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Abstract

Minimally invasive fetal interventions, such as those used for therapy of twin-to-

twin transfusion syndrome (TTTS), require accurate image guidance to optimise

patient outcomes. Photoacoustic imaging can provide molecular contrast based on

the optical absorption of the haemoglobin, and in this dissertation, it was proposed

as a novel technique to image the human placental vasculature. Normal term and

in utero TTTS treated placentas were imaged post-partum using two novel photoa-

coustic imaging systems. With PA imaging, vasculature was resolved to a depth

of approximately 7 mm from the chorionic placental surface; the photocoagulated

tissue provided a negative contrast and the ablation depth of the scar was visualised.

Complementary imaging of the placental vasculature in a microscopic size scale

was performed with a handheld incident dark field illumination video microscope

in fresh and formalin-fixed term placentas. Real time visualisation of the villus tree

down to the terminal villi level was achieved without any contrast injection or exten-

sive tissue preparation. Additionally, the novel application of photoacoustic imag-

ing to guide minimally invasive fetal interventions motivated the development of

tissue-mimicking placental phantoms for bench-top system validation and for clin-

ical training. Ideally, phantoms for this modality comprise materials with optical

and acoustic properties that can be precisely and independently controlled, which

are stable over time, and which are non-toxic and low-cost. Gel wax was proposed

as a novel tissue-mimicking material (TMM) that satisfies these criteria, and that it

can be used to represent various soft tissues and fabricate heterogeneous phantoms

with structures based on patient-specific anatomy. This dissertation sets the stage

for the development of miniaturised photoacoustic imaging probes for intraopera-
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tive guidance, and new methods of understanding the placental vascular anatomy in

health and disease. Gel wax has strong potential to become a next generation TMM

for evaluation, and standardisation of imaging systems, and for clinical training.



Impact Statement

The proposed work in this dissertation could potentially lead to benefits both in-

side and outside academia in several ways. Within the academic environment, re-

searchers from different fields that perform basic research in the human placenta

could use the results of this dissertation to adapt photoacoustic and dark field imag-

ing as new means to examine and visualise the placental vasculature without any ex-

tensive tissue preparation. Additionally, this work sets the stage for developments

of in vivo photoacoustic imaging, and the requirements for the translation of this

technique from bench-top systems to miniaturised probes. If this will be successful

in the future, photoacoustic imaging could be a valuable tool to guide the surgeons

and confirm successful photocoagulation of the anastomosing vessels during treat-

ment of twin-to-twin transfusion syndrome. This could lead to improve pregnancy

outcomes both for the fetuses and the mother. By using real time dark field imaging,

multiple locations across the placenta could be rapid examined, and therefore this

technique could potentially augment the histopathological examination by suggest-

ing areas for sampling. In this way, it could potentially improve our understanding

of the placental anatomy and function in healthy and pathological conditions such

as twin-to-twin transfusion syndrome, growth restriction and preeclampsia.

With controllable optical properties, favourable acoustic properties, temporal

stability, and mechanical robustness, gel wax could be useful as a base tissue-

mimicking material for many imaging and sensing modalities that involve light

and/or ultrasound wave propagation, including photoacoustic imaging. The meth-

ods presented in this dissertation could be easily adapted for phantom development

for other imaging modalities. Likewise, this would be of interest for a wide range
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of people including researchers (e.g. for new systems development and validation),

clinical practitioners (e.g. for training in new procedures, and pathologies such

as photoacoustic imaging of the human placental vasculature), funding bodies and

research organisations (e.g. for approval and standardisation of new imaging meth-

ods), and industry (e.g. manufacturers and suppliers of imaging modalities). Com-

mercially available gel wax-based phantoms would be of interest to the previously

mentioned groups, as a high amount of expertise and equipment is required for their

fabrication and characterisation. Finally, due to its good temporal stability, gel wax

could be highly beneficial for the photoacoustic imaging research community to-

wards the standardisation of this technology, and its acceleration and adoption into

clinical practice in fetal medicine and in a wide range of other fields.
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MIP Maximum intensity projection

2D Two dimensional

3D Three dimensional

PA/US Photoacoustic/Ultrasound

IDF Incident dark field

LED Light emitting diode

FOV Field of view



Chapter 1

Introduction

1.1 Motivation

It has been argued that the human placenta is probably the most important human

organ, and poorly understood at the same time [12]. Development and function

of the placenta are necessary for a normal pregnancy outcome (Figure 1.1). Fetal

blood from the umbilical arteries enters a complex villus tree connecting the fetal

(chorionic) and maternal surfaces. Fetal cotyledons contain stem villi, which branch

into intermediate and then terminal villi. These are the functional units of the pla-

centa that transfer nutrients and oxygen to the fetus. Alterations in the placental

vasculature can lead to conditions such as fetal growth problems [13] or twin-to-

twin transfusion syndrome (TTTS) in monochorionic twin pregnancies [14]. The

prognosis of pregnancy outcome in these conditions is still challenging, and their

relationship with the placental vasculature is not completely understood [15, 16].

The increasing need to understand the role of the human placental structure,

development, and function motivated the National Institutes of Health in the USA to

initiate the “Human Placenta Project” in 2014 [17]. A few months later of the same

year, a project called “Guided Instrumentation for Fetal Surgery (GIFT-Surg)” was

funded by the Wellcome Trust and the Engineering and Physical Sciences Research

Council in the UK [18]. GIFT-Surg aims to improve fetal interventions through

the development and integration of novel imaging techniques and surgical tools, in

which this dissertation is seen as a part of.
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Figure 1.1: Term human placenta. (Image adapted from [1])

The majority of fetal interventions in monochorionic twin pregnancies, such as

those used for therapy of TTTS, occur in the placenta [19]. TTTS is caused from

an imbalance of blood flow across inter-twin vascular connections (anastomoses) in

the placenta, and is associated with a high risk (>90%) for perinatal morbidity and

mortality if left untreated [19, 20]. Currently, TTTS can be treated fetoscopically

by identifying anastomosing vessels on the chorionic (fetal) placental surface, and

then performing photocoagulation [20, 21, 22]. Intertwin vascular connections may

remain patent in up to 33% of TTTS treated via selective photocoagulation, with

missed anastomoses or incomplete photocoagulation being associated with an in-

creased risk of recurrent TTTS, intrauterine fetal death, or fetal anaemia [23]. This

has led clinicians to adopt the Solomon technique to ablate the entire vascular equa-
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tor which damages large areas of the placenta and compromising its function, but

which is still not completely effective [22].

Conventional B-mode and Doppler ultrasound (US) [24] and Magnetic Reso-

nance Imaging (MRI) [25] are widely used to diagnose fetal and placental abnor-

malities prior to birth. Imaging of the placental vasculature during TTTS treat-

ment for the identification of anastomosing vessels is performed with white light

fetoscopy. However, all of these modalities provide poor visualisation and insuffi-

cient information about the placental vasculature [26]. Therefore, there is a need

for developing more advanced methods to visualise the placental vasculature and

more accurately assess the position of deep or narrow anastomoses and cessation of

blood flow within them.

Photoacoustic (PA) imaging is a hybrid technique based on the detection of

ultrasound waves that are generated when excitation light is absorbed by the tissue

chromophores [27, 28, 29]. With PA imaging, contrast from vasculature can be

particularly prominent due to optical absorption by haemoglobin. Although the

potential of photoacoustic imaging has been demonstrated in clinical contexts such

as breast imaging [30, 31, 32], its adoption into clinical practice has been quite

challenging so far.

If photoacoustic imaging was available for real-time imaging of the placenta

during fetoscopic photocoagulation treatment of TTTS, it could potentially provide

real-time guidance to assess whether photocoagulation is complete. It is of particu-

lar interest to identify narrow and/or sub-surface vascular anastomoses which may

be missed with fetoscopic imaging [23]. The work in this dissertation is intended to

set the stage for developments of in vivo photoacoustic imaging of the placenta and

fetus, by providing indications of the contrast that is available from this modality,

and also to develop phantoms to support bench-top system validation and clinical

training.

Development of novel imaging methods and therapeutic interventions for min-

imally invasive imaging of the placenta will require the use of tissue-mimicking

phantoms to mimic the properties of the placental vasculature. This has been ap-
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preciated from more commonly performed minimally invasive procedures such as

interventional cardiology [33] and interventional pain management [34], where the

use of phantoms is widespread. During system development, commonly performed

tasks with phantoms include system characterisation and performance evaluation,

quality control, and standardisation [35, 36]. Additionally, tissue-mimicking phan-

toms are widely used for training of clinical practitioners [37] in new clinical ap-

plications, and will become more prominent with the adoption of photoacoustic

imaging into clinical practice. Ideally, phantoms for photoacoustic imaging com-

prise tissue-mimicking materials with optical and acoustic properties that can be

precisely controlled, which are stable over time, and which are non-toxic and low-

cost.

The aims of this dissertation branch out in two directions: first, novel optical,

ultrasound and novel photoacoustic imaging methods are developed to visualise the

human placental vasculature; second, methods to fabricate tissue-mimicking phan-

toms of the human placenta compatible with the aforementioned imaging systems

using a novel tissue-mimicking material are presented.

1.2 Contributions
The contributions of this dissertation are summarised as:

• Gel wax, a mineral-oil based material with good temporal stability, is pro-

posed as a novel tissue-mimicking material for the development of multi-

spectral photoacoustic imaging phantoms with direct application to develop-

ing placental vasculature phantoms (published in Biomedical Optics Express

[38]). Methods for optical properties tuning with additives, and characterisa-

tion are proposed. Additional methods for homogeneous and heterogeneous

phantoms fabrication, and acoustic properties characterisation are proposed.

• Gel wax is proposed for anatomically-realistic ultrasound phantoms devel-

opment that are derived from patient-specific anatomy including the chori-

onic surface vasculature of a term human placenta (published in Physics in

Medicine and Biology [39]). Methods to generate 3D printed moulds and
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shape gel wax to fabricate anatomical models are proposed. Additional meth-

ods to tune the acoustic properties with additives and characterise them are

proposed. Mechanical characterisation of the Young’s modulus of native gel

wax is proposed.

• Volumetric photoacoustic imaging is proposed as a novel way to image the

human placental vasculature at macroscopic size scales. Two photoacoustic

imaging systems, and additional complementary microfocus imaging with

histological analysis were used. A normal term and a TTTS complicated

placenta, which was treated with fetoscopic photocoagulation in utero, were

examined.

• Dark field illumination microscopy, as implemented with a handheld probe,

is investigated as a novel way to image post partum the human placental mi-

crovasculature in real time. Fresh and formalin-fixed placental samples with

free hand and clamped probed imaging were examined.

1.3 Publications
The material in this dissertation includes components that were published in peer-

reviewed journal papers and in conference papers. However, only relevant work

within this topic will be presented.

1.3.1 Peer-reviewed journal papers

1. E. Maneas†, W Xia†, O. Ogunlade, M. Fonseca, D.I. Nikitichev, A.L. David,

S.J. West, S Ourselin, J.C. Hebden, T. Vercauteren, and A.E. Desjardins. Gel

wax-based tissue-mimicking phantoms for multispectral photoacoustic imag-

ing. Biomedical Optics Express, 9(3):1151–1163, 2018.

2. E. Maneas†, Xia† W., D.I. Nikitichev, B. Daher, M. Manimaran, R.Y.J.

Wong, C.W. Chang, B. Rahmani, C. Capelli, S. Schievano, G. Burriesci,

S. Ourselin, A.L. David, M. Finlay, S.J. West, T. Vercauteren, and A.E. Des-

jardins. Anatomically realistic ultrasound phantoms using gel wax with 3d

printed moulds. Physics in Medicine & Biology, 63(015033), 2018.
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fetoplacental microvasculature using a handheld incident dark field illumina-

tion microscope: a proof of concept study. in preparation. 2018.
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1.4 Thesis organisation
Chapter 2 initially provides an overview of the clinical background related to the hu-

man placental vasculature. Pathological conditions that motivated this work, along

with literature review of imaging methods that have been applied in human placen-

tas are presented. Additionally, background about current tissue-mimicking materi-

als and challenges in phantom development are presented.

In Chapter 3, tissue-mimicking phantoms for multispectral photoacoustic

imaging are presented. A novel tissue-mimicking material based on mineral oil,

called gel wax, is proposed. Additives were used to tune its optical properties,

namely the optical absorption and reduced scattering coefficients. Homogeneous

slabs were fabricated for optical and acoustic properties characterisation. Multi-

spectral photoacoustic imaging was performed with fabricated optically heteroge-

neous phantoms.

Chapter 4 describes the use of gel wax as a tissue-mimicking material for the
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development of ultrasound phantoms with anatomical realism derived from patient-

specific anatomy. In a similar manner to the previous chapter, additives were used to

tune its acoustic properties, namely frequency-dependent acoustic attenuation and

acoustic backscattering. The speed of sound of was also characterised, as the use

of additives didn’t have a significant impact on it. The mechanical robustness of

gel wax was investigated with measurements of the Young’s modulus of native gel

wax Methods with 3D printed moulds for the fabrication of anatomically realistic

gel wax phantoms which are derived from patient-specific anatomy are presented.

Chapter 5 presents the first volumetric photoacoustic imaging study in post

partum human placentas (under submission). A normal term and an in utero treated

placenta complicated from twin-to-twin transfusion syndrome were examined. The

placental vasculature was imaged with two novel photoacoustic imaging systems

that provide complementary information of the anatomical features that can be visu-

alised. Additional complementary imaging with microfocus computed tomography

and histological analysis were performed.

Chapter 6 investigates a new method to image the placental vasculature based

on a handheld dark field illumination video microscope. The potential of this modal-

ity to visualise vascular features (e.g. terminal villi, red blood cells) in real time

related to the placental microvasculature is presented for the first time. Imaging in

fresh and formalin-fixed placental tissue is explored.

Chapter 7 provides a summary of the findings from this dissertation, and dis-

cusses several directions for future works and applications.

Appendix A presents novel all-optical ultrasound imaging, and Appendix B

novel laser speckle contrast imaging of the human placental vasculature, respec-

tively. Appendix C presents additional information for the acoustic properties char-

acterisation setup that is presented in Chapters 3 and 4.



Chapter 2

Background

This chapter introduces the anatomical features of the human placental vascula-

ture, and focuses on pathological conditions that occur in monochorionic twins,

and more specifically in twin-to-twin transfusion syndrome. The pathological fea-

tures of TTTS, and the therapeutic approaches are described to serve as a guide,

and to define the requirements for device development. An overview of current

imaging techniques to visualise the placental vasculature in vivo and post partum

are presented. Additonally, the process of light propagation and photoacoustic sig-

nal generation are briefly described. Finally, currently available tissue-mimicking

materials for phantoms development, and the requirement for new materials are

presented.

2.1 Placental vascular anatomy and physiology
The human placenta is attached to the maternal uterine wall, and it is connected to

the fetus via the umbilical cord. The development of the placenta starts when the

blastocyst is implanted into the maternal endometrium, and it separates from the

uterine wall in the last stage of labour [40]. Vessels originating from the umbilical

cord enter the placental fetal (chorionic) surface, and branch out to a complex villus

tree connecting the fetal and maternal surfaces. The fetal placental and maternal

surfaces are called chorionic and basal plates, respectively. A detailed representa-

tion of the human placenta is shown in Figure 2.1.

Fetal cotyledons (approximately 10-40) contain stem villi which branch re-
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peatedly into intermediate and then terminal villi. This branching fetal villus tree,

surrounded by the intervillous space, is perfused by the maternal circulation and

provides a larger surface area (12− 14 m2 by term) for nutrients and oxygen ex-

change [41]. Each cotyledon is acts as a maternal-fetal exchange unit [42]. At term,

the human placenta has an oval or disc shape with an average diameter of 22 cm,

which is 3-4 cm thick at its centre and becomes thinner towards the edges [41, 43].

The average placental weight is approximately 500 g, and a positive correlation

between the placenta volume and birth weight has been found [44].

Figure 2.1: Representation of the human placental vasculature. (Image adapted from [2])

The main functions of the placenta include: a) metabolism: synthesis of glyco-

gen, cholesterol and fatty acids that provide nutrients and energy for the fetus, b)

transportation of substances such as gases, nutrients, c) endocrine secretions of pro-

tein hormones, and d) removal of waste products from the fetus [12, 42]. Therefore,

the normal development, growth and function of the placenta is crucial for the well-

being of the fetus.
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2.2 Complications in monochorionic twin placentas
Nowadays, there has been an increase of twin pregnancies due to increasing use

of assisted reproductive technology, and sociodemographic changes in our popula-

tion associated with migration and deferment of pregnancy to a later maternal age

[45]. As a result, over the last three decades, twin pregnancy rates have increased

by approximately 50% in Western countries due to the use of assisted reproductive

technology [46]. Twin pregnancies can occur either monochorionic or dichorionic,

which can be determined with an ultrasound scan at 10 to 14 weeks of gestational

age [47]. Monochorionic (MC) twins share the same placenta, while each dichori-

onic twin has its own placenta. The majority of interventions on the placenta occur

in complicated twin pregnancies [19]. Miscarriage, preterm birth, fetal growth re-

striction and preeclampsia are among the increased risk factors of a twin pregnancy

[19].

MC twins pregnancies account for the 20% of all twin pregnancies and are

associated with higher fetal loss rates (6 times higher than dichorionic twins be-

tween the first trimester and 24 weeks [48]) and risk for preterm delivery, perinatal

mortality, and morbidity [16]. MC twins share the same circulatory system through

vascular anastomoses (connections between blood vessels) which arise from the

chorionic surface [19]. These connections can be three types: arterial-arterial (AA),

venous-venous (VV), or arterial-venous (AV). AA and VV are end-to-end anas-

tomoses that occur at the chorionic placental surface, with AA to be much more

common that VV [50]. On the contrary, in an AV connection, an artery enters the

placenta from the fetal placental surface to the capillary bed of a cotyledon where

it drains to the venous system of the other twin. The fetuses can develop various

complications, which depend on the type of anastomoses and blood flow imbal-

ances that can cause. Another consequence of this inter-twin blood flow is that the

well-being of one fetus critically depends on that of the other [19].

2.2.1 Twin-to-twin transfusion syndrome

TTTS complicates 15% of all monochorionic twin pregnancies [51]. It is believed

that TTTS occurs from an inter-twin transfusion imbalance across the placental
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vascular anastomoses between the one twin, which is referred to as “donor” to the

other twin, which is referred to as “recipient”, respectively.

However, the factors that cause TTTS are not yet completely understood [52].

The presence of one-way AV anastomoses without the presence of other con-

nections that can compensate for this unidirectional blood flow may cause TTTS

[50, 53]. Another study showed that TTTS complicated placentas had fewer anas-

tomoses compared to normal ones, although the anastomoses present were more

likely to be deep rather than superficial (80% vs 36% in control) [50].The superfi-

cial anastomoses, especially AA, are believe to be protective against TTTS develop-

ment, and it was found that their presence in a TTTS complicated placenta improves

the pregnancy outcome [50].

The “Eurofoetus” randomised trial [21] demonstrated that fetoscopic laser co-

agulation should be considered as the best treatment option for TTTS [20, 21, 22].

