom for interventional imaging, or for PA guided percutaneous procedures.

5.2 Methods

The first step of applying the phantoms developed earlier to PAI was to test how

the phantom capabilities vary with different fabrication conditions. Once these had

been tested and the optimal conditions had been found, a nerve phantom similar

to that in Chapter 4 could be fabricated and used to simulate interventional

procedures with PAI guidance.

5.2.1 Photoacoustic image acquisition

All PAI in this chapter was performed using an LED-based system (AcousticX,

CYBERDYNE INC., Tsukuba, Japan), which uses LED arrays to deliver excitation

light at a wavelength of 750nm. This system has the capacity to image with both

ultrasound and PA, so the images can be overlayed and displayed together, in

real time. Phantoms were imaged submerged in a water bath, to enable coupling

between the transducer and the phantom surface. The presence of the LEDs results

in the PAI probe being bulkier than a regular ultrasound transducer, as seen in

Fig. 5.1 and so the probe dimensions had to be considered when fabricating the

phantoms, to make sure that the full capacity of the probe could be exploited.

Before imaging began, blood-mimicking fluid was flushed through the vessels

for contrast, using plastic tubing at either end of the vessel openings. The blood

mimicking fluid was made up of India Ink diluted to 0.5%, as described by Xia et

al. [116], which has an intrinsic absorption coefficient of 324 mm− 1 at 750 nm [133]

and was found to be consistent with measurements of human blood [116, 134].
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Figure 5.1: Imaging probe of LED-based photoacoustic imaging system, showing
ultrasound transducer, with LED arrays either side

Image acquisition was then performed, based on the method described by Xia et

al. [48], in collaboration with Dr Wenfeng Xia and Mengjie Shi from Kings College

London. The system uses a linear array PZT ultrasound probe, with 128 elements

across 38.4 mm. Each element in the array has a transverse length of 5mm, a pitch

of 0.3 mm, a central frequency of 9 MHz, and a measured -6 dB bandwidth of 77%.

Radio frequency (RF) data was acquired from all ultrasound transducer ele-

ments, at a sampling rate of 40 MHz for PAI and 20 MHz for ultrasound imaging.

This data was then transferred to a graphics processing unit (GPU) via a USB

interface, and averaged across sequentially acquired PA images.

5.2.2 Photoacoustic image reconstruction

The images were reconstructed using an inbuilt GPU-based Fourier domain re-

construction algorithm and displayed in real time, whilst image thresholding was

performed manually in real time, to increase image clarity.
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Raw RF data were saved and made available for offline reconstruction; a max-

imum of 1536 PAI frames and 1536 US frames, corresponding to a total duration

of 20s, could be saved in memory at one time. Averaging over n frames was imple-

mented in order to suppress random noise in the background. Typically, the n was

chosen as 24, 12. A fast fourier transform (FFT)-based algorithm was employed for

the offline reconstruction and the speed of sound used was 1540 m/s, as is standard

for human tissue.

5.2.3 Test phantoms

The initial tests were conducted using polyvinyl alcohol cryogel (PVA-c) phan-

toms, fabricated with varying freeze-thaw cycles and addition of varying amounts

of backscatterers, to investigate the difference between them and the penetration

depths achieved with PAI. Six different phantoms were fabricated; three that un-

derwent one freeze-thaw cycle and three more that underwent two cycles. For each

set of three, the first phantom had no added backscatterers, the second had 0.05%

w/w glass microspheres added and the third had 0.5% w/w backscatterers.

Each of the six phantoms were fabricated so that they had five wall-less vessels at

increasing depths, using the fabrication method from Chapter 3. All six phantoms

had identical geometry, as demonstrated by the schematic in Fig. 5.2, so that it

would be possible to compare between them. Blood-mimicking fluid for contrast

was flushed simultaneously through all five vessels, directly before imaging. The

phantoms were then washed out with water after imaging, to remove any residue

contrast left in the vessels.

5.2.4 Nerve phantom and needle insertions

The results from the test phantoms were used to determine the depths of the

anatomical structures used in the fabrication of a nerve phantom. A phantom was

fabricated using the method described in Chapter 3, with a hyperechoic nerve
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Figure 5.2: Schematic of photoacoustic imaging test phantoms, with wall-less vessels
at increasing depths

structure, and two wall-less vessels, to simulate a vein and an artery, the geometry

of which can be seen in Section 5.3. The vessels in this phantom were 3 mm in

diameter, as this was most compatible with the tubing used to flush the blood-

mimicking fluid through the vessels for PA contrast. After considering the results

from the test phantoms, the nerve phantoms were fabricated using two freeze-thaw

cycles, as this created a slightly stiffer phantom than one cycle, which provided

more realistic resistance for needle insertions.

Figure 5.3: Schematic of nerve phantom for photoacoustic imaging, including wall-
less vessels of 3 mm and 5 mm diameter, and a solid 5 mm diameter hyperechoic
nerve structure (grey ellipse)
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Multiple iterations of the nerve phantom were created and imaged with the

AcousticX system. These phantoms had a smooth surface, which was the surface

that was against the bottom of the plastic box that the phantom was cast in, and

a rough surface, which had been open to the air during the fabrication process.

Initially, a line artefact was seen in all the PA images (Fig. 5.4(a)), which was

thought to be caused by reflections from the smooth surface of the phantom. When

the rough side was used for imaging instead, the artefact disappeared (Fig. Fig.

5.4(b)), so in subsequent iterations, the phantoms were constructed so that the

imaging could be performed on the rough surface. In (Fig. 5.4), optical con-

trast was not injected into the vessels, and therefore, no generated PA signal was

expected from the vessels. Once a suitable nerve phantom had been fabricated, nee-

Figure 5.4: (a) Nerve phantom, as imaged with smooth surface face up, resulting
in artefact (arrow) (b) nerve phantom imaged with rough side up, with no artefact
observed. No optical contrast was injected into the vessels here

dle insertions were performed, to investigate the feasibility of using these phantoms

for clinical training with PAI. The phantom was submerged in water, to ensure

coupling between the phantom surface and the probe, and tubing was inserted into

the vessel openings. India Ink was injected through the vessels for contrast; the

setup can be seen in Fig. 5.5(a). A 20 G needle was inserted into the phantom,

but care was taken to ensure that the needle did not puncture the wall-less vessels,

as this would allow the contrast to leak out.
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Figure 5.5: Photoacoustic imaging phantom setup, with phantom submerged in
water tank, and imaging probe positioned above. Blood mimicking fluid (India
ink) injected through the vessels for contrast via plastic tubing

5.3 Results

The best results were achieved when the phantom was created so that the imaging

surface was rough, rather than smooth, to reduce the appearance of artefacts. The

artefact was more dominant in PAI than ultrasound, and it was though to be caused

by reflections on the smooth, shiny surface that was optically reflective. The rough

surface likely absorbed more energy and less was reflected from this surface, and

therefore there were less issues with artefacts.

Results from the test phantoms showed that PA signal could be achieved at

depths up to around 20 mm within the TMM, regardless of whether backscatterers

were added for ultrasound contrast. Qualitatively, the results did not differ sig-

nificantly between phantoms fabricated with one freeze-thaw cycle (5.6) and those

with two (5.7). However, phantoms with two freeze-thaw cycles were easier to han-

dle, and they were more mechanically robust, which made it easier to attach the

tubing.
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Five vessels were included in the test phantom, at increasing depths. No signal

from the deepest vessel, which was 25 mm below the surface, was apparent and so

this vessel is not included in the images presented here. In the two most shallow

vessels (5 mm and 10 mm) it was possible to get strong signal, with all backscatterer

concentrations, and both one and two freeze-thaw cycles. It was possible to get

signal from the next two vessels (15 mm and 20 mm), although only from the top

of the 20 mm vessel, and the 15 mm vessel was not clearly visualised with PAI in

the one freeze-thaw, no backscatterer test, as seen in 5.6(a).

Figure 5.6: Ultrasound images, with photoacoustic overlay, of one freeze-thaw cycle
test phantoms, (a) no backscatterers (b) 0.05% w/w backscatterers (c) 0.5% w/w
backscatterers

Figure 5.7: Ultrasound images, with photoacoustic overlay, of two freeze-thaw cycle
test phantoms, (a) no backscatterers (b) 0.05% w/w backscatterers (c) 0.5% w/w
backscatterers

Needle insertions were successfully performed on the nerve phantom. The needle

was easily visualised with PAI, although it did create artefacts in the image, which

can be seen in Fig. 5.8(a). When the needle was removed, no visible tracks

were left behind in the TMM and the background material appeared speckled and

homogeneous, consistent with real tissue. As the vessels had PAI contrast, it was

easy to identify them within the nerve phantom, and so they could be avoided during
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the insertions. The signal obtained from the vessels was visually very similar to

what would be expected in human vessels, so the phantom had satisfactory imaging

properties.

Waterproof India Ink was used as the contrast agent in the vessels, and it was

found that as long as the phantoms were washed out thoroughly with water after use

(by flushing water from the tap through the wall-less vessels) then the ink did not

stain the phantom, and it could be used repeatedly. In some early cases, however,

the phantom was not washed thoroughly enough and ink was left on the surface

of the phantom accidentally for a prolonged period of time. This then precluded

the phantom from further use, as the ink bled into the surface of the phantom and

could not be removed.

Figure 5.8: Needle insertions of nerve phantom, showing hyperechoic nerve (N), two
vessels (V), and needle (white arrow) (a) needle insertion result in visible artefacts
(b) needle removal left no visible tracks left in the material

5.4 Discussion

This chapter has described the role of PAI in minimally invasive surgery, and why

LED-based imaging systems have a strong potential for this application, especially

for peripheral targets. As photoacoustic excitation sources, LEDs have the ad-

vantage of being compact, so that they can potentially be tightly integrated with

clinical US imaging probes. However, as explained here, they come with the signif-
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icant challenge of overcoming low SNR that results from smaller pulse energies and

longer pulse durations than many conventional photoacoustic excitation sources.

Recent demonstrations highlighted, which use LED-based systems to visualise vas-

culature and minimally invasive devices, are promising indications of how PAI could

be used in clinical practice.

The use of PVA-c phantoms for combined ultrasound and PAI was also pre-

sented. This is thought to be the first demonstration of the use of PVA-c phantoms

to create nerve block phantoms, with both ultrasound and PA contrast, and the

ability to perform needle insertions. The results showed that the materials used en-

abled a speckled, heterogeneous background to be created, with vessels that could

be clearly visualised with ultrasound and PAI, up to depths of around 20 mm, which

is comparable to the depths achievable in human tissue.