Fetoscopic laser coagulation aims to identify the patterns of anastomoses that cause

TTTS and then tries to separate the two fetal circulations systems by coagulating

these anastomoses [20, 21]. If the disconnection is successful, the amniotic fluid

volumes, the urine output and the cardiac function in the recipient twin will be bal-

anced.

A study reviewed the outcome of donors and recipients following fetoscopic

laser coagulation, and showed survival rates of 60% (438/724) for donors and 70%

(505/724) of recipients, respectively [54]. Impaired neurological development will

be formed to almost 1 of 10 of the surviving infants (11%) with the cerebral palsy

the most common one [19]. The final outcome has been correlated with the number,

the size, the location and the type of missed anastomoses [23].

2.2.2 Selective intrauterine growth restriction

Another condition associated with MC placentas is known as selective intrauterine

growth restriction (sIGUR). This abnormality carries serious risks of neurological

damage and intrauterine fetal demise. The understanding of the placental anatomy

along with its various ultrasound and Doppler patterns has been an essential step

towards a more in-depth understanding of this condition. However, the prognosis
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of the patient outcome of sIUGR is still challenging as it depends on multiple fac-

tors [55]. Selective IUGR represents a risk for both twins, the growth restricted

and the appropriately grown. Recent investigations have shown that the intrauterine

death of the growth-restricted twin is associated with important consequent com-

plications for the larger twin. Mass transfusion of blood into the demised twin can

cause hypovolaemia in the surviving twin. This can have serious neurological im-

plications in surviving twins, or cause a secondary fetal demise [55]. Even if both

infants are born alive, there are substantial neurodevelopmental risks for the non-

deprived twin. Two main factors are responsible for these: prematurity and severe

feto-fetal in utero transfusions [55, 56]. The main reason for sIUGR to occur is the

uneven sharing of the placental area between the twins. The cause-effect relation-

ship between this unequal partitioning and sIUGR, which was reflected after birth

as a weight difference between the twins, has been demonstrated in several studies

[14, 57].

2.3 Clinical imaging of the placenta

2.3.1 Ultrasound imaging

Ultrasound imaging is used widely in the clinic for measuring placental size, mor-

phology, and ing of the placental normal development throughout pregnancy, with

B-mode the most commonly used method [24]. B-mode ultrasound image contrast

can be considered to be a representation of the acoustic impedance mismatch be-

tween different tissue types, thus it reflects the mechanical and elastic properties of

tissue. For this reason, acoustic contrast between soft tissues is quite limited, mak-

ing it difficult to distinguish individual blood vessels (Figure 2.2). Diagnosis of any

placenta insufficiency occurs in a indirect way as for example, amniotic fluid dis-

cordance is an indication of TTTS in monochorionic twin pregnancies which will

be described below.

Pulsed Doppler ultrasound is considered the most frequently used technique to

monitor the placental development and function [58]. Pulsed Doppler ultrasound

sends and receives echo pulses using the Doppler shift principle to measure the ve-
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Figure 2.2: Ultrasound image of human placenta and umbilical cord (colour Doppler ren-
dering) with central cord insertion and three umbilical vessels, at 20 weeks of
pregnancy. (Image courtesy of Dr. W. Moroder; adapted and modified from
[3])

locity of flowing red blood cells that act as moving scattering objects. Blood flow

velocity measurements can be obtained, although it is limited to the uterine and um-

bilical arteries, and large chorionic vessels in the placenta. Another Doppler-based

ultrasound technique that is used for in vivo placental assessment is Power Doppler,

which is typically used in 3D. The volume fraction of the placental vasculature can

be acquired, and standard measurements include the vascularisation index, vascu-

larization flow index, and flow index, although the predictive value of these indices

to assess placental insufficiency needs is quite challenging due to measurements re-

producibility, and population heterogeneity [59]. However, as with previous ultra-

sound techniques, Power Doppler has poor temporal resolution and cannot visualise

smaller placental vessels and the intervillous space.

In TTTS, the donor has blood shunted away from it, which causes growth

restriction, anemia, hypovolemia, and oligohydramnios. The recipient twin of this



2.3. Clinical imaging of the placenta 47

blood surplus becomes larger with cardiac overload, hypervolemia and polyhydram-

nios. TTTS is usually diagnosed between 16 to 26 weeks of gestation age with an

ultrasound scan [60] under irregular amniotic fluid levels; oligohydramnios (deep-

est vertical pocket: ≤ 2 cm)) with a small or empty bladder in the donor twin, and

polyhydramnios (deepest vertical pocket: ≥ 8 cm)) with a distended bladder in the

recipient twin [51, 61]. The Quintero staging system [61] is used to classify the

severity of TTTS and predict the pregnancy outcome, and includes five stages, with

the fifth which includes at least one of the fetuses being dead being the most severe.

Overall, the perinatal survival rate for TTTS is 65%, while for the first two stages is

higher (76%) and lower for the rest (52%).

2.3.2 Magnetic Resonance imaging

Magnetic Resonance Imaging has the advantages of a larger field of view and better

soft tissue contrast compared to ultrasound imaging. However, during pregnancy,

MRI is primarily utilised as a complementary imaging technique to ultrasound when

additional information (e.g. more accurate measurements of placental volume) or

confirmation of specific ultrasound findings (e.g. IUGR, abnormal placental im-

plantation) is required [62]. Lower spatial resolution compared to ultrasound and

the need of fast acquisition sequences to minimise artefacts caused by maternal

breathing and fetal movement are the most prominent factors that hinder its wide

use.

Functional MRI (fMRI) of the placenta could provide additional informa-

tion related to vascularisation, oxygenation and metabolism. Blood-oxygen-level-

dependent (BOLD) imaging, an fMRI method, showed that changes in the placental

oxygen saturation during maternal hyperoxia (i.e. oxygen increase) could be mea-

sured [63]. Dynamic contrast-enhanced MRI (DCE-MRI) can quantify placental

blow flow, perfusion and vascular permeability. Brunelli et al [64] showed potential

use of DCE-MRI to image flow patterns in growth restricted placentas. Addition-

ally, diffusion-weighted (DW) imaging was used to image placental insufficiency in

growth restricted placentas [65]. However, current clinical practice guidelines rec-

ommend limited use of gadolinium-based contrast agents due to their transplacental
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passage to the fetus, which can cause toxicity [66].

2.4 Post partum and preclinical imaging of the pla-

centa
Smaller vascular structures could be visualised with the use of contrast agents such

as gas-filled microbubbles. This technique is based on the injection and subsequent

detection of microbubbles that are perfused through the blood circulation and act

as ultrasound scatterers. As a result, the ultrasound scattering of microbubbles-

filled blood vessels is highly increased, and visualisation of the smaller vessels can

be achieved. Contrast agent such as Levovist® [67] has been used to perfuse post

partum human placentas, and enhancement of the chorionic vessels and within the

villus tree was shown. Although the administration of ultrasound contrast agents is

approved for example for liver and heart imaging, their safety during pregnancy still

needs to be determined [68]. One positive example towards this direction showed

the absence of microbubbles in the fetal circulation in rats [68, 69].

Ultrafast Doppler was recently proposed to improve the sensitivity of Doppler

ultrasound. It uses unfocused ultrasound plane waves for faster image acquisition,

thus it enables higher frame rates that improve the quality (i.e sensitivity and spatial

resolution) of Doppler images [70]. Ultrafast Power Doppler was able to visualise

placental vessels down to 100 µm and to distinguish fetal from maternal vessels in

rabbits [71].

Magnetic resonance angiography has also been applied to post partum human

placentas with the injection of a gadolinium-based contrast agent. Visualisation

of braching vessels starting from the chorionic plate down to the stem villi level

was achieved [72]. However, the use of gadolinium limits the application of this

technique only in post partum research.

Microfocus computed tomography (micro-CT) is an additional imaging

method that has been applied in a post partum context to visualise the placen-

tal vasculature. Micro-CT can provide 3D visualisation of the whole villus tree

and allow for quantitative analysis and comparison among different samples [73].
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Radio-opaque contrast agents can be used with barium sulphate [74] and Microfil®

[73, 75], which is the most commonly used.

Apart from techniques based on imaging systems, insights into the placental

structure and function, such as in the pathophysiology of TTTS, have been obtained

from vascular casting studies. Multiple colour dyes are manually perfused usually

through an umbilical artery, and subsequently visual inspection of the distribution

of the dyes is performed. In TTTS complicated placentas, for example, the location

where two different colours are mixed indicates the presence of an anastomosis.

Such a method showed that TTTS complicated pregnancies had fewer anastomoses

compared to healthy ones, and anastomoses were located deeper from the chorionic

plate [19, 50, 53, 76]. The latter finding demonstrated an additional need for devel-

opment of new imaging and therapeutic methods. Finally, the interested reader in

placental imaging is referred to a recent review paper from Wu and Bayer [68].

2.5 Principles of photoacoustic image generation

This dissertation is centred on photoacoustic imaging of the human placenta that

relies on light propagation through the tissue. Therefore, in this section, basic the-

ory about the light propagation through biological tissues and photoacoustic signal

generation will be described.

When light propagates through tissue it may be absorbed or scattered by the

tissue chromophores [77]. Absorption occurs due to a variety of intrinsic tissue

components such as chromophores, and fluids that absorb light at certain wave-

lengths. Scattering is caused by the gradients and discontinuities in the optical re-

fractive index of various subcellular components of tissue [78]. The optical absorp-

tion, µa, and scattering, µs, coefficients represent the probability per unit distance

travelled by a photon of being absorbed or scattered, respectively. In photoacoustic

imaging, mainly optical absorption is of interest due to dominant absorption com-

pared to scattering. Figure 2.3 shows the optical absorption spectra of endogenous

tissue chromophores. The most important chromophore is haemoglobin with an ab-

sorption more than two orders of magnitude over the other tissue chromophores in
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wavelengths close to the visible spectral region [79].
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Figure 2.3: Absorption coefficient of endogenous tissue chromophores: oxyhaemoglobin
(HbO2; red) and deoxyhaemoglobin (HHb; blue) [4], lipid (pink) [5] and water
(black) [6]. (All data was retrieved from [4])

Typically, light propagation in biological tissue can be modelled analytically

using the radiative transfer equation (RTE), which is derived from the energy con-

servation principle and Maxwell’s equations [78]. The RTE is a particle-based equa-

tion considering only the energy carried by the photos and thus, it neglects wave

effects. In photoacoustic imaging using pulsed excitation light, acoustic wave prop-

agation is considered to start when all optical energy from an excitation light pulse

has been absorbed due to stress confinement. Therefore, only the time-independent

version of RTE is of relevance. The RTE can be calculated for the radiance as:

(ŝ ·∇+µt)L(r, ŝ)−µs

∫
θ(ŝ, ŝ′)L(r, ŝ)dŝ′ = q(r, ŝ) (2.1)

where L(r, ŝ) is the light radiance at position r, propagating along the direction of

the unit vector ŝ, and θ(ŝ, ŝ′) is the probability that a photon travelling in direction

ŝ′ will travel in direction ŝ due to an elastic scattering event, and µt = µa + µs is

the transport coefficient, and q(r, ŝ) is the light source term. Equation 2.1 is chal-

lenging to solve analytically apart from very specific cases as for example, when

a medium with optically homogeneous layers and uniform illumination is consid-
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ered. The RTE can be solved numerically by using either Monte Carlo methods

of light propagation [80], or the so-called diffusion approximation (DA) method

[81]. In Monte Carlo methods, the trajectories of multiple photons in absorbing and

scattering media are modelled from random walks. Physical quantities, such as the

absorbed energy density, can be calculated from the sum of energy that each photon

has deposited before it escaped from the medium, or until all its energy has been ab-

sorbed. Monte Carlo methods are considered equivalent to the RTE [78]. However,

the large number of photons need to be tracked to approach the true RTE solution,

can make Monte Carlo methods computationally expensive especially when mul-

tiple layers with heterogeneous optical properties are considered. Implementation

of Monte Carlo methods to utilise graphical processing units has been one solution

towards this direction [82].

The DA can be derived from the RTE by expressing the radiance L as a series of

spherical harmonics and then, truncating after the first term (i.e. P1 approximation)

for an isotropic source q. The time-independent DA can be calculated as in [81]:

(µa−∇ ·D∇)Φ = q0 (2.2)

where D = [3(µa+µ ′s)]
−1 is the optical diffusion coefficient, Φ is the fluence, µ ′s =

µs(1− g) is the reduced scattering coefficient, g the anisotropy factor and q0 an

isotropic light source. Equation 2.2 holds when µ ′s � µa, which is usually valid

for biological tissue, at an approximately 1 mm distance away from the light source

and the boundaries of the imaged medium [78]. Therefore, DA is valid and can be

used to accurately describe the light distribution beyond this depth, which is called

diffusive regime. In contrast, the region in from of the point when the light enters

the tissue and maintains its directionality is called ballistic regime. For the ballistic

regime, the RTE is used instead of the DA. Equation 2.2 can be solved analytically

in ideal scenarios, such as in the case of an optically homogeneous infinite medium,

using the Green’s function [83]. In the simplest form of one-dimensional case, the

fluence Φ at a depth z from the illuminated surface can be derived as:
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Φ(z) = Φ0 exp(−µe f f z) (2.3)

where Φ0 is the incident fluence on the surface of the tissue, and µe f f =√
3µa(µa +µ ′s) is the effective attenuation coefficient. However, in the general

case of biological tissue with heterogeneous absorption and scattering coefficients

and arbitrary boundaries, the fluence can be obtained either with Monte Carlo or

with finite element methods.

The process of photoacoustic signal generation is based on the photoacoustic

effect which was originally described in 1880s by Alexander Graham Bell [84],

which describes the generation of ultrasound waves caused by the absorption of

light and conversion to heat [85]. Excitation light pulses incident to the tissue sur-

face penetrate to a depth that is determined by the excitation wavelength and the

optical properties of tissue. Light is scattered through the tissue and gets absorbed

by the tissue’s molecules (i.e. chromophores). The absorbed energy density is con-

verted into heat, leading to thermoelastic expansion (i.e. thermalisation) which is

followed by the emission of acoustic waves. The acoustic waves propagate through

the tissue and can be detected at its surface using an ultrasound transducer [79]. By

detecting the acoustic waves at several spatial locations and by applying a recon-

struction algorithm a photoacoustic image can be formed.

In photoacoustic imaging applications, two relevant characteristic confine-

ments are considered: thermal (or heat) diffusion and temporal stress (or acoustic)

confinements. Thermal confinement requires the duration of the excitation light

pulse, τ , to be short enough so that the thermal diffusion from the smallest imaged

volume of interest to be significantly longer, and it is defined as in [86]:

τ � τth =
d2

Dt
(2.4)

where d is a length characteristic (i.e. targeted spatial resolution to visualise a struc-

ture of interest), and Dt is the thermal diffusivity that is given by: Dt = k/ρcp, where

k is thermal conductivity, ρ the mass density, and cp the specific heat at constant
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pressure. Stress confinement requires the pressure relaxation (i.e. acoustic wave

propagation) within the smallest volume of interest to be significantly longer com-

pared to the duration of the excitation light pulse τ , and it is defined as in [86]:

τ � τs =
d
c

(2.5)

where c is the speed of sound of the imaged tissue. Assuming the excitation light

pulse is short enough, typically τ < 10 ns, to justify thermal and stress confinements,

the photoacoustically generated pressure can be described as a representation of the

initial acoustic pressure distribution, p0, at location r, which is proportional to the

absorbed energy as in [87]:

p0(r) = ΓH(r) = Γµa(r)Φ(r), (2.6)

where Γ is the Grüneisen coefficient, a dimensionless quantity that represents a mea-

sure of PA efficiency (i.e. the conversion of heat energy to pressure). The absorbed

energy density, H = µaΦ, can be written as a product of the optical absorption co-

efficient µα and the optical fluence Φ. Optical fluence is dependent on the optical

properties of the imaged tissue, namely optical absorption (µα ) and scattering (µs)

coefficients and anisotropy factor (g).

The generated pressure (i.e. acoustic wave) propagates through the tissue, and

it can be detected at its surface with an ultrasound transducer [79]. Under the

assumption of an acoustically homogeneous and non-absorbing (i.e. attenuating)

medium, the acoustic wave propagation within the tissue is described by the pho-

toacoustic wave equation as in [87]:

∂ 2 p(r, t)
∂ t2 − c2

∇
2 p(r, t) = 0 (2.7)

where p(r, t) are the photoacoustic signals measured at locations r and time t. In

Equation 2.7, no source term is added as the heating process is assumed to be instan-

taneous and the thermal confinement (Equation 2.4) is satisfied. Two initial condi-

tions need to be satisfied for the solution of Equation 2.7. First, p(r, t = 0) = p0(r),
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which refers to the initial acoustic pressure distribution, and second, ∂ 2 p(r,t=0)
∂ t2 = 0,

which is equivalent to assuming that the particle velocity is initially zero every-

where. When these conditions are satisfied, the solution to the photoacoustic wave

equation can be given by a Poisson’s integral as in [88]:

p(r, t) =
1

4πc
∂

∂ t

∫
|∆r|=ct

p0(r−∆r)
ct

dS (2.8)

Equation 2.8 describes the acoustic pressure at location r, and time t, as a sum of

all initial sources over a spherical shell S, with radius ct, which is centred at r.

A wide variety of reconstruction algorithms have been proposed [89] such

as filtered back-projection, transformations in the Fourier domain, time reversal,

and model-based inversion methods. All reconstruction algorithms rely on several

assumptions and have their own advantages and limitations in terms of accuracy

and computational efficiency [79]. Analytical solutions for the acoustic forward

problem have been proposed for different geometries [90]. Additionally, numerical

methods such as finite-element and finite-difference have been proposed to solve

Equation 2.7 in the time domain [83]. However, these methods are computationally

expensive and time consuming. Pseudo-spectral methods based on k-space that take

advantage of fast Fourier transforms have been developed to overcome these issues

[87]. Using this method, the acoustic pressure at time t is calculated as in [87]:

p(r, t) =
1

(2π)3

∫
p0(k)cos(ckt)expik·r dk (2.9)

where k = (kx,ky,kz) is the wavenumber vector and p0(k) is the 3D Fourier trans-

form of the initial acoustic pressure, which is given by:

p(k) =
∫

p0(r)exp−ik·r dr (2.10)

By using Equations 2.9 and 2.10, and given that p0(r) is known (Equation 2.6), the

acoustic field at all positions and at any time t can be calculated. Such method can

be found implemented in the “k-wave” toolbox [91], which will be used in the next

chapters for photoacoustic image reconstruction.
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Photoacoustic imaging is highly scalable and can be implemented into tomo-

graphic and microscopic configurations to image from organs to cells. Photoacous-

tic tomography is based on an array of unfocused ultrasound transducers in either

spherical, cylindrical or planar (i.e. linear) configuration combined with a recon-

struction algorithm as described before [28]. Cylindrical and spherical geometries

require access to all points are around the imaging medium with their applications

being limited to breast or small animal imaging [27]. Planar detector geometries

provide better access to a wide a range of tissues and organs, and are usually based

on clinical ultrasound transducers. Photoacoustic microscopy can be implemented

in two modes: optical-resolution where the resolution is defined by the light prop-

agation in tissue, and acoustic-resolution where the resolution is defined by the

acoustic wave propagation/detection, respectively [92]. Another category of pho-

toacoustic imaging modalities is based on endoscopic probes or intravascular de-

vices with several proposed excitation light delivery and acoustic wave detection

strategies [27].

2.5.1 Photoacoustic imaging of the placenta

Photoacoustic imaging can play a significant role in monitoring of placental func-

tion due to the prominent optical absorption of haemoglobin [79, 77]. Until recently,

two studies have reported in preclinical placental imaging. Bayer et al. demon-

strated the potential to image fetal and placental haemoglobin oxygen saturation

during pregnancy in mice [93], and Arthuis et al. [94] used photoacoustic imag-

ing to measure placental oxygenation in pregnant rats under conditions of maternal

hypoxia and hyperoxygenation.

In contrast, the only attempts to image the human placental vasculature with

photoacoustic imaging have been reported by Xia et al. using post partum term

placentas [7, 95]. Excitation light was delivered directly to the placental surface

using an optical fibre through a needle. The size of the fibre was chosen such that it

could fit into the instrument channel of a fetoscope with its sheath. The generated

photoacoustic signals were detected by a clinical-linear array ultrasound transducer.

Multispectral photoacoustic imaging of a monochorionic normal term placenta was
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Figure 2.4: Multispectral photoacoustic images of the human placenta. (a) Photograph of
the human twin placenta. An ultrasound image of the placenta together with the
structure outlines are shown in (b) and (c). Co-registered photoacoustic images
at wavelengths of 750 and 850 nm are shown in (e) and (f). Two veins [v1 and
v2 in (b) and (c)] are clearly identified in the photoacoustic images. Average
photoacoustic amplitudes for regions of interest (indicated in (e) and (f)) are
compared with the absorption spectra of oxygenated and deoxygenated blood
in (d) for wavelengths from 750 to 900 nm. (Image adapted from [7])

performed using wavelengths from 750 to 900 nm. Two veins were visualised in

the photoacoustic images based on their optical absorption spectrum that followed

the same trend as the deoxygenated blood (Figure 2.4d-f). The potential of pho-

toacoustic imaging to identify chorionic vessels to provide guidance during TTTS

procedures was demonstrated.

2.6 Tissue-mimicking phantoms
Development and validation of novel imaging methods and applications, such as

minimally invasive imaging of the placental vasculature, is initially performed in

tissue-mimicking phantoms. Tasks that are usually performed with phantoms in-

clude system calibration, performance evaluation, quality control, and standardisa-

tion [35, 36, 96]. Clinical training in ultrasound-guided interventional procedures
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[97, 98] is also performed in tissue-mimicking phantoms. However, this category

of phantoms introduces another complexity as structures such as blood vessels with

anatomical realism, ideally derived from patient-specific imaging data, are neces-

sary.

Phantoms for optical modalities have been traditionally developed separately

from those for ultrasonic modalities. For optical imaging modalities such as dif-

fuse optical tomography [99] and fluorescence imaging [100], controlling optical

properties such as optical absorption and scattering coefficients has been important.

Likewise, for ultrasound imaging, speed of sound, acoustic attenuation and acous-

tic impedance are often the most relevant parameters being looked at in phantoms

[101, 102].

Hybrid imaging and sensing modalities, such as photoacoustic imaging,

present new challenges and set new requirements for phantom development. Ide-

ally, a tissue-mimicking material (TMM) should satisfy the following character-

istics: to allow for independent control of optical and acoustic properties within

physiological ranges; to have temporal stability and mechanical robustness in room

temperature and pressure; to be non-toxic, easy-handling, and low cost. Existing

TMMs that are widely used for optical and ultrasound phantoms have limitations

for photoacoustic imaging. Phantoms for multispectral and quantitative photoa-

coustic imaging applications add another complexity, as tuning of optical properties

is necessary for a wide range of wavelengths.

Successful development and fabrication of tissue-mimicking phantoms relies

mainly in there components: first, the base material; second, the additive quantities

that can be incorporated to tune its properties; third, the ability to create complex

structures such as branching vessels of vasculature, a parameter that becomes in-

creasingly important.

Most common materials that have been used for base material and addi-

tives can be embedded include: water-based materials such as agar and gelatin

[103, 104, 105, 106], polyester, epoxy resin and silicone [107, 108, 109], polyvinyl

alcohol (PVA) [110, 111, 112, 113], polyvinyl chloride plastisol (PVCP) [36, 96,
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114, 115, 116], and mineral-oil based materials such as gel wax [97, 117, 118].

Frequently used additives for optical scattering include intralipid, polymer or glass

microspheres, and titanium dioxide (TiO2). Since photoacoustic imaging is an “op-

tical absorption” method [27], finding suitable optical absorbers is of significant

interest. Common absorbers used in tissue-mimicking phantoms include India ink,

organic and inorganic dyes that can be simple pigments for food or other types of

colouring.

Phantom categories can be separated into liquid and solid. Liquid-based phan-

toms are usually preferred due to the ease of fabrication and availability as wa-

ter is most frequently used. Their optical and acoustic properties are well defined

[119, 120], and their speed of sound is close to those of biological tissues. However,

it is challenging to modify their acoustic properties and the speed of sound can vary

significantly with temperature [102]. They cannot be maintained for a long time, a

fact that may be time consuming as every time a new phantom needs to be prepared.

Additionally, the creation of any form of structure is prevented, thus their use is lim-

ited. The most frequent use is in combination with a container (e.g. plastic) and the

immersion of other structures that can act as optical absorbers (c.f. Figure 5.2).

The most frequently used solid phantoms are made of agar [106] and gelatin

[105], since constituents to modify optical and acoustic properties are well known

[104, 103, 121]. They are broadly optically transparent with speed of sound similar

to biological tissue, and water-based dyes, such as India ink, can be incorporated to

modify their absorption. Agar/gelatin-based phantoms can be fabricated in an easy

manner, without any need for dedicated equipment. However, factors such as lim-

ited mechanical strength, high evaporation rates, and bacterial growth significantly

limit their repeated use [102, 104].

Polyester resin [107], epoxy resin [108], and silicone [109] are often used for

optical imaging. Their main advantage is their hight temporal stability and the

ability to embed additives to modify their optical absorption and scattering. How-

ever, they have unrealistic speed of sound and/or high acoustic attenuation values

[122, 123]. Likewise, polyurethane and condensed milk gel are used for commer-
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cial ultrasound phantoms [124], but their high intrinsic optical absorption and/or

scattering limited their use for optical imaging phantoms [35, 124].

PVA has been successfully used for the development of photoacoustic and ul-

trasound imaging phantoms [110, 111, 112, 113]. Its biggest advantage is that prop-

erties such as optical scattering, speed of sound, acoustic attenuation, and Young’s

modulus increase with the number of freeze-thaw cycles performed during the phan-

tom fabrication process. Therefore, it is not necessary to include additional optical

and acoustic scatterers. Dissolving PVA in a mixture of water and dimethyl sulfox-

ide (DMSO) can yield optically transparent and mechanically robust gels to which

optical absorbers and scatterers can be added [111, 112]. However, the fabrication

process is rather time consuming as each freeze-thaw cycle can last one day. In-

homogeneities due to differential heating and cooling rates [125], and sensitivity to

humidity have been reported [102].

PVCP is another material that has been used for photoacoustic imaging phan-

toms [126, 127]. Its optical scattering and absorption can be well controlled by

adding optical scatterers and inks [36, 96, 114, 115]. It is insoluble in water, and

temporal stability of up to 6 months has been shown [36]. However, PVCP has

higher acoustic attenuation than that of some fatty tissues, even in its native form

[36, 96, 114, 115, 116].

A promising category that has shown great potential as TMMs is mineral oil-

based materials [97, 128, 129, 117, 118]. A study by Cabrelli et al. [129] reported

that the optical and acoustic properties of mineral oil can be varied by adding

styrene-ethylene/butylene-styrene copolymer and low-density polyethylene. The

measured acoustic properties of their mineral oil-based compositions were within

the range of values reported for soft tissues. However, in that study, the optical

absorption and scattering coefficients were not independently tuned and the values

were lower than those for typical soft tissues. Gel wax is an optically transparent

mineral-oil based material that has been widely used in the candle industry. Re-

cently, it was used as a TMM for ultrasound-guided needle biopsy phantoms [97]

and for optical imaging phantoms [117, 118]. In this work, gel wax is introduced as
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a TMM for photoacoustic imaging for the first time.

2.6.1 Complex ultrasound imaging phantoms with 3D anatomi-

cal structures

Recent advances in 3D printing technology have enabled a wide range of new meth-

ods for creating inexpensive, custom ultrasound phantoms for placenta imaging. For

instance, printers based on fuse deposition modelling can create polymeric struc-

tures that represent highly hyperechoic hard tissue structures such as the spine,

which can then be embedded in a TMM [98]. Additionally, they can create spe-

cialized moulds for TMMs with which to create anatomically realistic soft tissue

structures such as wall-less blood vessels [130], the kidney [131], and the heart

[132]. One of the limiting factors for creating ultrasound imaging phantoms using

3D printing has been a dearth of choices for suitable TMMs. Conventionally, off-

the-shelf commercial phantoms represent a very limited range of tissue structures

and they can have anatomical imperfections [131]. Moreover, their high costs pre-

clude routine use as training tools. Several studies have showed promising results

obtained on developing anatomically realistic Doppler flow phantoms [133, 134].

However, obtaining complex patient-specific geometries has been challenging.

Many TMMs have been proposed for ultrasound phantoms [102, 103, 123,

135], but there is a need for new materials, and new methods to use them in phan-

toms. Currently-used TMMs include silicone [136], agar/gelatin [137], poly(vinyl

alcohol) cryogel [110, 113], polyvinyl chloride-plastisol [138], and urethane rubber

[102]. Identifying a TMM that allows for independent tuning of parameters such

as the speed of sound, ultrasonic scattering, and attenuation, and which can be de-

veloped from non-toxic, mechanically robust, and inexpensive materials, has been

a particular challenge. Longevity and low manufacturing costs are also important

considerations. Silicone has been used for sophisticated patient-specific phantoms

[132, 139], but its acoustic attenuation is high [124]. Aqueous phantoms such as

agar and gelatin gels can be tuned so that their ultrasonic properties are similar to

those of tissue [103], but evaporation limits their longevity and these materials are

not mechanically robust.
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Recently, several studies have highlighted oil-based materials as promising

TMMs. Oudry et al. [128] reported a mineral oil-based TMM that included styrene-

ethylene/butylene-styrene (SEBS)-type copolymers to influence the elasticity of the

phantom. In a recent study by Cabrelli et al. [129], both the acoustic and op-

tical properties of mineral-oil based mixtures were found to vary with the con-

centrations of SEBS and low-density polyethylene additives. Vieira et al. [97]

used paraffin-gel wax TMMs based on mineral oil to develop heterogeneous phan-

toms for ultrasound-guided breast needle biopsies. Additives can provide acous-

tic backscattering; they include silica or graphite powder [128] and glass spheres

[97, 129]. However, this is the first time that phantoms with complex patient-

specific geometries are proposed using oil-based TMM such as gel wax.

2.7 Ethical Approval and Enrolment
This project applies imaging methods into fresh human placentas that need to be col-

lected. The studies involved in this project are included into a wider research study:

“Amniotic fluid, placental and fetal stem cells at birth” (14/LO/0863) approved by

the Joint University College London (UCL) and University College London Hos-

pitals (UCLH) Committees on the Ethics of Human Research. All placentas were

collected with written informed consent from the mother after a caesarean section

delivery.



Chapter 3

Tissue-mimicking phantoms for

photoacoustic imaging

3.1 Introduction

This chapter presents the development of tissue-mimicking phantoms for photoa-

coustic imaging applications using a novel tissue-mimicking material, called gel

wax. These phantoms studies were initially motivated by the development of pho-

toacoustic imaging of the placenta but they were expanded to encompass a broader

set of clinical applications. The majority of the context of this chapter has been

published in Biomedical Optics Express[38] and presented in national and interna-

tional conferences (c.f. Publications 1.3). In this work, gel wax is introduced as

a TMM for photoacoustic imaging for the first time. The optical properties were

tuned with the addition of TiO2 particles and coloured inks. Optical and acoustic

characterisation was performed on homogeneous slabs. The potential of gel wax

for use as a TMM in multispectral photoacoustic imaging was demonstrated with

optically heterogeneous phantoms.

The main innovations and developments performed in this dissertation and de-

scribed in this chapter include fabrication of optically homogeneous and heteroge-

neous gel wax phantoms for optical properties characterisation and multispectral

photoacoustic imaging, respectively. Measurements of photoacoustic spectroscopy

and photostability for gel wax materials are also presented for the first time.
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Figure 3.1: Photographs of gel wax phantoms with different compositions. (a) Optically
transparent native gel wax, prior to processing. (b) Native gel wax with TiO2
added for optical scattering. (c) Native gel wax and TiO2, with carbon black
ink added for optical absorption. (d) The University College London (UCL)
logo phantom fabricated with inclusions that comprised TiO2 and differently-
coloured inks in a native gel wax background. [Visualisation can be found
here: https://figshare.com/articles/Visualisation_mp4/
5493148]

3.2 Materials and Methods

3.2.1 Gel wax material and slab fabrication

Native gel wax (FF1 003, Mindsets Online, Waltham Cross, UK; Figure 3.1a) was

first melted to incorporate additives to form compositions with different optical

properties. It was heated to a liquid state at 200 °C, and additives were gradually

added with continuous mechanical mixing (IKA Eurostar 20 High Speed Digital,

supplied from Fisher Scientific, Pittsburgh, PA) until the solution was visually ho-

mogeneous (ca. 60 min). Subsequently, this solution was sonicated (CL18, Fisher

Scientific, Pittsburgh, PA; 120 W) for 1 min (65% of maximum power) for further

homogenization. After sonication, the solution was reheated to 200 °C, and then

https://figshare.com/articles/Visualisation_mp4/5493148
https://figshare.com/articles/Visualisation_mp4/5493148
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degassed for approximately 2 min. The sonication-degassing steps were repeated

until air bubbles were absent as determined by visual inspection. Each degassing

step was limited to less than 2 min to maintain the mobility of the solution, so that

bubbles can migrate to its surface. To tune optical scattering, TiO2 (13463-67-7,

ReagentPlus 99%, Sigma-Aldrich, Germany) was used as an additive (Figure 3.1b).

To tune optical absorption, oil-based inks were used: carbon black (Figure 3.1c),

green, red, blue and violet (BKC 1860, GRC 43104, RDC 63827, BLC 25291,

VLC 71139; Caligo safe wash relief inks, Cranfield Colours, Cwmbran, UK).

Gel wax slabs were fabricated for measurements of optical and acoustic prop-

erties (Section 3.2.3 - 3.2.4), of photoacoustic spectroscopy, and of photostability

(Section 3.2.5). Melted gel wax compositions with additives were poured into rect-

angular moulds. These moulds were created with an acrylic spacer (nominal thick-

ness: 2 or 5 mm) positioned between two glass microscope slides. This spacer had

an opening that allowed for the mixture to be poured in between the two slides. Af-

ter the mixture was cooled at room temperature, the glass slides were removed, so

that a rectangular gel wax slab (ca. 35 × 50 mm), surrounded by the acrylic spacer,

remained.

3.2.2 Heterogeneous phantom fabrication

Two series of vessel phantoms comprising cylindrical inclusions with different ink

concentrations were fabricated for multispectral photoacoustic imaging (Section

2.6). In the first series, the gel wax inclusions contained 0.02, 0.05 and 0.10 w/v%

carbon black ink. In the second, they contained 0.05 w/v% coloured inks. To intro-

duce scattering, 0.10 w/v% TiO2 was incorporated into both the inclusions and the

gel wax background. The background did not contain ink. The inclusions (diame-

ter: 5 mm) were first cast using 3D printed cylindrical moulds. After solidification

at room temperature, they were removed from the moulds and cut (length: 5 mm)

with a scalpel. These cylinders were then placed into the rectangular mould with

the acrylic spacer (c.f. Section 3.2.1), with their flat ends sandwiched by the two

glass microscope slides. The background mixture was poured into that mould at

ca. 90 °C, so that it flowed around the cylinders, and the phantom was allowed to
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solidify at room temperature. Finally, the gel wax was extracted and trimmed (final

dimensions: 20 × 20 × 5 mm).

A 3D University College London (UCL) logo (Figure 3.1d) was created as an

additional demonstration of optically heterogeneous gel wax phantoms, with greater

complexity than the vessel phantoms. The UCL logo comprised gel wax inclusions

with four differently-coloured inks (0.05 w/v%) and TiO2 (0.05 w/v%). A phantom

with this logo was created with 3 steps. First, the inclusions (thickness: 5 mm) were

cast using a laser-cut acrylic mould (Figure 3.2a) and removed after cooling to room

temperature. Second, they were positioned into a mould in the same manner as the

cylindrical inclusions were incorporated into vessel phantoms (Figure 3.2b). Third,

the resulting thin UCL logo slab (Figure 3.2c) was incorporated into native gel wax

using a larger, rectangular mould (64 × 48 × 42 mm). Native melted gel wax was

poured up to the middle of this mould, and then left to partially cool. The thin UCL

logo slab was placed onto the partially cooled native gel wax and partially sunk

into it. After solidification, the larger rectangular mould was completely filled with

native melted gel wax (Figure 3.2d). By visual inspection and manipulation, this

phantom was found to have good temporal stability; over the duration of this study

(ca. 1 year), spatial diffusion of these inks, and deformations and colour changes of

the background native gel wax in the phantom were not visually apparent.

3.2.3 Measurements of optical properties

Three series of gel wax slabs with different concentrations of absorbers and scat-

terers were fabricated. In the first, scattering was held constant with TiO2 (0.10

w/v%); absorption was varied with carbon black ink (0.005 to 0.05 w/v%). In the

second series, absorption was held constant with carbon black ink (0.005 w/v%);

scattering was varied with TiO2 (0.050 to 0.125 w/v%). In the third series, coloured

inks (0.005 w/v%) and TiO2 0.10 w/v% were used for absorption and scattering,

respectively.

To characterise the optical properties, each gel wax slab was cut into two pieces

and measurements from both sides of each piece were obtained. A dual beam spec-

trophotometer (Lambda 750, Perkin Elmer, Waltham, USA) with a 100 mm integra-
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Figure 3.2: Fabrication steps of a 3D UCL logo phantom. (a) Laser-cut acrylic mould
(thickness: 5mm) with the UCL logo. (b) Inclusions were cast using this mould
and removed after cooling to room temperature. Then, they were placed into a
rectangular mould created with an acrylic spacer positioned between two glass
microscope slides (one glass slide is omitted for visualisation purposes), and
native gel wax was poured from the opening. (c) UCL logo slab after it removed
from the rectangular mould. (d) Native gel wax was poured up to the middle
of a larger rectangular mould, and then left to partially cool. The thin UCL
logo slab (dashed box) was placed onto the partially cooled native gel wax and
partially sunk into it. After solidification, the larger rectangular mould was
completely filled with native melted gel wax. Finally, the UCL logo phantom
was removed from the box.

tion sphere provided transmittance and reflectance measurements in a wavelength

range of 400 to 1600 nm. These measurements were used as input parameters to

the inverse adding-doubling (IAD) algorithm [140] to estimate the optical absorp-

tion (µa) and the reduced scattering coefficient (µ ′s). The IAD algorithm iteratively

searches for a solution to the radiative transfer equation (RTE) under the assumption

of layered samples with homogeneous optical properties and uniform light illumi-

nation. The scattering anisotropy factor (g) was assumed to be g = 0.6 and the

refractive index for gel wax was set to 1.469 [118].
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3.2.4 Measurements of acoustic properties

The acoustic properties of four gel wax slabs were characterised. The first slab did

not have any additives. The second slab comprised only TiO2 (0.10 w/v%). The

third and fourth slabs comprised both TiO2 (0.10 w/v%) and a black or blue ink

(0.05 w/v%).