Needle insertions could be performed under ultrasound guidance in the PVA-

c phantoms, and they did not leave any visible track marks, meaning that the

phantom had suitable self-healing capabilities for it to be used as a clinical training

phantom. In order to obtain PA contrast in the vessel structures, injected contrast

(India Ink) was used. This means that the vessel structures cannot be punctured

during needle insertions and is a limitation of possible applications. If the vessels

were punctured, the injected contrast may leak out, rending the phantom useless

for further PA imaging. However, in clinical practice, during nerve blocks, veins

and arteries are generally targets to be avoided, rather than targeted or punctured,

as it is dangerous to inject local anaesthetic (the agents used in nerve blocks) into

the blood vessels. Therefore, as clinical training tools for nerve block procedures,

these phantoms are still highly relevant. Other applications where vessels may be

targets, such as in central venous catheterisation and vascular access, were not the

focus of the phantoms created here, and these procedures are not likely to be used

in conjunction with PAI, so are beyond the scope of this work.

The method used to inject the blood-mimicking fluid was not optimised and
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meant that some of the imaging was not as thorough as originally planned. Unfor-

tunately, due to lab access restrictions as a result of COVID, it was not possible to

perform many planned iterations of the experiments, and there was limited time to

improve the method. In future, a more sophisticated setup could be used, with the

tubing fixed securely to the phantom vessels (either during the fabrication process,

or afterwards using fitted adaptors). This would enable better and more consistent

images to be acquired.

Another limitation of the phantoms described here is the depths at which is it

possible to acquire PA contrast at. In the work described here, the depths were

limited to around 20 mm. This is mostly a result of the limitations of the imaging

system, and so this challenge would only be overcome with improvements in PAI

technology. A possible solution to the limited imaging depth is to use interventional

PAI, where excitation light is delivered through a needle. Future work could also

explore this possibility, and based on the results achieved here, it is likely that

the phantoms would also be compatible with interventional imaging. However, the

interventional nature of the PAI might cause disruption for the clinical workflow

and not be suitable for nerve block applications.

As a next step, the offline reconstruction data could be used to analyse the

image intensity and SNR of the data acquired with the depth phantoms. It would

also be interesting to explore the potential of the LED-based PAI systems to acquire

different metrics such as oxygenation. Using multi-spectral imaging systems, it is

possible to distinguish blood oxygenation levels [116, 139], and it could be possible

to replicate this in a phantom, by varying the contrast injected into the artery and

veins. In addition, in future the phantoms described here could be characterised

both optically and acoustically, so that there is greater information available on the

properties of the phantoms used here, with their specific additives and freeze-thaw

cycles.
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This chapter describes the fabrication of a novel brain phantom, for applications

in minimally invasive neurosurgery. The work was undertaken in collaboration with

Dr Jonathan Shapey - a consultant neurosurgeon at King’s College London. A first

iteration of the phantom was published in the Journal of Visualized Experiments

[140] and its use was also demonstrated in a further publication [141].

6.1 Introduction

Moving away from the vascular structures replicated in earlier chapters, there

are also many other areas of minimally invasive surgery where phantoms are re-

quired. Brain phantoms have been especially challenging to fabricate, due to the

complex anatomical structures, and wide variety of imaging modalities that are

used clinically to diagnose brain pathologies. There was interest in developing a

novel neuronavigation system, which would integrate intraoperative ultrasound and

other intraoperative neuromonitoring. In order to test and validate such a system,

a patient-specific phantom was needed, that would be compatible across all the

imaging modalities used in skull based neurosurgeries. To simplify the problem, a

vestibular schwannoma was chosen as the pathology to include in the phantom, but

the method used could be extended to a variety of skull based pathologies.

6.1.1 Clinical background

Vestibular schwannoma is a type of benign (non-cancerous) brain tumour that arises

from the vestibulocochlear nerve. This is the nerve that connects the brain and the

inner ear. The condition is thought to have an incidence of 10.4 per million per

year, and account for 8% of all intracranial tumours [142]. Although vestibular

schwannoma is benign, it still poses a health risk as it can grow and restrict struc-

tures within the brain. There is also a small risk of the tumour turning malignant.

The main symptoms reported as a result of vestibular schwannoma are progressive
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hearing loss and tinnitus. In more severe cases where the tumour is larger, it can

lead to hydrocephalus and brainstem compression.

There are risks associated with surgery, so patients are not operated on in

all cases, and therefore improving the intraoperative procedure, and reducing the

associated risks, using a neuronavigation system, would be beneficial in many skull

based surgeries, including for vestibular schwannoma. The surgery for the removal

of vestibular schwannoma involves creating a retrosigmoid craniotomy (a small hole

in the skull behind the ear) through which to operate. This means that a skull also

needs to be considered in the phantom fabrication process, in addition to the brain

soft tissues, so that this surgery can be simulated with realistic conditions.

In the surgical treatment of vestibular schwannoma, pre-operative MRI and

computed tomography (CT) imaging is used to assess the tumour, and plan surgery.

During the surgical procedure, intraoperative ultrasound imaging is also used. In

all three of these imaging modalities, the tumour tissue is distinguishable from the

healthy brain tissue. Therefore, phantoms for use in this application should be

compatible across all three imaging modalities.

6.1.2 Technical background

Previous studies have aimed to create brain phantoms, and different methods have

been employed, depending on the level of complexity required and the specific appli-

cation. The most common technique is to use 3D printing to create a negative mould

of the brain, and then cast TMM in this mould. Ploch et al. used this method to

create a gelatin based brain phantom, which they were then able to characterise the

mechanical features of, however, no imaging techniques were demonstrated, so it is

not clear how successful this phantom would be for multi-modality imaging [143].

Weinstock et al. also used 3D printed moulds to create a brain phantom from a

patient with hydrocephalus [144]. Again, this phantom was shown to be useful as

a physical training model, but no multi-modality imaging was demonstrated.
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Grillo et al. created a brain phantom using styrene-ethylene/butylene-styrene

(SEBS) gel, and were able to perform CT imaging with the phantom. They then

compared the phantom CT scan to the patient MRI, to highlight the difference

between the two anatomies. However, it would be more appropriate, if the phantom

were to have MRI contrast, to compare directly between the phantom and patient

MRI scans, rather than one CT and one MRI. In addition, the fabrication process

of this phantom was very time consuming, and so the authors made scaled down

models, to try and reduce the time required for fabrication. They found that below

50% of the original model size, there were issues with visualisation of surface details

and identification of anatomical landmarks.

Chen et al. were able to use PVA-c to create a multi-modality imaging phan-

tom of the left brain hemisphere, based on patient-specific data [56]. The authors

used marker spheres and inflatable catheters to simulate tissue deformation, rather

than a patient-specific pathology. The phantom was shown to be compatible with

MRI, CT, and ultrasound - although the ultrasound images are not shown in the

manuscript - which further demonstrates that PVA-c is a suitable material for the

fabrication of brain phantoms. The authors made the images acquired in this work

publicly available to the wider imaging processing community, which in itself is a

valuable contribution to the field.

Overall, the requirements of the phantom, for the applications in this chapter

were as follows:

1. It should be created using patient-specific data, so that it would be anatomi-

cally realistic

2. The whole brain should be included in the phantom, including both cerebral

hemispheres and the cerebellum

3. A patient-specific vestibular schwannoma tumour should be included

4. The phantom should include the skull, with a craniotomy in the appropriate
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region, so that the surgery could be simulated in a realistic way

5. The phantom should have multi-modality imaging capabilities, so that it

would be compatible with all three imaging modalities - ultrasound, CT, and

MRI - used in this type of minimally invasive neurosurgery

Based on these requirements, and the material properties discussed in Chapter 2,

PVA-c was chosen as the TMM for this phantom. PVA-c is also a stable material

that is durable enough to withstand manual manipulation, which is an important

characteristic in this application. To perform intraoperative ultrasound in the min-

imally invasive surgery for removal of a vestibular schwannoma tumour, a burr hole

ultrasound probe is used. The burr hole probe is small and thin, and pressure is

applied by the clinician, to couple the probe to the brain tissue. This means that

the TMM needs to also be able to withstand this pressure, so that the surgery can

be simulated, and PVA-c was found to be suitable for this application, where many

other soft tissue mimics such as gel wax or agar, were found to be too soft or friable

to be suitable.

6.2 Methods

The methods here describe the novel technique developed for fabricating patient-

specific, multi-modality brain phantoms, including a patient-specific tumour pathol-

ogy. In the first instance, the phantom had compatibility with ultrasound and CT

imaging, and the methods for creating this phantom are presented here, adapted

from work published in the Journal of Visualized Experiments [140]. A protocol

detailing step-by-step instructions for fabricating the brain phantom was included

in the publication; a copy of this protocol can be found in Appendix B and the

accompanying video be viewed here. Further work aimed to add MRI compatibility

to the phantom, and the methods used for this work are also described.

https://www.jove.com/v/61344/patient-specific-polyvinyl-alcohol-phantom-fabrication-with
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6.2.1 Data

The phantom was created from patient-specific data, in order to make it as anatom-

ically realistic as possible. In order to do this, anonymous, pre-operative CT and

MRI scans were obtained, along with intraoperative ultrasound images, from a sin-

gle patient with a vestibular schwannoma. For the CT images, volumetric scans

were used, and for MRI, contrast-enhanced, T1 weighted scans were obtained. The

data was acquired by Dr Shapey at the National Hospital for Neurology and Neu-

rosurgery, from a patient with a left sided vestibular schwannoma. Slices from each

of the scans can be seen in Fig. 6.1 and the tumour is demarcated by an ar-

row on the CT and MRI scans, and a symbol on the ultrasound. The anonymised

Figure 6.1: Patient data used to create phantom (a) MRI with arrow to highlight tu-
mour (b) CT with arrow to highlight tumour (c) ultrasound (d) ultrasound marked
up to highlight regions of interest ∗ cerebellar tissue and ⋄ tumour

. Scale bar unavailable for patient CT and MRI scans

patient data used was originally gathered as part of a separate study, which was
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conducted according to the principles expressed in the Declaration of Helsinki. It

was approved by the NHS Health Research Authority and Research Ethics Com-

mittee (18/LO/0266) and informed consent was obtained from participants. All the

imaging data was completely anonymised before analysis.

6.2.2 Segmentation

Segmentations of the data were completed by the neurosurgeon. This was achieved

using 3D Slicer (http://slicer.org; version 4.10.2 used here) and an online brain ex-

traction and parcellation tool from Nifty Web (http://niftyweb.cs.ucl.ac.uk). The

subsequent editing of the structures, after segmentation, was completed indepen-

dently of the neurosurgeon.

The skull, cerebrum, cerebellum, and tumour were the main structures of in-

terested, so these were all segmented. The separate segmentations were then saved

as .stl files, as this format is compatible with the computer aided design (CAD)

software that would be used to create the phantom moulds, and also with the 3D

printing software.

The segmentation of these large structures was a relatively simple process, and

the resulting CAD models that were created can be seen in Fig. 6.2. The white

asterisk in Fig. 6.2(b) shows the location of the left sided retrosigmoid craniotomy

that was added manually during post processing. When looking at the CAD models,

the tumour can be easily visually differentiated from the surrounding cerebellum

tissue material; the black asterisk in Fig. 6.2(e, f) demarcates the location of the

tumour.

6.2.3 Skull fabrication

The STL file of the segmented skull was imported into Meshmixer (Autodesk Inc.,

San Rafael, California, United States; http://www.meshmixer.com/; version 3.5.484

used here) for editing. A craniotomy was added to the left side of the skull, as seen

http://slicer.org
http://niftyweb.cs.ucl.ac.uk/program.php?p=GIF
http://www.meshmixer.com/
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Figure 6.2: CAD models of the phantom constituents; (a, b) skull with ⋆ craniotomy
(c, d) cerebral hemispheres (e, f) cerebellum with ∗ tumour

in Fig. 6.2(b), and a split was created, so that the ’lid’ of the skull could be

removed, to allow the phantom soft tissues could be placed inside. To the plane

of the split, small dowels were added to the skull model, so that the ‘lid’ could be

secured back on to the main body of the skull.

Once the CAD file had been edited as described above, the skull was then

ready for 3D printing. The main body of the skull, the ‘lid’ top piece, and the

dowels were all printed separately. These files were imported into the 3D printing

software (Cura, Ultimaker, Utrecht, Netherlands) and appropriate printing settings

were chosen. As the density of the skull was not an important factor in the final

phantom, 20% infill was used, to speed the printing process up as much as possible.

The separate pieces were then printed on the commercially available Ultimaker S5

printer (Ultimaker, Utrecht, Netherlands), in white polylactic acid (PLA), which

is a hard plastic commonly used in 3D printing. In total, the skull took around

three days to print and this was the most time consuming stage of the phantom

fabrication process.
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6.2.4 Soft tissue mould fabrication

The cerebrum was also imported into the CAD software for editing. The whole

structure was split into two cerebellar hemispheres, using the tools in Meshmixer.

This step was necessary to allow the two hemispheres could be created indepen-

dently, for ease of fabrication. From Meshmixer, these edited files could then be

saved again as separate STL files, for compatibility with the other software used

in the fabrication process. The tumour and cerebellum combined did not need to

be edited, nor did the file containing the tumour alone. The cerebellum/tumour

combined file was kept the same as the original segmentation, rather than splitting

it into the cerebellum alone, so that the moulds could be fabricated appropriately.

The cerebellar hemispheres, cerebellum/tumour, and tumour STL files were

then all separately imported into Fusion360 (Autodesk Inc., San Rafael, California,

United States) for the mould creation. Using the tools in Fusion360, the segmenta-

tions were turned into a negative mould. These moulds were then split into pieces,

again using the tools available in Fusion360, small dowels were added to the faces of

each piece of the mould, and a hole was added to the top of each mould. This meant

that the TMM could be poured into the moulds, and when it had set, the mould

could be split into the separate pieces and the phantom structure could be removed

without being damaged. Each piece of the mould for each soft tissue structure was

then exported as an STL file again, which enabled it to be used with 3D printing

software.

As with the skull, the moulds were printed on a commercially available printed

(Ultimaker S5), using PLA as the printing material. Print settings were used to al-

low the moulds to be printed in the shortest time possible. The cerebellum/tumour

mould was the most complex to create, and the resulting mould for this soft tissue

can be seen in Fig. 6.2. In Fig. 6.2(a)the fully constructed mould is shown, and

the hole that was manually added to enable the TMM to be introduced into the

mould is marked. The separate pieces of the mould are numbered 1-4, and these
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are shown in Fig. 6.2(b-d)

Figure 6.3: 3D printed PLA mould for cerebellum (a) complete mould, H denotes
the hole to pour tissue mimicking material into (b-d) the separate pieces of the
mould, numbered 1-4, which all slot together to make the mould shown in (a)

6.2.5 Contrast agents

Before the phantom could be created using the 3D printed moulds, the appropriate

levels of contrast agents had to be determined. For the first iteration, the phantom

had ultrasound and CT contrast. The contrast agents used for this are well charac-

terised in the literature, as discussed in Chapter 3, and so this was not repeated

here. Concentrations used for this phantom were based on those used by Chen et al.

[56]. In the second iteration of the brain phantom, where MRI contrast was desired,

in order to make the phantom fully compatible with the multi-modality imaging

environment used in minimally invasive neurosurgery. There was less comprehen-

sive literature available on the use of MRI contrast agents with PVA-c phantoms.

Therefore, the first step in the process of creating a phantom that also had MRI

imaging capabilities was to investigate the appropriate concentrations of contrast

agent to use for both the healthy and tumour tissue.

Copper sulphate (CuSO4) was chosen as the MRI contrast agent, as discussed
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in Section 3.2.7. Although it is not well validated in the literature, CuSO4 has

been used successfully in previous phantom studies [56]. Therefore, a set of test

phantoms were created to test various concentrations, and investigate the most

appropriate level for the phantom and application in questions, and ensure that the

addition of the other contrast agents (for CT and ultrasound imaging) did not affect

the MRI imaging properties. The aim was to demonstrate that the MRI contrast

agent could be used to span the physiological range of T1 and T2 values, and that

adding the ultrasound and CT contrast agents did not affect this.

Samples of PVA-c (10% w/w) were produced, with varying amounts of CuSO4

added to each sample. Half the samples had the ultrasound and CT contrast agents

added as well. These samples were then imaged, and the results analysed to find

the most appropriate concentration of contrast agent to use, to produce realistic

results for both healthy brain tissue, and tumour tissue.

6.2.6 Concentration test samples

Moulds were 3D printed in PLA to enable 20 homogeneous cubes of PVA-c to be

created, each containing varying amounts of contrast agents. These cubes were

split into two groups of 10, referred to as ‘Test A’ and ‘Test B’. In Test A, CuSO4

of varying concentrations was added to the PVA-c samples. The concentrations

chosen were (all calculated as w/w): 0, 0.01%, 0.02%, 0.025%, 0.03%, 0.05%, 0.1%,

0.15%, 0.2%, 0.25%. The range of values chosen was based on the concentrations

used in previous studies [56].

The same concentrations of CuSO4 were added to the samples in Test B. The

Test B samples also had glass spheres (1% w/w) and barium sulphate (BaSO4)

(5% w/w) added, for ultrasound and CT contrast. The concentration of these

additives was kept constant over all the samples so that it would be possible to

compare between Test A and Test B, to investigate whether the addition of the

other contrast agents affected the MRI contrast. The concentrations chosen for
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the glass spheres and the BaSO4 were the values used in the tumour, as this was

the part of the phantom that used the highest concentration of contrast agents.

Potassium sorbate (0.5% w/w) was also added to all samples, as a preservative. A

schematic to show the test plates, including the concentrations used, is presented

in Fig. 6.4, and a photo of the samples can be seen in 6.5

Figure 6.4: Schematic of samples used to test MRI contrast agent: Test A and Test
B have identical copper sulphate concentrations in each sample; Test B also has
glass spheres and barium sulphate to test the effect of ultrasound and computed
tomography contrast agents

Figure 6.5: Photo of MRI contrast test samples; black plate shows Test A with just
MRI contrast agent (copper sulphate) added and blue plate shows Test B with all
contrast agents added (copper sulphate, glass spheres, barium sulphate)

MRI images of the test phantoms were acquired by Professor David Atkinson,

from UCL, using a Philips Ingenia 3T scanner and head coil; more details of imaging
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are provided in Section 6.2.10. The T2 and T2∗ results were fitted to the 32-

echo scan automatically by the scanner, and these could then be plotted against

concentration using MATLAB. The T1 results had to be fitted manually before

plotting, and this was done with the help of code provided by Professor Atkinson,

in MATLAB. This code included a GUI that was used to import the required data

into MATLAB. The code also fitted the data so that the T1 relaxation times were

displayed, using a colour map, for each sample. This output of Professor Atkinson’s

code was then used to plot the T1 relaxation time against concentration, also in

MATLAB. ROIs were drawn in each sample, and the mean relaxation time within

that region was calculated, and plotted against the corresponding concentration of

that sample.

During the minimally invasive neurosurgery in which the phantoms are designed

for, T1 imaging is used, so the T1 values were the focus of the analysis. However,

it was also interesting to see that the T2 relaxation times were within the range of

physiological values.

6.2.7 Preparation of tissue mimicking material

The TMM used for the fabrication of the soft tissues was PVA-c. The base material

was prepared using the same method as that outlined in Chapter 3. Potassium

sorbate (0.5% w/w) was added to the aqueous material as an antimicrobial agent

to preserve the phantom. Contrast agents were added separately to the PVA-

c for the tumour and the healthy tissue, so the two different tissue types would

have the appropriate levels of contrast for imaging. Once the appropriate contrast

agents were added to the aqueous PVA-c, the mixture was sonicated for 5 mins,

to ensure homogeneous mixing of these additives, and left to rest for 10 mins at

room temperature, so that any bubbles produced in the sonicating process could

escape. Bubbles remaining on the surface of the mixture at the end of this time

were carefully scraped off.
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In the first phantom iteration, where only ultrasound and CT contrast was

included, 1% w/w glass spheres were added to the tumour material for ultrasound

contrast and 5% w/w barium sulphate (BaSO4) was added for CT contrast. To

the PVA-c that was to be used for the healthy tissues (cerebral hemispheres and

cerebellum), glass spheres were added for ultrasound contrast, at a concentration of

0.05% w/w. No BaSO4 was added to the healthy tissue, as the natural properties

of PVA-c allow it to be visualised with CT imaging without any extra additives.

Without the addition of BaSO4 to the ‘healthy’ tissues, there was a strong contrast

between the healthy tissue and tumour, as is seen in the real patient CT images.

In the second phantom iteration, where MRI contrast was also required, the

same concentrations of ultrasound and CT contrast agents were used for healthy

tissue as were used in the first iteration. As a result of feedback from clinicians,

a lower concentration of BaSO4 (2.5% w/w) was used for the tumour, so that the

tumour area would appear less bright with CT imaging. In this second iteration,

CuSO4 was also added for MRI contrast, based on the T1 results from the test

samples; T1 contrast was chosen as this was the most clinically relevant and at this

stage, adding T1 and T2 contrast simultaneously would be challenging.

6.2.8 Addition of MRI contrast

To calculate the required CuSO4 concentration for each part of the phantom, (hemi-

spheres, cerebellum, tumour) the first step was to find the T1 relaxation times in

the literature for those tissues, in the human brain, at 3T. Only literature using 3T

was considered, as all the imaging for this work was done using a 3T scanner, and

the patient data was also acquired with a 3T scanner.