An insertion method [113] was used to measure the acoustic attenuation and

the speed of sound of the gel wax compositions (Figure 3.3a). A single-piezo trans-

ducer (V312-SU, Olympus, Shinjuku, Japan), centred at 10 MHz, was operated

in pulse-echo mode at 1 kHz repetition rate. The transducer was affixed to a 3D

printed holder, with its acoustic axis perpendicular to the surface of a metal reflec-

tor. The ultrasound transducer and the reflector were mounted on a metal plate

and immersed in deionized water at room temperature (ca. 20 °C). An ultrasonic

pulser/receiver (5077PR, Olympus, Shinjuku, Japan) was used to drive the trans-

ducer and receive the echo signal from the reflector. This signal was digitised at

100 MS/s (USB-5132, National Instruments, Austin, USA) and then transferred to

a PC for processing. The water temperature was recorded with a digital thermome-

ter (4378, Fisher Scientific, Pittsburgh, UK).

For each gel wax composition, pulse-echo ultrasound signals (S1, S2; c.f. Fig-

ure 4.1a) for two gel wax slabs (2 and 5 mm nominal thicknesses) were acquired

separately. Acquisitions of S1 and S2 were repeated 5 times from distinct regions

within the slabs. The speed of sound (cs) was estimated by solving for this variable

in Equation (3.1):

∆t =
2(d2−d1)

cs
− 2(d2−d1)

cw
(3.1)

where cw is the tabulated value for the speed of sound of water [141], and d1 and

d2 are the thicknesses of the sample pair as they were measured with a digital cal-

liper. Here, ∆t is the difference in the time-of-flights that was calculated using

cross-correlation of S1 and S2. The acoustic attenuation of the sample, αs( f ), was

estimated as:
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αs( f ) =
10

d2−d1
log10

[
I1( f )
I2( f )

]
+αw( f ) (3.2)

where I1( f ) and I2( f ) are the power spectra of S1 and S2, and αw( f ) is the frequency

(f ) dependent acoustic attenuation of water [141]. The acoustic attenuation in most

materials can be described with power law of the αs( f ) = α0 f n, in which α0 is

termed the pre-factor, and n a positive exponent. To estimate α0 and n, a power

law was fitted to the estimated values of using a non-linear least squares regression

algorithm (Matlab, Mathworks, Natick, USA).

3.2.5 Measurements of photoacoustic spectroscopy and photo-

stability

Four gel wax slabs, each comprising a different coloured ink (0.05 w/v%) and TiO2

(0.10 w/v%), were used to measure the photoacoustic spectra of these inks. The

red ink was excluded due to its low optical absorption. Measurements were per-

formed by photoacoustically exciting the slabs and directly receiving the generated

ultrasound in transmission mode (Figure 3.3b). Each slab was mounted on a rect-

angular acrylic frame (thickness: 2 mm) with a thin plastic membrane (thickness:

50 µm), at the top of a water-filled tank [142, 143]. It was acoustically coupled to

the membrane with water. Ultrasound reception was performed with a polyvinyli-

dene fluoride (PVDF) transducer (active area: 10 mm × 10 mm × 50 µm) at the

bottom of the tank (distance to slab: 1 cm). Excitation light was delivered through a

fibre-coupled Nd:YAG pumped optical parametric oscillator (OPO) (SpitLight 600,

Innolas, Krailling, Germany) with a 6 ns pulse duration and a 30 Hz pulse repetition

rate. The distal end of the fibre was positioned 1.5 cm away from the top surface

of the gel wax slab. The wavelength range from 550 to 830 nm corresponded to the

measured optical absorption spectra of the inks. The fluence varied from 3.4 to 8.8

mJ/cm2, depending on the excitation wavelength. A small portion of the excitation

light was reflected to a photodiode between the OPO output and the fibre, to obtain

a measure of the incident pulse energy and thereby to compensate for variations

in pulse energy. Signals from the PVDF ultrasound transducer and the photodiode
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Figure 3.3: Schematics of the experimental setups used to characterise gel wax proper-
ties. (a) Setup to measure the speed of sound and acoustic attenuation of gel
wax. An ultrasonic pulser/receiver was used to a drive an ultrasound (US)
transducer and receive reflections from a metal reflector. Gel wax slabs of dif-
ferent thicknesses were positioned between the US transducer and the reflector.
The received signals were digitized by an analog-to-digital converter (ADC)
and then transferred to a personal computer (PC) for processing. (b) Setup to
acquire photoacoustic signals from gel wax slabs for spectroscopic and photo-
stability measurements. Each slab was mounted on top of a rectangular acrylic
frame with a thin plastic membrane. Excitation light was delivered through a
fibre-coupled Nd:YAG pumped optical parametric oscillator (OPO), and a thin
polyvinylidene fluoride (PVDF) ultrasound transducer was used to receive the
photoacoustically-generated ultrasound waves. Signals from the PVDF trans-
ducer and the photodiode were captured simultaneously with an oscilloscope
and transferred to a PC for processing.

were digitized simultaneously. The photoacoustic spectra, defined as the maximum

amplitudes of the photoacoustic signals across the measured range of wavelengths,
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were then normalised to the maximum peaks of the optical absorption spectra for

direct comparison. To investigate the photostability of the inks, peak-to-peak am-

plitudes of the photoacoustic signals obtained with excitation at the peaks of the

optical absorption spectra (violet: 550 nm; green: 660 nm; blue and black: 725 nm)

were monitored over 20,000 pulses.

3.2.6 Multispectral photoacoustic imaging of vessel phantoms

Multispectral photoacoustic imaging of the vessel phantoms was performed with a

planar Fabry-Pérot (F-P) ultrasound sensor, which was described in detail by Zhang

et al. [144]. Excitation light provided by an OPO (c.f. Sec 3.2.5) was delivered to

the top of the phantoms (fluence range: 2.7 to 5.8 mJ/cm2). For the carbon black

ink vessel phantom, wavelengths of 630, 800 and 1210 nm were used. Additional

wavelengths of 550 and 725 nm that corresponded to the peaks of the optical ab-

sorption spectra (violet and red: 550 nm; blue: 725 nm) were used for the coloured

ink vessel phantom. The recorded photoacoustic signals were reconstructed offline

using a time-reversal algorithm implemented with the k-Wave Matlab toolbox [91].

The reconstructed photoacoustic images were displayed as a maximum intensity

projections (MIPs) over a depth of 0.2 cm from the phantoms’ top surfaces. Fi-

nally, each MIP image was normalised to the incident pulse energy. To study the

relationship between the photoacoustic signal amplitude and the carbon black ink

concentration, a circular region of interest (ROI) with a diameter of 3 mm was de-

fined for each inclusion, and the average photoacoustic signal amplitudes across

each ROI were calculated.

3.3 Results

3.3.1 Optical properties

For gel wax samples with a constant concentration of carbon black ink, the esti-

mated µ ′s values generally increased with the concentration of TiO2 and decreased

with wavelength (Figure 3.4a). Linear dependencies between µ ′s and the TiO2 con-

centration were observed (R2 > 0.99; Figure 3.4c). The corresponding estimated

µa values were found to be largely unchanged with TiO2 concentration, as expected
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(Figure 3.4e).

Similarly, for gel wax samples with a constant concentration of TiO2, µa gen-

erally increased with the carbon black ink concentration (Figure 3.4b). Several

prominent absorption peaks were present at 1210 and 1390 nm; there were addi-

tional peaks at 930 and 1040 nm (c.f. Figure 3.4e). Taken together, these peaks

can be attributed to the intrinsic absorption of native gel wax. Across the wave-

length range of 400 to 900 nm, the absorption spectra were relatively flat. Linear

dependencies between µa and the carbon black ink concentration were observed

(R2 > 0.99) (Figure 3.4d). The corresponding µ ′s values were found to be weakly

dependent on the carbon black ink concentration, as expected (Figure 3.4f).

For gel wax samples with different coloured inks as additives, distinct absorp-

tion spectra were present over the wavelength range of 400 to 900 nm (Figure 3.5a).

These spectra differed in terms of their shapes and their maximum absorption peaks

in this range (blue: 720 nm; violet: 560 nm; green: 650 nm, red: 560 nm). Across

the range of 900 to 1600 nm, the peaks were highly consistent; here, absorption

of the inks appeared to be very low. The µ ′s values were very similar for all inks

(Figure 3.5b).

3.3.2 Acoustic properties

The addition of TiO2 and inks had a modest effect on the acoustic properties of

gel wax phantoms (Figure 3.6). The frequency dependence of acoustic attenuation

was well described with a power law. With the absence of additives, the attenuation

[α( f ) = (0.072± 0.008) f (1.98±0.07) dB/cm] varied from 0.71 dB/cm at 3 MHz to

9.93 dB/cm at 12 MHz. Differences in acoustic attenuation across the gel wax

phantoms increased with frequency, with a maximum variation of 22% at 12 MHz.

These differences may reflect high sensitivities to handling, positioning, and spatial

variations in thickness of the gel wax slabs. The speed of sound was found similar

across the measured gel wax phantoms with mean ± standard deviation values of

1445 ± 2.7 m/s.
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Figure 3.4: Measured reduced optical scattering and optical absorption coefficients of gel
wax slabs with TiO2 and carbon black ink as additives. The two columns
present how the optical scattering and absorption can be controlled. In the
left column [(a),(c),(e)], the concentration of TiO2 was varied and the concen-
tration of carbon black ink was held constant. In the right column [(b),(d),(f)],
the concentration of carbon black ink was varied and the concentration of TiO2
was held constant. Each measured data point was obtained by averaging across
4 different spatial locations. Linear fitting was performed for the data in (c) and
(d).
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3.3.3 Photoacoustic spectroscopy and photostability

The photoacoustic spectra of gel wax samples with inks (2 mm nominal thickness)

were in good agreement with the optical absorption spectra of the slabs within the

measured range of 550 to 830 nm (Figure 3.7a). The spectra from the violet ink

had the best agreement; those from the black ink diverged with increasing wave-

length. All of the inks yielded stable photoacoustic signal amplitudes after 20,000

excitation light pulses (Figure 3.7b).
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3.3.4 Photoacoustic imaging

With photoacoustic imaging of the heterogeneous carbon black ink phantom, all

three inclusions with different concentrations were visible (Figure 3.8a). The pho-

toacoustic image acquired at 1210 nm was more granular in appearance. This gran-

ularity can be attributed to the higher optical absorption of native gel wax at this

wavelength, which led to greater visibility of small-scale spatial variations in the

optical properties. At all wavelengths, the photoacoustic signal amplitude increased

linearly (R2 > 0.9) with the carbon black ink concentration (Figure 3.8b).

With photoacoustic imaging of the heterogeneous phantom with coloured inks,

the visibility of the inclusions depended on the excitation light wavelength (Fig-

ure 3.9a). For instance, at 550 nm, all four inclusions were visible, whereas at 800

nm, only the inclusion with the green ink was clearly visible. At 1210 nm, the in-

clusions could not be visually differentiated from the native gel wax background;

indeed, the coloured inks were not significantly optically absorbing at this wave-

length (c.f. Figure 3.5a).
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Figure 3.7: (a) Normalised photoacoustic spectra (symbols) and corresponding normalised
optical absorption spectra (solid lines) for four gel wax phantoms that contained
carbon black ink and coloured inks (green, blue, and violet). Each phantom also
contained TiO2. For each composition, spectra were normalised to the maxi-
mum value of the photoacoustic spectrum. (b) Normalised photoacoustic signal
amplitudes from 20,000 excitation pulses, which indicated good photostability.

3.4 Discussion and Conclusions
In this chapter, the use of gel wax as a mineral oil-based tissue-mimicking material

(TMM) for photoacoustic imaging was introduced. Previous studies and work that

will be presented in chapter 4 have shown that gel wax has favourable acoustic

properties and mechanical robustness [97, 39]. Here, it is reported that the reduced

optical scattering and absorption coefficients could be tuned independently with
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Figure 3.8: Photoacoustic imaging of the carbon black ink-based vessel phantom. The pho-
toacoustic images, displayed as maximum intensity projections across a depth
of 0.2 cm, were obtained with excitation wavelengths of 630, 800 and 1210
nm. A colour photograph of the phantom is also shown. The field of view is 20
× 20 mm. (b) Photoacoustic amplitudes from the vessel inclusions, averaged
across circular region of interests (error bars: standard deviations), and linear
fits.

TiO2 particles and oil-based inks, respectively.

The wide range of reduced optical scattering coefficients that was achieved

could be used to simulate different types of soft tissues [145, 77]. Whilst the

inks had optical absorption spectra that were different from those of tissue chro-

mophores, their prominent spectral variations, low diffusivity in gel wax, and high

photostability could make them useful to evaluate spectral unmixing algorithms

[146, 147].

Additionally, we demonstrated that gel wax can be used to create optically het-

erogeneous phantoms that are well suited to multispectral photoacoustic imaging in

the wavelength range of 400 to 900 nm. The acoustic attenuation and speed of sound

of the developed gel wax phantoms were within the range of values reported for soft

tissues [145]. Additionally, gel wax could be valuable as a spatially-localised con-

stituent in photoacoustic imaging phantoms to mimic lipid rich tissue structures

such as certain atherosclerotic plaques and nerves [148, 149, 7, 150].
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field of view is 20 × 20 mm.

Apart from the TiO2 powder, the materials used in this study were proprietary;

their chemical compositions were not known in detail. For consistency across future

studies, it would be valuable to have recipes for gel wax that are openly available

to the imaging community. This is also the case for optical absorbers (i.e. oil-based

inks) for dispersion in gel wax. With these developments, long term studies of the

optical, acoustic, and mechanical stability will be important.

There are several ways in which the phantom creation methods presented in

this study could be extended. To improve the optical homogeneity of coloured in-

clusions, absorbers and scatterers that are pre-dispersed in oil solutions with lower

viscosity than the inks used here may be useful. The acoustic properties could be

tuned by including additives such as glass beads, paraffin wax, and co-polymers,

as demonstrated in previous studies [97, 128, 129, 39]. Moreover, these additives

could be incorporated with different concentrations across the phantom to create

acoustical heterogeneities. Although the fabrication process involved repeated de-

gassing steps in a low pressure chamber after heating and mixing of materials, sev-
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eral air bubbles were still present in the heterogeneous phantoms, particularly at the

inclusion boundaries. To minimise bubble formation, mixing and pouring of gel

wax compositions within low pressure chambers could be advantageous. For more

anatomical realism, wall-less, fluid-filled vessels could be used [39, 130], osseous

structures could be incorporated with 3D printed polymers [98], and gel wax could

even be directly 3D printed [118].

With controllable optical properties, favourable acoustic properties, temporal

stability, and mechanical robustness, gel wax could be useful as a base TMM for

many imaging and sensing modalities that involve light and/or ultrasound wave

propagation. Gel wax has strong potential to become a next generation TMM for

calibration, evaluation, and standardisation of imaging systems, and for clinical

training.



Chapter 4

Anatomically-realistic

tissue-mimicking phantoms

4.1 Introduction

This chapter describes the use of gel wax for the development of patient-specific

complex tissue-mimicking phantoms for ultrasound imaging and has been pub-

lished in Physics in Medicine and Biology [39]. In this work, the acoustic prop-

erties (acoustic attenuation and backscattering) of gel wax were tuned with paraf-

fin wax and glass spheres additives respectively. Additionally, it is demonstrated

that gel wax can be shaped with 3D printed moulds to create anatomically realistic

phantoms that are derived from patient-specific anatomy. The developed phantoms

covered a wide range of clinical fields including ultrasound imaging of the placenta

in fetal medicine, and ultrasound-guided regional anaesthesia and cardiac electro-

physiology.

The main innovations in this chapter include novel methods to fabricate com-

plex anatomically-realistic phantoms for ultrasound imaging applications such as

fetal medicine, regional anaesthesia and cardiac electrophysiology. Additional

methods to fabricate simple geometric phantoms from gel wax (i.e. rectangular and

cylindrical blocks, slabs) and methods to characterise their acoustic and mechanical

properties are presented.
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4.2 Methods
The methodology in this work had four components. First, it was investigated how

two additives to gel wax could be used to tune acoustic attenuation and backscat-

tering. Second, the Young’s modulus of native gel wax was measured. Third, three

types of moulds for gel wax were designed, and fabricated with 3D printing. Fi-

nally, the phantoms were fabricated, and validated with a clinical ultrasound imag-

ing scanner.

4.2.1 Acoustic properties tuning and characterisation

In its native form, the gel wax used here (Product number: FF1 003, Mindsets On-

line, Waltham Cross, UK) attenuated and scattered ultrasound far less than typical

biological tissues (c.f. Results section 4.3). Glass spheres (Boud Minerals, Lin-

colnshire, UK) with a nominal diameter range of 0 to 63 µm were added to increase

acoustic backscattering, and paraffin wax (Alec Tiranti, London, UK) was added to

increase acoustic attenuation.

4.2.2 Gel wax material fabrication

To fabricate the sample mixtures, gel wax was first melted to a temperature greater

than 30 °C beyond its melting point (ca. 65 °C), in a glass beaker with a heating

plate. Glass spheres and/or paraffin wax were gradually added during continuous

mechanical stirring until the solution was visually homogeneous. Subsequently,

sonication (CL18, Fisher Scientific, Pittsburgh, PA; 120 W) was performed for 30

seconds (65% of maximum power) to avoid particle aggregation. After sonication,

the solution was reheated and degassed for approximately 2 minutes until air bub-

bles were absent with visual inspection. It was then allowed to cool down, and then

poured into different types of moulds, as described in the following sections.

4.2.3 Acoustic properties characterisation

Two series of samples were fabricated with different concentrations of paraffin wax

and glass spheres. In the first series, paraffin wax concentrations varied from 0 to

8 w/w% and no glass spheres were included. In the second series, the glass sphere

concentration was varied from 0.05 to 0.9 w/w% and no paraffin wax was added.
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To characterise the acoustic attenuation and the speed of sound of the samples, the

same insertion method and experimental setup Figure 3.3 were used, described in

detail in Chapter 3 - Section 3.2.4.

The acoustic impedance (Z) of native gel wax was calculated using measured

densities of 10 samples. The density of each sample was obtained with a digi-

tal weight scale (BP211D; 0.01 mg nominal precision; Sartorius, Gttingen, Ger-

many) and a digital calliper (CD-15APX; ±20 µm nominal precision; Mitutoyo,

Kawasaki, Japan).