Wansapura et al. [145] found the T1 relaxation to be 832 ± 10 ms for white

matter and 1331 ± 13 ms for grey matter. These values are widely cited in the

literature, and broadly agree with the average values found across other works,

so the white matter value (832 ms) was used for the brain hemispheres. For the
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cerebellum, it was challenging to find literature values at 3T, but cerebellar white

matter was found to have a T1 relaxation time of 1081 ± 182 ms by Lee et al. [146],

so this was value was used. Finally, for the schwannoma, values for human tissue

at 3T were not found in the literature; in this second iteration, 1200 ms was chosen

for the tumour but this proved to be inconsistent with human tissues, as explained

further in the discussion

The corresponding concentrations for these T1 relaxation times were then inter-

polated from the test sample results. For the brain hemispheres, 0.01% CuSO4 was

added to the aqueous PVA-c at the same time as the other contrast agents; 0.02%

CuSO4 was used for the cerebellum and no (0%) CuSO4 was added for the tumour.

These values did not yield successful results, as explained in the discussion, and

there is further work in progress on this.

6.2.9 Phantom assembly

The phantom assembly process was the same for both iterations of the brain phan-

toms. The only difference in the two phantoms was during the addition of contrast

agents in the previous section and therefore, the assembly process applies to both

phantoms.

The tumour was created first, and when this piece was finished, it was added

into the slot within the tumour/cerebellum mould, and the PVA-c poured into the

tumour/cerebellum mould then surrounded the solid tumour, so that eventually,

this all became one solid structure. Therefore, the first step of phantom assembly

was to use the 3D printed tumour mould to create the tumour, using the PVA-c mix

that had glass spheres and BaSO4. The tumour underwent two 6 hour freeze-thaw

cycles (freezing at -20◦C and thawing at room temperature, around 20◦C). This

structure was then placed inside the corresponding slot in the cerebellum/tumour

mould, and the PVA-c mixture that contained only glass spheres was poured into

the mould, over the solid tumour. This whole structure then underwent two of the
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same freeze-thaw cycles.

The brain hemispheres were created in the same way, by pouring the PVA-c

mixture into the two separate moulds, and being subject to two freeze-thaw cycles.

Once the hemispheres and cerebellum had thawed for the second time, they were

placed into the 3D printed skull. The cerebellum was secured in place in the skull

with a small length of wire, so that it wouldn’t rotate or slip around inside the

skull. The brain hemispheres were placed on top of the cerebellum and the tight fit

of the skull kept them secured in place.

6.2.10 Imaging

Ultrasound imaging was performed in simulation of intraoperative ultrasound dur-

ing vestibular schwannoma surgery. A BK5000 scanner was used (BK Medical, Lu-

ton, UK) with a burr hole probe. Ultrasound gel was used for coupling the probe

to the tissue surface, as this was deemed simpler than submerging the phantom in

water.

CT images were acquired using an O-arm scanner (Medtronic, Dublin, Ireland),

which is a mobile X-ray intraoperative 2D/3D imaging system. For CT scanning,

the phantom was placed on the patient bed and orientated in the same way the

patients’ skull would be during imaging

MRI images of the two test blocks were acquired with a Philips Ingenia 3.0T

MR system, (Phillips Healthcare Amsterdam, Netherlands); the protocol used to

acquire T1 images can be found in Appendix C. The samples, enclosed in the 3D

printed moulds, were put into the scanner simultaneously and placed inside a head

coil on the patient bed.

MRI images of the full brain phantom were acquired with a separate 3T scanner

(MAGNETOM Prisma scanner, Siemens, Munich, Germany). The protocol used

for the MRI acquisition with this scanner can be found in Appendix A. This is

the same machine and protocol as was used in Chapter 3. The scanner used to
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acquire the brain phantom images was the same machine as that used to acquire

the original patient data, and so had an identical protocol, for ease of comparison

between the human and phantom data. This machine could not be used to acquire

the test sample data, due to COVID restrictions at the time.

6.3 Results

6.3.1 Concentration test samples

The T2 values were calculated by the scanner, for regions of interest, as shown in

Fig. 6.6. For this application, the T1 imaging properties were the focus and so

the T2 results were not analysed it great detail. However, they serve as a proof

of concept that the T2 properties can also be tuned for PVA-c phantoms, and this

could be investigated further in future, if the T2 imaging properties were of interest.

The T2 relaxation times of the concentration test phantoms generally followed the

Figure 6.6: T2 values for regions of interest, as calculated by the scanner for Test
A: PVA-c samples with copper sulphate added for MRI contrast

pattern that was expected, based on the samples used, (Fig. 6.7). The samples

containing higher concentrations of CuSO4 had faster T2 relaxation times, and there

did not appear to be significant difference in relaxation time between the samples

with only CuSO4, and the samples that contained all the contrast agents. There

are some values, plotted in Fig. 6.7 that appear to be outlier values - namely
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the Test A results for 0% CuSO4 and the Test A result for 0.15% CuSO4.This

could be a result of the sample being contaminated with some CuSO4 during the

fabrication process; the 0.15% sample could also be due to incomplete mixing of the

contrast agent within the aqueous solution of PVA-c during the fabrication process.

The T1 properties followed a similar pattern to the T2 results, and overall showed

Figure 6.7: T2 relaxation times for samples in Test A (MRI contrast only) and Test
B (all contrast agents), based on the values calculated by the scanner, for the ROIs
shown in Fig. 6.7

that the results were comparable between Test A and Test B, and followed the

expected pattern of decreasing T1 relaxation time, with increasing concentration

of CuSO4. This can be seen visually in Fig. 6.8, where the image shows that

the two test plates appear to have very similar results, despite Test B having glass

spheres and BaSO4 added, in addition to the CuSO4 contrast. The T1 results were

fitted manually, as described in Section 6.2, and T1 relaxation times for each

sample were then plotted against concentration. These results were promising, and

showed that the T1 relaxation times were very similar for Test A and Test B. This

is highlighted by the results in Fig. 6.9, where the blue crosses showing the results
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Figure 6.8: T1 images of samples (a) Test A (MRI contrast only) (b) Test B (all
three contrast agents) show that the results are visually comparable for both tests,
so the extra contrast agents in Test B did not affect the T1 properties of the samples

from Test A (CuSO4 only) overlap closely with the results from Test B (all contrast

agents), which are noted by the red circles. The results demonstrate that with the

contrast agents employed, it is possible to create PVA-c phantoms that span the

physiological range of T1 relaxation times. For this application, the specific window

of interest was 600 - 1200 ms, as this is approximately the range of values for human

brain tissue at 3T [145, 147, 148], and this region of interest is highlighted by the

green dashed line in Fig. 6.9.

This specific region of interest is examined in more detail (Fig. 6.10), and

even on closer inspection here, the two plates have very similar results. There is,

however, a consistently higher T1 relaxation time for Test A than Test B at the

same concentration, implying that the extra contrast agents did slightly decrease

the relaxation time of a given sample, in addition to the decrease from the baseline

that was achieved with CuSO4 alone. The difference is slightly more pronounced

with the lowest concentrations concentrations (the greatest difference between Test

A and Test B was 50.3 ms for 0.01% CuSO4), and in future work it would be

interesting to investigate this difference further, and compare the results from plain

PVA-c to PVA-c with added BaSO4 and glass spheres, to see what the effect on MRI

signal is from these contrast agents alone. The results from Fig. 6.9 were used



126 Chapter 6. Patient-specific brain phantoms

Figure 6.9: T1 relaxation times for samples in Test A (MRI contrast only) and Test
B (all contrast agents), green dashed line highlights region of interest for human
brain tissue

Figure 6.10: T1 relaxation times for region spanning human brain tissue, highlighted
by green dashed lines in Fig. 6.9
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to calculate the concentration of CuSO4 to be used in the phantom. Interpolation

between the data points found that for 1080 ms, the corresponding concentration

of CuSO4 to be added was 0.0147%, and for 832 ms, the concentration should

be 0.022%. These were rounded up 0.01% and 0.02% due to limitations in the

equipment available for measuring the contrast agents. For the tumour, as 1200 ms

was thought to be the required associated T1 relaxation time for the tumour, no

CuSO4 was added.

6.3.2 Ultrasound and CT compatible phantom

Using the technique described, an anatomically realistic phantom was fabricated,

consisting of a patient-specific skull, brain, and tumour. The completed phantom

can be seen in Fig. 6.11. The two brain hemispheres (one is seen in Fig. 6.11(b))

were produced separately and have a realistic appearance, featuring the gyri and

sulci of the brain. The whole phantom is an opaque white colour, which is the

natural colour of PVA-c, but this could easily be changed if required, by adding

dyes to the aqueous solution of PVA-c during the fabrication process. This was

not deemed necessary for this project however, and was omitted to increase ease

of fabrication. The cerebellum, seen in Fig. 6.11(c) fit comfortably into the base

of the 3D printed skull -Fig. 6.11(a) - and the tumour is clearly visible due to

its off-white colour that separates it from the surrounding cerebellar tissue, and

arises from the BaSO4. The tumour is securely attached to the cerebellum tissue,

and can be manipulated in a way similar to real tissue. The phantom was imaged

using both CT and ultrasound. BaSO4 was added to the tumour for CT contrast

and imaging of the phantom - Fig. 6.12 - shows that this contrast was achieved

and the tumour is clearly visible from the surrounding cerebellar tissue. On visual

inspection, the clinician expressed that the tumour appears slightly too bright with

CT imaging, and for a more realistic appearance, less CT contrast could be used

in future iterations. The skull was printed with a low percentage infill (20%) in
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Figure 6.11: The finished phantom; (a) skull (b) phantom with skull top removed
showing ⋆brain hemisphere, ⋄cerebellum, ∗tumour, ⋆retrosigmoid craniotomy (c)
♢cerebellum and ∗tumour

order to reduce the time required for printing. Therefore, on the CT images, there

is a lattice structure seen in the phantom skull, rather than the solid bone seen in

real patients. This is not a limitation of the technique, because only the outline

of the skull is needed for minimally invasive neurosurgery; the skull is mainly used

for image registration and the printed phantom is sufficient for that purpose. The

skull could be printed with 100% infill to avoid the reduced realism in the phantom

image, but this would significantly increase the time of the phantom fabrication

process.

Glass microspheres were added to the phantom for ultrasound contrast, and the

results show that this was successful, and the tumour can be distinguished from

the surrounding tissue with ultrasound imaging. To the untrained eye, it can be

challenging to differentiate between the healthy and tumour tissue, so the results in

Fig. 6.12(b) have been outlined to highlight the tumour. On visual inspection, as

seen in Fig. 6.12(c, d), comparison between the ultrasound images obtained from

the phantom and the patient shows that the contrast agents used in the phantom

were effective for creating realistic imaging properties. The CT images from the

patient and phantom can also been compared - Fig. 6.12(a, b) - and this also

shows that the phantom was an appropriate mimic, with similar anatomy to the

patient. The phantom image is Fig. 6.12(a) is not from the same slice as the

patient image in Fig. 6.12(b) and it is, therefore, not possible to directly compare
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Figure 6.12: CT and ultrasound imaging of phantom scans (top row), as compared
with patient scans (bottom row) with ∗tumour, ⋄cerebellum and ⋆craniotomy high-
lighted: (a) axial CT scan of phantom, through the level of the skull base and
tumour (b) patient CT (c) intraoperative ultrasound of phantom, acquired with
burr hole ultrasound probe, through the retrosigmoid craniotomy in plane approx-
imately perpendicular to skull (d) patient ultrasound. Scale bar unavailable for
patient CT and MRI scans

the tumour in these images. Overall, the tumour was deemed to have suitable

anatomy and imaging properties.

The phantom was tested during a surgical simulation in a virtual operating

room; a photo of this setup can be seen in Fig. 6.12. A skull clamp was used to

position the phantom on the operating table, and the CT scan was registered using

a clinical neuronavigation system; the registered scan can be seen displayed on the

neuronavigation system in Fig. 6.12. As previously mentioned, for the surgical

removal of a vestibular schwannoma tumour, a retrosigmoid approach is used, and
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this was replicated in the phantom simulation. During the simulation process, the

phantom model proved to be stable and no damage was observed from the necessary

manipulation, and the phantom could be manipulated in the same way a human

brain would be in a clinical scenario. As the phantom showed no signs of damage,

it could be used repeatedly under the same conditions.

Figure 6.13: Surgical simulation with the phantom ♦ ultrasound system with burr
hole transducer, ✠ neuronavigation system. Note: model pictured is one based on
a patient with a right sided tumour

6.3.3 MRI compatible phantom

Unfortunately, the phantom did not have the appropriate level of T1 contrast with

MRI imaging to produce realistic images (Fig. 6.14). The two brain hemispheres

had the same amount of contrast added in the fabrication process, but appeared to

have non-identical contrast with MRI imaging. This was likely due to incomplete

mixing of the aqueous PVA-c with the contrast agents, as the addition of CuSO4

increased the viscosity of the PVA-c and made it difficult to effectively mix, even

with sonication. The tumour also did not have the desired level of contrast, and
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ideally would have been brighter than the surrounding material on the MRI images.

The values chosen were based on estimations from regular tumour tissue, however,

in clinical practice, contrast is administered to the patient so that the tumour is

contrast enhanced for imaging. In future work, this should be considered and the

phantom should be created based on a contrast enhanced tumour.

Figure 6.14: MRI imaging of brain phantom, highlighting ∗tumour and ⋄cerebellum.
The two brain hemispheres with different intensity can be seen, and multiple bubbles
can be observed within the material (arrow)

Using ITK-SNAP (http://www.itksnap.org/) [149] the image intensity of differ-

ent regions of the phantom were compared to a patient scan, and the results are

outlined in Table 6.1. For the patient scan, the two hemispheres were assumed to

http://www.itksnap.org/
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be equivalent. Although image intensity is not the same as T1, it can be used as a

correlate and in this case, it was clear that the phantom did not quite match that of

the patient data. In the patient scan, the tumour had a higher image intensity than

the healthy tissues, and the cerebellum and brain hemispheres had a very similar

image intensity. In order to adjust the phantom to better reflect the properties

of a patient image, the tumour should have a higher image intensity, and this is

achieved by shortening the T1 relaxation time for that tissue. The cerebellum and

hemispheres should have the same concentration of MRI contrast added, so that

they have equivalent image intensity, as is seen in the patient data. This should

also be adjusted in the phantom and a lower image intensity should be created, by

choosing a concentration that gives the tissue a longer T1 relaxation time.

Table 6.1: Comparison of average image intensities of brain and phantom tissue
Tissue Patient data Phantom data
Tumour 577 364

Cerebellum 247 394
Left hemisphere 225 456

Right hemisphere 225 342

6.4 Discussion

This section describes the fabrication of a patient-specific phantom that includes

the brain, skull, and vestibular schwannoma tumour. The overall goal was to create

a phantom compatible with multi-modality imaging, including CT, ultrasound, and

MRI. In order to achieve this goal, a first iteration was created that included CT

and ultrasound contrast. The second iteration, to include MRI is still a work in

progress, but with further work, the phantom will be fully compatible with all three

clinically relevant imaging modalities.

The novel brain phantom described here had the required level of anatomical

detail for applications in minimally invasive neurosurgery, and was shown to be
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useful for the development of new neuronavigational technology. The use of 3D

printing techniques enabled anatomically realistic details to be achieved, and the

phantom was mechanically stable enough to be manipulated in a way to simulate

surgery. The first iteration of the phantom was published in JoVE [140], and the

use of this phantom for validating a novel neuronavigation software was published

in IJCARS [141].

The material used to create the brain phantom was PVA-c, which is well estab-

lished as a suitable TMM and was shown here to be appropriate for applications in

minimally invasive surgery. One of the benefits of PVA-c is that the acoustic and

mechanical properties of the material can be tuned by varying the freeze-cycles.

Two freeze-thaw cycles were used in the fabrication of the brain phantom, and this

resulted in the material having sufficient durability to withstand manipulation and

contact from the ultrasound probe during the simulation of vestibular schwannoma

surgery. Provided that the tumour was not excised during the surgical simulation,

the phantom could be used repeatedly, over a period of months.

PVA-c was also a suitable material as it is readily available, simple to use,

and non-toxic. This means that it can safely be used as a clinical training tool

in a hospital environment. However, the necessary addition of CuSO4 for MRI

contrast in the second phantom iteration results in this non-toxic property being

lost, as CuSO4 is moderately toxic when ingested, and can cause eye irritation.

The concentrations of CuSO4 in the phantom were very low, so as long as it is

handled with care, it should not pose a great health and safety risk. Unfortunately,

the addition of the toxic CuSO4 is necessary to get appropriate MRI contrast. In

future, if suitable, non-toxic contrast agents were found that could give the same

level of MRI contrast to the phantom, then these could be used instead.

One limitation of the use of the phantom presented as a clinical training tool is

that in a surgical setting, for intraoperative ultrasound imaging, saline is used for

coupling, rather than a gel. This was not replicated in the phantoms demonstrated
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here, as in order to flush saline around the phantom, the skull would need to be

watertight. This is challenging to achieve, because without the surrounding skin,

the skull naturally has holes such as the eye sockets, so further work would be

required to overcome this. For example, the skull CAD model could be manually

edited to close the holes before it is printed, although this would likely increase the

print time of the structure. The use of gel in this instance did not significantly affect

the clinical workflow or affect the quality of the acquired images, so was deemed

acceptable.

It was challenging to obtain appropriate MRI contrast for the various different

tissue constituents of the phantom. The MRI results showed that it is possible to

use CUSO4 to get varying MRI contrast within the phantom, and the phantom

is fully MRI compatible. Further work is needed, however, to obtain the correct

concentrations of the contrast agent so that the phantom mimics the patient images.

In order to do this, the tumour within the phantom should be created to have a

‘contrast enhanced’ appearance, by adding contrast to the PVA-c, so that it has

a much shorter T1 relaxation time than that achieved in the results shown here.

A more detailed study of the addition of CuSO4 to PVA-c as an MRI contrast

agent, and the interaction and effects of other contrast agents, such as those used

for ultrasound a CT image contrast would also be highly interesting and improve

on the work presented here. Care should also be taken in future to ensure the

contrast agents are fully mixed within the aqueous solution of PVA-c, to avoid

inhomogeneities, as was seen in the results here, where the left and right phantom

hemispheres did not have the same image intensity.

In future, the phantom could also be improved by adding in differentiation

between internal brain structures. This would increase the anatomical complexity

of the phantom and make it more realistic, but would not significantly increase

the utility of the phantom for the intended application in this chapter, and so

was beyond the scope of the current work. Adapting the phantom to include a



6.4. Discussion 135

variety of other structures would, however, make it more widely applicable to other

minimally invasive neurosurgeries. It is thought that in future, with improvements

in 3D printing technology, this will become less challenging, as printers would likely

have higher resolution and shorter print times.





Chapter 7

Conclusion

This thesis presents novel fabrication methods for creating polyvinyl alcohol cryo-

gel (PVA-c) phantoms for applications in minimally invasive surgery. The aim was

to overcome prominent limitations with phantom fabrication techniques, including

limited patient-specific geometries, restricted compatibility with imaging modal-

ities, and high cost. The methods described here address these challenges, and

culminate in the creation an open source platform (found here) that allows all the

files used in this work to be readily shared with the community, enabling others to

easily replicate the phantoms presented.

Unfortunately, due to the COVID crisis, access to the laboratory and clinical

scanners were abruptly limited during the course of this work, and so had a sig-

nificant impact on all of the work presented here. Care was taken to mitigate the

effects of COVID on this thesis as much as possible, but as with any lab-based

project, some limitations were inevitable.

In Chapter 2, a detailed discussion of phantoms for applications in minimally

invasive surgery was provided. Here, the current challenges applicable to the overall

themes of the thesis were presented, and context was given for the work that follows.

Chapter 3 described the development of a novel fabrication method for the

creation of wall-less, vascular, ultrasound phantoms is developed, using PVA. The

technique used PVA in two different forms - both as a solid, 3D printing material

and as an aqueous solution for forming the tissue mimicking material (TMM). The

results showed that the phantoms were highly ultrasound compatible, and could

be extended to also include computed tomography (CT) and MRI contrast. With

this method, it was possible to overcome some of the challenges previously experi-
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enced with phantom fabrication techniques, such as difficulty in creating complex

or patient-specific structures.

In Chapter 4, the methods developed in the previous chapter were expanded,

and a novel, self-healing ultrasound nerve phantom was described. The phantom

was shown to be highly useful for simulating procedures used in minimally invasive

surgery, such as needle insertions and hydrodissection. As well as using the prior

methods developed to overcome challenges with anatomical complexity and patient-

specificity, the nerve phantoms presented also addressed challenges associated with

cost-effectiveness and longevity. The majority of alternative methods do not show

self-healing properties, so cannot be used repeatedly over long periods of time,

and commercial phantoms that do have some level of self-healing are prohibitively

expensive. The work in this chapter showed that the phantoms could be used

repeatedly, without causing any visible damage to the phantom, even when viewed

with ultrasound imaging, and they were relatively low cost, so the production of

multiple models for different clinical training scenarios is feasible.