To assess the acoustic backscattering, comparison was performed between

ultrasound images acquired from phantoms with varying concentration of glass

spheres and 2 w/w% paraffin wax, and from the human arms of three healthy vol-

unteers. The images were acquired using a clinical ultrasound scanner (SonixMDP,

Analogic Ultrasound, Richmond, Canada) with a linear array imaging probe (band-

width: 14-5 MHz; L14-5/38, Analogic Ultrasound, Richmond, BC, Canada). The

ultrasound acquisition settings, which included excitation frequency, gain, depth,

dynamic range and power, were consistent across images; the speed of sound used

for reconstruction was different (gel wax phantoms: 1440 m/s, human tissues: 1540

m/s). For each image, the histogram, mean value and standard deviation of the

image intensities were calculated. Prior to this, the acquired images were scaled

globally so that the minimum and maximum across all images were 0 and 1, re-

spectively.

4.2.4 Mechanical Testing

Uniaxial compression test was performed to determine the Young’s modulus of na-

tive gel wax using a ZwickiLine testing machine (Zwick GmbH & Co, Ulm, Ger-

many) equipped with a 250 N load cell. Melted gel wax material was cast in petri

dishes (ca. 49 mm × 10 mm, Anumbra, FGH plus, umperk, Czech Republic) to

fabricate 5 cylindrical samples. Each sample was placed between two acrylic plates

(ca. 100 mm diameter) that were larger than the sample surface. The interface

between the sample and the loading plates was lubricated with bran oil in order to

minimise friction and to ensure homogeneous compression. A compression loading
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test with a pre-compression load of 0.25 N was performed at 10 mm/min rate at

room temperature (ca. 25 °C) until the sample’s thickness was reduced by 60%.

The applied forces were then converted into stress by assuming the samples’ vol-

ume remained constant during compression. The Young’s modulus was calculated

by applying least squares linear fitting to the slope of the stress-strain curve from 0

to 40% deformation. Prior to each test, the dimensions of each sample were mea-

sured in 5 distinct locations using a digital caliper and the averaged value was used

for the stress calculation.

4.2.5 Phantom Creation and Evaluation

4.2.5.1 Nerve and vessel phantom

As a demonstration of the potential to create heterogeneous tissue types, a phan-

tom comprising cylindrical nerve- and vessel-like structures was created. The gel

wax material that represented nerves comprised 2 w/w% glass spheres and 5 w/w%

paraffin wax, that which represented vessels had no additives, and that which repre-

sented surrounding tissue comprised 0.5 w/w% glass spheres and 2 w/w% paraffin

wax. The choices for paraffin wax concentrations were made based on the acous-

tic attenuation contrasts between nerves [151], blood vessels [152] and background

tissue [116];

The nerves (5 mm in diameter) and vessels (5 mm in diameter) were first cast

using a 3D printed cylindrical mould. When solidified and removed from the mould,

they were hung vertically within the plastic mould (64 × 48 × 42 mm). Subse-

quently, the surrounding tissue gel wax material was first allowed to cool down to

ca. 95 °C, and was then poured slowly around the vessel and nerve structures to

minimize their deformations. Finally, the phantom was allowed to solidify at room

temperature.

4.2.5.2 Heart atrium phantom

An ultrasound phantom to represent tissue surrounding the cardiac atria and adjoin-

ing portions of the superior and inferior vena cavae was created with a homogeneous

gel wax material. This material comprised 0.5 w/w% glass spheres without paraffin
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wax.

The mould represented the blood-filled regions and included a handle to posi-

tion it. It was 3D printed using the Ultimaker printer (Ultimaker 2 Plus, Ultimaker

B.V., Geldermalsen, the Netherlands) with White Polymax Enhanced Poly Lactid

Acid (PLA) material. The mould was coated with a thin layer of bran oil to facil-

itate removal of the cooled gel wax material. Positioned within a plastic container

(135 mm × 135 mm × 75 mm), melted gel wax material was poured around the

mould, up to the vertical midpoint. After the gel wax material was cooled, the

mould was removed by pulling it vertically upwards, which left empty spaces that

were subsequently filled with water as the blood-mimicking fluid. An empty cylin-

drical chamber 25 mm in diameter was created to allow for manual palpation of the

left atrium, to simulate cardiac contractions.

The anatomy of the cardiac phantom was derived from an MRI scan of a

healthy 30-year-old male volunteer (whole heart 3D balanced, steady-state free pre-

cession acquisition; 1.5T Avanto MR scanner, Siemens Medical Solutions, Erlan-

gen, Germany). Several digital post-processing steps were performed with different

software packages to generate a mould from this image volume. They included

isolation of the right and left atria (Netfabb, Autodesk, San Rafael, CA), smooth-

ing of the surfaces of the data (Meshmixer, Autodesk, San Rafael, CA), creation of

cylinders representing the venae cavae, addition of supporting structures (freeCAD

[153], ONLINE), and fusion of the different components of the mould (Blender,

Blender foundation, Amsterdam, the Netherlands). It was ensured that the intera-

trial septum had a minimum thickness of 5 mm, so that this anatomical region was

sufficiently robust to withstand removal of the mould. The mould was printed up-

side down, so that the surfaces designed for contact with the gel wax did not have

printed support material connected to them.

4.2.5.3 Human placenta phantom

The chorionic surface of a human healthy term placenta was represented in an ultra-

sound phantom that included superficial fetal vessels. The placenta was collected

with written informed consent after a caesarean section delivery at University Col-
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lege Hospital (UCH). The Joint UCL/UCLH Committees on the Ethics of Human

Research approved the study (14/LO/0863).

As the first fabrication step, large vessels were digitally traced in two dimen-

sions from a photograph using vector graphics software), and 3D drawing software

(freeCAD, [153]) was used to extend it into a 3D vessel model with separate arte-

rial and venous components. The diameters of the arteries ranged from 5 mm at the

umbilical cord insertion to 2 mm at the smallest branches in the vessel model. The

diameters of the veins were double those of the arteries [154]. The vessel model was

incorporated into two moulds that were 3D printed (Formlabs, Somerville, USA).

The arterial mould (lateral dimensions: 92 mm × 99 mm) and the venous mould

(105 × 97 mm) each comprised two parts, which bisected the spaces for vessels;

these parts were aligned and held in place with screws.

Vessels were created by melting native gel wax at 200 °C in a glass beaker,

placing it in a vacuum chamber (Thermo Scientific, Nalgene) to remove the air

bubbles, and then injecting it through holes in the sides of the moulds with a 30

mL clinical syringe. To allow for arteries to be visually differentiated from veins,

red and blue liquid candle dyes (The Candle Making Shop, UK) were added to the

gel wax. Veins and arteries were created from separate batches of gel wax equal in

weight. For arteries, 10 drops (ca. 4 mL) of red dye were added to 143 g gel wax;

for veins, 10 drops of red dye and 2 drops of Arctic blue candle dye were added.

To create the underlying placental base, glass spheres (0.5 w/w%) and 6 drops

of red dye were added to 400 g of native gel wax and the mixture was heated to

220 °C. The mixture was placed in the vacuum chamber to remove the air bubbles,

poured into a square container (94 mm × 100 mm), and then left to partially cool.

The veins were placed on the top of the base, and the arteries were placed above

them. With the base only partially cooled, the vessels sunk into the placenta, thereby

forming a single phantom.

4.2.5.4 Ultrasound imaging

Ultrasound imaging of the phantoms was performed with a clinical scanner (MDP,

Ultrasonix, Richmond, Canada) using a linear array imaging probe with a nominal
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bandwidth of 5-14 MHz (L14-5). For the nerve and vessel phantom, ultrasonic gel

was used as a coupling medium; for the cardiac and placenta phantoms, water was

used. For all imaging, the value of the speed of sound used for reconstruction was

1430 m/s.

4.3 Results

4.3.1 Acoustic properties

The addition of paraffin wax had a strong effect on acoustic attenuation and a weak

effect on the speed of sound and acoustic impedance. The acoustic attenuation

increased rapidly with the paraffin wax concentration (Figure 4.1; Table 4.1). The

frequency dependence of the attenuation was found to be well modelled by the

power law. As the concentration of added paraffin wax was increased to 8% of the

native weight, the attenuation increased by 308% at 3 MHz from 0.72 to 2.91 dB/cm

and by 289% at 10 MHz from 6.84 to 26.63 dB/cm. These ranges of attenuation

contain reported values of most soft tissues [102, 116]. Over the same concentration

range, the speed of sound wasn’t substantially affected (Table 4.1). At 1448.5 m/s,

the speed of sound of native gel wax was 6.3% lower than average speed of sound

for soft tissue (1540 m/s), which is a typical value used for reconstruction in most

clinical ultrasound imaging scanners. The measured acoustic impedance of native

gel wax, 1.22±0.01 kg m−2s−1×106, was lower than that of typical soft tissue (c.f.

1.62±0.01 kg m−2s−1×106 for muscle [116]).

The addition of glass spheres to provide acoustic backscattering had a promi-

nent effect on the ultrasonic appearance, and it did not substantially affect the speed

of sound and acoustic attenuation (Table 4.2). The ultrasound images from gel wax

phantoms and human arm tissues had similar image intensity distributions (Fig-

ure 4.2(a),(c)). The mean value of image intensities for gel wax phantoms increased

with glass spheres concentration from 0.27±0.12 at 0.025 w/w% to 0.56±0.08 at

0.9 w/w% (Figure 4.2(b)). The mean values of arm tissues ranged from 0.36±0.19

to 0.53±0.17. At a concentration of 0.025 w/w%, the mean value was lower than

the imaged human arm tissues, and at 0.9 w/w% it was higher. The standard de-
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Figure 4.1: Acoustic attenuation of gel wax samples. Pulse-echo ultrasound signals ac-
quired with two pairs of gel wax slabs (5 mm and 2 mm), with paraffin wax
concentrations of 0 w/w% and 8 w/w%, are shown in (a) and (b), respectively.
The measured acoustic attenuation of gel wax samples increased with paraffin
wax concentration, and followed the frequency power law (α0 f n) over a range
of 3 to 10 MHz (c). For each paraffin wax concentration, the measured data rep-
resent average values from 5 repeated measurements; the error bars represent
the standard deviations. The fit curve for each concentration is derived from
the mean values for α0 and n that are resulted from 5 repeated measurements.
The values of α0 and n are listed in Table 1.

Table 4.1: Measured acoustic properties of gel wax, in which the only additive was paraffin
wax. Each property (mean ± standard deviation) was obtained from measure-
ments from 5 distinct regions. Acoustic attenuation as a function of frequency
( f ) was well described by the power law (α0 f n), with parameters obtained from
non-linear least squares fitting.

Paraffin wax Acoustic attenuation α0 f n (dB cm−1) Speed of sound
concentration (w/w%) α0 n Cs (ms−1)

0 0.080±0.007 1.93±0.06 1448.5±0.8
2 0.117±0.004 1.86±0.03 1447.9±0.5
4 0.156±0.003 1.86±0.01 1447.9±1.1
6 0.142±0.022 2.09±0.07 1448.4±1.7
8 0.348±0.063 1.88±0.10 1443.1±1.5
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viations of the image intensity values for gel wax phantoms were slightly lower

than human arm tissues; this difference can be attributed to the heterogeneity of

human arm tissues. Our assessment suggested that 0.5 w/w% provides an acoustic

backscattering appearance similar to that of soft tissues.

Table 4.2: Measured acoustic properties of gel wax, in which the only additive was glass
spheres. Each property (mean ± standard deviation) was obtained from mea-
surements from 5 distinct regions. Acoustic attenuation as a function of fre-
quency ( f ) was well described by the power law (α0 f n), with parameters ob-
tained from non-linear least squares fitting.

Glass spheres Acoustic attenuation α0 f n (dB cm−1) Speed of sound
concentration (w/w%) α0 n Cs (ms−1)

0 0.111±0.013 1.80±0.07 1445.7±0.7
0.05 0.108±0.012 1.83±0.05 1443.9±0.6
0.1 0.102±0.005 1.87±0.06 1443.5±0.7
0.5 0.106±0.028 1.88±0.11 1443.4±0.3
0.9 0.113±0.009 1.87±0.05 1444.1±0.8

4.3.2 Mechanical properties

Native gel wax was sufficiently robust to maintain its integrity in the presence of

compressive deformations up to 60% (Figure 4.3). Its stress-strain curve was linear

(R2 > 0.99) for deformations up to 40%, with a Young’s modulus of 17.4±1.4 kPa.

For greater deformations, the stress-strain curve was non-linear, with a three-fold

difference from 40% to 60%.

4.3.3 Complex 3D phantoms

In the nerve and blood vessel phantom, all embedded structures were visible on ul-

trasound (Figure 4.4). The blood vessels presented as hypoechoic; the nerves, as

hyperechoic with a slight difference relative to the background that was reminis-

cent of that seen in some clinical contexts. Slight deviations from circularity were

apparent in both vessels and nerves, which may have arisen from heating of these

structures during embedding within the surrounding melted background gel wax

during fabrication. The diameters of the vessel and nerves, as measured on the ul-

trasound images, ranged from 4.3 to 6.3 mm. The mean value of 5.6 mm was 12%
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Figure 4.2: Acoustic backscattering of gel wax samples in comparison with tissues. (a) Ul-
trasound images and histograms of gel wax samples comprising 2 w/w% paraf-
fin wax and different glass sphere concentrations. (b) Comparison of mean
image intensity values of ultrasound images from gel wax samples and tissues.
The error bars represent standard deviations. (c) Ultrasound images and his-
tograms of human arm tissues. The ultrasound acquisition settings in (a) and
(c) were consistent; only the speed of sound used for reconstruction was differ-
ent (gel wax: 1440 m/s, human tissues: 1540 m/s).

different from that of the moulds from which they originated. The background had

a largely homogeneous appearance but some scatterers were present, which may

have corresponded to small air bubbles. There was an absence of bubbles around

the vessels and nerves. Moreover, no artefacts or prominent acoustic changes at
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Figure 4.3: Stress-strain curve of native gel wax. Linear deformation up to 40% is ob-
served.
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Figure 4.4: Nerve and vessel phantom. (a) Photograph showing the cross-sectional view
obtained after cutting through the phantom. The nerves (N1, N2, N3) are
translucent, and can be visually identified from a transparent background; the
vessels (V1, V2) are barely visible. (b) An ultrasound image of the phantom,
in which the blood vessels present as hypoechoic and the nerves present as
hyperechoic.

interfaces with the background were apparent.

In the cardiac phantom, the surfaces of the gel wax that formed the heart cham-

bers retained the shapes of the corresponding 3D printed mould (Figure 4.5). In

particular, the septum was intact, despite having a minimum measured thickness

of only 6.6 mm. The interface between the gel wax and the water that filled the

heart chambers was slightly more hyperechoic than the tissue-blood interface en-
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countered in clinical practice. The underlying gel wax had a largely homogeneous

appearance that resembled the human myocardium. Due to the compliant nature of

gel wax, the phantom was readily deformed with palpation, and these deformations

were visualised with M-mode imaging.

Figure 4.5: Cardiac phantom. (a) Photograph (top view) without water in the heart cham-
bers. (b) B-mode ultrasound (US) image of the septum, with the heart chambers
filled with water. The septum was intact, with a minimum measured thickness
of 6.6 mm (arrow). (c) The 3D printed mould used to create the phantom.
(d) M-mode US image of the septum, acquired from a region indicated by the
dashed line in the inset US B-mode image, which shows periodic deformation
of the septum induced by manual palpation.

In the human placenta phantom, the visual and ultrasonic appearances of the

chorionic vessels and underlying chorionic tissue strongly resembled those of the

human placenta from which they were derived, according to Prof Anna L. David,

consultant specialist in fetal medicine. With ultrasound imaging, the superficial

chorionic fetal vessels were clearly apparent with hypoechoic centres and hyper-

echoic boundaries that were recessed from the chorionic surface of the placenta
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(Figure 4.6). The hyperechoic boundaries of these surface vessels and the chorionic

surface of the placenta were larger than those encountered in clinical practice. The

background was speckled and largely homogeneous. Visually, the veins were much

darker than the arteries; the background was translucent. The gel wax proved to be

sufficiently compliant to allow for the arteries and veins to cross over each other, a

situation that frequently occurs in the human placenta.

(a) Placenta (b) Mould (Arteries) Mould (Veins)

(d) Ultrasound(c) Phantom

Figure 4.6: Human placenta phantom. (a) Photograph of the chorionic surface of a human
placenta on which the phantom was based. (b) 3D printed moulds for creation
of chorionic arterial and venous vasculature, derived from the human placenta
[dashed region in (a); 92 mm x 99 mm]. (c) Photograph of the placenta phan-
tom. The vasculature created from the moulds shown in (b) was stretched over
the rectangular placental base (94 mm x 100 mm). (d) Ultrasound image of the
placenta, corresponding to the dashed white line in (c). The placenta was im-
aged in water, with the ultrasound probe in contact with the maternal side of the
placenta, as is the case in transabdominal ultrasound imaging of the pregnant
uterus. The chorionic superficial fetal vessels (arrow) were clearly apparent
with hypoechoic centres and hyperechoic boundaries that were recessed from
the chorionic surface of the placenta. P: placenta; W: water.
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4.4 Discussion and Conclusions

In this chapter, it was demonstrated that heterogeneous phantoms with anatomi-

cal realism can be generated from gel wax. Gel wax was found to be well-suited

to moulding with 3D printed plastics due to its favourable mechanical properties.

These moulds can readily be derived directly from tissue to create patient-specific

phantoms. Acoustic attenuation, speed of sound and acoustic backscattering were

obtained within the range of values quoted for soft tissues by varying concentrations

of two additives: paraffin wax and glass spheres.

The speed of sound and the acoustic impedance of gel wax are lower than that

of most soft tissues and water [102, 116]. One consequence is that immersion of

gel wax phantoms in water can lead to hyperechoic boundaries on ultrasound imag-

ing. These challenges could be mitigated by the use of different surrounding fluids,

such as mineral oil. Furthermore, the low speed of sound could affect the scaling of

the images during reconstruction. Copolymers could be added to modify the speed

of sound of the material [128]. Here, frequency dependent acoustic attenuation in-

volved a power law exponent (n≈ 1.9) that falls within the range of values reported

for different soft tissue types (1.0 to 7.4) ([145], [155] - Appendix A). As a result,

tuning the acoustic attenuation of gel wax to match specific soft tissue types within

a broad frequency range may be challenging.

The native gel wax used in this dissertation is readily deformable. Indeed, its

Young’s modulus is similar to the average values of 18 to 22 kPa reported for normal

breast fat tissue [156]. Its stiffness could be increased significantly by incorporating

additives such as paraffin wax and copolymers [128]. These additives could reduce

the range of deformations over which the stress-strain relationship is substantially

linear, which could be of interest to introduce non-linearities encountered in soft-

tissues during ultrasound elastography studies [137].

There are several ways in which the anatomically realistic ultrasound gel wax

phantoms could be improved. First, spatial variations in glass sphere concentrations

were visible within regions that were designed to be homogeneous. These variations

likely arose from differences in the densities of glass spheres and the surrounding
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gel wax. Increasing the mixing speed and the rate of cooling of the gel wax after it

is poured in the mould will likely reduce heterogeneities but it might also introduce

air bubbles. To mitigate the risk of air bubble formation, it may be advantageous to

mix and pour gel wax within low pressure chambers. Second, the acoustic proper-

ties (acoustic attenuation and backscattering) in this study were assigned to provide

contrast between the different tissue structures, such as blood vessels and under-

lying background. In future work, acoustic properties values could be assigned to

represent specific tissue types.

In this study, anatomically realistic ultrasound phantoms with feature sizes as

small as 2 mm were created using gel wax with 3D printed moulds. Direct printing

of gel wax could be useful to create structures with greater 3D complexity. One

recent step in this direction was provided by Dong et al. [118], who developed

a fuse deposition modelling system to fabricate 3D heterogeneous phantoms for

optical imaging. Gel wax was mixed with additives and directly printed using a

custom print head with multiple channels and an embedded mixing device. Gel

wax is a TMM which could lead to a new generation of ultrasound phantoms with

a step change in anatomical realism.



Chapter 5

Photoacoustic imaging of the human

placental vasculature

5.1 Introduction

This chapter presents an imaging study to visualise the human placental vasculature

with photoacoustic imaging. The appearance of fresh human placentas with three-

dimensional (3D) photoacoustic imaging was investigated. Normal term placentas

and a placenta with photocoagulated tissue after an in utero TTTS treatment were

examined. Two photoacoustic imaging systems, one of which included B-mode ul-

trasound imaging, were used. Finally, complementary imaging with micro-CT and

histological analysis were performed. The aims of this chapter were three-fold: first,

to investigate if photoacoustic signals can be detected from placental tissue using

two systems comprised different excitation light sources and photoacoustic wave

detection schemes; second, to define the maximum depth that each system could

accurately resolve placental vascular features; third, to investigate the appearance

of photocoagulated tissue.

The main contributions of this chapter include the novel application of volu-

metric photoacoustic imaging in post partum normal and TTTS treated placentas

using two photoacoustic imaging systems that provide complementary imaging ca-

pabilities. Additionally, the novel combination of photoacoustic imaging and micro-

CT imaging of post partum human placentas was introduced.
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5.2 Human placentas
The placentas were collected with written informed consent after caesarean section

delivery at University College London and Stevenage (East and North Hertford-

shire NHS Trust) Hospitals. Local committees on the Ethics of Human Research

approved the study (c.f. Section 2.7). The umbilical cord(s) was clamped immedi-

ately after the delivery to preserve the blood inside the vessels. The term placenta

was delivered after an uncomplicated pregnancy at 38+6 weeks gestation age (GA).

The twin placenta (Figure 5.3a,b) was treated for TTTS at 16+4 weeks GA and it

was then delivered at 34 weeks GA.

5.3 Photoacoustic imaging

5.3.1 Fabry-Pérot based planar sensor PA imaging system

In order to image the placental vasculature, a photoacoustic imaging technology

based on the use of an OPO excitation laser and a planar F-P sensor for ultrasound

reception (Figure 5.1a) was used. The operating principles of this approach have

been described in detail previously [144, 157, 158]. Briefly, it comprises a F-P

ultrasound sensor which consists of a transparent polymer film spacer sandwiched

between two mirrors. The thickness of this spacer was modulated by impinging

ultrasound waves, which in turn modulated the optical reflectivity of the sensor.

The latter modulations were measured in 2D using a continuous wave interrogation

laser, the output of which was raster scanned across the surface of the F-P sensor.

The mirrors of the F-P sensor are designed to be transparent at the wavelength of the

excitation laser pulses enabling the latter to be delivered through the sensor head as

illustrated in Figure 5.1a). All images were obtained using an excitation wavelength

of 760 nm and a fluence below 2.5 mJ/cm2. For the normal term placenta, a fibre-

coupled Nd:YAG pumped OPO (Spitlight 600, InnoLas Laser GmbH, Krailling,

Germany) operating at 30 Hz was used. For the TTTS treated placenta, a custom

OPO (InnoLas Laser GmbH, Krailling, Germany) operating at 200 Hz was used.

The imaging system provides a lateral field of view of approximately ]15× 15 mm,

a depth dependent spatial resolution in the range 50 to125 µm (3 dB bandwidth:
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350 kHz to 22 MHz [144]) and a typical tissue penetration depth of approximately

10 mm depending on wavelength.

Figure 5.1: Photoacoustic imaging experimental setups. (a) The Fabry-Pérot sensor head
gently touching the placenta from the chorionic (fetal) surface. Ultrasound gel
was placed in between the sensor and the tissue for acoustic coupling. (b) The
ultrasound transducer with the light emitting diode (LED) arrays was translated
across the placenta using a linear motorised stage. The placenta was coated
with ultrasound gel, covered with a plastic membrane (cling film), and placed
inside a water-filled container.
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5.3.2 Clinical linear-array ultrasound probe based PA imaging

system

A dual-modality photoacoustic/ultrasound (PA/US) imaging system (AcousticX,

CYBERDYNE Inc., Tsukuba, Japan) was also used to image the placental vascu-

lature (Figure 5.1b). It comprised a clinical linear-array ultrasound imaging probe

(9 MHz central frequency, 128-element, 300 µm pitch, CYBERDYNE Inc.) for

ultrasound reception and LED arrays (850 nm wavelength; 200 µJ nominal pulse

energy per array; 4 KHz pulse repetition frequency) for excitation light delivery.

The system was previously used to image human placental vasculature [159] and

was described in detail in [8, 160].

The spatial resolution of this PA/US system was measured in another study

from our group led by Dr. Wenfeng Xia (Department of Medical Physics & Biomed-

ical Engineering, UCL, London) [8]. A phantom comprised six carbon black-coated

tungsten wires (diameter: ca. 30 µm) as resolution targets was fabricated. The wires

were mounted parallel to each other on a “U-shaped” acrylic frame by having ap-

proximately 5 mm distance between each pair of neighbouring wires (Figure 5.2a).

Imaging was performed with both the phantom and the probe immersed in deionised

water in room temperature. The phantom was placed relative to the imaging probe

in such a way that the wires were perpendicular and intersected the imaging plane

at approximately the same lateral (Y) position and at six different depths (Z) (Fig-

ure 5.2a,b). To obtain spatial resolution measurements, the full width at half max-

imum values of the axial and lateral profiles relative to the central maximum of

the wires were used [8]. Over the measured depth (Z) range from 13 to 36 mm,

the spatial resolutions of photoacoustic and ultrasound imaging were quite close

(Figure 5.2c,d). The axial resolution was similar at the centre and at the side of

the imaging plane, with average values of 0.22 ± 0.01 mm for photoacoustic and

0.22 ± 0.06 mm for ultrasound imaging, respectively. In contrast, the lateral reso-

lution increased for both photoacoustic and ultrasound imaging from the centre to

the side of the imaging plane. At the centre, with photoacoustic imaging, the lateral

resolution was relatively consistent (0.46 ± 0.06 mm). With ultrasound imaging,
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the lateral resolution increased with depth from 0.35 to 0.57 mm. At the side, the

lateral resolution with both photoacoustic and ultrasound imaging increased with

depth from 0.64 to 0.76 mm and from 0.52 to 0.69 mm, respectively.

3D photoacoustic imaging was enabled by translating the imaging probe with a

linear motorised stage supplied with the system (OSMS20-85(X), OptoSigma Cor-

poration, California, USA). The translated distance during each 3D image volume

acquisition was 10 mm. Post-processing allowed for a wider field of view of 38 ×

60 mm. Offline-reconstruction of the recorded photoacoustic signals was performed

using a frequency-domain algorithm implemented with the “k-Wave” Matlab tool-

box [91] and speed of sound value of 1500 m/s. The placenta was initially placed in

a plastic container and subsequently it was coated with ultrasound gel for acoustic

coupling and covered with a plastic membrane (cling film). The container was then

filled with water at room temperature for acoustic coupling, and for free translation

of the ultrasound imaging probe.

5.3.3 Micro-CT imaging

After photoacoustic and PA/US imaging, the TTTS treated placenta (Figure 5.3a)

was imaged with Micro-CT (XT H 225 ST Micro-CT, Nikon Metrology, Tring, UK)

in order to provide a complementary view as the whole placenta can be captured.

The placenta was cannulated through an umbilical artery and manually perfused

with Microfil (Flow Tech Inc, Carver, MA, USA), a lead-based contrast agent (Fig-

ure 5.3b). The method is described in detail elsewhere [73]. Briefly, the placenta

was fixed in 4% v/v formalin for 48 hours, and subsequently mounted whole and

imaged with Micro-CT with an isotropic voxel size of µm. Vascular regions of in-

terest were defined using in-house software and thresholded to extract the vascular

structure (Figure 5.3c).

5.3.4 Histology

A portion of the TTTS treated placenta that included scar tissue resulting from the

laser coagulation was dissected into an 15 × 15 mm full thickness block, which

was fixed in formalin for a minimum of 48 h and processed into paraffin wax block.
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Figure 5.2: (a) Schematic representation of the resolution phantom and its position relative
to the ultrasound probe. The phantom, which comprised six light-absorbing
wires mounted at different depths (Z) on an acrylic frame, was positioned so
that these wires were perpendicular to the imaging plane (IP). LED: light- emit-
ting diode. (b) Photoacoustic (PA) and ultrasound (US) images were acquired
with the phantom at two different lateral (Y) positions so that the wires were
near the side and the center with respect to the ultrasound imaging probe, re-
spectively (a.u.: arbitrary units). (c) Measured axial and lateral PA imaging
resolution for the two lateral positions of the phantom (side and center) as a
function of depth. (d) Corresponding resolution measurements for US imag-
ing. (Image adapted from [8])

One full thickness section was stained with hematoxylin and eosin (H&E) and after

it was cut, micrographs at 40× and 100× magnifications were acquired.
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Figure 5.3: Twin placenta treated for TTTS in utero with the Solomon technique. (a) Photo-
graph obtained a few hours post delivery. Arrows show the vasculature of each
twin (red and blue) and the photocoagulated scar region (purple), respectively.
(b) Microfil-perfused placenta,prior to formalin fixation, prepared for microCT
imaging. (c) Vasculature outline obtained from a thresholded maximum inten-
sity projection of a microCT image. The absence of contrast is visible in the
photocoagulated scar region.

5.4 Results

5.4.1 Chorionic placental vasculature

Superficial chorionic placental vessels were clearly visualised using the F-P imag-

ing systems (Figure 5.4a). Good correspondence between the MIP photoacoustic

images and the photograph (Figure 5.4b) was observed. Several subsurface objects,

which could be attributed to blood vessels, were visible to a depth of approximately

7 mm from the chorionic fetal surface of the placenta. The smallest resolved sub-

surface vascular feature was approximately 120 µm diameter.

Manual mosaicking of photoacoustic images, acquired from multiple locations

of the chorionic placental vasculature of a TTTS treated placenta, allowed for a

broader region of the placenta to be visualised (Figure 5.5). Superficial branching

blood vessels were clearly resolved (Figure 5.5a), which corresponded well with

the photograph (Figure 5.5b). Subsurface vascular structures that were not apparent

in the photograph were resolved to an approximate depth of 3 mm (Figure 5.5a;
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Figure 5.4: Photoacoustic (PA) images of the chorionic placental vasculature of a nor-
mal term placenta. The PA images were obtained using a Fabry-Pérot based
PA scanner and are displayed as maximum intensity projections of the recon-
structed 3D image volume. The scale and colour bars apply to all PA images.
Superficial chorionic blood vessels are apparent in both PA images (a) and the
corresponding photograph (b). Several subsurface structures that could be at-
tributed to blood vessels are visible down to a depth of approximately 5 mm
from the chorionic fetal surface of the placenta.

location 6).

Wide-field photoacoustic images and ultrasound images of the chorionic pla-

cental vasculature of a TTTS treated placenta are presented in (Figure 5.6). With

photoacoustic imaging, several superficial blood vessels were visualised (Fig-

ure 5.6a), which corresponded well with the photograph (Figure 5.6c). A subsurface

structure (Figures 5.6a and 5.6c) that was visible in the photoacoustic image was not

apparent in the photograph; it was also not readily visible in the ultrasound image.

With ultrasound imaging, a hypoechoic region indicating an extended fluid-filled

cavity (Figure 5.6a; star region) was not visible with photoacoustic imaging. The

3D MIP photoacoustic image (Figure 5.6b) clearly revealed superficial branching

vessels with good spatial correspondence with the photograph (Figure 5.6c). Poten-

tial subsurface vessel structures were visualised (Figures 5.6b and 5.6c), which were

not apparent in the photograph. MicroCT imaging of the same region (Figure 5.6d)

corresponded well with the photograph and it also showed subsurface structures.
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Figure 5.5: Photoacoustic (PA) images of the chorionic placental vasculature of a TTTS
treated placenta. The PA images were obtained using a Fabry-Pérot based PA
scanner and are displayed on a logarithmic scale as maximum intensity pro-
jections of the reconstructed 3D image volume. The images are arranged as
a mosaic to capture a wider area of the placenta. Superficial branching blood
vessels are clearly resolved (a), which correspond well with the photograph (b).

5.4.2 Photocoagulated (scar) tissue

With photoacoustic imaging, there was an absence of signal from the photocoag-

ulated (scar) tissue, so that negative contrast was obtained from this region (Fig-

ure 5.7a). The photocoagulation depth across different locations in the scar was

visible in the x-z MIPs. An H&E stained section obtained from one location (Fig-

ure 5.7b; location 4), confirmed the photocoagulation depth of approximately 1

mm, which was found to be consistent with the corresponding photoacoustic image

(Figure 5.7a; location 4). Micro-CT imaging (Figure 5.7d) of the same region was

consistent with photoacoustic imaging; an absence of signal from the scar region

was observed.

Wide-field photoacoustic imaging of the photocoagulated (scar) tissue of a

TTTS treated placenta acquired with the PA/US imaging system and motorised

translation of the ultrasound imaging probe is shown in Figure 5.8. With pho-
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Figure 5.6: Wide-field photoacoustic (PA) and ultrasound (US) images of the chorionic
placental vasculature of a TTTS treated placenta. The PA and US images were
acquired using a PA/US imaging system based on a clinical linear array. (a)
Single frames of merged 2D PA and US images acquired in real-time, at one
location (dashed purple line in (c)). Several superficial blood vessels (red ar-
rows) are visible in the PA image, that correspond well with the photograph
(c). A subsurface structure (blue arrow) that is visible in the PA/US image was
not apparent in (c). A blood vessel (orange star) that is visible in the US image
was not visible in the PA image. The placenta was covered with a cling film
membrane (yellow arrow). The images are displayed on logarithmic scales. (b)
3D PA image displayed as maximum intensity projection of the reconstructed
3D image volume, which was acquired by linear translation of the US probe.
Superficial chorionic structures are clearly resolved, with good correspondence
in (c). Subsurface structures that could be attributed to blood vessels and are
not apparent in (c) were visualised (blue arrows). (d) Microfocus-Computed
tomography (microCT) imaging of the same region as in (c). Good corre-
spondence was achieved with (c) and a small diameter vessel (green arrow)
is resolved.

toacoustic imaging, superficial blood vessels were visible (Figure 5.8a), and there

was good visual correspondence with the photograph (Figure 5.8d). No subsurface

structures were apparent (Figure 5.8a,b). Beneath the scar region, photoacoustic
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signals were lower than those at other regions, at the same depths (Figure 5.8b),

which can be attributed to relatively lower absorption of excitation light by the scar

tissue. From the 3D MIP photoacoustic image (Figure 5.8b), superficial chorionic

structures were visualised, and they corresponded well with those in the photograph

(Figure 5.8c). As observed with images acquired from the F-P based photoacoustic

imaging system, there was negative contrast for scar tissue. Micro-CT imaging of

the same region confirmed the absence of patent vascular structures within the scar

(Figure 5.8d). More chorionic vessels were visualised in the micro-CT image in

the region on the right of the scar compared to the photograph and to the 3D MIP

photoacoustic image due to the contrast agent injection prior to micro-CT imaging

(Figure 5.3b). From the photograph, in the same region, a few blood vessels with

limited blood in their inside.
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Figure 5.7: Photoacoustic (PA) images of the photocoagulated (scar) tissue of a TTTS
treated placenta. (a) The PA images were obtained using a Fabry-Pérot based
PA scanner and are displayed on a logarithmic scale as maximum intensity
projections (MIPs) of the reconstructed 3D image volume. The scar tissue is
weakly absorbed by the excitation light and provides a negative contrast to the
image. The photocoagulation depth is visible in the x-z MIPs. The scale bar
applies to all images and axes orientations. (b) Corresponding photograph that
includes the locations that were imaged in a). (c) An H&E stained section was
obtained from imaging location 4) (dashed orange line); a region that contains
the scar tissue is displayed in greater magnification in e). The photocoagulation
depth is approximately 1 mm, which is consistent with the same location in (a).
(d) Microfocus-Computed tomography (microCT) imaging of the same region
as in (b) shows the lack of vasculature in the scar region (dashed purple lines).
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Figure 5.8: Wide-field field photoacoustic (PA) and ultrasound (US) images of the photo-
coagulated (scar) tissue of a TTTS treated placenta. The PA and US images
were acquired using a PA/US imaging system based on a clinical linear array.
(a) Single frames of merged 2D PA and US images acquired in real-time, at two
distinct locations (blue and green dashed lines in (c)) that included vascularised
and scar tissue respectively. Superficial blood vessels (red arrows) are visible
in the left PA image, that correspond well with the photograph (c). In the right
PA/US image (green dashed box), the PA signal originates deeper from the sur-
face (white arrows), as the scar tissue is transparent to the excitation light. The
placenta was covered with a cling film membrane (yellow arrow). The images
are displayed on logarithmic scales. (b) 3D PA image displayed as maximum
intensity projection of the reconstructed 3D image volume, which was acquired
by linear translation of the US probe. Superficial chorionic structures are vi-
sualised, with good correspondence in (c). The scar tissue provides a negative
contrast as the excitation light is transparent. (d) Microfocus-Computed to-
mography (microCT) imaging of the same region as in (c) shows the absence
of vascular structures beneath the scar.
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5.5 Discussion and Conclusions

In this chapter, volumetric photoacoustic imaging of the human placenta was per-

formed for the first time. With photoacoustic imaging, superficial chorionic vascu-

lature and subsurface structures were visualised down to a depth of approximately

7 mm. The photocoagulation depth caused by the in utero TTTS treatment was

clearly resolved, and provided a negative contrast in the photoacoustic image due

to the weak absorption of the scar tissue in the excitation light. Ultrasound imaging

provided additional structural information of the chorionic surface shape.

Volumetric imaging allowed for better visualisation of the placental vascu-

lature, compared to previously obtained two-dimensional photoacoustic images,

which needed additional ultrasound imaging to inform for the origin of the pho-

toacoustic signals [95, 7]. The interpretation of the location of the chorionic and

subchorionic branching placental vessels and of the photocoagulation depth were

significantly improved with three-dimensional imaging.