At the beginning of Chapter 5, literature was presented on the use of LED-

based PAI for guiding minimally invasive procedures. The role of phantoms in the

development of such systems, and their transfer into clinical use was also described.

This was followed by an investigation into the use of PVA-c phantoms, which were

developed earlier in this thesis, for PAI. The phantoms were found to be suitable

for combined ultrasound and PAI, and with India ink used as a contrast agent,

PA signal could be acquired from vessels up to depths of around 20 mm. The

phantoms could also be used to simulate PA guided needle insertions and the work

in this chapter provided a promising foundation for future work.

Finally, in Chapter 6, a novel multi-modality, patient-specific brain phantom,

including a vestibular schwannoma tumour was presented. An ultrasound and CT

compatible brain phantom was successfully created, and work on expanding this

to also include MRI compatibility was described. The novel brain phantom had
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the required level of anatomical detail for applications in minimally invasive neuro-

surgery, and was shown to be useful in the development of a novel neuronavigational

system. The use of 3D printing techniques enabled anatomically realistic details to

be achieved, and the phantom proved to be mechanically stable enough to be ma-

nipulated in the same was as human tissue, and allow minimally invasive surgery

to be simulated.

PVA-c was used as the tissue mimicking material, across all chapters, due to its

beneficial properties. It is a water-based material, so naturally has a speed of sound

similar to that of human tissue, and its acoustic and mechanical properties could be

tuned by varying the freeze-thaw cycles or adding contrast agents into the aqueous

solution. Preservatives were added to the material so that it could be stored for

extended periods of time. 3D printing was used in conjunction with the TMM to

enable rapid fabrication, and the realisation of patient-specific details.

The phantoms presented are all relatively cost-effective, although the definition

of this of course depends on geography, and the amount of times a phantom will be

used. It is also not particularly cost-effective or efficient to buy all the equipment

required to fabricate a single phantom. However, for labs that already have the

basic equipment required, or for settings where multiple phantoms will be fabricated

and used, the methods presented provide a novel framework for rapidly fabricating

phantoms that are more cost-effective that the commercially available alternatives.

This framework also enables the fabrication of phantoms that are significantly more

flexible than commercial options and other fabrication techniques, and the method

can be adapted to different applications, patient-specific geometries, and imaging

environments. The one-time costs associated with obtaining the equipment used in

the novel fabrication techniques described in this thesis are estimated to be around

£8000, as explained in Chapter 4 and the cost per phantom, after this intial cost,

is estimated to be approximately £30, depending on the size and geometry of the

phantom.
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Although there were many successful results presented here, the work is also sub-

ject to a range of limitations; the limitations pertaining to each individual chapter

were discussed in the relevant sections. Despite this, the methods developed pro-

vide a good basis for further work to build on. An appropriate level of anatomical

detail was achieved, through the use of patient-specific data to create the phantoms.

However, in future, they could be improved by including more layers of complexity,

such as adding tendons into the nerve phantoms, or other internal brain structures

into the brain phantoms.

One key direction of future work is to improve the MRI compatibility of the brain

phantoms presented in Chapter 6. This will be done by confirming the appropriate

level of contrast agents required to adequately simulate T1 contrast in all the tissues.

Further work on the effect of the other contrast agents - including ultrasound and

CT - on the T1 contrast would also be beneficial.

The work in Chapter 5 described a promising direction for PVA-c phantoms,

and it would be interesting to further investigate what is feasible with PAI, and

extend the work presented to include interventional PAI, based on the success of

the self-healing work in Chapter 4. Finally, as the nerve phantoms in Chapter 4

were shown to be relevant for applications in minimally invasive surgery, such as

needle-based interventions, it would be interesting to perform a study to assess their

clinical use as training phantoms.

All the work presented as part of this thesis has contributed to the development

of an open source platform ((found here)), which enables the methods, materials,

3D printing files, and patient-data required to recreate the phantoms described to

be collated and shared with the wider community. It is hoped that this will enable

others to easily access everything necessary to replicate any of the work from this

thesis, and encourage transparency in the field.

https://www.interventionaldevices.org/resources.html


Appendix A

MRI Protocol for Siemens
Magnetom

Included below is the protocol used to acquire MRI images in Chapter 3 and to ac-
quire MRI images of the whole phantom in Chapter 6 (Section 6.3.3).
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Appendix B

JoVE Protocol

Included below is the protocol used in the JoVE publication, which details how to
create a patient-specific brain tumour phantom. The text is taken from Mackle et
al. 2020 [140] and the video etailing these steps can be found here.
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Brain phantoms in particular have been fabricated

using different methods, depending on the level of

complexity required and the tissues that need to be

replicated20 , 21 , 22 , 23 . Usually, a mold is used, and liquid

tissue-mimicking material poured into it. Some studies have

used commercial molds24  whilst others use 3D-printed

custom molds of a healthy brain, and simulate brain lesions

by implanting marker spheres and inflatable catheters19 , 25 .

To the best of the author’s knowledge, this is the first

report of a 3D-printed patient-specific brain tumor phantom

model created with tissue-mimicking ultrasound and X-ray

properties. The total fabrication is visualized by the flowchart

in Figure 1; the whole process takes around a week to

complete.

Protocol

This study was conducted according to the principles

expressed in the Declaration of Helsinki and was approved

by the NHS Health Research Authority and Research Ethics

Committee (18/LO/0266). Informed consent was obtained,

and all imaging data were completely anonymized before

analysis.

1. Data

1. Obtain pre-operative contrast-enhanced T1-weighted

Magnetic Resonance Imaging (MRI) and volumetric

computed tomography (CT) data.

1. If acquired in Digital Imaging and Communications in

Medicine (DICOM) format, convert to Neuroimaging

Informatics Technology Initiative26  (NiFTI) format for

processing and analysis.

2. Obtain intraoperative ultrasound data.

2. Segmentation

1. Install software to segment the patient data with.

2. Skull segmentation
 

NOTE: The steps involved in segmenting the skull broadly

follow those outlined by Cramer and Quigley27  on

https://radmodules.com/, but are adapted to create an

appropriately-sized craniotomy.

1. Load the patient’s volumetric CT scan in

segmentation software, open the Segment Editor

module and create new segmentation named ‘Skull’.

2. Use the ‘Threshold’ function to highlight the skull.

3. Remove any unwanted segmentations (e.g., skin

calcifications, mandible, C1/2, styloid process, the CT

patient frame, and any annotations embedded within

the image). Use the ‘Scissors’ function to remove

parts when viewing the model in 3D and make use

of the ‘Islands’ function after manually disconnecting

any unwanted structures using the ‘Erase’ function.

4. Manually correct any gaps in the segmentation that

were missed during thresholding using the ‘Paint’

and ‘Draw’ functions (e.g., lamina papyracea, cortical

edge of the mastoid bone and ethmoid bone).

5. Use the ‘Paint’ and ‘Draw’ functions to fill in the

foramen magnum and create a 5 mm protruding spike

upon which the lower part of phantom model can be

secured.
 

NOTE: The location of the spike is best determined

on the coronal and sagittal image planes.

6. Apply the ‘Smoothing’ function. Use a median

smoothing setting of 1.0 mm (3 × 3 × 1 pixels) to

minimize the amount of detail lost.
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NOTE: If the phantom model must include a complete

intact skull (e.g., to facilitate surgical simulation of

creating an appropriately located craniotomy), move

to step 2.2.15; however, if a craniotomy is required in

the model, complete steps 2.2.7 to 2.2.14.

7. Click ‘Add’ to add a new segmentation and name it

‘Skull Craniotomy’.

8. In the ‘Segmentations’ module, copy the ‘Skull’

segmentation across to ‘Skull Craniotomy’ using the

‘Copy/Move Segments’ tab.
 

NOTE: Both the ‘Skull’ and ‘Skull Craniotomy’

segmentations are needed in order to be able to

perform the functions described in steps 2.2.9 to

2.2.13

9. Use the ‘Scissors’ function to remove an

appropriately-sized craniotomy in ‘Skull Craniotomy’.
 

NOTE: Creating the craniotomy this way will, also,

remove an addition portion of skull on the opposite

side hence the need for steps 2.2.11 to 2.2.14.

10. Click ‘Add’ and add a new segmentation; name it

‘Craniotomy Only’.

11. In ‘Craniotomy Only’ select the segmentation ‘Skull

Craniotomy’ and use the ‘Logical Operator’ function

to subtract ‘Skull Craniotomy’ from ‘Skull’.

12. Use the ‘Scissors’ function to erase everything

except the desired craniotomy on the correct side of

the tumor, saving ‘Craniotomy Only’.

13. In ‘Skull Craniotomy’ use the ‘Logical Operator’

function to subtract ‘Craniotomy only’ from ‘Skull’ and

save.

14. Open ‘Segmentations’ module and export the ‘Skull

Craniotomy’ as a stereolithography (STL) file.

15. Open 3D modeling software and import the STL file

‘Skull Craniotomy’.
 

NOTE: If the model appears in striped pink complete

the ‘Flip Normals’ function by selecting the complete

model (Select | Double click) and then ‘Edit | Flip

Normals’. The model will now turn grey and can be

edited. Ensure ‘View Objects Browser’ is turned on.

16. Reduce the number of triangles to improve the

computational time.

17. Select the complete model (Select | Double click

turns the model orange) then ‘Edit | Reduce’. The

default ‘Reduce’ function is set at 50% so repeat

until the desired reduction is achieved. Aim for a total

number of triangles < 500,000.

18. Apply ‘Smoothing’ function ensuring the ‘Shape

Preserving’ box remains ticked. Select the complete

model then ‘Deform | Smooth’.

19. Click ‘Analysis’ then ‘Inspector’ and use this

function to detect any small defects in the model and

click auto-repair (suggest ‘Flat-fill’ selection).

20. Cut 'Skull' to create a top and bottom using the ‘Edit/

Plane’ cut function. Select ‘Keep Both Slices’ and

‘Remeshed’ fill type. Change skull to transparent with

‘Shaders’ function to provide a better internal view of

the skull and adjust the plane so that it is parallel to

the skull base.

21. Separate shells by selecting ‘Edit | Separate shells’

and rename ‘Skull_Top’ and ‘Skull_Bottom’ within the

objects browser.
 

NOTE: Do not move their positions. Click the eye icon

to remove one or the other from view.

Appendix B. JoVE Protocol 147



Copyright © 2020  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com July 2020 • 161 •  e61344 • Page 5 of 18

22. Click ‘Meshmix’ then select ‘Cylinder’ to create a

dowel and edit size to 4 mm × 10 mm × 4 mm (‘Edit |

Transform’). Hide ‘Skull_Bottom’ by clicking the eye

icon to remove from view.