The PA systems used in this chapter provide complementary information re-

lated to the anatomical features that can visualise. The F-P based PA system pro-

vided more detailed images due to its higher spatial resolution (i.e. larger bandwidth

ultrasound sensor and area for ultrasound reception) compared to the PA system

based on a clinical ultrasound probe. With the F-P sensor, volumetric imaging was

enabled without the need for motorised translation of the probe. Finally, the “all-

optical” nature of the F-P sensor for ultrasound reception could facilitate miniatur-

isation [161], a key requirement for fetal surgery. On the other hand, the clinical

probe based PA system allows capture of a wider field and provides simultaneous

real time 2D PA/US imaging. Furthermore, as the energy level of the excitation

light used with the clinical ultrasound probe based PA system is lower compared

to the ones used with the F-P based PA system, it could potentially negates the

requirement for using personal protection equipment such as goggles. Lastly, due

to its widespread use in fetal medicine, additional US imaging may accelerate the

adaptation of PA imaging into clinical practise as a dual modality imaging tool.

Photoacoustic imaging provided high resolution visualisation of the vascula-
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ture of healthy and TTTS treated placentas in ways that are different from the

current clinical practice; however, there is a lack of gold standard in this study.

Micro-CT and ultrasound imaging provided complementary information. Micro-

CT imaging of a Microfil-perfused placenta allowed for the arterial component of

the placental vasculature to be visualised, and could provide indications for deep

vessels that couldn’t be visualised from photoacoustic imaging. Ultrasound imag-

ing provided anatomical information about the placenta shape for the co-registration

of the photoacoustic signals, but it was not able to accurately resolve any blood ves-

sels.

In post partum studies, handling of the placental tissue is quite important to

obtain good quality images. One limitation of the imaging protocol in this study is

that the TTTS treated placenta was imaged a few hours later compared to the normal

one. Post-partum vasoconstriction and blood leakage may have limited contrast of

the vasculature for photoacoustic imaging. Additional contrast reduction could have

been introduced from the pressure induced from the positioning of the F-P sensor on

the surface of the TTTS treated placenta. Additionally, for the same placenta, water

could have leaked out from the plastic membrane while the placenta was imaged

with the clinical linear-array based photoacoustic imaging system. Water could fill

the placental cavities and mix with blood inside the placenta. Therefore, imaging of

a perfused placenta [162] with an additional contrast agent [163] could potentially

improve visualisation of the vasculature.

The placental vascular bed was not completely visualised by the photoacous-

tic imaging systems used in this study. Likewise, the depth range of anastomos-

ing vessels in TTTS is not known; it may well be larger than the photoacoustic

imaging depths achieved in this study. To increase the signal-to-noise ratio of the

detected photoacoustic waves and likely the imaging depths, next-generation sys-

tems could include more sensitive ultrasound detectors [161]. Coded excitation

sequences [164] or the use of more powerful sources [165] could be applied to in-

crease the signal-to-noise ratio in systems using clinical ultrasound probes.

With those three aims in the beginning of this chapter, this study sets the stage
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for in vivo imaging developments and detailed comparison with histology and other

pathologies including growth restriction. By visualising superficial and subsurface

chorionic vascular structures in the placenta, photoacoustic imaging appears to be

a promising imaging modality to confirm successful photocoagulation of anasto-

mosing vessels during TTTS fetoscopic therapy, and thereby to improve treatment

outcomes.



Chapter 6

Incident Dark Field imaging of the

human placental vasculature

6.1 Introduction

In the previous chapter, imaging of the placental macrovasculature was achieved

using photoacoustic imaging. This chapter presents a preliminary study of a new

method to image the placental vasculature in a smaller scale based on a handheld

incident dark field illumination video microscope.

Incident dark field (IDF) illumination was first reported by Sherman et al.

[166], to study the microcirculation of solid organ subsurfaces. An important in-

novation that opened the field for clinical applications to study the human micro-

circulation was the implementation of this technique into a handheld device [167].

A clinical breakthrough was achieved when altered microcirculation perfusion and

hemodynamic properties were revealed in the sublingual microcirculation during

sepsis, septic shock and resuscitation conditions [168]. Thereafter, this microscope

(Cytocam-IDF, Braedius Medical, Huizen, The Netherlands) has been widely used

by other research groups to study the human sublingual microcirculation at the bed-

side [169, 170, 171, 172].

In this dissertation, the application of incident dark field microscopy to image

the placental microvasculature is explored for the first time. As this work was de-

scribed in the present chapter, it could serve as a starting point for future studies.
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The aims of the work presented in this chapter are four-fold: first, an exploration

of the the vascular structures (i.e. villus tree) and features (i.e. red blood cells) that

can be resolved in certain depths with dark field microscopy is performed for the

first time; second, experimental protocols to image fresh and formalin-fixed placen-

tal tissue with dark field microscopy are put forward and refinements are identified;

third, the capabilities for real time imaging are demonstrated for the first time; fi-

nally, the challenges and limitations using this imaging technique are highlighted.

6.2 Incident Dark Field illumination microscope
A handheld video-microscope was used to image the placental microvasculature

[173]. The microscope is housed in a pen-like cylindrical body (length: 220 mm;

diameter 23 mm), and weighs 110g. Illumination is provided through LEDs (pulse

duration: 2 ms) at wavelength of 532 nm enabling sufficient tissue penetration. Vas-

cular structures can be visualised in a two-dimensional plane with epi-illumination

of the imaged sample [171, 174]). A computer-controlled hardware platform based

on a 14 megapixel imaging sensor is responsible for video-rate data acquisition (25

frames per second) and synchronisation with the LEDs [170]. A high-resolution ob-

jective lens (optical resolution: 320 lines/mm) with a four- time (4×) magnification

factor provides an effective field of view (FOV) of 1.55×1.16 mm (area: 1.79 mm2)

and imaging area of 6.28×4.65 mm, respectively. A linear stepper motor provides

quantitative focusing depth (step size: 4 µm) and is manually controlled via a user

interface. This focusing mechanism allows for more accurate and reproducible mea-

surements, since it can be fixed at a certain focusing depth. All the data acquisition

parameters and display are controlled through an integrated touchscreen computer

(monitor: 24”). Data communication and power supply of the video-microscope is

achieved through a high-definition multimedia interface (HDMI) connection.

6.3 Experimental protocol
Following the third stage of labour, the placentas were collected after written in-

formed consent was obtained from the mother (c.f. Section 2.7). Subsequently, they

were placed in a container for secure transfer from the hospital to the laboratory
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at the Institute of Sports Exercise and Health (London, UK) where the microscope

and its workstation are located. The placental tissue was maintained fresh and sig-

nificant blood clotting was prevented. Imaging was performed within 30 minutes

of the placental tissue collection. The chorion was cut from the placenta, and the

membranes were trimmed at the edge of the placenta. Any retained blood at the

chorionic plate was wiped out. Removal of chorion and blood reduced light reflec-

tions and allowed better contact between the probe and placenta surface improving

the image quality. Prior to imaging, a disposable sterile cap was attached to the

tip of the microscope, and the rest housing body was covered with a sterile glove

to prevent blood contamination. When reflection artefacts from the tip of the mi-

croscope were visible in the image, a few saline drops were added on the tissue’s

surface to remove them.

Fresh placentas from both the chorionic and basal plates were examined. This

category of pen-like imaging probes suffers from motion and pressure induced arte-

facts during image acquisition that can significantly affect the image quality [168].

Therefore, two imaging approaches were tested; free hand and clamped probe imag-

ing. In the latter one, the probe was clamped to a stand and manual translation on

the vertical axis allowed pressure control on the surface of the placental tissue. The

focusing depth of the microscope was manually varied from 0 to 200 µm using a

computer user interface. Another imaging scenario included imaging of a vessel

perfused in real time. The microscope was clamped during the acquisition to min-

imise motion artefacts. An artery was catheterized using a 20 gauge cannula and

then, saline was manually flushed with a 10 ml syringe. The artery was chosen to be

close to the distal end of the placenta, such as to include the branching arteries of a

bifurcation in the FOV of the device (Figure 6.2). The focusing depth was adjusted

manually at 40 µm when imaging from the chorionic plate was performed, and 40

to 80 µm from the basal plate respectively.

Finally, a formalin-fixed sample obtained from a high vascularised region

close to the umbilical cord insertion was imaged. The microscope was placed and

clamped at one location and the focusing depth was varied via a computer user
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interface.

Figure 6.1: Incident dark field images acquired from the chorionic plate of fresh human pla-
centas. (a) Several branching vessels with different sizes are visible. Due to the
emission wavelength of the LEDs, veins and arteries cannot be distinguished.
(b) Image acquired closer to the edge of the placenta visualising smaller cap-
illaries. Artefacts from the free-hand incomplete placement of the microscope
lead to bright areas in the image. Reflections of the tip of microscope are also
visible (yellow arrows)

6.4 Results

6.4.1 Chorionic plate

Incident dark field images obtained from the chorionic plate are shown in Figure 6.1.

A wide variety of vessels with different size was visualized (Figure 6.1a). The

smallest vessels which were identified on both images, were invisible with visual

inspection. Branching vessels were also observed. Veins and arteries couldn’t be

differentiated due to the light emission wavelength that this microscope uses. In

Figure 6.1b, reflections from the tip of the microscope were also noticed (yellow

arrows).

Figure 6.2 shows real time imaging of a perfused artery using the handheld

microscope. The experimental setup with the cannulated artery and the imaging

location of the clamped microscope are visible (Figure 6.2a). The first and the last

frames are shown (Figure 6.2b-c), which were acquired from a single video ac-

quisition. During saline injection, the flow orientation appears towards the bottom

part of the image. The bifurcation, even though is not within the FOV of the mi-
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Figure 6.2: Flow imaging of a perfused artery in a fresh placenta. (a) The entry point of the
cannula and location of the imaging probe are presented. Saline was manually
flushed through the cannula while the microscope was capturing frames. (b),(c)
Images that represent different frames (timestamps) from the same acquisition
of real-time flow imaging of a bifurcation (not visilble in the field of view). (d)
Standard deviation calculated using all the acquired frames as an indication of
movement in the image. The bright areas mainly indicate the blood vessels.

croscope, it extends on top of the image. Saline injection pushes the blood away

to smaller vessels and the same imaging location appears brighter in later frames

(Figure 6.2b-c). As a indication of flow in the image, the standard deviation was

calculated from all of the acquired frames (Figure 6.2d). The bright areas of the

image mainly correspond to the branching arterial vessels.

6.4.2 Basal plate

Incident dark field images obtained from the basal plate of fresh placentas are shown

in Figure 6.3. The placental villus tree architecture (i.e. stem, intermediate and ter-

minal villi) is clearly identified. All images acquired free hand by placing the probe

inside the placental parenchyma or on top of the cotyledons with random orienta-
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Figure 6.3: Incident Dark Field images acquired from the basal plate of fresh complete
placentas. (a)-(d) The images were acquired with free-hand and the tip of the
microscope was positioned in random orientation in the tissue. The villus tree
down to the level of terminal villi is clearly identified. The complexity and
heterogeneity of the placental vasculature is demonstrated.

tion and pressure. This approach generated areas in the image that appear brighter

or darker, since the tip of the probe was not completely touching the tissue. The

wide variability and high complexity of the placental tissue is demonstrated. Fig-

ure 6.4 shows a comparison of the whole villus tree architecture as it was captured

using the handheld microscope and a schematic as it is displayed in one of the most

popular books on placental pathology [9].

Flowing red blood cells and villi dynamics due to pressure induced by the tip of

the microscope could be identified while the placental tissue was compressed during

the video acquisition. Multiple frames from the video are presented in Figure 6.5.

Contraction and expansion of the villi is observed. Red blood cells are flowing in the

surrounding tissue, mostly visible on the top right part of the images (Figure 6.5a-d).

Figure 6.6 presents images from a formalin-fixed sample varying the focusing
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Figure 6.4: Incident dark field imaging of the villus tree from stem, intermediate to terminal
villi. (a) Image acquired from a fresh placenta with free hand. (b) Schematic
of normal villus tree; blue: fetal arteries, red: fetal villous veins, purple: fetal
villous capillaries and sinusoids. (Image adapted from [9]; Copyright Holder:
Springer-Verlag New York).

depth of the microscope. Vessels are visualised with a surrounding layer caused

by the fixative compared to those of fresh tissue. The presence of clearly visible

vasculature in the focal plane in addition to a background of blurred vessels, which

are out of the focal plane, highlights the complexity of the placental architecture.

6.5 Discussion and Conclusions
Dark field illumination microscopy provides a novel imaging tool to visualise the

human placental microvasculature. The feasibility of this microscope to visualise

the whole villus tree in real-time without any contrast agent injection or extensive
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Figure 6.5: Incident dark field imaging of terminal villi dynamics. (a)-(d) Individual frames
from a single video acquisition showing contraction and expansion of terminal
villi during manually applied pressure with the microscope. (a)-(c) Reb blood
cells are flowing on top right part of the image depending on the applied pres-
sure to the tissue.

tissue preparation (e.g fixation) was presented. This video microscope provided

sufficient resolution to visualise vascular structures down to the level of terminal

villi to a maximum depth of 200 µm. Flow imaging and visualisation of red blood

cells moving within chorionic plate vessels was achieved. Additionally, the high

complexity of the placental tissue, and the wide variability across different areas

which makes it a challenging organ to investigate was demonstrated.

For post partum placental imaging, the main advantage of using this micro-

scope against conventional bench-top microscopy techniques is the real time imag-

ing capability implemented in an easy-to-use handheld device. The ergonomic

housing of the microscope with its touch screen can be easily moved in any clinical

or research environment. In addition, the motorised adjustment and control of its

focusing depth allows for repeated measurements. This microscope can image the
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Figure 6.6: Incident dark field imaging from formalin-fixed placenta tissue. (a)-(f) The
microscope was clamped at a fixed position and images (single frames) were
acquired from multiple video acquisitions. Each time, the focusing depth from
0 to 200 µm was varied using the graphical user interface. Most vascular struc-
tures became visible either at 80 or 120 µm focusing depth. A surrounding
layer from the fixative appears transparent.

terminal villi without any extensive and time-consuming tissue preparation com-

pared to traditional microscopic imaging using histological slides. Therefore, rapid

clinical assessment of the placental microvasculature that indicates less vascularised

areas could potentially be achieved.
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For in vivo placenta imaging during TTTS treatment, it could potentially be

useful to confirm successful photocoagulation of narrow anastomosing vessels that

lie on the chorionic plate. However, miniaturisation is an essential requirement to

be able to fit into the instrument channel of the fetoscope. The diameter of the

microscope used in this work is 23 mm while a typical clinically used fetoscope

with its sheath has a total diameter of ≤ 3 mm [49].

On the other hand, this type of imaging applied to post partum human pla-

cental vasculature possess a few limitations. The complexity and heterogeneity of

the human placenta hinders the extraction of quantitative information (e.g. vascular

density, vessel tortuosity), and suggests that more post-processing and experimental

work needs to be carried out to fully understand and properly correlate the obtained

microscopic images with histology. Another challenge is to determine which image

features can provide to derive clinically-relevant information, and to define a pro-

tocol to obtain them in a repeated way. Furthermore, any potential damage of the

placental tissue from the pressure applied during imaging needs to be verified.

A few future steps towards the validation of this imaging technique applied to

human placental vasculature could include: First, an optimised protocol with a pre-

defined grid as described in [175] could be adapted to image the placental tissue in a

systematic way. Second, a qualitative assessment between imaging in fresh placen-

tas and histological sections from the same location could be investigated. However,

any potential damage to the placental vasculature during imaging is not known; a

linear motorised stage combined with pressure sensors could be used to minimise

the pressure induced by the microscope rather than holding it by hand. Sections

for histology could be obtained from a region nearby. Finally, imaging of compli-

cated placentas (e.g. growth restricted or with TTTS) and comparison with normal

term placentas could be performed to indicate features (e.g. morphology of termi-

nal villi) that may vary between complicated and normal vasculature [176, 177].

However, it should be emphasised that complicated placentas are more challenging

to obtain post delivery due to two main reasons. First, they can be delivered in a

non-controlled way (i.e. overnight or outside of normal working hours) compared
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to the planned elective caesarian sections mainly due to premature rupture of the

membranes. Second, fixation in formalin is often required right after delivery to

undergo further histopathological examination to confirm tissues.

By using real time dark field microscopy, multiple locations across the pla-

centa could be rapidly imaged and thus, this technique could potentially augment

the histopathological examination by suggesting areas for sampling. Additionally,

real-time visualisation of the villus tree in the placenta down to the terminal villi

level could improve the way we understand complicated conditions such as growth

restriction, TTTS or preeclampsia.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

This dissertation presents novel optical, ultrasound and novel photoacoustic imag-

ing methods to image the human placental vasculature in macroscopic and micro-

scopic size scales. Additionally, methods for tissue-mimicking phantoms fabrica-

tion for validation of the aforementioned imaging modalities and clinical training

are presented.

In Chapter 3, methods to fabricate tissue-mimicking phantoms for multispec-

tral photoacoustic imaging were presented. The use of gel wax as a novel tissue-

mimicking material for developing photoacoustic imaging phantoms was described.

The optical absorption and reduced scattering coefficients were independently tuned

with the addition of oil-based inks and TiO2 particles, respectively. The frequency-

dependent acoustic attenuation obeyed a power law, which for native gel wax, var-

ied from 0.7 dB/cm at 3 MHz to 9.9 dB/cm at 12 MHz. The chosen oil-based inks,

which have different optical absorption spectra in the range of 400 to 900 nm, dis-

played good photostability under pulsed illumination with photoacoustic excitation

light. Optically heterogeneous phantoms that comprised inclusions with different

concentrations of carbon black and coloured inks were fabricated, and multispec-

tral photoacoustic imaging was performed with an optical parametric oscillator and

a planar Fabry-Pérot ultrasound sensor. Gel wax was proved to be well suited as a

TMM for multispectral photoacoustic imaging applications.
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In Chapter 4, methods to fabricate tissue-mimicking phantoms with anatomical

realism for ultrasound imaging applications were presented. To tune the properties

to match realistic tissue types, two additives to gel wax were considered: paraffin

wax to increase acoustic attenuation, and solid glass spheres to provide acoustic

backscattering. The frequency-dependent acoustic attenuation was well described

with a power law over the measured range of 310 MHz. With the addition of paraffin

wax in concentrations of 0 to 8 w/w%, attenuation varied from 0.72 to 2.91 dB cm−1

at 3 MHz and from 6.84 to 26.63 dB cm−1 at 10 MHz. With solid glass sphere con-

centrations in the range of 0.0250.9 w/w%, acoustic backscattering consistent with

a wide range of ultrasonic appearances was achieved. Native gel wax maintained its

integrity during compressive deformations up to 60%; its Young’s modulus was 17.4

±1.4 kPa. The gel wax with additives was shaped by melting and pouring it into

3D printed moulds. Three different phantoms were constructed: a nerve and vessel

phantom, a cardiac phantom, and a placental phantom for minimally-invasive fetal

interventions. Gel wax was proved to be a material with widely tuneable acoustic

attenuation and backscattering, and mechanical characteristics that are well suited

for creating patient-specific ultrasound phantoms in several clinical disciplines.

In Chapter 5, novel volumetric photoacoustic imaging of the human placen-

tal vasculature was presented. A term and a TTTS-treated human placenta that

were collected after caesarean section delivery were imaged using two systems: the

first comprised pulsed excitation light and a Fabry-Pérot based ultrasound sensor;

the second, which provided additional B-mode ultrasound imaging, included light

emitting diode arrays for excitation light and a clinical linear-array imaging probe.