23. Select ‘Edit | Align’ planes. An additional transparent

cylinder will appear. In the ‘Align’ window, choose

‘Surface point’ (left click end transparent cylinder) for

the ‘Source’ and ‘Surface point’ (Shift + left click

undersurface of ‘Skull_Top’) for the ‘Destination.’

24. Using the ‘Edit | Transform’ function move dowel into

skull using the green arrow and adjust position with

blue and red arrows. Rename ‘Dowel_Anterior’.

25. In the object browser make 3 copies and rename

‘Dowel_Posterior’, ‘Dowel_Left’ and ‘Dowel_Right’.

26. Move each dowel to the desired location using the

‘Edit | Transform’ function.
 

NOTE: Do not move or change the position of the

dowel in the green plane.

27. Create copies of each but keep all copies in the same

location and create an additional dowel and resize to

3 mm × 10 mm × 3 mm. Rename ‘Dowel’.

28. Create holes for Dowels in the skull using the

‘Boolean Difference’ function. Select ‘Skull_Top’ first

and then select a dowel in the object browser. In

the ‘Boolean Difference’ tab ensure ‘Auto-reduce’

is switch off. Repeat for each dowel in turn.

29. Hide ‘Skull_Top’ and view ‘Skull_Bottom’ repeating

the above ‘Boolean Difference’ function for each

dowel in turn.

30. Export ‘Skull_Top’, ‘Skull_Bottom’ and ‘Dowel’ as

separate binary STL files.

3. Brain tissue segmentation

1. Upload the contrast enhanced T1 MRI of the brain to

http://niftyweb.cs.ucl.ac.uk/program.php?p=GIF and

download its output. This is an open-source

parcellation tool for T1-weighted images that utilizes

a Geodesic Information Flow (GIF) algorithm28  to

perform brain extraction and tissue segmentation.

2. Open segmentation software and load the contrast

enhanced T1 MRI and GIF parcellation output file.

3. Open the ‘Segment Editor’ module and create a new

segmentation.

4. Select the appropriate labels and combine them to

form a single segmentation. For example, cerebral

and diencephalon label maps can be combined to

create one model, referred to as ‘Brain’ and midbrain,

brainstem, cerebellum and vermian structures can be

combined to create a second model referred to as

‘Cerebellum’.

5. Use the ‘Smoothing’ function (suggested median

2.00 mm, 5 × 5 × 3 pixels).

6. Use the ‘Scissors’ function to remove any unwanted

or erroneous segmentations.

7. Save ‘Brain’ and ‘Cerebellum’ segmentations.

8. Open ‘Segmentations’ module and export ‘Brain’ and

‘Cerebellum’ as STL files.

4. Tumor segmentation

1. Open segmentation software and load the contrast

enhanced T1 MRI.

2. Open the ‘Segment Editor’ module and create new

segmentation named ‘Tumor’.

3. Use the ‘Threshold’ function to highlight the tumor.
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4. Correct the segmentation using the ‘Paint’, ‘Draw’

and ‘Erase’ functions.

5. Apply the ‘Smoothing’ function (suggested median

2.00 mm 5 x 5 x 3 pixels).

6. Create a new segmentation named

‘Cerebellum_Tumor’.

7. Combine the ‘Cerebellum’ model and ‘Tumor’ using

the ‘Logical Operators | Add’ function.

8. Save ‘Tumor’ and ‘Cerebellum_Tumor’

segmentations.

9. Open ‘Segmentations’ module and export ‘Tumor’

and ‘Cerebellum_Tumor’ as STL files.
 

NOTE: At the end of the segmentation process,

the following files are available: ‘Skull_Top’,

‘Skull_Bottom’, ‘Dowel’, ‘Brain’, ‘Cerebellum’,

‘Tumor’, ‘Cerebellum_Tumor’.

3. 3D Printing of Brain/Tumor Molds and Skull

1. Create the brain and tumor molds

1. Split the ‘Brain’ segmentation into two hemispheres,

using the ‘Plane cut’ tool in 3D modeling software.

2. Save each hemisphere as a separate STL file ‘Brain

right’ and ‘Brain left’.

3. Import the STL file ‘Tumor’ into computer-aided

design (CAD) software.

4. Click the 'mesh' tab and then use the ‘Reduce’

function to reduce the size of the model so that it can

be handled by the program – the aim is to reduce the

size as much as possible, whilst still retaining all the

detail necessary.

5. Click the 'solid' tab and use the ‘Mesh to BRep’ tool

to convert the imported mesh to a body that can be

manipulated. If this action cannot be completed, the

mesh was not reduced enough in step 3.1.3.

6. Click ‘Create’ then ‘Box’ and draw a box around the

tumor. Select to create this as a ‘New Body’ and

rotate the view to ensure the box completely encloses

the tumor on all sides.

7. In the modify tab, use the ‘Combine’ tool to cut the

tumor (the ‘Tool Body’) from the box (the ‘Target

Body’). This will then leave a box with a hollow shape

of the tumor inside it.

8. Check that the hollowed-out box is present. Cut this

box into an appropriate number of pieces so that

once the mold is filled, it can be prized apart without

damaging the phantom inside. For the tumor here, it

is enough to split the box in two, but for the other parts

of the phantom, more pieces are needed.

9. Create planes through the box in the places that

the mold needs to be cut. Click ‘Construct’ then

‘Midplane’ to create a plane through the center of

the box. Right click on the created plane and choose

‘Offset Plane’ to position the plane more precisely.

10. Use the ‘Split Body’ function in the ‘Modify’ tab to

split the mold along the planes created.

11. Move the individual pieces of the mold, by right

clicking and selecting ‘Move/Copy’, so that all the

pieces are facing outwards.

12. Add rivets to the faces of each piece of the mold

(so it can fit together securely), by clicking ‘Create

sketch’ then ‘Centre diameter circle’ and on each

face, drawing small circles. Right click then ‘Extrude’

these circles outwards a few millimeters on one face

and extrude them inwards on the corresponding face.
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NOTE: The circles that are extruded inwards need

to be slightly bigger - approximately 1.5 mm - than

those that are extruded outwards, so that they will fit

together snugly.

13. Save each piece of the mold as a separate STL file.

14. Repeat steps 3.1.4 – 3.1.14 for ‘Brain left’, ‘Brain right’

and ‘Cerebellum tumor’.
 

NOTE: Using the file ‘Cerebellum tumor’ rather than

just ‘Cerebellum’ to create the mold means that the

mold will have a space in it for the tumor to be inserted

during construction.

2. Print the 3D molds

1. Install or open 3D printing software.

2. Open the STL file for each piece of the mold in

the printing software and rotate it so that it lies flat

against the build plate. It is possible to add multiple

mold pieces to the build plate and to print these

simultaneously.

3. Choose a large layer height (around 0.2 mm) and

low infill value (around 20%) for faster printing. Print

the molds using a rigid material such as Polylactic

acid (PLA). If the molds are positioned appropriately,

support material is not necessary.

3. Print the Skull

1. Open the ‘Skull Top’ file in the printing software and

choose a large layer height (around 0.2 mm) and low

infill value (around 20%).

2. Print the skull model in PLA but in contrast to step

3.2.3, support material will be required, so select to

‘Add support’ in the software. PVA is used as the

support material as it can later be dissolved away with

water.

3. Repeat steps 3.3.1 and 3.3.2 for ‘Skull Bottom’.

4. Once the top and bottom of the skull have been

printed, submerge them in water overnight to dissolve

away the PVA support material.
 

NOTE: The support material will dissolve away much

faster if warm water is used, but if the water is too

warm, it will deform the printed PLA. Therefore, it

is preferable to use cool water and leave the print

submerged overnight.

4. Preparation of PVA-c

1. Measure 200 g of PVA powder and set to the side.

2. Heat 1800 g of deionized water to 90 °C and add to a 2L

conical flask.
 

NOTE: The water needs to be almost boiling so the PVA

powder will dissolve readily, but if the water reaches

100 °C, some will be lost to evaporation, which is to be

avoided.

3. Suspend the conical flask in a temperature-controlled

water bath set at 90 °C.

4. Position an electronic stirrer in the flask, ensuring it does

not touch the bottom or sides, and set the speed to 1500

rpm.
 

NOTE: Check that the water is stirring evenly and there

are not stagnant points at the sides or bottom.

5. Gradually add the PVA powder to the conical flask, over

around 30 min, then leave it to stir for around another

90 min. The resulting gel is the tissue-mimicking material

PVA-c.

6. Remove conical flask from the water bath and pour the

contents into a beaker. Cover the top with cling film to

prevent the formation of a skin on top of the PVA-c.

Leave the PVA-c to cool to room temperature (around
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20 °C). Once cooled, the PVA-c will be transparent. Tiny

white crystals may be seen in the PVA-c, but any bubbles

appearing on the surface must be gently scraped off.

7. Add 0.5 w/w% potassium sorbate to the PVA-c as a

preservative, and manually stir well.

8. The PVA-c can be left at room temperature if covered in

cling film for a few days before it is poured into molds.

5. Phantom Assembly

1. Measure out enough PVA-c to fill the tumor mold into a

beaker.

2. To the PVA-c for the tumor, add 1 w/w% glass

microspheres for ultrasound contrast and 5 w/w% Barium

Sulfate for X-ray contrast, and stir by hand.
 

NOTE: It may be necessary to measure out excess PVA-c

for the tumor so that these percentages are a measurable

amount.

3. Sonicate the beaker to ensure homogenous mixing of the

additives.

4. Leave to cool and allow any bubbles formed to escape,

around 10 min, then scrape any bubbles from the surface.
 

NOTE: Do not leave for extended period once the glass

spheres have been added, no longer than around 10

min, before pouring the PVA-c into a mold, as the glass

spheres will settle to the bottom of the beaker. Once the

phantom has been frozen, this will no longer be a concern,

and the final phantom can be used at room temperature.

5. Secure the tumor mold together (tape can be used to

cover the joins in the mold) and pour in the PVA-c through

the hole in the top of the mold. Leave for a few minutes

to allow any bubbles formed in the pouring process to

escape through the hole, then place straight into the

freezer.

6. Perform two freeze-thaw cycles on the tumor; each cycle

here consists of 6 h of freezing at -20 °C and 6 h of thawing

at room temperature. Then, carefully remove from mold.

7. Place the tumor into the corresponding space for it in the

cerebellum mold, then construct the rest of the cerebellum

mold and secure it together.

8. To the remaining PVA-c add 0.05 w/w% glass

microspheres, then repeat steps 5.1.3 and 5.1.4.

9. Pour the PVA-c into the cerebellum mold, allowing it

to surround the tumor that has been placed inside.

Additionally, pour the mixture into the molds for each brain

hemisphere.

10. Perform two freeze-thaw cycles on each brain

hemisphere and the cerebellum; each cycle here consists

of 24 h of freezing at -20 °C and 24 h of thawing at room

temperature.
 

NOTE: Cycles with 12 h freezing followed by 12 h thawing

also effective, to allow the phantom to be created in less

time. 24 h was chosen for ease of application, to avoid

returning to the lab every 12 h.

11. Once the phantoms have thawed for the second time,

carefully remove them from the molds and place into the

printed skull.
 

NOTE: When not in use, the completed PVA-c phantoms

should be stored in an airtight container in the fridge, and

can be kept for a few weeks in this way

12. For completion, place the ‘Cerebellum tumor’ phantom on

the spike at the base of the ‘Skull Bottom’ model. The

models of two brain hemispheres (‘Brain left’ and ‘Brain

right’) are placed on top and slot into the uppermost part

of the ‘Cerebellum tumor’.
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13. Place the four dowels in each space on the ‘Skull Bottom’

model and place ‘Skull Top’ model on top. If required, the

model may then be maneuvered into the desired position

to simulate intraoperative use in surgery.

6. Phantom Imaging

1. Ultrasound Imaging

1. Apply ultrasound gel to the imaging probe.
 

NOTE: Gel is not used intraoperatively but may be

used in simulation and does not significantly change

the clinical workflow or the quality of the acquired

images.

2. Image the brain and tumor through the craniotomy,

with a clinical scanner and burr hole probe.

2. CT Imaging

1. Image the whole phantom in a CT scanner.

Representative Results

Following the described protocol, an anatomically realistic

phantom was fabricated, which consists of a patient-specific

skull, brain and tumor. The relevant anatomical structures

for the phantom (skull, brain, tumor) are segmented using

patient MRI and CT data (Figure 2a,b). The patient intra-

operative ultrasound data (Figure 2c; Figure 2d shows the

same image as Figure 2c, but with the tumor outlined) was

used to compare the phantom images to the real patient

images.

Meshes were created for each piece of the model (Figure

3), and these were then used to manufacture the 3D molds.

The molds were easily printed on a commercial printer and

assembled by slotting the pieces together. The cerebellum

mold was the most complex to design and assemble (Figure

4). The skull (Figure 5a) was the most difficult part to print as

it required support material, so was a slow process; the whole

print took a total of three days to complete, which is a limiting

factor in the protocol.

The completed phantom (Figure 5) was a realistic model of

a patient skull, brain and tumor. The two brain hemispheres

(Figure 5b) were produced separately, and have a realistic

appearance, featuring the gyri and sulci of the brain. The

whole phantom is white in color, as this is the natural color

of PVA-c; this can easily be changed by adding dye but was

not necessary for the application. The cerebellum (Figure 5c)

fits comfortably into the base of the printed skull and the brain

hemispheres sit on top of this. The tumor is easily visible

in the cerebellum, as the extra contrast added to the tumor

results in it being an off-white color that separates it from the

surrounding material, which is it securely attached to.

The phantom was imaged with both CT and ultrasound

(Figure 6a,b). Barium sulfate was used to give the tumor

appropriate CT contrast, and the phantom image (Figure

6a) shows that this was achieved, as the tumor is clearly

visualized. The skull was not printed with 100% infill, in order

to reduce the time taken for printing. Therefore, the skull

does not look entirely realistic in the CT images, because

the lattice structure of the print can be seen. This is not a

problem for the application, as only the outline of the skull

is needed for the neuronavigation system. The skull could

be printed with 100% infill to avoid this reduced accuracy of

the CT image, but would add time onto the printing process.

Glass microspheres were added to the cerebellum, brain

hemispheres and tumor for ultrasound contrast. The results

show that the tumor is also visible with ultrasound imaging

(Figure 6b) and can be distinguished from the surrounding

tissue. On visual inspection, the ultrasound images obtained
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Appendix C

MRI Protocol for Phillips
Ingenia

Included below is the protocol used to acquire MRI images of the samples in Chap-
ter 6.

153



Nucleus =   "H1"; 
SmartSelect =   "yes"; 
Coil 1  (exclude) =  "None"; 
Uniformity =   "CLEAR"; 
FOV          FH (mm) =  120; 
             RL (mm) =  200; 
ACQ voxel size   FH (mm) = 1; 
             RL (mm) =  1; 
Slice thickness (mm) =  5; 
Recon voxel size FH (mm) = 0.833333313; 
             RL (mm) =  0.833333313; 
Fold-over suppression =  "no"; 
Reconstruction matrix =  240; 
SENSE =    "no"; 
k-t BLAST =   "no"; 
Slice orientation =  "coronal"; 
Fold-over direction =  "RL"; 
Fat shift direction =  "F"; 
Slice Offc. AP (P=+mm) = -54.3621635; 
            RL (L=+mm) = -1.54418683; 
            FH (H=+mm) = 4.90181875; 
      Ang.  AP (deg) = 
 0.00489285914; 
            RL (deg) =  4.47798395; 
            FH (deg) =  0.125276864; 
      Free rotatable =  "no"; 
Large table movement =  "no"; 
PlanAlign =   "no"; 
REST slabs =   0; 
Interactive positioning = "no"; 
Patient position =  "head first"; 
Patient body position =  "head first"; 
Patient orientation =  "supine"; 
Patient body orientation = "supine"; 
Scan type =   "Imaging"; 
Scan mode =   "2D"; 
    technique =   "IR"; 
Acquisition mode =  "cartesian"; 
Fast Imaging mode =  "TSE"; 
    shot mode =   "multishot"; 
TSE factor =   26; 
    startup echoes =  0; 
    profile order =  "low_high"; 
    DRIVE =   "no"; 
    ultrashort =  "no"; 
    fid reduction =  "default"; 
Echoes =   1; 
    partial echo =  "no"; 
TE =    "user 
defined"; 
    (ms) =   5.9000001; 

Refocusing control =  "constant"; 
    angle (deg) =  180; 
    bright fat reduction = "no"; 
TR =    "user 
defined"; 
    (ms) =   15000; 
Halfscan =   "no"; 
Water-fat shift =  "user 
defined"; 
     (pixels) =   1; 
IR  delay (ms) =  100; 
    dual =   "no"; 
    power =   "1"; 
RF Shims =   "adaptive"; 
Shim =    "default"; 
mDIXON =   "no"; 
Fat suppression =  "no"; 
Grad Rev Fat suppr =  "no"; 
Water suppression =  "no"; 
MTC =    "no"; 
Research prepulse =  "no"; 
Zoom imaging =   "no"; 
Diffusion mode =  "no"; 
T1 mapping =   "no"; 
Transmit channels =  "both"; 
SAR mode =   "high"; 
B1 mode =   "default"; 
SAR allow first level =  "yes"; 
PNS mode =   "high"; 
Gradient mode =  
 "default"; 
SofTone mode =   "no"; 
Cardiac synchronization = "no"; 
Heart rate > 250 bpm =  "no"; 
Respiratory compensation = "no"; 
Navigator respiratory comp = "no"; 
Flow compensation =  "no"; 
Motion smoothing =  "no"; 
NSA =    1; 
Manual start =   "no"; 
Dynamic study =   "no"; 
Arterial Spin labeling = "no"; 
Preparation phases =  "auto"; 
Interactive F0 =  "no"; 
B0 field map =   "no"; 
B1 field map =   "no"; 
MIP/MPR =   "no"; 
Images =   "M", "R", (2) 
"no"; 
Autoview image =  "R"; 
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Reference tissue =  "Grey 
matter"; 
Recon compression =  "No"; 
Preset window contrast = "soft"; 
Reconstruction mode =  "real time"; 
Save raw data =   "no"; 
Hardcopy protocol =  "no"; 
Image filter =   "system 
default"; 
Uniformity correction =  "no"; 
Geometry correction =  "default"; 
IF_info_seperator =  1634755923; 
Total scan duration =  "02:15.0"; 
Rel. SNR =   0.803947985; 
Act. TR/TI (ms) =  "15000 / 
100"; 
Act. TE (ms) =   "5.9"; 
ACQ matrix M x P =  "120 x 182"; 
ACQ voxel MPS (mm) =  "1.00 / 1.10 / 
5.00"; 
REC voxel MPS (mm) =  "0.83 / 0.83 / 
5.00"; 
Scan percentage (%) =  91; 
WFS (pix) / BW (Hz) =  "0.996 / 
435.8"; 
TSE es / shot (ms) =  "5.9 / 153"; 
TEeff / TEequiv (ms) =  "6 / 6 "; 
Min. TR/TI (ms) =  "626 / 50"; 
Head SAR =   "<  4 %"; 
Whole body SAR / level = "0.0 W/kg / 
normal"; 
SED =    "  0.0 kJ/kg"; 
Coil Power =   "4 %"; 
Max B1+rms =   "0.56 uT"; 
PNS / level =   "41 % / 
normal"; 
dB/dt =    "38.6 T/s"; 
Sound Pressure Level (dB) = 17.6766739; 
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Appendix D

List of Abbreviations

ABS: acrylonitrile butadeine styrene

BMI: body mass index

BaSO4: barium sulphate

CAD: computer aided design

CaSO4: copper sulphate

CT: computed tomography

FDM: fused deposition modelling

GPU: graphics processing unit

HIPS: high impact polystyrene

ICG: indocyanine green

IVUS: intravascular ultrasound imaging

LED: light emitting diode

MRI: magnetic resonsance imaging

NIR: near-infrared

PAI: photoacoustic imaging

PET: positron emission tomography

PLA: polylactic acid

PVA: polyvinyl alcohol

PVA-c: poly-vinyl alcohol cryogel

PVCP: polyvinyl chloride

OPOs: optical parametric oscillators

ROI: region of interest

RF: radiofrequency

SLA: stereolithography
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SNR: signal-to-noise ratio

TMM: tissue mimicking material

TPU: thermoplasctic polyurethane

w/w: weight-by-weight



Appendix E

List of Components

List of components and equipment used in this thesis to fabrication PVA-c phantoms

3D printer: Ultimaker 3 and Ultimaker 5S; see Ultimaker website for information
on where to purchase

Barium sulphate: powder, from Amazon

Copper sulphate: powdered, Amazon

Electronic stirrer: Eurostar Digital 20, IKA from IKA.com

Glass microspheres: 53 - 106 um, from Amazon

PLA for 3D printing: various colours, bought from RS Components, but avail-
able from many sources

Potassium sorbate: powder, from from Amazon

PVA-c powder: >90 % hydrolysed, bought from Sigma Aldrich but available
from various sources

PVA for 3D printing: bought from RS Components, but available from many
sources. Care must be taken to store this material in a airtight container or bag,
to prevent absorption of humidity from the air

Water bath: HBR4 control from IKA

Other general equipment required: beakers, blu-tac, conical flasks, tape,
weighing scale,
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https://ultimaker.com/3d-printers
https://www.amazon.com/
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