Additional micro-CT imaging and histological analysis were performed as comple-

mentary techniques. Multiple highly vascularised locations on the chorionic fetal

surface were imaged in both placentas, and volumetric images were acquired. Ad-

ditional photocoagulated regions from in utero fetoscopic laser coagulation were

imaged in the TTTS treated placenta. With photoacoustic imaging, several super-

ficial branching blood vessels and subsurface structures were visible to a depth of

approximately 7 mm from the chorionic fetal surface. The photocoagulated (scar)
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tissue provided limited absorption to the excitation light and the ablation depth was

clearly visualised. This study demonstrated the feasibility of volumetric photoa-

coustic imaging of the human placental vasculature for the first time. By visualising

superficial and subsurface chorionic vascular structures in the placenta, photoacous-

tic imaging may be useful to guide and confirm successful laser ablation of anasto-

mosing vessels during TTTS fetoscopic therapy, and thereby to improve treatment

outcomes.

In Chapter 6, a novel method to image the placental vasculature in a micro-

scopic scale using a pen-like dark field microscope was presented. The potential

of this microscope to visualise the whole villus tree down to the terminal villi in

real-time, without any contrast agent injection or extensive tissue preparation, was

demonstrated. Imaging of a perfused vessel in real time, and manually pressure

induced villi movement were achieved. Additionally, it was demonstrated that de-

tailed images of the microvasculature could be acquired from formalin-fixed tissue,

which could facilitate co-registration with histology. However, there are several po-

tential limitations and aspects which remain to be elucidated. The narrow field of

view and limited imaging depth may not be sufficient to capture features from the

chorionic placental surface. The need for contact with the tissue, and the deforma-

tions that caused to the vasculature, introduces an additional challenge. Formalin-

fixation also may affect the tissue appearance. If we would be able to answer these

remaining questions, handheld dark field microscopy could allow for rapid imag-

ing of several locations across the placenta, and could potentially suggest areas for

histological sampling, which could improve our understanding of conditions like

growth restriction, and TTTS.

7.2 Future Work

The topics that were investigated in this dissertation lie in two main categories:

patient-specific tissue-mimicking phantoms development, and novel imaging of the

human placental vasculature, for which, directions for future investigations are pre-

sented below.
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7.2.1 Tissue-mimicking phantoms

Although photoacoustic imaging has now matured with several demonstrated clini-

cal applications, its adoption into clinical practice has been quite challenging. One

step forward that could accelerate the clinical translation of this technology would

be the technical validation of the existing photoacoustic systems. Repeatability and

reproducibility studies could be carried out in a set of phantoms that will be fabri-

cated and imaged within multiple centres in a standardised manner. Gel wax-based

phantoms could play a significant role towards this direction due to their tunable

optical properties, temporal stability, and non-toxicity. Additionally, no extensive

storage is necessary for transportation, and a simple plastic container should be

sufficient. A recent study by Maughan and Munro [178] investigated the optical

scattering stability of gel wax-based phantoms. The optical scattering was mea-

sured at a single wavelength (589 nm) over a period of 300 days and it was quite

stable, with only a small variation being observed. This is an additional observation

that comes in conjunction with the “3D UCL logo” phantom (Figure 3.1d), in which

absence of ink diffusion in the background was observed with visual inspection.

Another aspect that could be investigated is the combination of gel wax with

other water-based materials such as agar, gelatine or PVA that have acoustic proper-

ties closer to biological tissue but suffer from dehydration. Due to its mineral oil na-

ture, gel wax could be used as a background material and encapsulate inclusions or

larger structures made of aqueous materials. Potential applications and research that

these phantoms would be beneficial are two-fold: First, development of phantoms

with inclusions (such as tumours) and properties compatible with photoacoustic and

ultrasound imaging to guide needle breast biopsies [179, 97]. Second, this type of

phantoms could be a valuable tool in testing and evaluating the performance of im-

age reconstruction methods in hybrid or dual-modality imaging techniques such as

ultrasound-guided diffuse optical tomography [180], and quantitative photoacoustic

imaging [181].

Another direction for further investigations would include the tuning of acous-

tic and mechanical properties. The addition of paraffin wax, and or co-polymers
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could modify both the acoustic and the mechanical proporties [137, 182] with a

potential application for ultrasound elastography that is becoming important in the

context of placenta imaging [183]. One limitation of the current form of native gel

wax is that marks (or tracts) are retained when needles are inserted, a fact that limits

its repeated usability. Therefore, it would be beneficial to understand and modify its

composition to a self-healing material. Pure mineral-oil could be added to increase

its mobility, and preliminary results indicate there is potential for tract-less native

gel wax (data not shown).

Finally, tissue-mimicking phantoms that provide contrast for multiple imaging

modalities is of increasing interest [184]. The addition of TiO2 particles could pro-

vide contrast for X-ray imaging and thus enable studies in computed tomography

or fluoroscopy in combination with US imaging, such as guiding biopsies in pan-

creatic tumours[185]. Preliminary results indicate X-ray contrast could be achieved

with increased TiO2 concentration, and in chapter 3, it was showed that the addition

of TiO2 particles didn’t have a significant impact in the acoustic properties of gel

wax.

7.2.2 Imaging of the placenta

In Chapter 5 volumetric photoacoustic imaging demonstrated the potential to re-

solve the human placental vasculature. However, for clinical translation of photoa-

coustic imaging to guide TTTS treatment, it may be challenging to image with a

sufficiently large field of view to obtain clinically-interpretable information whilst

maintaining a small outer diameter at the point of insertion through the placenta. It

may be necessary to develop miniature probes with sufficiently small lateral dimen-

sions that will deliver excitation light through the working channel of a fetoscope.

These probes would likely deliver excitation light at the distal end; ultrasound re-

ception could either be at the distal end as well [149, 186], or at the surface of the

mother [95]. Alternatively, intraoperative guidance could be achieved with the de-

velopment of miniature photoacoustic endoscopic probes [187] in addition to recent

developments in ultrasound sensing [161] for improved sensitivity and signal-to-

noise ratio, and real time imaging capabilities enabled by parallel data acquisition
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schemes [158] combined with compressed sensing methods [188]. Enhancement

of the field of view would likely be performed with image mosaicking [189, 190]

and tracking [191, 95, 164] methods, although the turbid nature of the amniotic

fluid may possess further challenges [192]. Finally, F-P based all-optical ultrasound

imaging could be developed and implemented in the same sensor, so that the struc-

tural information from ultrasound and the molecular contrast from photoacoustic

imaging could be combined.

The placentas were imaged a few minutes to hours after the delivery without

any contrast agent injection. Blood leakage and post partum vasoconstriction may

have limited the contrast for narrow or deeper vessels in photoacoustic imaging.

Post partum placenta perfusion can provide physiological flow rates whilst main-

taining the placental villus architecture [193, 162], thus it may increase the vessels

visualisation. Additionally, multiwavelength light excitation could be employed

to detect and visualise tissue types such as calcified tissue or blood components

such as oxygenated and deoxygenated haemoglobin, based on their unique spec-

tral signature. Therefore, arteries and veins could be differentiated and potential

arterio-venous anastomoses may be visualised.

In Chapter 6, preliminary results with a handheld dark field illumination mi-

croscope were obtained. Further investigation on imaging using the incident dark

field microscope should focus on the optimisation of the experimental protocol

.The pressure induced by the device in free-hand imaging may damage the tissue

and affect the blood content inside the vessels (e.g. vasoconstriction). Therefore,

any potential damage caused in the histological features needs to be assessed.

Perhaps, histological sampling should be performed from a location adjacent to

that being imaged or a motorised stage combined with pressure sensors could be

used. In addition, imaging of complicated placentas (e.g. growth restricted or with

TTTS) and comparison with normal ones could be performed to indicate features

(e.g. morphology of terminal villi) that may vary between complicated and normal

vasculature. Finally, development of next generation devices could include mul-

tiwavelengh illumination sources which will allow for optical absorption contrast
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from oxygenated and deoxygenated haemoglobin to be captured.

The work presented in this dissertation sets the stage for future developments

of in vivo photoacoustic imaging of placenta and the fetus. Photoacoustic imaging

could potentially be a valuable tool to guide the surgeons and confirm successful

photocoagulation of the anastomosing vessels during TTTS treatment, and thereby

improve the pregnancy outcomes. Real time dark field imaging could potentially

augment the histopathological examination of the placenta indicating areas for

sampling, and improve our understanding of the placental function in healthy and

complicated pregnancies such as twin-to-twin transfusion syndrome, and growth

restriction. Patient-specific gel wax-based tissue mimicking phantoms could act as

an initial step forward towards the translation of bench-top systems into clinical

practice in fetal medicine.



Appendix A

All-optical ultrasound of the human

placental vasculature

This appendix presents an additional novel method to image the human placental

vasculature based on laser-generated (referred also as all-optical) ultrasound. Re-

cently, this technique has shown great potential to guide minimally invasive surg-

eries [194]. This study was led by Dr. Sacha Noimark and Dr. Richard Colcester

(Department of Medical Physics and Biomedical Engineering, UCL, London) and

is published in Advanced Functional Materials [10].

Optical ultrasound makes use of the photoacoustic effect to generate and detect

ultrasound waves. Ultrasound generation is achieved with modulated excitation

light delivered to an optically absorbing coating and here, ultrasound detection with

an F-P based ultrasound sensor. In this study, a post partum term placenta was

imaged with an all-optical ultasound probe. The probe comprised a multiwalled

carbon nanotube (MWCNT) gel-PDMS coating for ultrasound transmission and

a F-P sensor for ultrasound reception. An A-line was generated for pulse-echo

ultrasound sensing, and by raster scanning across a line or a 2D grid; 2D and 3D

ultrasound images were acquired respectively. Here, a 200× 200 scanning grid with

a step size of 100 µm was used. Excitation light to the ultrasound transmitter was

delivered using a Q-switched Nd:YAG laser (wavelength: 1064 nm; pulse duration:

2 ns; repetition rate: 100 Hz; pulse energy: 10 µJ, SPOT-10-500-1064, Elforlight,

UK).
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Figure A.1 presents the first 2D and 3D all-optical ultrasound images of the

human placental vasculature. 2D cross-sectional images through the placenta are

presented in Figure A.1a. 3D rendering of all 2D cross-sections acquired within

the scanning grid (20 × 20 mm) is shown in Figure A.1b. Chorionic surface and

subsurface vascular structures are clearly resolved. We conclude that all-optical

ultrasound could potentially provide another alternative imaging method to guide

TTTS treatment procedures.

Figure A.1: 3D all-optical ultrasound image of a section of a post partum normal term
human placenta. Ultrasound transmission was performed with an MWCNT
gel / PDMS coating; reception, with a Fabry-Pérot fibre-optic sensor. (a) Cross
sections through human placenta (x, y: lateral distances; z: depth). (b) 3D
rendering of the reconstructed all-optical ultrasound. Surface blood vessels
are outlined with dashed lines and labelled V1, V2, and V3. (Adapted from
[10])



Appendix B

Laser-speckle imaging of the human

placenta

In conjunction with the previous appendix, laser-speckle contrast imaging (LSCI)

was explored for the first time to image the placental perfusion. LSCI has demon-

strated clinical potential for neurosurgery [195]. This study was led by Dr. Gus-

tavo Sato Dos Santos (Department of Medical Physics and Biomedical Engineering,

UCL, London) and is published in MICCAI [11].

LSCI takes advantage of the speckle pattern that is generated when coherent

light is scattered from an irregular surface due to random interference. The rate

of change of speckle intensity is proportional to the average velocity of the parti-

cles (i.e. red blood cells) that scatter light, thus measurements of speckle statistics

can provide relative estimates of blood flow and/or high-resolution images of the

vasculature.

In this study, a post partum term placenta was imaged with a custom-made

endoscopic LSCI system comprised a high-resolution sCMOS camera (ORCA-

Flash4.0v2, Hamamatsu, Japan) with high-magnification zoom lens (MVL6X12Z,

Thorlabs, Germany), a 2.7 mm diameter fetoscope (Hopkins II Straight Forward

Telescope, Karl Storz, Germany), and a 785 nm, 450 mW fibre-coupled laser

(BWF1, B&W Tek, USA). Figure B.1a shows the experimental setup, where a fibre-

coupled laser was placed close to the fetoscope to generate specular illumination on

the imaged area. Speckle images of this area were acquired by placing the sCMOS
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camera at the proximal end of the fetoscope (settings: 5ms exposure time, 100 fps

frame acquisition and 2048 × 2048 full resolution) [11]. A post partum human

placenta was cannulated in the chorionic plate and perfused at a constant rate of 30

mL/h with 1% v/v solution of Intralipid using a syringe driver (Alaris, CareFusion,

USA) (Figure B.1b). Speckle contrast image was calculated from 100 raw speckle

images. The ratio of the standard deviation to the mean pixel intensity was com-

puted in a spatiotemporal domain using a kernel of 14 × 14 × 20, where 20 refers

to the raw speckle images.

Figure B.1: Laser speckle contrast imaging (LSCI) of a post partum perfused term human
placenta. (a) Experimental setup of the LSCI system. (b) Photograph showing
the perfused imaged vessel (approximately 1 mm in diameter) and the tip of
the fetoscope. (c) Fetoscopic image of the same area acquired with white light
illumination. (d) Raw speckle image acquired with the fetoscope and laser light
illumination. (e) Estimated speckle contrast image provides clear visualisation
of the perfused vessel. A small branching vessel (white arrows) that is not
apparent in (b) and (c) is identified. (Adapted from [11])

With LSCI, the perfused placental vessel appeared with higher contrast com-

pared to the background (Figure B.1e) and to the fetoscopic image obtained with

white light illumination (Figure B.1c). In addition, a much smaller branching vessel

was visualised in the speckle contrast image, which was not apparent in the photo-

graph (Figure B.1b) or in the fetoscopic image (Figure B.1c). We conclude that

endoscopic LSCI is a novel imaging technique that could potentially visualise nar-
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row anastomosing vessels and confirm successful photocoagulation during TTTS

therapy.



Appendix C

Acoustic properties characterisation

setup

This appendix presents a representation of the setup used to measure the speed of

sound and acoustic attenuation of the gel wax samples in Chapter 3 (Section 3.2.4)

and in Chapter 4 (Section 4.2.3). Figure C.1a presents the physical setup which was

mount on metal plate and placed in a water tank filled with deionised water. A few

acrylic plates were laser cut and mount together using acrylic glue. Then, they were

mount to the reflector. A 3D printed spacer from PLA using the Ultimaker printer

(Ultimaker 2 Plus, Ultimaker B.V., Geldermalsen, the Netherlands) was added to

introduce mechanical robustness and hold the transducer in stable position. The

gel wax slab was placed to the wall of the acrylic plate with its spacer for easier

handling. Figure C.1b shows a 3D drawing of the acrylic plates used in Figure C.1a

and provides detailed information about their dimensions and the positions that they

were placed.
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Figure C.1: Acoustic properties characterisation setup. (a) Physical setup includes: a re-
flector, acrylic plates glued together and a 3D printed. (b) 3D drawing of the
acrylic plates used in the setup.
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Stoyanov, Tom Vercauteren, and Sébastien Ourselin. Real-time segmenta-

tion of non-rigid surgical tools based on deep learning and tracking. In In-

ternational Workshop on Computer-Assisted and Robotic Endoscopy, pages

84–95. Springer, 2016.

[192] Marcel Tella-Amo, Loic Peter, Dzhoshkun I Shakir, Jan Deprest, Danail

Stoyanov, Juan Eugenio Iglesias, Tom Vercauteren, and Sebastien Ourselin.

Probabilistic visual and electromagnetic data fusion for robust drift-free se-

quential mosaicking: application to fetoscopy. Journal of Medical Imaging,

5(2):021217, 2018.

[193] Paul Brownbill, Neil Sebire, Erin V McGillick, Stacey Ellery, and Padma

Murthi. Ex vivo dual perfusion of the human placenta: disease simula-

tion, therapeutic pharmacokinetics and analysis of off-target effects. In

Preeclampsia, pages 173–189. Springer, 2018.

[194] Malcolm C Finlay, Charles A Mosse, Richard J Colchester, Sacha Noimark,

Edward Z Zhang, Sebastien Ourselin, Paul C Beard, Richard J Schilling,

Ivan P Parkin, Ioannis Papakonstantinou, et al. Through-needle all-optical



Bibliography 161

ultrasound imaging in vivo: a preclinical swine study. Light: Science &

Applications, 6(12):e17103, 2017.

[195] David A Boas and Andrew K Dunn. Laser speckle contrast imaging in

biomedical optics. Journal of biomedical optics, 15(1):011109, 2010.


	Introduction
	Motivation
	Contributions
	Publications
	Peer-reviewed journal papers
	Peer-reviewed full-length conference papers
	Other conference papers or abstract submissions

	Thesis organisation

	Background
	Placental vascular anatomy and physiology
	Complications in monochorionic twin placentas
	Twin-to-twin transfusion syndrome
	Selective intrauterine growth restriction

	Clinical imaging of the placenta
	Ultrasound imaging
	Magnetic Resonance imaging

	Post partum and preclinical imaging of the placenta
	Principles of photoacoustic image generation
	Photoacoustic imaging of the placenta

	Tissue-mimicking phantoms
	Complex ultrasound imaging phantoms with 3D anatomical structures

	Ethical Approval and Enrolment

	Tissue-mimicking phantoms for photoacoustic imaging
	Introduction
	Materials and Methods
	Gel wax material and slab fabrication
	Heterogeneous phantom fabrication
	Measurements of optical properties
	Measurements of acoustic properties
	Measurements of photoacoustic spectroscopy and photostability 
	Multispectral photoacoustic imaging of vessel phantoms

	Results
	Optical properties
	Acoustic properties
	Photoacoustic spectroscopy and photostability
	Photoacoustic imaging

	Discussion and Conclusions

	Anatomically-realistic tissue-mimicking phantoms
	Introduction
	Methods
	Acoustic properties tuning and characterisation
	Gel wax material fabrication
	Acoustic properties characterisation
	Mechanical Testing
	Phantom Creation and Evaluation

	Results
	Acoustic properties
	Mechanical properties
	Complex 3D phantoms

	Discussion and Conclusions

	Photoacoustic imaging of the human placental vasculature
	Introduction
	Human placentas
	Photoacoustic imaging
	Fabry-Pérot based planar sensor PA imaging system
	Clinical linear-array ultrasound probe based PA imaging system
	Micro-CT imaging
	Histology

	Results
	Chorionic placental vasculature
	Photocoagulated (scar) tissue

	Discussion and Conclusions

	Incident Dark Field imaging of the human placental vasculature
	Introduction
	Incident Dark Field illumination microscope
	Experimental protocol
	Results
	Chorionic plate
	Basal plate

	Discussion and Conclusions

	Conclusions and Future Work
	Conclusions
	Future Work
	Tissue-mimicking phantoms
	Imaging of the placenta


	Appendices
	All-optical ultrasound of the human placental vasculature
	Laser-speckle imaging of the human placenta
	Acoustic properties characterisation setup
	Bibliography

